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Preface

Nitrogen heterocycles constitute a broad class of organic compounds. Many of their representatives

have found applications in pharmaceuticals, high-energy substances, dyes, and non-linear optical

materials, among many others. The rapid development of the pharmaceutical industry and

material science has stimulated the search for new synthetic approaches and new methods for the

functionalization of N-heterocycles; these are some of the key objectives of modern organic chemistry.

As a result of such research, in addition to achieving these objectives, new and sometimes unexpected

applications of N-heterocycles may arise. This reprint brings together recent original research papers

and high-quality reviews on the synthesis, reactivity, and applications of aromatic and saturated

nitrogen heterocyclic compounds, contributed by an international team of leading experts in this field.

This reprint offers useful information for a wide range of synthetic chemists.

Alexey M. Starosotnikov, Maxim A. Bastrakov, and Igor L. Dalinger

Editors

ix





Citation: Fedin, V.V.; Usachev, S.A.;

Obydennov, D.L.; Sosnovskikh, V.Y.

Reactions of Trifluorotriacetic Acid

Lactone and Hexafluorodehydroacetic

Acid with Amines: Synthesis of

Trifluoromethylated 4-Pyridones and

Aminoenones. Molecules 2022, 27,

7098. https://doi.org/10.3390/

molecules27207098

Academic Editors: Alexey M.

Starosotnikov, Maxim A. Bastrakov

and Igor L. Dalinger

Received: 19 September 2022

Accepted: 17 October 2022

Published: 20 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Reactions of Trifluorotriacetic Acid Lactone and
Hexafluorodehydroacetic Acid with Amines: Synthesis of
Trifluoromethylated 4-Pyridones and Aminoenones
Vladislav V. Fedin, Sergey A. Usachev, Dmitrii L. Obydennov and Vyacheslav Y. Sosnovskikh *

Institute of Natural Sciences and Mathematics, Ural Federal University, 51 Lenina Ave.,
620000 Ekaterinburg, Russia
* Correspondence: vy.sosnovskikh@urfu.ru; Tel.: +7-343-389-9597

Abstract: Dehydroacetic acid and triacetic acid lactone are known to be versatile substrates for the
synthesis of a variety of azaheterocycles. However, their fluorinated analogs were poorly described
in the literature. In the present work, we have investigated reactions of trifluorotriacetic acid lactone
and hexafluorodehydroacetic acid with primary amines, phenylenediamine, and phenylhydrazine.
While hexafluorodehydroacetic acid reacted the same way as non-fluorinated analog giving 2,6-
bis(trifluoromethyl)-4-pyridones, trifluorotriacetic acid lactone had different regioselectivity of nucle-
ophilic attack compared to the parent structure, and corresponding 3-amino-6,6,6-trifluoro-5-oxohex-
3-eneamides were formed as the products. In the case of binucleophiles, further cyclization took
place, forming corresponding benzodiazepine and pyrazoles. The obtained 2,6-bis(trifluoromethyl)-4-
pyridones were able to react with active methylene compounds giving fluorinated merocyanine dyes.

Keywords: 4-hydroxy-2-pyrone; 4-pyridone; aminoenone; trifluoromethylated heterocycles; regiose-
lective reactions

1. Introduction

Oxygen heterocycles are common precursors in organic synthesis and have a special
place in the synthesis of important nitrogen heterocycles by various methodologies. Among
others, pyrones attract significant interest both due to a variety of chemical properties and
a wide distribution in nature [1–4]. Particular attention is paid to 4-hydroxy-2-pyrones,
namely, triacetic acid lactone (TAL), dehydroacetic acid (DHA, Figure 1), and their deriva-
tives, which belong to polyketides and occur widely in living organisms [5–8]. The avail-
ability of these compounds and the possibility of their biochemical synthesis contributed
to their extensive research and to the development of a wide range of options for their
modification, considering them as platform compounds [9–12].

On the other hand, the introduction of fluorine into the structure of molecules often
leads to a modification of their chemical properties [13] and is a common strategy in drug
design [14–18], pesticides synthesis [19,20], and other areas [21–24]. However, there are
very limited data on fluorine-containing analogs of TAL and DHA in the literature, which
practically do not cover their properties. The only synthesis of 4-hydroxy-3-trifluoroacetyl-
6-trifluoromethyl-2H-pyran-2-one (hexafluorodehydroacetic acid, DHA-f 6, Figure 1) was
performed by the heating of trifluoroacetoacetic ester in the presence of P2O5 and proceeds
through formation and dimerization of trifluoroacetylketene [25]. Hydrolysis of DHA-f 6 in
aqueous NaHCO3 leads to 4-hydroxy-6-trifluoromethyl-2H-pyran-2-one (trifluorotriacetic
acid lactone, TAL-f 3, Figure 1) [25]. The second route for the synthesis of TAL-f 3 presented
in the literature comprises cyclization of the corresponding trifluorodioxocaproic acid with
acetic anhydride [26]. Among the properties of TAL-f 3, only modification of the 4-OH
group is known, which was methylated with Me2SO4 [27] and triflated with Tf2O [26]. The
ring-opening of the O-methyl derivative on treatment with magnesium methylate gave

Molecules 2022, 27, 7098. https://doi.org/10.3390/molecules27207098 https://www.mdpi.com/journal/molecules1
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methyl 3-methoxy-5-oxo-6,6,6-trifluoro-5-hexenoate [27] and the 4-OTf derivative reacted
with 4-(methylthio)phenylboronic acid to give a Suzuki coupling product [26].
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Figure 1. Structure of DHA, TAL, DHA-f 6, and TAL-f 3.

Thus, compounds that are attractive in terms of reactivity and properties of possible
products turned out to be completely unexplored, and in this work, we have studied the
interaction of DHA-f 6 and TAL-f 3 with primary amines as typical nucleophiles.

2. Results and Discussion

To begin with, we reproduced the synthesis described by German et al. (Scheme 1) [25],
as it gives access both to DHA-f 6 and TAL-f 3. The results of the first step were quite
inconsistent, and the yield ranged from 0% to 75%, presumably due to heating with a flame
burner, which is hard to control. Nevertheless, the product was obtained in a satisfactory
quantity for the further research. It should be noted that no variation in reaction conditions
has improved the yield. Thus, the lowering of P2O5 loading or increasing reaction time
resulted in the formation of complex mixtures, either of open-chain condensation products
and trimerization ones characterized by the ester methylene quartets in 1H NMR spectra or
triads of equal intensity in 19F NMR spectra correspondingly. The hydrolysis of DHA-f 6
was more reproducible; however, we could never achieve the literature yield of 95% and
had 40% on average (Scheme 1). Apart from NaHCO3, we have used NaOH and Na2CO3
as a base, but the yields were slightly lower. Adjusting pH to 4–5 during hydrolysis as
the original procedure claims was quite difficult because it dropped down in time due
to trifluoroacetic acid formation, so 2.0 equiv. of NaHCO3 was used instead. Moreover,
crystallization of TAL-f 3 did not occur until acidification to pH 0–1. We tried, as well, to
carry out the detrifluoroacetylation of DHA-f 6 by boiling it in water or by treatment with
93% H2SO4 or 70% HClO4 at room temperature, but the conversion was negligible.
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Scheme 1. Synthesis of DHA-f 6 (1) and TAL-f 3 (2).

At the first step, we studied the reaction of DHA-f 6 with aniline. There are three main
consecutive products that can be expected based on the literature data (Scheme 2) [28,29].
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While a formation of Schiff bases usually proceeds readily in acidic media, no conversion
was observed when we attempted the synthesis of intermediate A in aqueous HCl with 1.5
equiv. of PhNH2 (Table 1, entry 1). When EtOH was used as a solvent, spontaneous decar-
boxylation took place and N-phenylpyridone 3a was isolated in 60% yield (Table 1, entry 2).
Formation of intermediate B was also observed and will be discussed later. Increasing the
amount of PhNH2 and carrying out the reaction in a less polar solvent or without it as well
as raising the temperature did not improve the yield (Table 1, entries 3–10).
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Scheme 2. Reaction of DHA-f 6 with aniline.

Table 1. Optimization of the reaction conditions of DHA-f 6 with aniline a.

Entry PhNH2, Equiv. Solvent Yield 3a, %

1 1.5 HCl (0.5 M) b n.r. c

2 2.3 ethanol 60
3 3.5 ethanol 40
4 4.0 ethanol 45
5 2.3 ethanol 37 d

6 4.0 1,4-dioxane 36
7 3.5 1,4-dioxane 27 e

8 4.0 toluene 17
9 2.3 toluene 19
10 2.3 neat 25

a A solution of PhNH2 in 1 mL of a solvent was added to DHA-f 6 (1) (100 mg, 0.36 mmol) and the reaction mixture
was stirred at room temperature for 24 h. b Aqueous solution. c No reaction. d The reaction was carried out at
65 ◦C for 12 h. e The reaction was carried out at reflux for 4 h.

Exploring the scope of the synthesis of 4-pyridones 3 from DHA-f 6, we found that
the reaction rates and the yields correlate with nucleophilicity of amine. Thus, aniline
derivatives bearing π-donor substituents (MeO, F) at the 4-position react considerably faster,
whereas those bearing strong acceptor substituents (Ac, CF3) at the 3-position or a weak
acceptor substituent (Br) at the 4-position react at a comparable rate but give slightly lower
yields (Scheme 3, Table 2). Noteworthy, even extremely weakly nucleophilic 4-nitroaniline
was able to react although the conversion was low even after 6 days, and pyridone 3k was
formed in only 8% yield. The characteristic signals of pyridones 3 in the NMR spectra
acquired in CDCl3 are the singlet of vinylic CH with double intensity at 6.95–7.02 ppm (1H
NMR) and the quartets of symmetric carbons at 119.2–119.4 ppm (CF3), 140.8–141.6 ppm
(C-2 and C-6), and 119.0–119.6 ppm (C-3 and C-5).

3
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Table 2. The scope of 4-pyridone synthesis from DHA-f 6
a.

Pyridone Ar Time, h Yield, % Mp, ◦C

3a Ph 24 60 135–136
3b 4-MeOC6H4 8 56 125–126
3c 3,4-F2C6H3 6 57 142–143
3d 4-BrC6H4 24 47 129–131
3e 3-AcC6H4 24 47 118–119
3f 3-F3CC6H4 24 47 91–92
3g 2,5-F2C6H3 48 46 116–119
3h 2-ClC6H4 40 49 132–136
3i 2-MeC6H4 24 65 Liq.
3j 2,5-Me2C6H3 24 48 105–107
3k 4-O2NC6H4 144 8 b – c

a A solution of ArNH2 (0.83 mmol) in EtOH was added to DHA-f 6 (1) (100 mg, 0.36 mmol) and the reaction
mixture was stirred at room temperature for a given amount of time. b Based on 1H NMR spectrum. c The product
was obtained in the mixture with 4-nitroaniline.

The existence of an ortho-substituent did not affect the initial two steps of the reaction
sequence and CO2 evolution occurred during first 1–2 h; however, the cyclization of
bisenamines B depends on electron properties of the substituent. In the case of more
reactive o-toluidine and 2,5-xylidine, the overall duration was 24 h, whereas 2-chloro-
and 2,5-difluoroaniline required twice as much time (Table 2). It allowed us to isolate
and characterize the intermediate B′ (Scheme 3), although in the mixture with starting
2-chloroaniline, which did not separate by the column chromatography. Its structure was
confirmed by very distinguishable singlets of symmetric groups at 5.78 ppm (vinylic CH)
and 11.49 ppm (enaminone NH) in 1H NMR and at 97.8 ppm in 19F NMR spectra in CDCl3.
The formation of adducts with the structure of B was observed by TLC in all the cases, but
for most of them the simultaneous cyclization to pyridones 3 occurred, so their isolation
was impractical.

Surprisingly, aliphatic amines such as butylamine, N,N-dimethylethylenediamine and
benzylamine did not react with DHA-f 6 under the conditions found, even after several
weeks. It can be attributed to their much higher basicity and fixation of the substrate in an
anionic form that prevents further nucleophilic attack. This assumption was supported by
the formation of the salt 4 (Scheme 3) in the reaction with 2-aminopyridine, which precipi-
tated in nearly quantitative yield and remained unchanged after 8 days at 60 ◦C in EtOH.
The signals in the 19F NMR spectrum of compound 4 in DMSO-d6 almost exactly match
the signals of DHA-f 6 (91.0 and 89.8 ppm compared to 91.1 and 89.6 ppm, respectively)
and the singlet of pyrone CH in the 1H NMR spectrum is shifted upfield by 0.09 ppm
(6.15 compared to 6.24 ppm) in agreement with its anionic character.
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Reactivity of 4-pyridones 3 is greatly affected by strongly acceptor CF3-groups. Thus,
electrophilic bromination of 3a with NBS proceeded poorly compared to the non-fluorinated
analog [30] and no distinct product was obtained. On the contrary, Knoevenagel condensa-
tion did well with malononitrile, barbituric acid, and indane-1,3-dione in acetic anhydride,
leading to fluorinated merocyanine dyes 5 (Scheme 4, Table 3). This reveals that the electron
deficiency of a heterocycle plays an important role for this reaction, as 1-aryl-2,6-dimethyl-
4-pyridones are less active [31,32] compared both to the CF3-substituted pyridone 3a and to
the oxygen analog, 2,6-dimethyl-4-pyrone [33]. The time required for the reaction comple-
tion is in accordance with the acidity of an active methylene compound, so one can assume
that deprotonation is a rate-limiting step, and a high activity of a substrate is necessary to
prevent self-condensation of CH2X2.
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a A solution of 4-pyridone 3a (100 mg, 0.33 mmol) and the corresponding CH2X2 (0.4 mmol) in Ac2O was stirred
at 140 ◦C for a given amount of time.

The prepared compounds, 5a–c, are found to be yellow solids and exhibit an ab-
sorbance major maximum at 382–437 nm in the visible region of the spectra. For barbituric
derivative 5b, the high molar extinction coefficient (91406 M−1·cm−1 at 412 nm) is ob-
served and probably indicates the intramolecular charge-transfer described by the aromatic
resonance form 5′ (Figure 2). For dihydropyridine 5c bearing the indanedione moiety,
additional intensive absorption maxima are observed at 246 and 224 nm. An interesting
feature in NMR spectra of compounds 5 is a large difference compared to each other in
chemical shifts of CH-groups in the dihydropyridine fragment attributed to the magnetic
anisotropy of carbonyl and cyano groups, which have a closer proximity in derivative
5b (δH3 = 9.77 ppm, δC3 = 116.8 ppm) than in 5c (δH3 = 9.10 ppm, δC3 = 113.4 ppm) and
in 5a (δH3 = 7.26 ppm, δC3 = 112.7 ppm). Another possible explanation for the difference
is a greater contribution of the betaine resonance form 5′ (Figure 2) for the adduct with
barbituric acid, but this seems to have a smaller effect as the chemical shifts of the rest of
carbon atoms diverge much less (Table S2 in Supplementary Materials).
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Moving on to the investigation of trifluorotriacetic acid lactone (2) properties, we
focused on our previous work on the study of triacetic acid lactone (6) [34] and 2-cyano-
6-(trifluoromethyl)-4H-pyran-4-one (7) [35], which gave carbamoylated enaminones 8
(Scheme 5), which proved to be a versatile building blocks for nitrogen heterocycles. In
both cases, the substrates were attacked with two equivalents of amine at positions 2 and 6.
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Scheme 5. Reaction of TAL and 2-cyano-6-(trifluoromethyl)-4-pyrone with primary amines.

We started the optimization of the reaction conditions of TAL-f 3 (2) with aniline in
EtOH using various amount of amine (Scheme 6, Table 4, entries 1–3). The product 9a
with unexpected regiochemistry was formed with the best yield of 64% when only little
excess of PhNH2 was applied. The reaction performs better in aprotic polar 1,4-dioxane
(Table 4, entry 4) and worse in non-polar toluene or without a solvent (Table 4; entries 5, 6).
It should be noted that an increase in the reaction temperature did not improve the yield of
enaminone 9a.
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Scheme 6. Reaction of TAL-f 3 with aniline.

Table 4. Optimization of the reaction conditions of TAL-f 3 with aniline a.

Entry PhNH2, Equiv. Solvent Yield 9a, %

1 5 ethanol 43
2 3.5 ethanol 63
3 2.1 ethanol 64
4 2.1 1,4-dioxane 72
5 2.1 toluene 30
6 2.1 neat 12

a A solution of PhNH2 was added to TAL-f 3 (2) (100 mg, 0.56 mmol). The reaction mixture was stirred at room
temperature for 24 h.

The reaction with electron-rich p-anisidine proceeded equally well, whereas electron-
poor p-bromoaniline gave lower yield (Scheme 7, Table 5). The reaction with aliphatic
amines again has difficulties, probably due to the formation of salts; however, the lower
acidity of TAL-f 3 compared to DHA-f 6 allowed enaminones 9d,e to form in low yields. In
the case of butylamine, the heating to 60 ◦C was also needed. All amines reacted with the
same regioselectivity, and no alternative isomers 8 were isolated.
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Table 5. The scope of reaction of TAL-f 3 with primary amines a.

Enaminone R Time, h Yield, % Z/E ratio b

9a Ph 24 72 59:41 (44:56 c)
9b 4-MeOC6H4 17 69 65:35
9c 4-BrC6H4 15 41 59:41
9d Bn 17 24 58:42 (67:33 c)
9e Bu 72 7 d 65:35

a A solution of RNH2 (1.17 mmol) in 1,4-dioxane was added to TAL-f 3 (2) (100 mg, 0.56 mmol). The reaction
mixture was stirred at room temperature for a given amount of time. b Assessed by 1H and 19F NMR in CDCl3.
c Assessed by 1H and 19F NMR in DMSO-d6. d The reaction was carried out at 60 ◦C.

Although Z-form of enaminones is predominant because of an effective intramolecular
hydrogen bonding, the contribution of an E-isomer may be affected by the electronic nature
of a substituent at a nitrogen atom [36] or by an alternative hydrogen bond formation [37],
which is the case for product 9 (Figure 3). The ratio of isomers is solvent-dependent, and
Z-form mostly prevails, except for compound 4a in DMSO-d6 (Table 5). The assignment of
isomers was conducted on the basis of 1H and 13C NMR spectra (Table S3 in Supplementary
Materials). The key signals are low-field NH-protons of Z-9 isomers at 12.39–12.58 ppm (for
N-arylenaminones 9a–c in CDCl3) and at 11.08–11.32 ppm (for N-alkylenaminones 9d,e in
CDCl3). The corresponding signals for the E-isomers of 9 are under a much higher field
in accordance with the literature [37,38]. Among the other features of the NMR spectra of
compounds 9 is the existence of methylene protons and amide NH-protons at a lower field
and methyne carbons at a higher field for the E-isomer (Figure 3).
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For an explanation of the difference in the regioselectivity of the interaction of TAL
and TAL-f 3 with amines, we propose the following mechanism. The addition of the first
equivalent of RNH2 leads to the formation of dioxoamide C (Scheme 8), which was isolated
earlier (X = H) [39]. The intermediate C is then attacked by the second amine molecule at
the less hindered atom, C-5, in the case of X = H forming product 8. A preference of the
attack at C-3 for the fluorinated derivative may be attributed to a high content of cyclic
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form D (Scheme 8), analogs of which were described in the literature as the only tautomer
in CDCl3 and DMSO-d6 solutions [40,41]. The semiaminal carbon atom is less susceptible
to nucleophiles than the free keto group that leads to the selective formation of product
9. It also should be noted that a mixture of regioisomers is usually produced when linear
aliphatic CF3-diketones react with aniline [42].
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Scheme 8. Proposed mechanism of the reaction of TAL and TAL-f 3 with primary amines.

No change in selectivity was observed when bifunctional aromatic amine, o-
phenylenediamine, was used in the optimized conditions. Benzodiazepinone 10 was
formed as the only isolated product, although the yield was moderate (Scheme 9). Com-
pound 10 was previously obtained from the corresponding dioxoester 11 in the mixture
with diazepine 12 [43] (Scheme 9), so our method represents a good alternative with no
specific separation needed.
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Scheme 9. Reaction of TAL-f 3 and ethyl 6,6,6-trifluoro-3,5-dioxohexanoate with o-phenylenediamine.

Phenylhydrazine also reacted with TAL-f 3 (2) regioselectively in 1,4-dioxane, giving
pyrazolohydrazide 13, but the yield was poor. Changing the solvent to EtOH substantially
increased the outcome, though isomer 14 was also formed and did not separate by the
column chromatography (Scheme 10). Compound 14 was previously synthesized from
cyanopyrone 7 [35] and its spectral characteristics are in a good correlation with our data.
Both isomers appear as two sets of signals corresponding to a major syn- (presented at
Scheme 10) and a minor anti-rotamer about the N–N bond. The key differences in the NMR
spectra of the regioisomer 13 are the more downfield signal of the CF3 group in 19F NMR
(106.2 ppm compared to 101.9 ppm for 14) due to deshielding from the adjacent phenyl
substituent, and more downfield signals of NH groups in 1H NMR (9.91 and 7.82 ppm
compared to 9.84 and 7.73 ppm for 14) due to additional hydrogen bonding.
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Scheme 10. Reaction of TAL-f 3 with phenylhydrazine.

Thus, hexafluorodehydroacetic acid and trifluorotriacetic acid lactone were shown to
be active electrophiles and represent interesting fluorinated building blocks, which were
transformed to a number of nitrogen heterocycles. Reaction of hexafluorodehydroacetic
acid with primary aromatic amines leads to the formation of 2,6-bis(trifluoromethyl)-4-
pyridones that are able to undergo Knoevenagel condensation to give merocyanine dyes.
Trifluorotriacetic acid lactone undergoes ring-opening transformations with mono- and
binucleophilic primary amines at the positions 2 and 4 and differs in regioselectivity
compared to the non-fluorinated analog.

3. Materials and Methods

NMR spectra were recorded on Bruker DRX-400 (Bruker BioSpin GmbH, Ettlingen,
Germany, work frequencies: 1H–400 MHz, 13C–100 MHz, 19F–376.5 MHz) and Bruker
Avance III-500 (Bruker BioSpin GmbH, Rheinstetten, Germany, work frequencies: 1H–500
MHz, 13C–126 MHz, 19F–471 MHz) spectrometers in DMSO-d6 and CDCl3. The chemical
shifts (δ) are reported in ppm relative to the internal standard TMS (1H NMR), C6F6 (19F
NMR), and residual signals of the solvents (13C NMR). IR spectra were recorded on a
Shimadzu IRSpirit-T spectrometer (Shimadzu Corp., Kyoto, Japan) using an attenuated
total reflectance (ATR) unit (FTIR mode, ZnSe crystal), and the absorbance maxima (ν) are
reported in cm−1. UV-visible spectra were recorded on a Shimadzu UV-1900 spectropho-
tometer (Shimadzu Corp., Kyoto, Japan) using EtOH as a solvent, the absorbance maxima
(λ) are reported in nm, and the molar attenuation coefficients are reported in L·mol−1·cm−1.
Elemental analyses were performed on an automatic analyzer PerkinElmer PE 2400 Series
II (Perkin Elmer Instruments, Waltham, MA, USA). Melting points were determined using
a Stuart SMP40 melting point apparatus (Bibby Scientific Ltd., Stone, Staffordshire, UK).
Column chromatography was performed on silica gel (Merck 60, 70–230 mesh). All solvents
and reagents were obtained commercially and used without purification.

3.1. Synthesis of Pyrones 1 and 2

4-Hydroxy-3-(2,2,2-trifluoroacetyl)-6-(trifluoromethyl)-2H-pyran-2-one (1). A mixture of
ethyl 4,4,4-trifluoroacetoacetate (9.1 g, 0.032 mol) and P2O5 (40 g, 0.141 mol) was heated
with a gas burner flame for 10 min. Then, the mixture was distilled in a vacuum (~20 torr),
collecting the fraction 90–110 ◦C. The target fraction was redistilled in the same interval.
Yield 4.1 g (75%), yellowish needles, mp 40–42 ◦C. 1H NMR (500 MHz, DMSO-d6) δ 6.24
(1H, s, H-5), 11.12 (1H, s, OH). 19F NMR (471 MHz, DMSO-d6) δ 89.6 (s, COCF3), 91.1 (s,
6-CF3) [25].

4-Hydroxy-6-(trifluoromethyl)-2H-pyran-2-one (2). A saturated aqueous solution of
NaHCO3 (0.5 mL, 0.55 mmol) was added with stirring to an aqueous solution of hex-
afluorodehydroacetic acid (1) (2.5 mL, 1 M). The mixture was stirred for 10 min and
acidified with aqueous HCl (1 mL, 3 M). The precipitate was filtered off and dried. Yield
180 mg (40%), white solid, mp 135–138 ◦C (lit. mp 135–137 ◦C [25]). 1H NMR (500 MHz,
DMSO-d6) δ 5.59 (1H, d, J = 1.8 Hz, H-3), 6.83 (1H, d, J = 1.7 Hz, H-5), 12.60 (1H, s, OH). 19F
NMR (471 MHz, DMSO-d6) δ 92.0 (s, CF3).

3.2. Synthesis of Compounds 3a–k
General Procedure

An aromatic amine (0.83 mmol) was added to a solution of hexafluorodehydroacetic
acid (1) (100 mg, 0.36 mmol) in EtOH (1 mL). The reaction mixture was stirred at room
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temperature for a given amount of time and acidified with aqueous HCl (3 mL, 1 M). The
precipitate was filtered off and washed with water. The crude product was recrystallized
from hexane.

1-Phenyl-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3a). The reaction was carried out for
24 h. Yield 66 mg (60%), yellow powder, mp 135–136 ◦C. 1H NMR (400 MHz, CDCl3) δ
6.97 (2H, s, H-3, H-5), 7.39 (2H, d, J = 7.6 Hz, H Ph), 7.50 (2H, t, J = 7.9 Hz, H Ph), 7.59
(1H, t, J = 7.5 Hz, H Ph). 1H NMR (500 MHz, DMSO-d6) δ 6.97 (2H, s, H-3, H-5), 7.55 (2H,
t, J = 7.7 Hz, H Ph), 7.59 (1H, t, J = 7.5 Hz, H Ph), 7.70 (2H, d, J = 7.8 Hz, H Ph). 19F NMR
(471 MHz, CDCl3) δ 100.6 (s, CF3). 19F NMR (471 MHz, DMSO-d6) δ 102.5 (s, CF3). 13C
NMR (126 MHz, CDCl3) δ 119.1 (2C, q, J = 4.7 Hz, C-3, C-5), 119.4 (2C, q, J = 275.7 Hz,
CF3), 128.7 (2C Ph), 130.1 (2C Ph), 131.3 (C Ph), 135.0 (C Ph), 141.2 (2C, q, J = 33.3 Hz, C-2,
C-6), 177.4 (CO). IR (ATR) ν 3297, 1700 (C=O), 1658, 1398 (N–C), 1128–1116 (CF3). Anal.
Calculated for C13H7F6NO: C 50.83; H 2.30; N 4.56. Found: C 50.77; H 2.38; N 4.46.

1-(4-Methoxyphenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3b). The reaction was
carried out for 8 h. Yield 68 mg (56%), gray powder, mp 125–126 ◦C. 1H NMR (400 MHz,
CDCl3) δ 3.88 (3H, s, CH3), 6.95 (2H, s, H-3, H-5), 6.95 (2H, d, J = 8.9 Hz, H Ar), 7.28 (2H, d,
J = 8.9 Hz, H Ar). 19F NMR (471 MHz, CDCl3) δ 100.5 (s, CF3). 13C NMR (126 MHz, CDCl3)
δ 55.6 (OCH3), 113.7 (2C Ar), 119.1 (2C, q, J = 4.7 Hz, C-3, C-5), 119.4 (2C, q, J = 275.6 Hz,
CF3), 127.2 (C Ar), 131.2 (2C Ar), 141.6 (2C, q, J = 32.7 Hz, C-2, C-6), 161.3 (C Ar), 177.5
(CO). IR (ATR) ν 3061, 1653 (C=O), 1602, 1510, 1397 (N–C), 1250, 1397, 1158 (CF3). HRMS
(ESI) m/z [M + H]+. Calculated for C14H10F6NO2: 338.0616. Found: 338.0613.

1-(3,4-Difluorophenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3c). The reaction was
carried out for 6 h. Yield 71 mg (57%), gray powder, mp 142–143 ◦C. 1H NMR (500 MHz,
CDCl3) δ 6.96 (2H, s, H-3, H-5), 7.21 (1H, d, J = 8.6 Hz, H Ar), 7.31 (2H, m, H Ar). 19F NMR
(471 MHz, CDCl3) δ 28.3 (1F, dt, J = 21.3, 8.8 Hz, F Ar), 31.0 (1F, dddd, J = 21.3, 9.5, 6.7, 3.8
Hz, F Ar), 100.7 (6F, s, CF3). 13C NMR (101 MHz, CDCl3) δ 117.4 (d, J = 18.9 Hz, C Ar), 119.3
(2C, q, J = 275.7 Hz, CF3), 119.4 (2C, q, J = 4.7 Hz, C-3, C-5), 120.2 (d, J = 19.1 Hz, C Ar),
127.3 (C Ar), 130.6 (C Ar), 140.9 (2C, q, J = 33.3 Hz, C-2, C-6), 149.5 (dd, J = 254.1, 13.8 Hz,
C Ar), 152.1 (dd, J = 256.4, 12.2 Hz, C Ar), 177.1 (CO). IR (ATR) ν 3091, 3056, 1655 (C=O),
1615, 1519, 1397 (N–C), 1144 (CF3). Anal. Calculated for C13H5F8NO: C 45.50; H 1.47; N
4.08. Found: C 45.33; H 1.46; N 4.09.

1-(4-Bromophenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3d). The reaction was car-
ried out for 24 h. Yield 65 mg (47%), yellow powder, mp 129–131 ◦C (decomp.). 1H NMR
(400 MHz, CDCl3) δ 6.97 (2H, s, H-3, H-5), 7.27 (2H, d, J = 8.1 Hz, H Ar), 7.64 (1H, d,
J = 8.5 Hz, H Ar). 19F NMR (471 MHz, CDCl3) δ 100.7 (s, CF3). 13C NMR (101 MHz, CDCl3)
δ 119.26 (2C, q, J = 4.5 Hz, C-3, C-5), 119.33 (2C, q, J = 275.8 Hz, CF3), 126.0 (C Ar), 131.7
(2C, C Ar), 132.1 (2C, C Ar), 133.9 (C Ar), 141.0 (2C, q, J = 32.8 Hz, C-2, C-6), 177.3 (CO).
IR (ATR) ν 3071, 1652 (C=O), 1589, 1480, 1397 (N–C), 1249, 1175 (CF3). HRMS (ESI) m/z
[M + H]+. Calculated for C13H7BrF6NO: 385.9615. Found: 385.9606.

1-(3-Acetylphenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3e). The reaction was car-
ried out for 24 h. Yield 60 mg (47%), pale pink powder, mp 118–119 ◦C. 1H NMR (400 MHz,
CDCl3) δ 2.65 (3H, s, CH3), 6.99 (2H, s, H-3, H-5), 7.57–7.69 (2H, m, H Ar), 8.00 (1H, s, H
Ar), 8.17 (1H, dt, J = 7.4, 1.5 Hz, H Ar). 19F NMR (376 MHz, CDCl3) δ 100.8 (s, CF3). 13C
NMR (126 MHz, CDCl3) δ 26.6 (CH3), 119.0 (2C, unres. q, C-3, C-5), 119.2 (2C, q, J = 276.1
Hz, CF3), 129.2 (C Ar), 129.8 (C Ar), 131.2 (C Ar), 134.1 (C Ar), 135.4 (C Ar), 137.7 (C Ar),
141.6 (2C, unres. q, C-2, C-6), 177.2 (4-CO), 195.6 (COCH3). IR (ATR) ν 3068, 1700 (C=O),
1665 (C=O), 1610, 1480, 1402 (N–C), 1138 (CF3). Anal. Calculated for C15H9F6NO2: C 51.59;
H 2.60; N 4.01. Found: C 51,50; H 2.63; N 3.99.

1-(3-(Trifluoromethyl)phenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3f). The reaction
was carried out for 24 h. Yield 63 mg (47%), light-yellow powder, mp 91–92 ◦C. 1H NMR
(600 MHz, CDCl3) δ 7.00 (2H, s, H-3, H-5), 7.64 (1H, d, J = 8.2 Hz, H Ar), 7.69 (1H, t,
J = 8.0 Hz, H Ar), 7.72 (1H, s, H Ar), 7.89 (1H, d, J = 7.8 Hz, H Ar). 19F NMR (376 MHz,
CDCl3) δ 98.7 (3F, s, CF3 Ar), 100.7 (6F, s, 2-CF3, 6-CF3). 13C NMR (126 MHz, CDCl3) δ 119.3
(2C, q, J = 275.5 Hz, 2-CF3, 6-CF3), 119.4 (2C, q, J = 4.7 Hz, C-3, C-5), 122.9 (q, J = 272.5 Hz,
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CF3 Ar), 127.6 (C Ar), 128.3 (C Ar), 129.6 (C Ar), 131.8 (q, J = 33.8 Hz, C-3 Ar), 133.6 (C Ar),
135.4 (C Ar), 140.9 (2C, q, J = 33.4 Hz, C-2, C-6), 177.2 (CO). IR (ATR) ν 3091, 1655 (C=O),
1395 (N–C), 1327, 1252, 1126 (CF3). HRMS (ESI) m/z [M + H]+. Calculated for C14H7F9NO:
376.0384. Found: 376.0397.

1-(2,5-Difluorophenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3g). The reaction was
carried out for 48 h. Yield 58 mg (46%), yellow powder, mp 116–119 ◦C. 1H NMR (500
MHz, CDCl3) δ 6.99 (2H, s, H-3, H-5), 7.20–7.26 (2H, m, H-3, H-6 Ar), 7.35 (1H, dddd, J =
9.3, 7.4, 3.8, 3.0 Hz, H-4 Ar). 19F NMR (376 MHz, CDCl3) δ 38.6–38.8 (m, F-2 Ar), 46.0 (1F,
dtd, J = 15.4, 7.4, 4.7 Hz, F-5 Ar), 98.5 (dd, J = 3.2, 0.9 Hz, CF3). 13C NMR (126 MHz, CDCl3)
δ 117.1 (dd, J = 22.4, 8.8 Hz, C Ar), 119.1 (d, J = 25.9 Hz, C Ar), 119.3 (2C, q, J = 275.5 Hz,
CF3), 119.5 (2C, q, J = 4.6 Hz, C-3, C-5), 120.8 (dd, J = 23.6, 8.1 Hz, C Ar), 123.4 (dd, J =
16.3, 10.5 Hz, C Ar), 140.8 (2C, q, J = 34.1 Hz, C-2, C-6), 155.9 (dd, J = 252.0, 3.3 Hz, C Ar),
157.4 (dd, J = 247.8, 2.8 Hz, C Ar), 177.2 (CO). IR (ATR) ν 3072, 1666 (C=O), 1615, 1508, 1397
(N–C), 1251, 1136 (CF3). HRMS (ESI) m/z [M + H]+. Calculated for C13H6F8NO: 344.0322.
Found: 344.0316.

1-(2-Chlorophenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3h). The reaction was car-
ried out for 40 h. Yield is 61 mg (49%), yellow powder, mp 132–136 ◦C. 1H NMR (500 MHz,
CDCl3) δ 6.99 (2H, s, H-3, H-5), 7.41–7.48 (1H, m, H Ar), 7.51–7.58 (3H, m, H Ar). 19F NMR
(471 MHz, CDCl3) δ 98.6 (s, CF3). 13C NMR (126 MHz, CDCl3) δ 119.3 (2C, q, J = 275.8 Hz,
CF3), 119.6 (2C, q, J = 4.5 Hz, C-3, C-5), 127.2 (C Ar), 130.1 (C Ar), 131.9 (C Ar), 132.7 (C
Ar), 132.9 (C Ar), 135.9 (C Ar), 140.9 (2C, q, J = 33.9 Hz, C-2, C-6), 177.6 (CO). IR (ATR) ν
3056, 1743, 1651 (C=O), 1476, 1389 (N–C), 1247, 1136 (CF3). HRMS (ESI) m/z [M + H]+.
Calculated for C13H7ClF6NO: 342.0120. Found: 342.0131.

1-(o-Tolyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3i). The reaction was carried out for
24 h. Yield 74 mg (65%), brown viscous liquid. 1H NMR (400 MHz, CDCl3) δ 2.08 (3H, s,
CH3), 7.01 (2H, s, H-3, H-5), 7.35–7.30 (3H, m, H Ar), 7.47 (1H, td, J = 7.5, 1.6 Hz, H Ar).
19F NMR (471 MHz, CDCl3) δ 99.0 (d, J = 1.0 Hz, CF3). 13C NMR (151 MHz, CDCl3) δ 17.0
(CH3), 119.3 (2C, q, J = 275.8 Hz, CF3), 119.6 (2C, q, J = 4.2 Hz, C-3, C-5), 126.2 (C Ar), 130.3
(C Ar), 130.7 (C Ar), 131.5 (C Ar), 134.1 (C Ar), 138.5 (C Ar), 141.3 (2C, q, J = 33.2 Hz, C-2,
C-6), 177.9 (CO). IR (ATR) ν 3054, 1696 (C=O), 1620, 1508, 1391 (N–C), 1252, 1135 (CF3).
HRMS (ESI) m/z [M + H]+. Calculated for C14H10F6NO: 322.0667. Found: 322.0679.

1-(2,5-Dimethylphenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3j). The reaction was
carried out for 24 h. Yield 58 mg (48%), brown viscous liquid, crystallizes on standing, mp
105–107 ◦C. 1H NMR (500 MHz, CDCl3) δ 2.02 (3H, s, CH3) 2.38 (3H, s, CH3), 7.01 (2H, s,
H-3, H-5), 7.16 (1H, s, H-2 Ar), 7.18 (1H, d, J = 7.7 Hz, H-5 Ar), 7.27 (1H, d, J = 7.7 Hz, H-4
Ar). 19F NMR (471 MHz, CDCl3) δ 99.0 (s, CF3). 13C NMR (126 MHz, CDCl3) δ 16.6 (CH3),
20.6 (CH3), 119.3 (2C, q, J = 275.8 Hz, CF3), 119.5 (2C, q, J = 4.8 Hz, C-3, C-5), 130.3 (C Ar),
130.6 (C Ar), 132.2 (C Ar), 133.9 (C Ar), 135.2 (C Ar), 136.2 (C Ar), 141.1 (2C, q, J = 33.4 Hz,
C-2, C-6), 177.5 (CO). IR (ATR) ν 3091, 1655 (C=O), 1608, 1395 (N–C), 1328, 1251, 1125 (CF3).
HRMS (ESI) m/z [M + H]+. Calculated for C15H12F6NO: 336.0823. Found: 336.0802.

1-(4-Nitrophenyl)-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (3k). The reaction was carried
out for 6 d. Pale yellow powder, a mixture of 3k (10 mg, 8%) and 4-nitroaniline (32 mg). 1H
NMR (500 MHz, CDCl3) δ 7.00 (2H, s, H-3, H-5), 7.64 (2H, d, J = 8.4 Hz, H Ar), 8.39 (2H, d,
J = 8.9 Hz, H Ar). 19F NMR (471 MHz, CDCl3) δ 100.9 (s, CF3). HRMS (ESI) m/z [M + H]+.
Calculated for C13H7F6N2O3: 353.0361. Found: 353.0357.

3.3. Synthesis of Compound B′

o-Chloroaniline (106 mg, 0.83 mmol) was added to a solution of hexafluorodehy-
droacetic acid (1) (100 mg, 0.36 mmol) in EtOH (1 mL). The reaction mixture was stirred
at room temperature for a 15 h and acidified with aqueous HCl (3 mL, 1 M). The precipi-
tate was filtered off and washed with water. The crude product was purified by column
chromatography (CHCl3).

(2Z,5Z)-2,6-Bis((2-chlorophenyl)amino)-1,1,1,7,7,7-hexafluorohepta-2,5-dien-4-one (B′). Dark-
yellow solid, a mixture of B′ (108 mg, 64%) and 2-chloroaniline (11 mg), mp 84–85 ◦C. 1H
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NMR (400 MHz, CDCl3) δ 5.78 (2H, s, 3-CH, 5-CH), 7.18–7.29 (4H, m, H Ar), 7.33 (2H, d,
J = 7.3 Hz, H Ar), 7.44 (2H, dd, J = 7.8, 1.5 Hz, H Ar), 11.49 (2H, s, NH). 19F NMR (376 MHz,
CDCl3) δ 97.8 (s, CF3).

3.4. Synthesis of Compound 4

2-Aminopyridine (78 mg, 0.83 mmol) was added to a solution of hexafluorodehy-
droacetic acid (1) (100 mg, 0.36 mmol) in EtOH (1 mL). The precipitate was filtered and
washed with a small amount of EtOH.

2-Aminopyridin-1-ium 2-oxo-3-(2,2,2-trifluoroacetyl)-6-(trifluoromethyl)-2H-pyran-4-olate
(4). Yield 127 mg (95%), white solid, mp 205–206 ◦C. 1H NMR (400 MHz, DMSO-d6) δ 6.15
(1H, s, H-5 pyrone), 6.86 (1H, td, J = 6.8, 1.0 Hz, H-5 pyridine), 6.97 (1H, dd, J = 9.6, 1.0 Hz,
H-3 pyridine), 7.92 (4H, m, NH2, H-4, H-6 pyridine), 13.27 (1H, s, NH). 19F NMR (376 MHz,
DMSO-d6) δ 89.8 (s, COCF3), 91.1 (s, CF3). 13C NMR (126 MHz, DMSO-d6) δ 98.4 (C-3),
109.7 (q, J = 2.9 Hz, C-5), 112.1 (C Py), 113.4 (C Py), 116.6 (q, J = 292.1 Hz, CF3), 118.9 (q, J
= 272.8 Hz, CF3), 136.0 (C Py), 144.1 (C Py), 146.8 (q, J = 37.1 Hz, C-6), 153.9 (C Py), 160.0
(C-2), 176.8 (C-4), 177.7 (q, J = 33.5 Hz, COCF3). IR (ATR) ν 3366, 3310, 3191, 1712 (C=O),
1699 (C=O), 1535, 1372 (N–C), 1134 (CF3). Anal. Calculated for C13H8F6N2O4: C 42.18; H
2.18; N 7.57. Found: C 42.28; H 2.07; N 7.57.

3.5. Synthesis of Compounds 5
General Procedure

A mixture of 1-phenyl-2,6-bis(trifluoromethyl)pyridin-4(1H)-one (100 mg, 0.33 mmol)
and a corresponding active methylene compound (0.4 mmol) in Ac2O (1.5 mL) was heated
at 140 ◦C for a given amount of time. The reaction mixture was then cooled and left
overnight for crystallization of a product. The precipitate was filtered and washed with
EtOH (1 mL). The product was dried at 120 ◦C for 4 h.

2-(1-Phenyl-2,6-bis(trifluoromethyl)pyridin-4(1H)-ylidene)malononitrile (5a). Synthesized
from malononitrile (10 h). Yield 77 mg (65%). Dark-yellow crystals, mp 172–173 ◦C. 1H
NMR (500 MHz, DMSO-d6) δ 7.26 (2H, s, H-3′, H-5′), 7.59 (2H, t, J = 7.8 Hz, H Ph), 7.66 (1H,
t, J = 7.6 Hz, H Ph), 7.74 (2H, d, J = 7.8 Hz, H Ph). 19F NMR (471 MHz, DMSO-d6) δ 102.5 (s,
CF3). 13C NMR (126 MHz, DMSO-d6) δ 57.1 (C(CN)2), 112.7 (2C, q, J = 5.3 Hz, C-3′, C-5′),
114.8 (2C, CN), 118.7 (2C, q, J = 275.9 Hz, CF3), 128.7 (2C Ph), 130.1 (2C Ph), 131.7 (C Ph),
134.6 (C Ph), 138.2 (2C, q, J = 33.0 Hz, C-2′, C-6′), 154.2 (C-4′). IR (ATR) ν 3058, 2922, 2852,
2215, 1643, 1518, 1302 (N–C), 1275, 1142 (CF3). UV/vis (EtOH): λmax (εmax) = 382 (18222).
HRMS (ESI) m/z [M + H]+. Calculated for C16H8F6N3: 356.0622. Found: 356.0624.

5-(1-Phenyl-2,6-bis(trifluoromethyl)pyridin-4(1H)-ylidene)pyrimidine-2,4,6(1H,3H,5H)-
trione (5b). Synthesized from barbituric acid (4 h). Yield 81 mg (58%). Dark-yellow powder,
mp 270–271 ◦C (decomp.). 1H NMR (500 MHz, DMSO-d6) δ 7.59 (2H, t, J = 7.7 Hz, H Ph),
7.66 (1H, t, J = 7.5 Hz, H Ph), 7.80 (2H, d, J = 7.9 Hz, H Ph), 9.77 (2H, s, H-3′, H-5′), 10.78 (2H,
s, NH). 19F NMR (471 MHz, DMSO-d6) δ 103.2 (s, CF3). 13C NMR (151 MHz, DMSO-d6) δ
95.0 (C-5), 116.8 (2C, q, J = 5.7 Hz, C-3′, C-5′), 119.8 (2C, q, J = 275.5 Hz, CF3), 129.0 (2C Ph),
130.4 (2C Ph), 132.1 (C Ph), 135.6 (C Ph), 138.3 (2C, q, J = 32.3 Hz, C-2′, C-5′), 150.1 (2-CO),
153.0 (C-4′), 165.6 (2C, 4-CO, 6-CO). IR (ATR) ν 3021, 1712, 1673, 1483, 1354 (N–C), 1145
(CF3). UV/vis (EtOH): λmax (εmax) = 412 (91406), 234 (37760). HRMS (ESI) m/z [M + H]+.
Calculated for C17H10F6N3O3: 418.0626. Found: 418.0591.

2-(1-Phenyl-2,6-bis(trifluoromethyl)pyridin-4(1H)-ylidene)1,3-indandione (5c). Syn-
thesized from 1,3-indandione (6 h). Yield 62 mg (43%). Dark-yellow crystals, mp 208–209
◦C. 1H NMR (500 MHz, DMSO-d6) δ 7.60 (2H, t, J = 7.7 Hz, H Ph), 7.67 (1H, t, J = 7.4 Hz,
H Ph), 7.70–7.78 (4H, m, H Ar), 7.80 (2H, d, J = 7.9 Hz, H Ph), 9.10 (2H, s, H-3′, H-5′). 19F
NMR (471 MHz, DMSO-d6) δ 102.8 (s, CF3). 13C NMR (126 MHz, DMSO-d6) δ 107.2 (C-2),
113.4 (2C, q, J = 5.9 Hz, C-3′, C-5′), 119.2 (2C, q, J = 275.2 Hz, CF3), 121.3 (2C Ar), 128.5
(2C Ph), 130.0 (2C Ph), 131.6 (C Ph), 134.0 (2C Ar), 135.1 (C Ph), 138.9 (2C, q, J = 32.7 Hz,
C-2′, C-6′), 139.8 (2C Ar), 146.0 (C-4′), 191.0 (2C, CO). IR (ATR) ν 3101, 3065, 1693, 1648,
1518, 1319 (N–C), 1141 (CF3). UV/vis (EtOH): λmax (εmax) = 437 (21948), 415 (15988), 246
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(74128), 224 (151744). HRMS (ESI) m/z [M + H]+. Calculated for C22H12F6NO2: 436.0772.
Found: 436.0779.

3.6. Synthesis of Compounds 9
General Procedure

To a solution of trifluorotriacetic acid (2) (100 mg, 0.56 mmol) in 1,4-dioxane (1 mL), a
corresponding amine (1.17 mmol) was added with stirring. The reaction was monitored
by TLC (CHCl3:EtOH, 20:1). After completion, the reaction mixture was acidified with
aqueous HCl (1 mL, 3 M). The precipitate was filtered and washed with water. The crude
product was recrystallized from hexane.

6,6,6-Trifluoro-5-oxo-N-phenyl-3-(phenylamino)hex-3-enamide (9a). The reaction was car-
ried out for 24 h. Yield 139 mg (72%), small yellow crystals, mp 135–137 ◦C. 1H NMR
(500 MHz, DMSO-d6) δ Z-9a (44%): 3.65 (2H, s, 2-CH2), 5.79 (1H, s, 4-CH), 7.05 (2H, t, J =
7.3 Hz, H Ph), 7.30–7.34 (2H, m, H Ph), 7.40 (2H, d, J = 7.5 Hz, H Ph), 7.45 (4H, t, J = 7.0 Hz,
H Ph), 10.08 (1H, s, NH amide), 12.56 (1H, s, NH enamine); E-9a (56%): 4.06 (2H, s, 2-CH2),
5.59 (1H, s, 4-CH), 7.25–7.38 (6H, m, H Ph), 7.52 (2H, t, J = 6.8 Hz, H Ph), 7.61 (2H, d, J =
7.4 Hz, H Ph), 10.23 (1H, s, NH), 10.31 (1H, s, NH). 19F NMR (376 MHz, DMSO-d6) δ Z-9a
(44%): 87.1 (s, CF3); E-9a (56%): 86.6 (s, CF3). 19F NMR (376 MHz, CDCl3) δ Z-9a (59%): 85.1
(s, CF3); E-9a (41%): 84.8 (s, CF3). 13C NMR (101 MHz, CDCl3) δ Z-9a (59%): 41.5 (CH2),
91.3 (4-CH), 117.2 (q, J = 288.3 Hz, CF3), 120.2 (2C Ph), 125.2 (C Ph), 125.9 (2C Ph), 128.3 (C
Ph), 129.1 (2C Ph), 129.82 (2C Ph), 136.4 (C Ph), 136.9 (C Ph) 163.4 (1-CO), 164.0 (C-3), 177.8
(q, J = 33.7 Hz, 5-CO); E-9a (41%): 42.3 (CH2), 88.7 (CH), 117.6 (q, J = 290.2 Hz, CF3), 120.4
(2C Ph), 124.7 (2C Ph), 124.9 (C Ph), 127.8 (C Ph), 129.0 (2C Ph), 129.78 (2C Ph), 136.6 (C
Ph), 137.5 (C Ph), 162.5 (1-CO), 166.3 (C-3), 178.5 (q, J = 32.1 Hz, 5-CO). IR (ATR) ν 3299,
3061, 3032, 1658 (C=O), 1578, 1242, 1172, 1116 (CF3). Anal. Calculated for C18H15F3N2O2:
C 62.07; H 4.34; N 8.04. Found: C 61.81; H 4.12; N 7.94.

6,6,6-Trifluoro-N-(4-methoxyphenyl)-3-((4-methoxyphenyl)amino)-5-oxohex-3-enamide (9b).
The reaction was carried out for 17 h. Yield 160 mg (69%), fine gray crystals, mp 163–165 ◦C.
1H NMR (400 MHz, CDCl3) δ Z-9b (65%): 3.38 (2H, s, 2-CH2), 3.79 (3H, s, OCH3) 3.80 (3H,
s, OCH3), 5.68 (1H, s, 4-CH), 6.85 (2H, d, J = 8.7 Hz, H Ar), 6.91 (2H, d, J = 8.6 Hz, H Ar),
7.16 (1H, d, J = 8.6 Hz, H Ar), 7.29 (1H, d, J = 8.7 Hz, H Ar), 7.12 (1H, s, NH amide), 12.39
(1H, s, NH enamine); E-9b (35%): 3.79 (3H, s, OCH3) 3.83 (3H, s, OCH3), 4.00 (2H, s, 2-CH2),
5.68 (1H, s, 4-CH), 6.84 (2H, d, J = 8.7 Hz, H Ar), 6.90 (2H, d, J = 8.6 Hz, H Ar), 7.11 (1H, d,
J = 8.6 Hz, H Ar), 7.42 (1H, d, J = 8.7 Hz, H Ar), 8.74 (1H, s, NH amide), 9.63 (1H, s, NH
enamine). 19F NMR (376 MHz, CDCl3) δ Z-9b (65%): 85.1 (s, CF3); E-9b (35%): 84.9 (s, CF3).
13C NMR (126 MHz, CDCl3) δ Z-9b (65%): 41.4 (CH2), 55.47 (OCH3), 55.52 (OCH3), 90.9
(4-CH), 114.3 (2C Ar), 114.88 (2C Ar), 117.3 (q, J = 288.6 Hz, CF3), 122.1 (2C Ar), 127.4 (2C
Ar), 129.0 (C Ar), 129.9 (C Ar), 157.1 (C Ar), 159.4 (C Ar), 164.0, 164.2, 177.5 (q, J = 33.6 Hz,
5-CO); E-9b (35%): 42.0 (CH2), 55.47 (OCH3), 55.49 (OCH3), 88.2 (4-CH), 114.1 (2C Ar),
114.91 (2C Ar), 117.7 (q, J = 290.2 Hz, CF3), 122.0 (2C Ar), 126.4 (2C Ar), 129.3 (C Ar), 130.8
(C Ar), 156.7 (C Ar), 159.0 (C Ar), 163.2 (1-CO), 165.9 (C-3), 177.9 (q, J = 31.3 Hz, 5-CO). IR
(ATR) ν 3282, 2999, 2842, 1651 (C=O), 1530, 1237, 1169, 1116 (CF3). Anal. Calculated for
C20H19F3N2O4·0.25H2O: C 58.18; H 4.76; N 6.79. Found: C 58.25; H 4.48; N 6.54.

N-(4-Bromophenyl)-3-((4-bromophenyl)amino)-6,6,6-trifluoro-5-oxohex-3-enamide (9c). The
reaction was carried out for 15 h. Yield 118 mg (41%), fine yellow crystals, mp 209–210 ◦C
(decomp.). 1H NMR (500 MHz, CDCl3) δ Z-9c (58%): 3.41 (2H, s, 2-CH2), 5.70 (1H, s, 4-CH),
7.14 (2H, d, J = 8.4 Hz, H Ar), 7.31 (2H, d, J = 8.6 Hz, H Ar), 7.43 (1H, s, NH amide), 7.46
(2H, d, J = 8.6 Hz, H Ar), 7.54 (2H, d, J = 8.4 Hz, H Ar), 12.42 (1H, s, NH enamine); E-9c
(42%): 3.98 (1H, s, 2-CH2), 5.78 (1H, s, 4-CH), 7.09 (2H, d, J = 8.5 Hz, H Ar), 7.41–7.46
(4H, m, H Ar), 7.55 (2H, d, J = 8.5 Hz, H Ar), 8.32 (1H, s, NH amide), 9.62 (1H, s, NH
enamine). 19F NMR (471 MHz, CDCl3) δ Z-9c (58%): 85.0 (s, CF3); E-9c (42%): 84.8 (s, CF3).
IR (ATR) ν 3262, 3018, 3046, 1664 (C=O), 1589, 1533, 1246, 1111 (CF3). Anal. Calculated for
C18H13Br2F3N2O2·0.33H2O: C 42.22; H 2.69; N 5.47. Found: C 42.44; H 2.58; N 5.19.
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N-Benzyl-3-(benzylamino)-6,6,6-trifluoro-5-oxohex-3-enamide (9d). The reaction was car-
ried out for 17 h. Yield 51 mg (24%), colorless powder, mp 124–125 ◦C. 1H NMR (500 MHz,
DMSO-d6) δ Z-9d (68%): 3.55 (2H, s, 2-CH2), 4.30 (2H, d, J = 5.8 Hz, NCH2), 4.72 (2H, d,
J = 6.1 Hz, NCH2), 5.50 (1H, s, 4-CH), 7.09–7.49 (10H, m, H Ph), 8.76 (1H, t, J = 5.8 Hz, NH
amide), 11.29 (1H, t, J = 6.1 Hz, NH enamine); E-9d (32%): 3.84 (2H, s, 2-CH2), 4.31 (2H, d,
J = 6.0 Hz, NCH2), 4.46 (2H, d, J = 5.6 Hz, NCH2), 5.27 (1H, s, 4-CH), 7.09–7.49 (10H, m, H
Ph), 8.45 (1H, t, J = 5.9 Hz, NH amide), 9.08 (1H, t, J = 5.8 Hz, NH enamine). 1H NMR (500
MHz, CDCl3) δ Z-9d (58%): 3.31 (2H, s, 2-CH2), 4.39 (2H, d, J = 5.7 Hz, NCH2), 4.61 (2H,
d, J = 6.1 Hz, NCH2), 5.44 (1H, s, 4-CH), 6.04 (1H, unres. t, NH) 7.20–7.40 (10H, m, H Ph),
11.32 (1H, unres. t, NH); E-9d (42%): 3.79 (2H, s, 2-CH2), 4.32 (2H, d, J = 5.9 Hz, NCH2),
4.33 (2H, d, J = 4.9 Hz, NCH2), 5.41 (1H, s, 4-CH), 7.15 (2H, d, J = 7.0 Hz), 7.20–7.40 (8H,
m), 7.90 (2H, unres. t, NH). 19F NMR (471 MHz, CDCl3) δ Z-9d (58%): 85.1 (s, CF3); E-9d
(42%): 84.9 (s, CF3). 13C NMR (126 MHz, CDCl3) δ Z-9d (58%): 41.1 (2-CH2), 44.0 (NCH2),
48.0 (NCH2), 90.1 (4-CH), 117.3 (q, J = 288.4 Hz), 127.1 (2C Ph), 127.8 (2C Ph), 127.9 (C Ph),
128.2 (C Ph), 128.9 (2C Ph), 129.2 (2C Ph), 135.7 (C Ph), 137.3 (C Ph), 164.9 (1-CO), 165.3
(C-3), 177.0 (q, J = 33.4 Hz, 5-CO). E-9d (42%): 40.5 (2-CH2), 43.5 (NCH2), 48.3 (NCH2), 86.3
(4-CH), 117.7 (q, J = 290.5 Hz, CF3), 127.2 (2C Ph), 127.4 (C Ph), 127.7 (2C Ph), 128.3 (C Ph),
128.6 (2C Ph), 129.1 (2C Ph), 134.8 (C Ph), 137.6 (C Ph), 163.5 (1-CO), 168.0 (C-3), 176.9 (q,
J = 32.1 Hz, 5-CO). IR (ATR) ν 3308, 3062, 3033, 1641 (C=O), 1549, 1264,1165, 1124 (CF3).
Anal. Calculated for C20H19F3N2O2·0.33H2O: C 62.82; H 5.18; N 7.33. Found: C 63.01; H
5.10; N 7.09.

N-Butyl-3-(butylamino)-6,6,6-trifluoro-5-oxohex-3-enamide (9e). The reaction was carried
out for 72 h at 60 ◦C. Yield 12 mg (7%), large gray crystals, mp 79–80 ◦C. 1H NMR (500 MHz,
CDCl3) δ Z-9e (65%): 0.93 (3H, t, J = 7.2 Hz, CH3), 0.95 (3H, t, J = 7.2 Hz, CH3), 1.32 (quint,
2H, J = 7.2 Hz, NCH2CH2), 1.43 (2H, sex, J = 7.2 Hz, CH2CH3), 1.49 (2H, sex, J = 7.2 Hz,
CH2CH3), 1.63 (2H, quint, J = 7.2 Hz, NCH2CH2), 3.27 (2H, s, 2-CH2), 3.28 (2H, q, J = 6.3 Hz,
NCH2), 3.42 (2H, q, J = 6.6 Hz, NCH2), 5.36 (1H, s, 4-CH), 5.65 (1H, s, NH amide), 11.08
(1H, s, NH enamine); E-9e (35%): 0.90 (3H, t, J = 7.2 Hz, CH3), 0.96 (3H, t, J = 7.2 Hz, CH3),
1.34 (quint, 2H, J = 7.2 Hz, NCH2CH2), 1.39–1.53 (4H, masked, CH2CH3), 1.65 (2H, quint,
J = 7.2 Hz, NCH2CH2), 3.15–3.24 (4H, m, NCH2), 3.75 (2H, s, 2-CH2), 5.32 (1H, s, 4-CH),
7.10 (1H, s, NH amide), 7.36 (1H, s, NH enamine). 19F NMR (471 MHz, CDCl3) δ Z-9e
(65%): 85.04 (s, CF3); E-9e (35%): 84.90 (s, CF3). IR (ATR) ν 3289, 2958, 2872, 1591 (C=O),
1548, 1306, 1184, 1114 (CF3). HRMS (ESI) m/z [M + H]+. Calculated for C14H25F3N2O2:
309.1790. Found: 309.1799.

3.7. Synthesis of Compound 10

1,3,4,5-Tetrahydro-4-(3,3,3-trifluoro-2-oxopropylidene)-2H-1,5-benzodiazepin-2-one (10).
Benzene-1,2-diamine (63 mg, 0.58 mmol) was added to a solution of trifluorotriacetic acid
(2) (100 mg, 0.56 mmol) in 1,4-dioxane (1 mL) with stirring. The reaction was carried out
for 24 h at room temperature. Then, the reaction mixture was acidified with aqueous HCl
(1 mL, 3M). The precipitate was filtered and washed with water. The crude product was
recrystallized from hexane. Yield 51 mg (33%), fine white powder, mp 244–245 ◦C (decomp.;
lit. mp 243–245 ◦C [43]). 1H NMR (500 MHz, CDCl3) δ 3.31 (2H, s, CH2), 5.68 (1H, s, CH),
7.12 (1H, dd, J = 7.6, 1.6 Hz, H Ar), 7.24–7.34 (3H, m, H Ar), 8.17 (1H, s, 1-NH), 12.57 (1H, s,
5-NH). 19F NMR (471 MHz, CDCl3) δ 84.8 (s, CF3). HRMS (ESI) m/z [M + H]+. Calculated
for C14H25F3N2O2: 271.0694. Found: 271.0673. The analytical data are in consistence with
the literature [43].

3.8. Synthesis of Compounds 13 and 14

N’-Phenyl-2-(1-phenyl-5-(trifluoromethyl)-1H-pyrazol-3-yl)acetohydrazide (13) and N’-phenyl-
2-(1-phenyl-3-(trifluoromethyl)-1H-pyrazol-5-yl)acetohydrazide (14). Phenylhydrazine (126 mg,
1.17 mmol) was added to a solution of trifluorotriacetic acid (2) (100 mg, 0.56 mmol) in
EtOH (1 mL) with stirring. The reaction was carried out for 24 h at room temperature.
Then, the reaction mixture was acidified with aqueous HCl (1 mL, 3M). The precipitate
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was filtered and washed with water. The crude product was recrystallized from hexane.
Yield 122 mg (61%), yellow powder, mp 136–138 ◦C. The mixture of isomers 13 and 14
(82:18) did not separate by column chromatography. IR (ATR) ν 3281, 1657 (C=O), 1603,
1504, 1356, 1083 (CF3). HRMS (ESI) m/z [M + H]+. Calculated for C18H16F3N4O: 361.1276.
Found: 361.1276.

13: 1H NMR (500 MHz, DMSO-d6) δ syn-isomer (88%): 3.65 (2H, s, CH2), 6.67–6.71
(1H, m, H Ph), 6.73 (2H, d, J = 7.8 Hz, H Ph), 7.03 (1H, s, H pyraz.), 7.11 (2H, t, J = 7.8 Hz,
H Ph), 7.49–7.52 (2H, m, H Ph), 7.56–7.62 (3H, m, H Ph), 7.60–8.03 (br. s, 1H, PhNH), 9.91
(1H, s, CONH); anti-isomer (12%): 3.71 (2H, s, CH2), 6.67–6.71 (2H, m, H Ph), 6.76 (1H, t,
J = 7.3 Hz, H Ph), 6.95 (1H, s, H pyraz.), 7.18 (2H, t, J = 7.8 Hz, H Ph), 7.40–7.43 (2H, m,
H Ph), 7.52–7.56 (3H, m, H Ph), 8.06 (1H, s, PhNH), 9.22 (1H, s, CONH). 19F NMR (471
MHz, DMSO-d6) δ anti-isomer (12%): 106.18 (s, CF3); syn-isomer (88%): 106.13 (s, CF3). 13C
NMR (126 MHz, CDCl3) δ syn-isomer: 34.3 (CH2), 109.0 (C-4 pyraz.), 113.5 (2C Ph), 119.4
(q, J = 269.4 Hz, CF3), 121.3 (C Ph), 125.6 (2C Ph), 129.16 (2C Ph), 129.20 (2C Ph), 129.6 (C
Ph), 133.9 (q, J = 39.7 Hz, C-5 pyraz.), 138.7 (C Ph), 146.2 (C Ph), 147.6 (C-3 pyraz.), 168.9
(CO); anti-isomer: most of the signals are masked due to low concentration.

14: 1H NMR (500 MHz, DMSO-d6) δ syn-isomer (71%): 3.78 (2H, s, CH2), 6.55 (2H, d,
J = 7.6 Hz, H Ph), 6.69 (1H, t, J = 7.4 Hz, H Ph), 6.87 (1H, s, H pyraz.), 7.10 (2H, t, J = 7.5 Hz,
H Ph), 7.56–7.62 (5H, m, H Ph), 7.73 (1H, s, PhNH), 9.83 (1H, s, CONH); anti-isomer (29%):
3.79 (2H, s, CH2), 6.56 (2H, d, J = 7.3 Hz, H Ph), 6.76 (1H, t, J = 7.3 Hz, H Ph), 6.83 (1H, s, H
pyraz.), 7.14 (2H, t, J = 7.5 Hz, H Ph), 7.43–7.47 (2H, m, H Ph), 7.51–7.55 (3H, m, H Ph), 7.95
(1H, s, PhNH), 9.25 (1H, s, CONH). 19F NMR (471 MHz, DMSO-d6) δ anti-isomer (29%):
101.91 (s, CF3), syn-isomer (71%): 101.83 (s, CF3). The analytical data are in consistence with
the literature [35].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27207098/s1. Figure S1: UV/Vis spectra of compounds
5; Table S1: Characteristic chemical shifts in 1H, 13C, and 19F NMR spectra of compounds 3; Table S2:
Characteristic chemical shifts in 1H, 13C, and 19F NMR spectra of compounds 5; Table S3: Character-
istic chemical shifts in 1H, 13C, and 19F NMR spectra of E- and Z-isomers of enaminones 9; full 1H,
19F, and 13C NMR spectra of all synthesized compounds.
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Domino Aza-Michael-SNAr-Heteroaromatization Route to
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Abstract: A new synthesis of C5-substituted 1-alkyl-1H-indole-3-carboxylic esters is reported. A
series of methyl 2-arylacrylate aza-Michael acceptors were prepared with aromatic substitution to
activate them towards SNAr reaction. Subsequent reaction with a series of primary amines generated
the title compounds. Initially, the sequence was expected to produce indoline products, but oxidative
heteroaromatization intervened to generate the indoles. The reaction proceeded under anhydrous
conditions in DMF at 23–90 ◦C using equimolar quantities of the acrylate and the amine with 2 equiv.
of K2CO3 to give 61–92% of the indole products. The reaction involves an aza-Michael addition,
followed by SNAr ring closure and heteroaromatization. Since the reactions were run under nitrogen,
the final oxidation to the indole likely results from reaction with dissolved oxygen in the DMF.
Substrates incorporating a 2-arylacrylonitrile proved too reactive to prepare using our protocol.
The synthesis of the reaction substrates, their relative reactivities, and mechanistic details of the
conversion are discussed.

Keywords: domino reaction; 1H-indole synthesis; aza–Michael reaction; SNAr reaction; heteroaromatization

1. Introduction

Indoles are among the most widely distributed heterocycles in nature and many have
critical functions in living organisms. Due to their potent biological profiles, numerous
natural and synthetic indoles have been prepared and studied by chemists to mitigate
the effects of various diseases [1,2]. To date, numerous synthetic approaches have been
developed and this family of compounds remains a highly active area of research in organic
and medicinal chemistry.

The major “named” synthetic routes to indoles have been nicely summarized in the
review cited above [1]. Other less general methods include: (1) intramolecular cycliza-
tion of a side chain amine on a neighboring benzyne triple bond [3], (2) cyclization of
a benzylic anion to an ortho-substituted isocyanide [4], (3) intramolecular addition of a
nitrene to a styryl double bond [5], and (4) palladium catalyzed ring closure of 2-iodo-1-
allylaminobenzenes [6] among other variations [7]. Beyond direct syntheses, indoles can
also be accessed from indolines through dehydrogenation [8,9] or elimination of functional-
ity on the five-membered ring [10]. Finally, once prepared, methods for the introduction of
alkyl substitution to the indole nitrogen have been reported by a number of routes [11–15].

The current study sought to develop a new synthetic approach to these systems
through a domino aza-Michael-SNAr-heteroaromatization sequence from acrylate esters
substituted at C2 by an aromatic system substituted to promote nucleophilic aromatic sub-
stitution by an addition-elimination (SNAr) mechanism. Previously, indole derivatives have
been prepared by a domino-reduction-reductive amination reaction from
2-nitrophenylacetone [16] and a domino reduction-aza-Michael-elimination process from
ethyl 2-(2-nitrophenyl)-b-ketoesters [17]. These procedures differ from the current route in
aromatizing via elimination of water from the initial adduct. The present study involves
(1) aza-Michael addition to a polarized 2-arylacrylate double bond, (2) ring formation by
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SNAr of the added nitrogen to the electron-deficient aromatic ring, and (3) aromatization
by reaction with molecular oxygen which is either dissolved in the reaction solvent or
admitted to the flask during removal of TLC samples. The conversion is clean and provides
the indoles in high yield.

Indoles are prevalent in many drug compounds showing a wide range of activities.
Filtering for compounds that possess similar structural features to the compounds prepared
here–an alkylated nitrogen at position 1 and an acyl group at C3–revealed a number of
structures that are pictured in Figure 1. Pravadoline (1) has potent analgesic properties
via binding to the cannabinoid CB1/CB2 receptors [18] and is closely related to neuropro-
tective compounds that inhibit inflammation caused by b-amyloid proteins involved in
Alzheimer’s disease [19]. The iodinated naphthoylindole 2 is a strong analgesic as it also
binds to the CB1/CB2 receptors [20]. Arbidol (Umifenovir, 3) is a potent antiviral [21],
used primarily in Russia and China, against influenza A [22]. Finally, 3-indolyl-5-amino-2-
phenyl-1,2,3-triazine 4 has shown highly promising antimicrobial activity towards both
Gram positive and Gram negative bacteria [23].
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2. Results and Discussion

The 2-arylacrylate indole precursors 7, 10 and 13 were prepared using standard tech-
niques (Scheme 1). Methyl 2-fluorophenylacetate (5) was converted to methyl 2-(2-fluoro-
5-nitrophenyl)acrylate (6) by nitration using NaNO3 in H2SO4 at 0–23 ◦C for 2 h [24].
Installation of the acrylate double bond to give 7 was accomplished by aldol condensation
with formaldehyde (37% aq. formaldehyde (formalin), K2CO3, DMF, 23 ◦C) [25]. The
2-(5-cyano-2-fluorophenyl)acrylate substrate (10) was prepared from the aforementioned
intermediate nitration product 6. Reduction of the nitro group to give aniline 8 (Fe/NH4Cl,
aq. EtOH, 70 ◦C) [26] was followed by diazotization (HONO) and Sandmeyer replace-
ment of nitrogen by cyanide (CuCN) [27,28] to afford 9. Final conversion to acrylate
10 was accomplished as above. Finally, the diester substituted substrate 13 was prepared
from 5-cyano-2-fluorobenzaldehyde (11). Reduction of the aldehyde to the benzyl alco-
hol (NaBH4, EtOH, 23 oC), conversion to the bromide (PBr3, Et2O, 0–23 ◦C) [29], SN2
displacement of bromide by cyanide (KCN, aq. EtOH) and methanolysis of the dicyano
compound (25% H2SO4 in MeOH, 90 ◦C) generated diester 12. Aldol condensation with
formaldehyde then led to 13. Yields were reasonable for all steps and each synthesis
was performed on a multigram scale. It should be noted that attempts to install the aza-
Michael accepting double bond in 2-(2-fluoro-5-nitrophenyl)acetonitrile (15), generated
from 2-fluoro-5-nitrobenzyl bromide (14) [30], yielded polymeric material under the aldol
conditions used and 1-fluoro-4-nitro-2-((phenylsulfonyl)methyl)benzene (16), prepared
from this same bromide [31], failed to aldolize under the conditions used.
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Our cyclization results are summarized in Table 1. The reaction was carried out
in anhydrous DMF using 1 mmol of the acrylate, 1 mmol of the RNH2 and 2 mmol of
K2CO3. Primary amines incorporating a primary, secondary or tertiary alkyl group were all
successful in the reaction but anilines failed to initiate the sequence due to their diminished
reactivity. We also found that hydrazine reacted with nitro activated substrate 7 but not
the cyano and ester activated substrates 10 and 13, respectively [32]. Despite the a-effect
which increases the nucleophilicity of hydrazine [33], the less SNAr active substrates
10 and 13 primarily afforded products resulting from reaction at the pendant ester and
cyano groups. As expected, the five-membered ring was entropically favored over the
six-membered ring in the reaction of hydrazine with 7. Additionally, the five-membered
ring also benefited from stabilization gained via heteroaromatization.

Substrates incorporating nitro and cyano activation on the SNAr acceptor ring pro-
ceeded at room temperature while the ester–bearing substrate required heating up to 90 ◦C.
This observation likely reflects the relative activating ability of the different groups in the
SNAr process. In all cases, the work–up required adding the crude reaction mixture to aq.
NH4Cl, extracting with ether, and washing the combined organic layers with aq. NaCl.
The ether layers were dried and concentrated to give a crude product that was purified
by column chromatography. All products exhibited spectral and analytical data in accord
with the assigned structures (see Supplementary Materials).
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Table 1. C5-Substituted 1-alkyl-1H-indole-3-carboxylate esters prepared.
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The exact chronology of events in the reaction sequence is unknown, but a plausible
sequence is outlined for substrate 7 in Scheme 2. Due to the low temperatures employed,
the initiating step was assumed to involve aza–Michael addition of the amine to the
unhindered 2-arylacrylate double bond followed by loss of a proton to give amine adduct
A. The nitrogen in this intermediate is positioned to add to the activated aromatic ring by a
SNAr reaction via Meisenheimer intermediate B to give indoline C. The heteroaromatization
process likely occurs due to exposure of the compound to dissolved oxygen in the DMF [34]
or oxygen introduced during removal of TLC samples. Since indoline C has a highly
activated benzylic C–H substituted by an ester group, insertion of oxygen at this site to
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form a peroxide intermediate D should be facile. This process often requires a radical
initiator [32], but it is unclear what could perform this function in the current reaction.
Once oxygen inserts into the activated C–H bond, elimination under the basic conditions
would install the double bond to afford the indole 17 (Scheme 2). In no case was indoline C
detected during the reaction or in the final product. A similar process was hypothesized
for the formation of quinolones in an earlier study [35].
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3. Materials and Methods
3.1. General Methods

Unless otherwise indicated, all reactions were performed under dry N2 in oven-dried
glassware. All reagents and solvents were used as received. All wash solutions in work-
up procedures were aqueous. Reactions were monitored by thin layer chromatography
on Analtech No 21521 silica gel GF plates (Newark, DE, USA). Preparative separations
were performed by flash chromatography on silica gel (Davisil®, grade 62, 60–200 mesh)
containing 0.5% of UV-05 UV-active phosphor (both from Sorbent Technologies, Norcross,
GA, USA) slurry packed into quartz columns. Band elution for all chromatographic
separations was monitored using a hand-held UV lamp (Fisher Scientific, Pittsburgh, PA,
USA). Melting points were obtained using a MEL-TEMP apparatus (Cambridge, MA, USA)
and are uncorrected. FT-IR spectra (0.09 cm−1 resolution between 4000–500 cm−1) were run
as thin films on NaCl disks using a Nicolet iS50 spectrophotometer (Madison, WI, USA).
1H- and 13C-NMR spectra were measured using a Bruker Avance 400 system (Billerica, MA,
USA) at 400 MHz and 101 MHz, respectively, in the indicated solvents containing 0.05%
(CH3)4Si as the internal standard; coupling constants (J) are given in Hz. Low-resolution
mass spectra were obtained using a Hewlett-Packard Model 1800A GCD GC-MS system
(Palo Alto, CA, USA). Elemental analyses (±0.4%) were determined by Atlantic Microlabs
(Norcross, GA, USA).

3.2. Methyl 2-(2-Fluoro-5-nitrophenyl)acetate (6)

The procedure was modified from that of Gale and Wilshire [24]. Methyl
2-(2-fluorophenyl)acetate (5, 10.0 g, 59.5 mmol), was added drop-wise over 1 h to an
ice-cooled solution of sodium nitrate (5.60 g, 65.8 mmol) in concentrated sulfuric acid
(102 g, 55.3 mL). After a further 30 min at 5–10 ◦C, the solution was poured onto ice and
the resulting mixture was extracted with ether (3 × 50 mL). The combined ether layers
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were washed with water (2 × 50 mL), saturated NaHCO3 (1 × 50 mL), and saturated
NaCl (1 × 50 mL) and then dried (Na2SO4). Filtration and concentration under vacuum
gave the crude nitrated product as a yellow solid that was purified by trituration with 2%
ether in pentane to give 6 (11.5 g, 91%) as a light yellow solid, m.p. 51–53 ◦C. IR: 1741,
1527, 1350 cm−1; 1H NMR (400 MHz, CDCl3): δ 8.25–8.18 (complex, 2H), 7.23 (t, J = 8.8 Hz,
1H), 3.78 (d, J = 1.4 Hz, 2H), 3.75 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 169.8, 164.6
(d, J = 258.1 Hz), 144.2, 127.6 (d, J = 5.9 Hz), 125.2 (d, J = 10.1 Hz), 123.2 (d, J = 18.3 Hz),
116.4 (d, J = 24.6 Hz), 52.6, 34.1 (d, J = 2.6 Hz); MS (m/z) 213 (M+); Anal. Calcd for C9H8FNO4:
C, 50.71; H, 3.78; N, 6.57. Found: C, 50.77; H, 3.83; N, 6.55.

3.3. Methyl 2-(5-Amino-2-fluorophenyl)acetate (8)

The procedure of Zhou and co-workers was used [26]. Nitroester 7 (5.00 g, 23.5 mmol)
was dissolved in a mixture of EtOH (165 mL) and H2O (45 mL). The solution was heated
at 70 ◦C under N2, NH4Cl (1.26 g, 23.5 mmol) and iron powder (3.92 g, 70.1 mmol) were
cautiously added, and heating was continued for 2–3 h. The reaction mixture was filtered
through celite, treated with saturated NaHCO3 (100 mL), and extracted with ethyl acetate
(3 × 50 mL). The combined organic extracts were washed with saturated NaCl, dried
(Na2SO4), filtered, and concentrated under vacuum to give amino ester 8 (4.00 g, 93%) as
a light tan solid, m.p. 35-37 oC. This material was spectroscopically pure and was used
without further purification. IR: 3445, 3369, 3232, 1732 cm−1; 1H NMR (400 MHz, CDCl3):
δ 6.84 (t, J = 8.9 Hz, 1H), 6.57–6.49 (complex, 2H), 3.70 (s, 3H), 3.58 (d, J = 1.4 Hz, 2H), 3.37
(br s, 2H); 13C NMR (101 MHz, CDCl3): δ 171.3, 154.5 (d, J = 236.6 Hz), 142.5 (d, J = 2.4 Hz),
121.7 (d, J = 17.2 Hz), 117.4 (d, J = 3.4 Hz), 115.8 (d, J = 23.1 Hz), 115.2 (d, J = 7.6 Hz), 52.2,
34.3 (d, J = 2.9 Hz); MS (m/z): 183 (M+).

3.4. Methyl 2-(5-Cyano-2-fluorophenyl)acetate (9)

The general procedure of Clarke and Read was used [27]. All water and aqueous
solutions in this procedure used deionized H2O. CuCl was prepared from CuSO4·5H2O
(3.42 g, 13.7 mmol), NaCl (0.90 g, 15.5 mmol) and Na2SO3 (from 0.72 g of NaHSO3/Na2S2O5
and 0.48 g (18 mmol) of NaOH) in H2O (14 mL) as described by Marvel and McElvain [28].
The CuCl was purified by decantation and suspended in H2O (10 mL). To the magnetically
stirred suspension, a solution of NaCN (1.82 g, 37.1 mmol) in H2O (5 mL) was added
drop-wise over 10 min and the CuCl dissolved with the generation of heat.

Aminoester 8 (2.00 g, 10.9 mmol) was mixed with crushed ice (ca 5 g) and 28% HCl
(3 mL) was added. The flask was surrounded by an ice bath to maintain the temperature at
0–5 ◦C and a solution of NaNO2 (0.84 g, 12.1 mmol) in H2O (3 mL) was added with stirring
over 15 min. This mixture was neutralized to pH 7 by slow addition of solid anhydrous
Na2CO3 to give a solution of the diazonium salt.

The above CuCN solution was cooled to 0–5 ◦C, toluene (4 mL) was added and
vigorous stirring was initiated. To this was added drop-wise the cold solution of the
diazonium salt during 15–20 min keeping the temperature at 0–5 ◦C. N2 was evolved during
the addition. The mixture was warmed to 23 ◦C over 2 h and then heated to 50 ◦C for 5 min.
The heat was removed and the reaction was allowed to return to 23 ◦C over 1 h. The crude
reaction mixture was transferred to a separatory funnel and the mixture was extracted
with EtOAc (3 × 25 mL). The combined organic extracts were washed with saturated NaCl
(3 × 50 mL), dried (Na2SO4), and concentrated under vacuum. The product from two
runs at the above scale was purified by silica gel column chromatography (50 cm × 2.5 cm)
eluted with 10–20% EtOAc in hexanes to give nitrile ester 9 (2.73 g, 65%) as a yellow solid,
m.p. 51–53 ◦C. IR: 2232, 1741 cm−1; 1H NMR (400 MHz, CDCl3): δ 7.66–7.58 (complex, 2H),
7.19 (t, J = 8.8 Hz, 1H), 3.74 (s, 3H), 3.71 (d, J = 1.5 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ
169.9, 163.4 (d, J = 256.8 Hz), 135.9 (d, J = 5.5 Hz), 133.6 (d, J = 9.6 Hz), 123.5 (d, J = 17.4 Hz),
117.9, 116.9 (d, J = 23.7 Hz), 108.7 (d, J = 4.0 Hz), 52.5, 33.8 (d, J = 2.9 Hz); MS (m/z): 193
(M+); Anal. Calcd for C10H8FNO2: C, 62.18; H, 4.17; N, 7.25. Found: C, 62.25; H, 4.19; N,
7.14.
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3.5. Methyl (4-Carbomethoxy-2-fluorophenyl)acetate (12)

To a solution of the 5-cyano-2-fluorobenzaldehyde (11, 10.0 g, 67.1 mmol) in absolute
ethanol (80 mL) at 0 ◦C (ice-water bath), NaBH4 (1.27 g, 33.5 mmol) was added portion-
wise with stirring during 10–15 min. The cooling bath was removed and the reaction was
allowed to warm to room temperature for 1 h. The reaction was quenched by addition
to saturated NaCl (250 mL) and extracted with ether (3 × 50 mL). The combined ether
layers were washed with saturated NaCl (3 × 50 mL) and dried (Na2SO4). Filtration and
concentration under vacuum gave the alcohols as off-white solids that were purified by
trituration with 2% ether in pentane to give (5-cyano-2-fluorophenyl)methanol (9.22 g, 91%)
as an off-white solid, m.p. 48–50 ◦C; IR: 3429, 2234 cm−1; 1H NMR (400 MHz, CDCl3): δ
7.84 (dd, J = 6.7, 2.1 Hz, 1H), 7.61 (ddd, J = 8.3, 4.8, 2.1 Hz, 1H), 7.16 (t, J = 9.0 Hz, 1H),
4.80 (s, 2H), 2.16 (br s, 1H); 13C NMR (101 MHz, CDCl3): δ 162.5 (d, J = 256.6 Hz), 133.5 (d,
J = 9.5 Hz), 133.1 (d, J = 6.2 Hz), 130.1 (d, J = 16.1 Hz), 118.4, 116.5 (d, J = 22.9 Hz), 108.6 (d,
J = 3.9 Hz), 58.2 (d, J = 4.4 Hz); MS (m/z) 151 (M+); Anal. Calcd for C8H6FNO: C, 63.58; H,
4.00; N, 9.27. Found: C, 63.65; H, 3.97; N, 9.22.

A solution of (5-cyano-2-fluorophenyl)methanol (9.22 g, 61.1 mmol) in anhydrous
ether (100 mL) was cooled to 0 ◦C. To the stirred solution was added drop-wise PBr3 (8.32 g,
2.89 mL, 30.7 mmol) during 1 h. The reaction was allowed to warm to 23 ◦C overnight at
which time it was quenched by addition to saturated NaCl (150 mL). The ether layer was
separated and the aqueous layer was washed with ether (2 × 50 mL). The combined ether
layers were washed with saturated NaCl (3 × 50 mL) and dried (Na2SO4). Filtration and
concentration under vacuum gave the bromide as an off-white solid which was purified
by trituration with 2% ether in pentane to give 2-(bromomethyl)-4-cyano-1-fluorobenzene
(11.8 g, 90%) as an off-white solid, m.p. 55–56 ◦C; IR: 2238 cm−1; 1H NMR (400 MHz,
CDCl3): δ 7.76 (dd, J = 6.9, 2.2 Hz, 1H), 7.64 (ddd, J = 8.6, 4.8, 2.2 Hz, 1H), 7.20 (t, J = 8.9 Hz,
1H), 4.48 (s, 2H); 13C NMR (101 MHz, CDCl3): δ 162.9 (d, J = 260.0 Hz), 135.5, (d, J = 4.5 Hz),
134.6 (d, J = 9.7 Hz), 127.3 (d, J = 16.0 Hz), 117.5, 117.3 (d, J = 22.9 Hz), 109.1 (d, J = 4.0 Hz),
23.5 (d, J = 4.3 Hz); MS (m/z) 213, 215 (ca 1:1, M+); Anal. Calcd for C8H5FBrN: C, 44.89; H,
2.35; N, 6.54. Found: C, 44.97; H, 2.39; N, 6.44.

To a solution of KCN (5.16 g, 79.2 mmol) in water (6 mL) at 23 ◦C was added drop-
wise a solution of the 2-(bromomethyl)-4-cyano-1-fluorobenzene (11.3 g, 52.8 mmol) in
ethanol (75–90 mL) during 1 h. The solution was stirred for 16 h and quenched by addition
to saturated NaCl (250 mL) and extracted with ether (3 × 50 mL). The combined ether
layers were washed with saturated NaCl (3 × 50 mL) and dried (Na2SO4). Filtration and
concentration under vacuum gave 3-(cyanomethyl)-4-fluorobenzonitrile as a light tan solid
which was subjected to methanolysis without further purification.

A solution of concentrated sulfuric acid in methanol (100 mL, 25% v/v) was prepared
at 0 ◦C. The benzylic nitrile was added slowly and the mixture was heated to boiling
for 16 h (bath temperature 90 ◦C). After cooling, the reaction was quenched by addition
to saturated NaCl (250 mL) and extracted with ether (3 × 50 mL). The combined ether
layers were washed with saturated NaCl (3 × 50 mL) and dried (Na2SO4). Filtration and
concentration under vacuum gave the ester as a yellow oil. Purification was accomplished
by silica gel column chromatography (40 cm × 2.5 cm) eluted with 10–15% ether in hexanes
to give 7.05 g (60%, 2 steps) of diester 12 as a light yellow oil. IR: 1735, 1720 cm−1; 1H NMR
(400 MHz, CDCl3): δ 7.98 (m, 2H), 7.12 (t, J = 9.1 Hz, 1H), 3.91 (d, J = 2.6 Hz, 2H), 3.73 (s,
3H), 3.72 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 170.6, 166.0, 164.0 (d, J = 254.4 Hz), 133.5
(d, J = 5.4 Hz), 131.1 (d, J = 9.5 Hz), 126.5 (d, J = 3.4 Hz), 121.8 (d, J = 16.9 Hz), 115.6 (d,
J = 22.9 Hz), 53.3, 52.2, 34.2 (d, J = 2.7 Hz); MS (m/z) 226 (M+); Anal. Calcd for C11H11FO4:
C, 58.41; H, 4.90. Found: C, 58.39; H, 4.94.

3.6. General Procedure for Conversion of the 2-Arylacetate Esters to Acrylates

The basic procedure of Selvakumar and co-workers was used [25]. To a mixture of
the methyl 2-arylacetate (8.0 mmol) in formalin (37%, 18 mL) was added a suspension of
anhydrous K2CO3 (1.66 g, 12.0 mmol) in DMF (5 mL). The resulting mixture was heated
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to 60 ◦C for 2 h and then cooled to 23 ◦C. The crude reaction mixture was quenched with
water (75 mL) and extracted with ether (3 × 50 mL). The combined ether extracts were
washed with saturated NaCl (3 × 50 mL) and dried (Na2SO4). Filtration and concentration
under vacuum gave the crude product as a light yellow oil. Purification by silica gel column
chromatography (25 cm × 2.5 cm) eluted with increasing concentrations of ether in hexanes
afforded the pure acrylate esters, which solidified on standing.

3.6.1. Methyl 2-(2-Fluoro-5-nitrophenyl)acrylate (7)

Yield: 1.97 g (60%) as an off-white solid, m.p. 52–54 ◦C; IR: 1730, 1634, 1527, 1350 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.24 (m, 2H), 7.24 (t, J = 8.8 Hz, 1H), 6.68 (s, 1H), 6.03 (s, 1H),
3.83 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 165.3 163.4 (d, J = 259.7 Hz), 144.1, 134.5, 131.6
(d, J = 1.7 Hz), 126.9 (d, J = 5.3 Hz), 126.4 (d, J = 17.4 Hz), 125.8 (d, J = 10.3 Hz), 116.6 (d,
J = 24.9 Hz), 52.7; MS (m/z) 225 (M+); Anal. Calcd for C10H8FNO4: C, 53.34; H, 3.58; N, 6.22.
Found: C, 53.37; H, 3.61; N, 6.13.

3.6.2. Methyl 2-(5-Cyano-2-fluorophenyl)acrylate (10)

Yield: 1.66 g (58%) as a yellow solid, m.p. 69–70 ◦C; IR: 2231, 1723 cm−1; 1H NMR
(400 MHz, CDCl3): δ 7.66 (ddd, J = 8.5, 4.7, 2.2 Hz, 1H), 7.63 (dd, J = 6.7, 2.2 Hz, 1H),
7.20 (dd, J = 9.2, 8.5 Hz, 1H), 6.64 (d, J = 0.8 Hz, 1H), 5.97 (d, J = 0.7 Hz, 1H), 3.82 (s, 3H);
13C NMR (101 MHz, CDCl3): δ 165.4, 162.3 (d, J = 258.4 Hz), 135.2 (d, J = 4.5 Hz), 134.5,
134.3 (d, J = 9.8 Hz), 131.3 (d, J = 1.6 Hz), 126.9 (d, J = 16.7 Hz), 117.8, 117.1 (d, J = 23.9 Hz),
108.6 (d, J = 4.0 Hz), 52.6; MS (m/z): 205 (M+); Anal. Calcd for C11H8FNO2: C, 64.39; H, 3.93;
N, 6.83. Found: C, 64.33; H, 3.96; N, 6.78.

3.6.3. Methyl 2-(5-Carbomethoxy-2-fluorophenyl)acrylate (13)

Yield: 2.03 g (62%) as an off-white solid, m.p. 52–54 ◦C; IR: 1724, 1627 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.04 (ddd, J = 8.6, 5.0, 2.3 Hz, 1H), 8.00 (dd, J = 7.1, 2.3 Hz, 1H), 7.13
(t, J = 9.0 Hz, 1H), 6.58 (d, J = 1.1 Hz, 1H), 5.95 (d, J = 1.1 Hz, 1H), 3.92 (s, 3H), 3.81 (s,
3H); 13C NMR (101 MHz, CDCl3): δ 166.0, 165.9, 162.8 (d, J = 256.0 Hz), 135.7, 132.8(d,
J = 4.7 Hz), 132.0 (d, J = 9.7 Hz), 130.3, 126.4 (d, J = 3.3 Hz), 125.4 (d, J = 16.0 Hz), 115.7 (d,
J = 23.1 Hz), 52.5, 52.3; MS (m/z) 238 (M+); Anal. Calcd for C12H11FO4: C, 60.51; H, 4.65.
Found: C, 60.48; H, 4.64.

3.7. General Procedure for Preparing C5-Substituted Methyl 1-Alkyl-1H-indole-3-carboxylates

A solution of the C5-substituted 2-arylacrylate (1 mmol) and the primary amine
(1 mmol) in DMF (4 mL) was treated with anhydrous K2CO3 (276 mg, 2 mmol) and
stirred for 12 h at 23 ◦C. At this time, TLC indicated that the reaction was complete.
The crude reaction mixture was added to saturated NH4Cl (50 mL) and extracted with
ether (3 × 25 mL). The combined organic extracts were washed with saturated NaCl
(50 mL), dried (Na2SO4), filtered, and concentrated under vacuum. The crude product was
purified by passing through a short silica gel column (25 × 2.5 cm) eluted with increasing
concentrations of ether in hexanes. The compounds prepared are summarized below. Notes:
(1) When 3-nitrobenzylamine hydrochloride was used as the amine, 3 equiv of K2CO3 were
used. (2) When the substrate incorporated an ester activating group on the SNAr acceptor
ring, the reaction was stirred for 12 h at 50–90 ◦C as indicated in Table 1.

3.8. Reactions with Methyl 2-(2-Fluoro-5-nitrophenyl)acrylate (7)
3.8.1. Methyl 1-Hexyl-5-nitro-1H-indole-3-carboxylate (17a)

Yield: 243 mg (80%) as a light yellow solid, m.p. 52–54 ◦C; IR: 1707, 1612, 1537,
1341 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.08 (d, J = 2.3 Hz, 1H), 8.18 (dd, J = 9.1, 2.3 Hz,
1H), 7.97 (s, 1H), 7.41 (d, J = 9.1 Hz, 1H), 4.19 (t, J = 7.1 Hz, 2H), 3.97 (s, 3H), 1.88 (quintet,
J = 7.1 Hz, 2H), 1.31 (m, 6H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 164.5,
143.4, 139.2, 136.9, 125.9, 119.0, 118.3, 110.2, 109.5, 51.5, 47.5, 31.2, 29.9, 26.4, 22.4, 13.9;
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MS (m/z): 304 (M+); Anal. Calcd for C16H20N2O4: C, 63.14; H, 6.62; N, 9.20. Found: C, 63.11;
H, 6.59; N, 9.14.

3.8.2. Methyl 1-Isobutyl-5-nitro-1H-indole-3-carboxylate (17b)

Yield: 243 mg (88%) as a light yellow solid, m.p. 131–133 ◦C; IR: 1706, 1614, 1539,
1347 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.06 (d, J = 2.3 Hz, 1H), 8.16 (dd, J = 9.1, 2.3 Hz,
1H), 7.96 (s, 1H), 7.40 (d, J = 9.1 Hz, 1H), 4.00 (d, J = 7.4 Hz, 2H), 3.96 (s, 3H), 2.21 (nonet,
J = 6.9 Hz, 1H), 0.97 (d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 164.4, 143.3, 139.5,
137.5, 125.8, 119.8, 118.2, 110.4, 109.3, 55.0, 51.5, 29.5, 20.1; MS (m/z): 276 (M+); Anal. Calcd
for C14H16N2O4: C, 60.86; H, 5.84; N, 10.14. Found: C, 60.83; H, 5.82; N, 10.17.

3.8.3. Methyl 1-Allyl-5-nitro-1H-indole-3-carboxylate (17c)

Yield: 234 mg (90%) as a light yellow solid, m.p. 119–121 ◦C; IR: 1704, 1620, 1534,
1342 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.06 (d, J = 2.3 Hz, 1H), 8.16 (dd, J = 9.1, 2.3 Hz,
1H), 7.96 (s, 1H), 7.40 (d, J = 9.1 Hz, 1H), 6.01 (ddt, J = 17.0, 10.6, 5.4 Hz, 1H), 5.35 (d,
J = 10.6 Hz, 1H), 5.18 (d, J = 17.0 Hz, 1H), 4.82 (d, J = 5.4 Hz, 2H), 3.96 (s, 3H); 13C NMR
(101 MHz, CDCl3): δ 164.3, 143.5, 139.3, 137.0, 131.2, 126.0, 119.4, 118.8, 118.4, 110.4, 109.7,
51.5, 49.8; MS (m/z): 260 (M+); Anal. Calcd for C13H12N2O4: C, 60.00; H, 4.65; N, 10.76.
Found: C, 59.97; H, 4.67; N, 10.58.

3.8.4. Methyl 1-Cyclopropyl-5-nitro-1H-indole-3-carboxylate (17d)

Yield: 195 mg (75%) as a light yellow solid, m.p. 133–134 ◦C; IR: 1698, 1607, 1533,
1334 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.03 (d, J = 2.3 Hz, 1H), 8.19 (dd, J = 9.1, 2.3 Hz,
1H), 7.98 (s, 1H), 7.64 (d, J = 9.1 Hz, 1H), 3.95 (s, 3H), 3.48 (septet, J = 3.8 Hz, 1H), 1.24 (m,
2H), 1.08 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 164.3, 143.7, 140.7, 137.3, 125.9, 118.8,
118.4, 111.0, 109.4, 51.5, 28.0, 6.5; MS (m/z): 260 (M+); Anal. Calcd for C13H12N2O4: C, 60.00;
H, 4.65; N, 10.76. Found: C, 60.04; H, 4.65; N, 10.61.

3.8.5. Methyl 1-Cyclohexyl-5-nitro-1H-indole-3-carboxylate (17e)

Yield: 236 mg (78%) as a light yellow solid, m.p. 133–134 ◦C; IR: 1708, 1614, 1532,
1339 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.07 (d, J = 2.3 Hz, 1H), 8.16 (dm, J = 9.1 Hz,
1H), 8.09 (s, 1H), 7.46 (d, J = 9.1 Hz, 1H), 4.28 (tt, J = 12.0, 3.7 Hz, 1H), 3.96 (s, 3H), 2.20 (d,
J = 12.0 Hz, 2H), 2.00 (d, J = 13.5, 3.6 Hz, 2H), 1.85 (d, J = 13.1 Hz, 1H), 1.74 (qd, J = 13.1,
3.6 Hz, 2H), 1.55 (qt, J = 13.1, 3.6 Hz, 2H), 1.31 (qt, J = 13.1, 3.6 Hz, 1H); 13C NMR (101 MHz,
CDCl3): δ 164.6, 143.3, 138.9, 133.8, 125.8, 118.9, 118.0, 110.1, 109.5, 56.4, 51.4, 33.4, 25.7, 25.3;
MS (m/z): 302 (M+); Anal. Calcd for C16H18N2O4: C, 63.56; H, 6.00; N, 9.27. Found: C, 63.63;
H, 6.05; N, 9.23.

3.8.6. Methyl 1-(tert-Butyl)-5-nitro-1H-indole-3-carboxylate (17f)

Yield: 213 mg (77%) as a light yellow solid, m.p. 161–163 ◦C; IR: 1708, 1615, 1536,
1342 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.11 (d, J = 2.4 Hz, 1H), 8.15 (s, 1H), 8.14 (dd,
J = 9.3, 2.4 Hz, 1H), 7.72 (d, J = 9.3 Hz, 1H), 3.96 (s, 3H), 1.79 (s, 9H); 13C NMR (101 MHz,
CDCl3): δ 164.6, 142.8, 138.3, 135.1, 127.6, 118.8, 117.4, 113.8, 108.4, 58.0, 51.4, 29.7; MS (m/z):
276 (M+); Anal. Calcd for C14H16N2O4: C, 60.86 H, 5.84; N, 10.14. Found: C, 60.84; H, 5.81;
N, 10.06.

3.8.7. Methyl 5-Nitro-1-phenethyl-1H-indole-3-carboxylate (17g)

Yield: 275 mg (85%) as a light yellow solid, m.p. 165–167 ◦C; IR: 1705, 1619, 1536,
1341 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.05 (d, J = 2.3 Hz, 1H), 8.11 (dd, J = 9.1, 2.3 Hz,
1H), 7.77 (s, 1H), 7.28–7.22 (complex, 4H), 7.00 (complex, 2H), 4.43 (t, J = 7.0 Hz, 2H), 3.94 (s,
3H), 3.15 (t, J = 7.0 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 164.4, 143.4. 139.1, 137.0, 136.9,
129.0, 128.6, 127.3, 125.8, 118.9, 118.3, 110.0, 109.6, 51.5, 49.2, 36.6; MS (m/z): 324 (M+); Anal.
Calcd for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found: C, 66.71; H, 4.96; N, 8.57.
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3.8.8. Methyl 1-Benzyl-5-nitro-1H-indole-3-carboxylate (17h)

Yield: 263 mg (85%) as a light yellow solid, m.p. 112–113 ◦C; IR: 1705, 1618, 1537,
1341 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.09 (d, J = 2.2 Hz, 1H), 8.14 (dd, J = 9.1, 2.2 Hz,
1H), 7.98 (s, 1H), 7.39–7.32 (complex, 4H), 7.17–7.14 (complex, 2H), 5.39 (s, 2H), 3.96 (s, 3H);
13C NMR (101 MHz, CDCl3): δ 164.3, 143.5, 139.4, 137.3, 134.8, 129.3, 128.7, 127.1, 126.1,
118.9, 118.6, 110.6, 110.0, 51.5, 51.3; MS (m/z): 310 (M+); Anal. Calcd for C17H14N2O4: C,
65.80; H, 4.55; N, 9.03. Found: C, 65.74; H, 4.51; N, 8.98.

3.8.9. Methyl 1-(4-Methylbenzyl)-5-nitro-1H-indole-3-carboxylate (17i)

Yield: 279 g (86%) as a light yellow solid, m.p. 163–164 ◦C; IR: 1706, 1616, 1538,
1349 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.07 (d, J = 2.2 Hz, 1H), 8.13 (dd, J = 9.1, 2.2 Hz,
1H), 7.96 (s, 1H), 7.37 (d, J = 9.1 Hz, 1H), 7.16 (d, J = 7.9 Hz, 2H), 7.06 (d, J = 7.9 Hz, 2H), 5.33
(s, 2H), 3.95 (s, 3H), 2.33 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.4, 143.5, 139.4, 138.6,
137.2, 131.7, 129.9, 127.2, 126.1, 118.9, 118.5, 110.6, 109.8, 51.5, 51.1, 21.1; MS (m/z): 324 (M+);
Anal. Calcd for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found: C, 66.61; H, 4.95; N, 8.62.

3.8.10. Methyl 1-(3-Methoxybenzyl)-5-nitro-1H-indole-3-carboxylate (17j)

Yield: 282 mg (83%) as a light yellow solid, m.p. 112–113 ◦C; IR: 2840, 1704, 1611, 1547,
1338 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.09 (d, J = 2.2 Hz, 1H), 8.14 (dd, J = 9.1, 2.2 Hz,
1H), 7.98 (s, 1H), 7.37 (d, J = 9.1 Hz, 1H), 7.27 (t, J = 7.8 Hz, 1H), 6.87 (dd, J = 8.6, 2.2 Hz,
1H), 6.73 (d, J = 7.8 Hz, 1H), 6.67 (t, J = 2.2 Hz, 1H), 5.35 (s, 2H), 3.96 (s, 3H), 3.76 (s, 3H);
13C NMR (101 MHz, CDCl3): δ 164.3, 160.2, 143.5, 139.4, 137.3, 136.3, 130.4, 126.1, 119.3,
118.9, 118.6, 113.5, 113.2, 110.6, 110.0, 55.3, 51.5, 51.2; MS (m/z): 340 (M+); Anal. Calcd for
C18H16N2O5: C, 63.53; H, 4.74; N, 8.23. Found: C, 63.44; H, 4.77; N, 8.17.

3.8.11. Methyl 1-(4-Methoxybenzyl)-5-nitro-1H-indole-3-carboxylate (17k)

Yield: 296 mg (87%) as a light yellow solid, m.p. 153–154 ◦C; IR: 2838, 1705, 1614, 1537,
1342 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.08 (d, J = 2.3 Hz, 1H), 8.14 (dd, J = 9.1, 2.3 Hz,
1H), 7.95 (s, 1H), 7.39 (d, J = 9.1 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 5.31
(s, 2H), 3.95 (s, 3H), 3.80 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.4, 159.9, 143.5, 139.3,
137.1, 128.8, 126.6, 126.1, 118.9, 118.5, 114.6, 110.6, 109.8, 55.4, 51.5, 50.8; MS (m/z): 340 (M+);
Anal. Calcd for C18H16N2O5: C, 63.53; H, 4.74; N, 8.23. Found: C, 63.49; H, 4.74; N, 8.21.

3.8.12. Methyl 1-(4-Chlorobenzyl)-5-nitro-1H-indole-3-carboxylate (17l)

Yield: 279 mg (81%) as a light yellow solid, m.p. 167–169 ◦C; IR: 1706, 1611, 1537,
1342 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.07 (d, J = 2.2 Hz, 1H), 8.13 (dd, J = 9.1, 2.2 Hz,
1H), 7.96 (s, 1H), 7.33 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 9.1 Hz, 1H), 7.09 (d, J = 8.5 Hz, 2H), 5.37
(s, 2H), 3.96 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.2, 149.6, 139.2, 137.1, 134.7, 133.3,
129.5, 128.4, 126.1, 119.0, 118.7, 110.5, 110.2, 51.6, 50.6; MS (m/z): 344 (M+); Anal. Calcd for
C17H13ClN2O4: C, 59.23; H, 3.80; N, 8.13. Found: C, 59.16; H, 3.77; N, 8.07.

3.8.13. Methyl 5-Nitro-1-((4-trifluoromethyl)benzyl)-1H-indole-3-carboxylate (17m)

Yield: 336 mg (89%) as a light yellow solid, m.p. 162–164 ◦C; IR: 1707, 1616, 1538,
1343, 1325 cm−1; 1H NMR (400 MHz, CDCl3): δ 9.11 (d, J = 2.3 Hz, 1H), 8.15 (dd, J = 9.1,
2.3 Hz, 1H), 7.99 (s, 1H), 7.62 (d, J = 8.1 Hz, 2H), 7.43 (s, 1H), 7.32 (d, J = 9.1 Hz, 1H), 7.24 (dt,
J = 8.1 Hz, 1H), 5.47 (s, 2H), 3.97 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.1, 143.7, 139.2,
138.9, 137.1, 131.0 (q, J = 32.8 Hz), 127.2, 126.3 (q, J = 3.7 Hz), 126.1, 123.7 (q, J = 272.4 Hz),
119.1, 118.8, 110.5, 110.4, 51.6, 50.7; MS (m/z): 378 (M+); Anal. Calcd for C18H13F3N2O4: C,
57.15; H, 3.46; N, 7.41. Found: C, 57.24; H, 3.49; N, 7.30.

3.8.14. Methyl 5-Nitro-1-(3-nitrobenzyl)-1H-indole-3-carboxylate (17n)

Yield: 323 mg (91%) as a yellow solid, m.p. 147–149 ◦C; IR: 1706, 1618, 534, 1344 cm−1;
1H NMR (400 MHz, CDCl3): δ 9.11 (d, J = 2.3 Hz, 1H), 8.24 (d, J = 8.1 Hz, 1H), 8.16 (dd,
J = 9.1, 2.3 Hz, 1H), 8.08 (br s, 1H), 8.02 (s, 1H), 7.56 (t, J = 8.0 Hz, 1H), 7.41 (d, J = 8.0 Hz,

27



Molecules 2022, 27, 6998

1H), 7.33 (t, J = 9.1 Hz, 1H), 5.52 (s, 2H), 3.98 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.1,
148.8, 143.8, 139.1, 137.1, 136.9, 132.6, 130.5, 126.2, 123.7, 121.9, 119.2, 119.0, 110.8, 110.2, 51.7,
50.4; MS (m/z): 355 (M+); Anal. Calcd for C17H13N3O6: C, 57.47; H, 3.69; N, 11.83. Found:
C, 57.39; H, 3.65; N, 11.72.

3.8.15. Methyl 1-Amino-5-nitro-1H-indole-3-carboxylate (17o)

Yield: 195 mg (83%) as a tan solid, m.p. 199–200 ◦C; IR: 3333, 3125, 1698 cm−1; 1H NMR
(400 MHz, DMSO-d6): δ 8.86 (d, J = 2.3 Hz, 1H), 8.19 (s, 1H), 8.18 (dd, J = 9.1, 2.3 Hz, 1H),
7.75 (d, J = 9.1 Hz, 1H), 6.49 (s, 2H), 3.86 (s, 3H); 13C NMR (101 MHz, DMSO-d6): δ 163.0,
142.0, 139.2, 138.5, 122.5, 117.1, 116.4, 111.1, 104.3, 50.6; MS (m/z): 235 (M+); Anal. Calcd for
C10H9N3O4: C, 51.07; H, 3.86; N, 17.87. Found: C, 51.08; H, 3.83; N, 17.77.

3.9. Reactions with Methyl 2-(5-Cyano-2-fluorophenyl)acrylate (10)
3.9.1. Methyl 5-cyano-1-hexyl-1H-indole-3-carboxylate (18a)

Yield: 210 mg (74%) as a white solid, m.p. 71–73 ◦C; IR: 2223, 1705, 1612 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.53 (br s, 1H), 7.92 (s, 1H), 7.51 (dd, J = 8.6, 1.6 Hz, 1H),
7.42 (dd, J = 8.6, 0.8 Hz, 1H), 4.15 (t, J = 7.1 Hz, 2H), 3.94 (s, 3H), 1.88 (quintet, J = 7.1 Hz,
2H), 1.31 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 164.6, 138.0, 136.1,
127.4, 126.3, 125.6, 120.2, 111.0, 108.0, 105.1, 51.4, 47.3, 31.2, 29.7, 26.4, 22.4, 14.1; MS (m/z):
284 (M+); Anal. Calcd for C17H20N2O2: C, 71.81; H, 7.09; N, 9.85. Found: C, 71.87; H, 7.13;
N, 9.73.

3.9.2. Methyl 5-Cyano-1-isobutyl-1H-indole-3-carboxylate (18b)

Yield: 172 mg (67%) as a white solid, m.p. 70–72 ◦C; IR: 2223, 1705, 1612 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.53 (br s, 1H), 7.90 (s, 1H), 7.50 (dd, J = 8.6, 1.6 Hz, 1H),
7.42 (dd, J = 8.6, 0.7 Hz, 1H), 3.98 (d, J = 7.4 Hz, 2H), 3.94 (s, 3H), 2.21 (nonet, J = 6.9 Hz,
1H), 0.95 (d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 164.6, 138.3, 136.6, 127.4, 126.3,
125.6, 120.2, 111.2, 108.0, 105.1, 54.8, 51.4, 29.4, 20.1; MS (m/z) 256 (M+); Anal. Calcd for
C15H16N2O2: C, 70.29; H, 6.29; N, 10.93. Found: C, 70.26; H, 6.27; N, 10.87.

3.9.3. Methyl 5-Cyano-1-cyclopropyl-1H-indole-3-carboxylate (18d)

Yield: 187 mg (78%) as a white solid, m.p. 132–134 ◦C; IR: 2222, 1706, 1614 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.48 (br s, 1H), 7.94 (s, 1H), 7.65 (dd, J = 8.5, 0.8 Hz, 1H), 7.51
(dd, J = 8.5, 1.6 Hz, 1H), 3.92 (s, 3H), 3.45 (apparent septet, J = 3.6 Hz, 1H), 1.21 (m, 2H),
1.06 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 164.4, 139.5, 136.4, 127.3, 126.4, 125.8, 120.2,
111.8, 108.0, 105.5, 51.4, 27.8, 6.4; MS (m/z): 240 (M+); Anal. Calcd for C14H12N2O2: C, 69.99;
H, 5.03; N, 11.66. Found: C, 69.94; H, 4.97; N, 11.59.

3.9.4. Methyl 5-Cyano-1-cyclohexyl-1H-indole-3-carboxylate (18e)

Yield: 223 mg (79%) as a white solid, m.p. 132–134 ◦C; IR: 2223, 1705, 1614 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.53 (br s, 1H), 8.05 (s, 1H), 7.50 (dd, J = 8.6, 1.6 Hz, 1H), 7.47
(dd, J = 8.6, 0.8 Hz, 1H), 4.25 (tt, J = 11.9, 3.7 Hz, 1H), 3.94 (s, 3H), 2.17 (d, J = 12.8 Hz, 2H),
2.00 (dt, J = 13.5, 3.5 Hz, 2H), 1.84 (dd, J = 13.2 Hz, 1H), 1.76 (qd, J = 13.2, 3.5 Hz, 2H), 1.53
(qt, J = 13.2, 3.5 Hz, 2H), 1.33 (qt, J = 13.0, 3.5 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 164.7,
137.7, 132.9, 127.4, 126.3, 125.4, 120.3, 111.0, 108.1, 105.1, 56.1, 51.3, 33.4, 25.7, 25.3; MS (m/z):
282 (M+); Anal. Calcd for C17H18N2O2: C, 72.32; H, 6.43; N, 9.92. Found: C, 72.34; H, 6.44;
N, 9.85.

3.9.5. Methyl 5-Cyano-1-phenethyl-1H-indole-3-carboxylate (18g)

Yield: 277 mg (91 %) as a white solid, m.p. 112–114 ◦C; IR: 2222, 1702, 1615 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.51 (s, 1H), 7.73 (s, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.30 (d,
J = 8.5 Hz, 1H), 7.27–7.20 (complex, 3H), 7.04–6.96 (complex, 2H), 4.42 (t, J = 7.0 Hz, 2H),
3.91 (s, 3H), 3.13 (t, J = 7.0 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 164.5, 137.9, 137.1, 136.1,
128.9, 128.6, 127.4, 127.3, 126.2, 125.7, 120.2, 110.9, 108.1, 105.1, 51.4, 48.9, 36.5; MS (m/z):
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304 (M+); Anal. Calcd for C19H16N2O2: C, 74.98; H, 5.30; N, 9.20. Found: C, 74.95; H, 5.28;
N, 9.14.

3.9.6. Methyl 1-Benzyl-5-cyano-1H-indole-3-carboxylate (18h)

Yield: 255 mg (88%) as a white solid, m.p. 131–133 ◦C; IR: 2223, 1705, 1614 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.55 (d, J = 1.5 Hz, 1H), 7.94 (s, 1H), 7.47 (dd, J = 8.5, 1.5 Hz,
1H), 7.40–7.32 (complex, 4H), 7.15–7.13 (complex, 2H), 5.36 (s, 2H), 3.93 (s, 3H); 13C NMR
(101 MHz, CDCl3): δ 164.5, 138.2, 136.4, 134.9, 129.2, 128.6, 127.5, 127.1, 126.5, 125.9, 120.1,
111.3, 108.6, 105.4, 51.4, 51.1; MS (m/z): 290 (M+); Anal. Calcd for C18H14N2O2: C, 74.47; H,
4.86; N, 9.65. Found: C, 74.44; H, 4.86; N, 9.63.

3.9.7. Methyl 5-Cyano-1-(4-methylbenzyl)-1H-indole-3-carboxylate (18i)

Yield: 246 mg (81%) as a white solid, m.p. 139–141 ◦C; IR: 2222, 1704, 1615 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.54 (br s, 1H), 7.92 (s, 1H), 7.46 (dd, J = 8.5, 1.6 Hz, 1H), 7.38
(dd, J = 8.5, 0.8 Hz, 1H), 7.15 (d, J = 7.8 Hz, 2H), 7.05 (d, J = 7.8 Hz, 2H), 5.31 (s, 2H), 3.93
(s, 3H), 2.33 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.5, 138.5, 138.2, 136.4, 131.8, 129.9,
127.4, 127.2, 126.5, 125.9, 120.1, 111.4, 108.4, 105.4, 51.4, 50.9, 21.1; MS (m/z): 304 (M+); Anal.
Calcd for C19H16N2O2: C, 74.98; H, 5.30; N, 9.20. Found: C, 74.94; H, 5.29; N, 9.16.

3.9.8. Methyl 5-Cyano-1-(3-methoxybenzyl)-1H-indole-3-carboxylate (18j)

Yield: 265 mg (83%) as a white solid, m.p. 118–120 ◦C; IR: 2837, 2222, 1702, 1612 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.55 (br s, 1H), 7.94 (s, 1H), 7.47 (dd, J = 8.6, 1.6 Hz, 1H),
7.37 (dd, J = 8.6, 0.7 Hz, 1H), 7.27 (t, J = 8.1 Hz, 1H), 6.86 (dd, J = 8.1, 2.5 Hz, 1H), 6.71 (d,
J = 7.6 Hz, 1H), 6.65 (br t, J = 2.1 Hz, 1H), 5.32 (s, 2H), 3.94 (s, 3H), 3.75 (s, 3H); 13C NMR
(101 MHz, CDCl3): δ 164.5, 160.2, 138.2, 136.4, 130.4, 127.5, 126.5, 126.0, 120.1, 119.2, 113.5,
113.2, 111.3, 108.6, 105.5, 55.3, 51.4, 51.0 (one aromatic carbon unresolved); MS (m/z):
320 (M+); Anal. Calcd for C19H16N2O3: C, 71.24; H, 5.03; N, 8.74. Found: C, 71.17; H, 4.99;
N, 8.68.

3.9.9. Methyl 5-Cyano-1-(4-methoxybenzyl)-1H-indole-3-carboxylate (18k)

Yield: 285 mg (89%) as a white solid, m.p. 130–132 ◦C; IR: 2840, 2222, 1703, 1613 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.54 (br s, 1H), 7.90 (s, 1H), 7.47 (dd, J = 8.6, 1.6 Hz, 1H), 7.40
(dd, J = 8.6, 0.7 Hz, 1H), 7.11 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 5.28 (s, 2H), 3.93
(s, 3H), 3.79 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.5, 159.8, 138.1, 136.2, 128.7, 127.4,
126.7, 126.5, 125.8, 120.1, 114.6, 111.3, 108.4, 105.4, 55.3, 51.4, 50.6; MS (m/z): 320; (M+) Anal.
Calcd for C19H16N2O3: C, 71.24; H, 5.03; N, 8.74. Found: C, 71.23; H, 5.01; N, 8.66.

3.9.10. Methyl 1-(4-Chlorobenzyl)-5-cyano-1H-indole-3-carboxylate (18l)

Yield: 282 mg (87%) as a white solid, m.p. 193–195 ◦C; IR: 2223, 1704, 1614 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.54 (br s, 1H), 7.93 (s, 1H), 7.46 (dd, J = 8.6, 1.6 Hz, 1H),
7.34 (dd, J = 8.6, 0.7 Hz, 1H), 7.31 (d, J = 8.5 Hz, 2H), 7.08 (d, J = 8.5 Hz, 2H), 5.34 (s, 2H),
3.93 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 164.3, 138.0, 136.2, 134.6, 133.4, 129.5, 128.4,
127.5, 126.5, 126.0, 120.0, 111.2, 108.8, 105.6, 51.5, 50.4; MS (m/z): 324 (M+); Anal. Calcd for
C18H13ClN2O2: C, 66.57; H, 4.03; N, 8.63. Found: C, 66.57; H, 4.02; N, 8.59.

3.9.11. Methyl 5-Cyano-1-(3-nitrobenzyl)-1H-indole-3-carboxylate (18n)

Yield: 308 mg (92%) as a light yellow solid, m.p. 165–167 ◦C; IR: 2223, 1702, 1614, 1533,
1350 cm−1; 1H NMR (400 MHz, CDCl3): δ 8.57 (br s, 1H), 8.21 (dd, J = 8.2, 1.3 Hz, 1H), 8.07
(br t, J = 2.1 Hz, 1H), 7.98 (s, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.49 (dd, J = 8.6, 1.6 Hz, 1H), 7.39
(d, J = 7.7 Hz, 1H), 7.33 (d, J = 8.6 Hz, 1H), 5.49 (s, 2H), 3.95 (s, 3H); 13C NMR (101 MHz,
CDCl3): δ 164.2, 148.8, 137.9, 137.2, 136.1, 132.6, 130.5, 127.8, 126.6, 126.4, 123.7, 121.9, 119.8,
111.0, 109.5, 106.0, 51.6, 50.2; MS (m/z): 335 (M+); Anal. Calcd for C18H13N3O4: C, 64.48; H,
3.91; N, 12.53. Found: C, 64.42; H, 3.88; N, 12.47.
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3.10. Methyl 2-(5-Carbomethoxy-2-fluorophenyl)acrylate (13)
3.10.1. Dimethyl 1-Hexyl-1H-indole-3,5-dicarboxylate (19a)

Yield: 212 mg (67%) as a white solid, m.p. 64–66 ◦C; IR: 1719, 1634 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.88 (d, J = 1.7 Hz, 1H), 7.98 (dd, J = 8.7, 1.7 Hz, 1H), 7.87 (s, 1H), 7.37
(d, J = 8.7 Hz, 1H), 4.14 (t, J = 7.2 Hz, 2H), 3.95 (s, 3H), 3.94 (s, 3H), 1.86 (quintet, J = 7.2 Hz,
2H), 1.31 (m, 6H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 167.9, 165.1, 139.0,
135.6, 126.1, 124.5, 124.1, 123.8, 109.8, 108.3, 52.0, 51.2, 47.2, 31.3, 29.9, 26.5, 22.5, 14.0; MS
(m/z): 317 (M+); Anal. Calcd for C18H23NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.19; H,
7.31; N, 4.33.

3.10.2. Dimethyl 1-Isobutyl-1H-indole-3,5-dicarboxylate (19b)

Yield: 199 mg (69%) as a white solid, m.p. 125–126 ◦C; IR: 1717, 1631 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.88 (dd, J = 1.7, 0.7 Hz, 1H), 7.98 (dd, J = 8.7, 1.7 Hz, 1H), 7.86 (s, 1H),
7.37 (dd, J = 8.7, 0.7 Hz, 1H), 3.96 (d, J = 7.2 Hz, 2H), 3.952 (s, 3H), 3.948 (s, 3H), 2.22 (septet,
J = 6.8 Hz, 1H), 0.95 (d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 167.9, 165.1, 139.2,
136.1, 126.0, 124.5, 124.1, 123.9, 110.0, 108.3, 54.8, 52.0, 51.2, 29.3, 20.2; MS (m/z): 289 (M+);
Anal. Calcd for C16H19NO4: C, 66.42; H, 6.62; N, 4.84. Found: C, 66.47; H, 6.65; N, 4.78.

3.10.3. Dimethyl 1-Allyl-1H-indole-3,5-dicarboxylate (19c)

Yield: 218 mg (80 %) as a white solid, m.p. 102–103 ◦C; IR: 1710, 1645, 1617 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.88 (d, J = 1.7 Hz, 1H), 7.98 (dd, J = 8.7, 1.7 Hz, 1H), 7.88
(s, 1H), 7.36 (d, J = 8.7 Hz, 1H), 6.00 (ddt, J = 15.8, 10.3, 5.4 Hz, 1H), 5.60 (d, J = 10.3 Hz,
1H), 5.35 (d, J = 15.8 Hz, 1H), 4.78 (d, J = 5.4 Hz, 2H), 3.95 (s, 3H), 3.94 (s, 3H); 13C NMR
(101 MHz, CDCl3): δ 167.9, 165.0, 139.0, 135.6, 131.7, 126.1, 124.5, 124.2, 124.0, 118.9, 110.0,
108.7, 52.0, 51.3, 49.5; MS (m/z): 273 (M+); Anal. Calcd for C15H15NO4: C, 65.92; H, 5.53; N,
5.13. Found: C, 65.87; H, 5.48; N, 5.09.

3.10.4. Dimethyl 1-Cyclopropyl-1H-indole-3,5-dicarboxylate (19d)

Yield: 166 mg (61%) as a white solid, m.p. 136–137 ◦C; IR: 1709, 1621 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.84 (d, J = 1.7 Hz, 1H), 8.00 (dd, J = 8.7, 1.7 Hz, 1H), 7.90 (s, 1H),
7.60 (d, J = 8.7 Hz, 1H), 3.95 (s, 3H), 3.93 (s, 3H), 3.44 (m, 1H), 1.17 (m, 2H), 1.05 (m, 2H);
13C NMR (101 MHz, CDCl3): δ 167.9, 165.0, 140.4, 135.9, 126.1, 124.4, 124.3, 124.2, 110.6,
108.4, 52.0, 51.2, 27.8, 6.3; MS (m/z): 273 (M+); Anal. Calcd for C15H15NO4: C, 65.92; H, 5.53;
N, 5.13. Found: C, 65.81; H, 5.55; N, 5.06.

3.10.5. Dimethyl 1-Cyclohexyl-1H-indole-3,5-dicarboxylate (19e)

Yield: 205 mg (65%) as a white solid, m.p. 138–140 ◦C; IR: 1703, 1618 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.88 (d, J = 1.7 Hz, 1H), 8.01 (s, 1H), 7.98 (dd, J = 8.7, 1.7 Hz, 1H), 7.42
(d, J = 8.7 Hz, 1H), 4.26 (tt, J = 11.9, 3.7 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H), 2.18 (d, J = 12.8 Hz,
2H), 1.98 (dd, J = 13.5, 3.5 Hz, 2H), 1.83 (d, J = 13.2 Hz, 1H), 1.74 (qd, J = 13.2, 3.5 Hz, 2H),
1.53 (qt, J = 13.2, 3.5 Hz, 2H), 1.33 (tt, J = 13.0, 3.5 Hz, 1H); 13C NMR (101 MHz, CDCl3):
δ 167.9, 165.2, 138.6, 132.4, 126.0, 124.5, 123.88, 123.86, 109.8, 108.4, 54.9, 52.0, 51.2, 33.4, 25.7,
25.4; MS (m/z): 315 (M+); Anal. Calcd for C18H21NO4: C, 68.55; H, 6.71; N, 4.44. Found: C,
68.61; H, 6.73; N, 4.42.

3.10.6. Dimethyl 1-Phenethyl-1H-indole-3,5-dicarboxylate (19g)

Yield: 300 mg (89 %) as a white solid, m.p. 152–154 ◦C; IR: 1706 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.87 (d, J = 1.7 Hz, 1H), 7.96 (dd, J = 8.7, 1.7 Hz, 1H), 7.70 (s, 1H), 7.30
(d, J = 8.7 Hz, 1H), 7.28–7.21 (complex, 3H), 7.04–7.01 (complex, 2H), 4.39 (t, J = 7.2 Hz, 2H),
3.95 (s, 3H), 3.92 (s, 3H), 3.14 (t, J = 7.2 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 167.9, 165.0,
138.8, 137.3, 135.6, 128.8, 128.6, 127.1, 126.1, 124.5, 124.2, 123.9, 109.7, 108.4, 52.0, 51.2, 48.8,
36.5; MS (m/z): 337 (M+); Anal. Calcd for C20H19NO4: C, 71.20; H, 5.68; N, 4.15. Found: C,
71.18; H, 5.68; N, 4.10.
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3.10.7. Dimethyl 1-Benzyl-1H-indole-3,5-dicarboxylate (19h)

Yield: 278 mg (86%) as a white solid, m.p. 140–142 ◦C; IR: 1709, 1611 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.90 (d, J = 1.7 Hz, 1H), 7.94 (dd, J = 8.7, 1.7 Hz, 1H), 7.89 (s, 1H),
7.37–7.30 (complex, 4H), 7.17–7.13 (complex, 2H), 5.35 (s, 2H), 3.942 (s, 3H), 3.937 (s, 3H);
13C NMR (101 MHz, CDCl3): δ 167.8, 165.0, 139.2, 135.9, 135.4, 129.1, 128.4, 127.1, 126.2,
124.5, 124.4, 124.1, 110.1, 109.0, 52.0, 51.3, 50.9; MS (m/z): 323 (M+); Anal. Calcd for
C19H17NO4: C, 70.58; H, 5.30; N, 4.33. Found: C, 70.56; H, 5.27; N, 4.25.

3.10.8. Dimethyl 1-(4-Methylbenzyl)-1H-indole-3,5-dicarboxylate (19i)

Yield: 276 mg (82%) as a white solid, m.p. 146–147 ◦C; IR: 1710, 1609 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.89 (d, J = 1.7 Hz, 1H), 7.95 (dd, J = 8.7, 1.7 Hz, 1H), 7.87 (s, 1H),
7.34 (d, J = 8.7 Hz, 1H), 7.14 (d, J = 7.9 Hz, 2H), 7.05 (d, J = 7.9 Hz, 2H), 5.29 (s, 2H), 3.94
(s, 3H), 3.93 (s, 3H), 2.32 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 167.8, 165.0, 139.1, 138.3,
135.8, 132.3, 129.8, 127.2, 126.2, 124.5, 124.3, 124.1, 110.1, 108.8, 52.0, 51.2, 50.7, 21.1; MS
(m/z): 337 (M+); Anal. Calcd for C20H19NO4: C, 71.20; H, 5.68; N, 4.15. Found: C, 71.14; H,
5.64; N, 4.11.

3.10.9. Dimethyl 1-(3-Methoxybenzyl)-1H-indole-3,5-dicarboxylate (19j)

Yield: 303 mg (86%) as a white solid, m.p. 131–132 ◦C; IR: 2831, 1705, 1622 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.89 (br s, 1H), 7.96 (dd, J = 8.7, 1.7 Hz, 1H), 7.89 (s, 1H),
7.34 (d, J = 8.7 Hz, 1H), 7.25 (t, J = 8.1 Hz, 1H), 6.84 (t, J = 2.5 Hz, 1H), 6.74 (d, J = 7.5 Hz,
1H), 6.66 (t, J = 2.5 Hz, 1H), 5.32 (s, 2H), 3.945 (s, 3H), 3.941 (s, 3H), 3.74 (s, 3H); 13C NMR
(101 MHz, CDCl3): δ 167.8, 165.0, 160.1, 139.2, 136.9, 135.9, 130.2, 126.2, 124.5, 124.4, 124.2,
119.3, 113.4, 113.0, 110.1, 109.0, 55.3, 52.0, 51.3, 50.9; MS (m/z): 353 (M+); Anal. Calcd for
C20H19NO5: C, 67.98; H, 5.42; N, 3.96. Found: C, 67.91; H, 5.40, N, 3.88.

3.10.10. Dimethyl 1-(4-Methoxybenzyl)-1H-indole-3,5-dicarboxylate (19k)

Yield: 304 mg (86%) as a white solid, m.p. 135–136 ◦C; IR: 2833, 1705, 1620 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.89 (d, J = 1.7 Hz, 1H), 7.96 (dd, J = 8.7, 1.7 Hz, 1H), 7.86 (s,
1H), 7.36 (d, J = 8.7 Hz, 1H), 7.12 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.28 (s, 2H),
3.94 (s, 3H), 3.93 (s, 3H), 3.79 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 167.8, 165.0, 159.7,
139.1, 135.7, 128.7, 127.2, 126.3, 124.5, 124.3, 124.1, 114.5, 110.1, 108.8, 55.3, 52.0, 51.3, 50.5;
MS (m/z): 353 (M+); Anal. Calcd for C20H19NO5: C, 67.98; H, 5.42; N, 3.96. Found: C, 68.02;
H, 5.41; N, 3.93.

3.10.11. Dimethyl 1-(4-Chlorobenzyl)-1H-indole-3,5-dicarboxylate (19l)

Yield: 286 mg (80%) as a white solid, m.p. 140–142 ◦C; IR: 1709, 1617 cm−1; 1H NMR
(400 MHz, CDCl3): δ 8.90 (d, J = 1.7 Hz, 1H), 7.96 (dd, J = 8.7, 1.7 Hz, 1H), 7.88 (s, 1H), 7.31
(d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.7 Hz, 1H), 7.08 (d, J = 8.5 Hz, 2H), 5.32 (s, 2H), 3.946 (s, 3H),
3.943 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 167.7, 164.9, 139.0, 135.6, 134.4, 133.9, 129.3,
128.4, 126.2, 124.6, 124.5, 124.3, 110.0, 109.2, 52.0, 51.3, 50.3; MS (m/z): 357 (M+); Anal. Calcd
for C19H16ClNO4: C, 63.78; H, 4.51; N, 3.91. Found: C, 63.72; H, 4.47; N, 3.83.

3.10.12. Dimethyl 1-(3-Nitrobenzyl)-1H-indole-3,5-dicarboxylate (19n)

Yield: 334 mg (91%) as a white solid, m.p. 234–236 ◦C; IR: 1695, 1615, 1514, 1330 cm−1;
1H NMR (400 MHz, CDCl3): δ 8.92 (d, J = 1.7 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 8.08 (s, 1H),
7.97 (dd, J = 8.7, 17 Hz, 1H), 7.93 (s, 1H), 7.52 (t, J = 8.0 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H),
7.28 (d, J = 8.7 Hz, 1H), 5.48 (s, 2H), 3.96 (s, 3H), 3.95 (s, 3H); 13C NMR (101 MHz, CDCl3):
δ 167.6, 164.7, 148.7, 138.9, 137.7, 135.5, 132.6, 130.4, 126.3, 124.84, 124.80, 124.6, 123.5, 121.9,
109.9, 109.8, 52.1, 51.4, 50.1; MS (m/z): 368 (M+); Anal. Calcd for C19H16N2O6: C, 61.96; H,
4.38; N, 7.61. Found: C, 61.93; H, 4.39; N, 7.57.
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4. Conclusions

A method has been developed for the efficient synthesis of 1-alkyl-1H-indole-3-
carboxylic esters that uses a domino aza-Michael-SNAr-heteroaromatization sequence.
Following synthesis of the substrates, the reaction was performed using an equimolar
mixture of the acrylate and the amine in the presence of 2 equiv of K2CO3 in anhydrous
DMF. The reaction proceeded at room temperature for substrates with nitro and cyano
activated SNAr acceptor rings and at 50–90 ◦C for rings activated by an ester. The amines
were all primary alkylamines with no restriction on the structure of the alkyl group. Ani-
lines did not undergo the ring formation due to their reduced nucleophilicity. The entire
process occurred in a single reaction flask to give the aromatized product. The anticipated
indoline products were not produced, but instead, oxidation to the aromatic indoles was
observed. The heteroaromatization is believed to be promoted by oxygen dissolved in
the DMF solvent or introduced during removal of samples for TLC analysis. In no case
was an indoline observed or isolated from the reaction. Hydrazine reacted with the nitro
activated substrate, but failed for substrates with less active SNAr acceptor rings, giving
products resulting from reaction with the cyano and ester substituents. The corresponding
2-arylacrylonitrile substrate polymerized under the aldol conditions with formalin while
the phenylsulfonyl precursor to the vinyl sulfone failed to undergo aldol condensation
with formaldehyde using K2CO3 as the base.
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Abstract: Multi-substituted pyrroles are synthesized from regiospecific aziridine ring-opening and
subsequent intramolecular cyclization with a carbonyl group at the γ-position in the presence of
Lewis acid or protic acid. This method is highly atom economical where all the atoms of the reactants
are incorporated into the final product with the removal of water. This new protocol is applied to the
synthesis of various pyrroles, including natural products.

Keywords: aziridine; non-activated; nucleophilic; ring-opening; regioselectivity; pyrrole

1. Introduction

Pyrroles are molecules of great interest as key structural elements of various com-
pounds, including pharmaceuticals and natural products [1,2]. For example, inonotus
obliquus [3–5]. The white rot fungus that belongs to the family Hymenochaetaceae (Basid-
iomycetes) and is mainly distributed in Europe, Asia, and North America has been used
for the treatment of gastrointestinal cancer, cardiovascular disease, and diabetes since the
sixteenth century in Russia, Poland, and the Baltic countries. Moreover, the fungus has been
reported to have anti-inflammatory [6], antioxidant [7–10], immunomodulatory [11], and
hepatoprotective effects [12]. Some representative examples of 5-hydroxymethyl pyrrole-2-
carbaldehydes found in the inonotus obliquus, sometimes referred to as 2-formylpyrroles
or pyrralines, are displayed in Figure 1.
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Figure 1. Structures of 2-formyl pyrrole-containing bioactive natural products. 
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Figure 1. Structures of 2-formyl pyrrole-containing bioactive natural products.

The synthesis of highly functionalized pyrroles has drawn considerable attention
from organic and medicinal chemists. In general, the classical synthesis routes for multi-
substituted pyrroles, including the Knorr condensation [13], the Paal–Knorr reaction [14],
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the Hantzsch reaction [15], transition metal-catalyzed reactions [16,17], and multicompo-
nent coupling reactions [18–20], have been in existence for many years. However, most
of them are limited by the inefficient synthesis of highly functionalized pyrroles; it is
challenging to introduce various substituents to the pyrrole ring due to its harsh reaction
conditions and the instability of widely used keto functionality. The construction of the
pyrrole ring allows regioselective functionalization and subsequent diversification of the
pyrrole ring with various substituents.

Many synthetic methods have commenced from aziridine and its derivatives by
expanding the ring whose nitrogen ends at the pyrrole ring. Specifically, pyrroles are
synthesized from propargyl aziridines through intramolecular cyclization and breaking of
the aziridine ring with the assistance of various metal catalysts (“M”) including “Au(I)”
followed by rearrangement for aromatization (Scheme 1, (1)) [16,17]. Our group developed
a similar pyrrole synthesis method with 3-(aziridine-2-yl)-3-hydroxypropyne taking an ad-
vantage of nucleophilic aziridine ring-opening prior to cyclization [18–20]. Vinyl aziridines
also served as starting materials for pyrrole after 1,3-sigmatropic shift and oxidation or 2+3
cycloaddition reaction with olefin via the cleavage of the C-N bond (Scheme 1, (2)). Similar
[3+2]-cycloadditions were used to generate five-membered rings from 2-methyleneaziridine
as a 1,3-dipole with an olefin (Scheme 1, (3)). However, most of these reported methods
have two critical drawbacks. First, most of the methods require a metal (“M”) catalyst.
Second, only a single substituted pyrrole is generated from one set of aziridine substituents
properly decorated as a starting material with the necessary counterparts, including olefins
and alkynes [21,22].
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In this report, we describe an atom economical synthesis of multi-substituted pyrroles
from regiospecific aziridine ring-opening by various nucleophiles [23–26] and the following
cyclization in Knorr-type reactions.

2. Results and Discussion

Treatment of hydroxy keto aziridine 1a [25,26] with TMSN3 in THF or dioxane un-
der reflux did not yield the desired pyrrole product 2a (entries 1 and 2, Table 1). In
dichloromethane, under reflux conditions, we obtained the expected pyrrole with a 70%
yield (entry 3), whereas in CH3CN the yield increased to 85% (entry 4). In the presence of
various Lewis acids such as BF3.OEt2 and FeCl3 with NaN3 nucleophile, we did not obtain
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the desired pyrrole product 2a (entries 5 and 6, Table 1) with all the starting materials
remaining.

Table 1. Optimization of the reaction conditions.
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Next, the generality of the method was evaluated under optimized conditions that
had been cyclization. This protocol provided a versatile entry for a variety of pyrroles (2)
is well determined in Table 1. Then, we examined the scope and limitations of several
β-(aziridin-2-yl)-β-hydroxy ketones (1) through the one-step regioselective ring-opening of
aziridine followed by intramolecular to moderate yields (Scheme 2).
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the aziridine starting compounds bearing a substituent at R2 such as phenyl (1b) using
TMSN3, whereas no pyrrole product 2c or 2d was obtained using TMSCl or TMSCN
(see Scheme 2). After TMSN3 screening (as mentioned in Table 1), we next screened a
substrate variant using aziridines bearing a substituent at R2, such as o-methoxyphenyl
(1e), p-methoxyphenyl (1f), and n-nonanyl (1g), as starting materials, which gave a pyrrole
variant (2e–2g) in moderate to good yield under TMSN3 conditions. The starting substrates
with an additional substituent (R2 as phenyl and t-butyldimethylsilyloxymethyl) and R1 as
methyl and p-methoxyphenyl) gave pyrroles (2h, 2i, and 2j) in 75%, 72%, and 70% yields,
respectively. We also applied various thiol nucleophiles under the ZnCl2 catalyst in MeOH
to compounds (1k–1m) with substituents at C2 and C4, resulting in high yields of pyrroles
(2k–2m) (Scheme 2).

Next, oxidation of the secondary alcohol of compound 3 at the γ-position of aziridine
with Dess–Martin periodinane in CH2Cl2 yielded a complex mixture of compounds, which
were directly reacted for the ring-opening with various nucleophiles such as OMe, OAc, Cl,
and CN to afford 2,3-disubstituted pyrrole 5-aldehydes (4a–4d) in the one-pot procedure as
shown in Scheme 3 with examples in the Scheme 4. Whereas Swern oxidation of secondary
alcohol of compound 3, followed by regio and stereoselective aziridine ring-opening
with incoming nucleophile, yielded OTBS-protected pyrrole 2 as shown in Scheme 3 (see
compounds 2k–2l in Scheme 2).
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The difference in cyclization is raised by the substituent of R2, whether the substituent
R2 is a simple alkyl or aryl, or hydroxymethyl in Scheme 2. The initial Paal–Knorr cycliza-
tion step gives either 6 or 7, regardless of the characteristics of R2, with the removal of water
molecules. After the generation of the hydroxy pyrrolidine intermediate 6, generated from
most substrates with alkyl or aryl substituent on R2, the reaction proceeds to aromatization
to yield 2 as shown in Scheme 2. From the substrate-bearing hydroxymethyl group, the
ammonium ion intermediate 8 was generated, from which the deprotonation occurs to give
9 and its resonance form as 10. One more deprotonation from 10 gives rise to the final
2-formyl pyrroles 4, as shown in Scheme 4 (Scheme 5).
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Scheme 5. Proposed reaction mechanism for the formation of 2 and 4 from 1 and 3 in two different
pathways.

This method was extended to the synthesis of the natural product inotopyrrole 19
(Scheme 5). Treatment of compound 11 with Weinreb salt and i-PrMgCl to give compound
12, followed by allyl magnesium bromide and a subsequent reduction of aziridine ketone
by NaBH4 yielded the alcohol compound 13 in 68% yield for two steps. Protection of
the secondary alcohol with TBSOTf and 2,6-lutidine to furnish olefin 14 at a 73% yield.
Olefin 14 was subjected to simple dihydroxylation using OsO4 and NMO to give a diol
compound, followed by selective protection of the primary alcohol with TBSCl to afford
secondary alcohol, and subsequently, Swern oxidation of alcohol afforded key intermediate
keto compound 15 in a 62% yield. Then, we applied our optimized method on compound
15 for the synthesis of pyrrole derivative 16 from a one-step regioselective ring-opening
followed by cyclization of keto compound by using AcOH and CH2Cl2 at 0 ◦C in 82% yield.
Then, deacetylation of 16 with K2CO3 to give alcohol 17, followed by Dess-martin oxidation
of primary alcohol, afforded aldehyde 18 with a 74% yield. Removal of the TBS group
with TBAF gave rise to the desired natural product, inotopyrrole (19), in an 84% yield.
Spectral data (1H, 13C NMR) and HRMS data of our synthetic ionotopyrrole (19) were in
full agreement with those reported for the natural product (Scheme 6) [3–5].

Molecules 2022, 27, 6869 5 of 13 
 

 

 
Scheme 5. Proposed reaction mechanism for the formation of 2 and 4 from 1 and 3 in two different 
pathways. 

This method was extended to the synthesis of the natural product inotopyrrole 19 
(Scheme 5). Treatment of compound 11 with Weinreb salt and i-PrMgCl to give compound 
12, followed by allyl magnesium bromide and a subsequent reduction of aziridine ketone 
by NaBH4 yielded the alcohol compound 13 in 68% yield for two steps. Protection of the 
secondary alcohol with TBSOTf and 2,6-lutidine to furnish olefin 14 at a 73% yield. Olefin 
14 was subjected to simple dihydroxylation using OsO4 and NMO to give a diol com-
pound, followed by selective protection of the primary alcohol with TBSCl to afford sec-
ondary alcohol, and subsequently, Swern oxidation of alcohol afforded key intermediate 
keto compound 15 in a 62% yield. Then, we applied our optimized method on compound 
15 for the synthesis of pyrrole derivative 16 from a one-step regioselective ring-opening 
followed by cyclization of keto compound by using AcOH and CH2Cl2 at 0 °C in 82% yield. 
Then, deacetylation of 16 with K2CO3 to give alcohol 17, followed by Dess-martin oxida-
tion of primary alcohol, afforded aldehyde 18 with a 74% yield. Removal of the TBS group 
with TBAF gave rise to the desired natural product, inotopyrrole (19), in an 84% yield. 
Spectral data (1H, 13C NMR) and HRMS data of our synthetic ionotopyrrole (19) were in 
full agreement with those reported for the natural product (Scheme 6) [3–5]. 

 

Scheme 6. Synthesis of inotopyrrole (19) from aziridine (11). (a) NHMe(OMe), i-PrMgCl, THF, 0 oC, 
2 h, 78%. (b) (i) Allylmagenisium bromide, THF, 0 oC, 1 h; (ii) NaBH4, MeOH, 0 oC, 1 h; 87% (over 
two steps). (c) TBSOTf, 2,6-Lutidine, CH2Cl2, 0 oC to rt, 2 h, 73%. (d) (i) OsO4, NMO, 0 oC to rt, 4 h; 

Scheme 6. Synthesis of inotopyrrole (19) from aziridine (11). (a) NHMe(OMe), i-PrMgCl, THF, 0 ◦C,
2 h, 78%. (b) (i) Allylmagenisium bromide, THF, 0 ◦C, 1 h; (ii) NaBH4, MeOH, 0 ◦C, 1 h; 87% (over
two steps). (c) TBSOTf, 2,6-Lutidine, CH2Cl2, 0 ◦C to rt, 2 h, 73%. (d) (i) OsO4, NMO, 0 ◦C to rt, 4 h;
(ii) TBSCl, Imidazole, CH2Cl2, 0 ◦C to rt, 2 h; (iii) DMSO, (COCl)2, CH2Cl2, −78 ◦C, 2 h; 62% (over
three steps). (e) AcOH, CH2Cl2, 0 ◦C, 12 h, 82%. (f) K2CO3, MeOH, 0 ◦C, 12 h, 80%. (g) DMP, CH2Cl2,
0 ◦C, 2 h, 74%. (h) TBAF, THF, 0 ◦C, 1 h, 84%.
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3. Materials and Methods
3.1. General Information

Chiral aziridines are available from Sigma-Aldrich as reagents. They are also available
from Imagene Co., Ltd. (http://www.imagene.co.kr/) in bulk quantities. All commercially
available compounds were used as received unless stated otherwise. All reactions were
carried out under an atmosphere of nitrogen in oven-dried glassware with magnetic stir-
rer. Dichloromethane was distilled from calcium hydride. Reactions were monitored by
thin layer chromatography (TLC) with 0.25 mm E. Merck pre-coated silica gel plates (60
F254). Visualization was accomplished with either UV light, or by immersion in solutions
of ninhydrin, p-anisaldehyde, or phosphomolybdic acid (PMA) followed by heating on
a hot plate for about 10 sec. Purification of reaction products was carried out by flash
chromatography using Kieselgel 60 Art 9385 (230–400 mesh). The 1H-NMR and 13C-NMR
spectra were obtained using Varian unity lNOVA 400WB (400 MHz) or Bruker AVANCE
III HD (400 MHz) spectrometer. Chemical shifts are reported relative to chloroform
(δ = 7.26) for 1H NMR, chloroform (δ = 77.2) for 13C NMR, acetonitrile (δ = 1.94) for
1H NMR, and acetonitrile (δ = 1.32) for 13C NMR (see Supplementary Materials). Data are
reported as br = broad, s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = mul-
tiplet. Coupling constants are given in Hz. Ambiguous assignments were resolved using
standard one-dimensional proton decoupling experiments. Optical rotations were obtained
using a Rudolph Autopol III digital polarimeter and JASCO P-2000. Optical rotation data
are reported as follows: [α]20 (concentration c = g/100 mL, solvent). High-resolution mass
spectra were recorded on a 4.7 Tesla IonSpec ESI-TOFMS, JEOL (JMS-700), and an AB Sciex
4800 Plus MALDI TOFTM, (2,5-dihydroxybenzoic acid (DHB) matrix was used to prepare
samples for MS. Data were obtained in the reflector positive mode with internal standards
for calibration).

3.2. General Procedure for the Synthesis of Pyrroles

To a stirred solution of 1a (100 mg, 0.38 mmol) in CH3CN (3 mL) was added trimethylsi-
lyl azide (0.1 mL, 0.76 mmol) at 90 ◦C. After being stirred for 4 h, the mixture was concen-
trated under reduced pressure. The crude product was purified by column chromatography
(EtOAc/hexane = 1:9) to afford pyrrole compound 2a.

(R)-2-(Azidomethyl)-1-(1-phenylethyl)-5-propyl-1H-pyrrole (2a)

Yellow liquid, (80 mg) 85% yield. The 1H NMR (400 MHz, CDCl3) δ 7.32 (ddd, J = 7.6,
5.0, 2.0 Hz, 3H), 7.07–7.02 (m, 2H), 6.17 (d, J = 3.5 Hz, 1H), 5.92 (d, J = 3.5 Hz, 1H), 5.53
(q, J = 7.2 Hz, 1H), 4.17 (d, J = 14.5 Hz, 1H), 3.93 (d, J = 14.4 Hz, 1H), 2.49–2.41 (m, 1H),
2.35–2.25 (m, 1H), 1.90 (d, J = 7.2 Hz, 3H), 1.61–1.50 (m, 2H), 0.88 (t, J = 7.3 Hz, 3H). The 13C
NMR (101 MHz, CDCl3) δ 141.9, 136.1, 128.5, 127.1, 125.9, 124.7, 110.9, 105.6, 52.6, 47.6, 29.6,
22.1, 19.6, 14.0. HRMS-ESI (m/z): [M + H]+ calcd. for C16H21N4, 269.6121, found 269.6128.
Copies of 1H and 13C NMR could be found in Supplementary Materials.

2-(Azidomethyl)-1-benzyl-5-phenyl-1H-pyrrole (2b)

Yellow liquid, (90 mg) 80% yield. The 1H NMR (400 MHz, CDCl3) δ 7.28 (ddd,
J = 10.9, 6.7, 3.5 Hz, 8H), 6.89 (d, J = 7.2 Hz, 2H), 6.33 (d, J = 3.6 Hz, 1H), 6.25 (d, J = 3.6 Hz,
1H), 5.21 (s, 2H), 4.15 (s, 2H). The 13C NMR (101 MHz, CDCl3) δ 138.6, 137.3, 133.0, 128.9,
128.8, 128.5, 127.4, 127.3, 127.0, 125.5, 111.3, 108.4, 47.7, 47.2. HRMS-ESI (m/z): [M + H]+

calcd. for C18H17N4, 289.1358, found 289.1362. Copies of 1H and 13C NMR could be found
in Supplementary Materials.

2-(Azidomethyl)-1-benzyl-5-(2-methoxyphenyl)-1H-pyrrole (2e)

Yellow liquid, (93 mg) 78% yield. The 1H NMR (400 MHz, CDCl3) δ 7.39–7.03 (m, 5H),
7.00–6.78 (m, 4H), 6.34 (d, J = 3.5 Hz, 1H), 6.16 (d, J = 3.5 Hz, 1H), 5.03 (s, 2H), 4.14 (s, 2H),
3.65 (s, 3H). The 13C NMR (101 MHz, CDCl3) δ 157.4, 138.6, 133.6, 132.7, 129.6, 128.4, 127.0,
126.4, 126.0, 122.1, 120.6, 111.0, 110.8, 108.6, 55.3, 48.2. HRMS-ESI (m/z): [M + H]+ calcd.
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for C19H19N4O, 319.0446, found 319.0449. Copies of 1H and 13C NMR could be found in
Supplementary Materials.

2-(Azidomethyl)-1-benzyl-5-(4-methoxyphenyl)-1H-pyrrole (2f)

Yellow liquid, (89 mg) 85% yield. The 1H NMR (400 MHz, CDCl3) δ 7.01 (ddd,
J = 6.6, 5.2, 2.7 Hz, 5H), 6.67–6.65 (m, 2H), 6.62–6.59 (m, 2H), 6.09 (d, J = 3.5 Hz, 1H), 5.96 (d,
J = 3.5 Hz, 1H), 4.95 (s, 2H), 3.89 (s, 2H), 3.54 (s, 3H). The 13C NMR (101 MHz, CDCl3) δ
159.1, 138.7, 137.0, 130.3, 128.8, 127.2, 126.4, 125.5, 125.5, 113.9, 111.1, 107.8, 55.3, 47.6, 47.3.
HRMS-ESI (m/z): [M + H]+ calcd. for C19H19N4O, 319.1228, found 319.1230. Copies of 1H
and 13C NMR could be found in Supplementary Materials.

2-(Azidomethyl)-1-benzyl-5-nonyl-1H-pyrrole (2g)

Yellow liquid, (85 mg) 82% yield. The 1H NMR (400 MHz, CDCl3) δ 7.37–7.28 (m, 3H),
6.92 (d, J = 7.0 Hz, 2H), 6.27 (d, J = 3.5 Hz, 1H), 6.01 (d, J = 3.5 Hz, 1H), 5.18 (s, 2H), 4.20
(s, 2H), 2.51 (dd, J = 13.6, 6.0 Hz, 2H), 1.67–1.59 (m, 2H), 1.38–1.29 (m, 12H), 0.94 (t, J =
6.9 Hz, 3H). The 13C NMR (101 MHz, CDCl3) δ 138.3, 136.2, 128.7, 127.2, 125.5, 125.4, 125.0,
110.2, 105.3, 47.2, 46.9, 31.8, 29.3, 28.6, 26.5, 22.5, 13.8. HRMS-ESI (m/z): [M + H]+ calcd.
for C21H31N4, 339.4618, found 339.4620. Copies of 1H and 13C NMR could be found in
Supplementary Materials.

(R)-2-(Azidomethyl)-3-methyl-5-phenyl-1-(1-phenylethyl)-1H-pyrrole (2h)

Yellow liquid, (83 mg) 75% yield. The 1H NMR (400 MHz, CDCl3) δ 7.35–7.24 (m, 8H),
7.04–7.02 (m, 2H), 6.08 (s, 1H), 5.59 (q, J = 7.3 Hz, 1H), 4.23 (d, J = 14.7 Hz, 1H), 3.75 (d, J
= 14.8 Hz, 1H), 2.16 (s, 3H), 1.88 (d, J = 7.2 Hz, 3H). The 13C NMR (101 MHz, CDCl3) δ
142.4, 133.8, 129.4, 128.6, 128.4, 127.4, 127.1, 125.8, 122.6, 121.7, 110.3, 53.2, 45.1, 19.9, 11.3.
HRMS-ESI (m/z): [M + H]+ calcd. for C20H21N4, 317.5973, found 317.5975. Copies of 1H
and 13C NMR could be found in Supplementary Materials.

(R)-2-(Azidomethyl)-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-methyl-1-(1-phenylethyl)-
1H-pyrrole (2i)

Yellow liquid, (91 mg) 72% yield. The 1H NMR (400 MHz, CDCl3) δ 7.34–7.26 (m, 3H),
7.18–7.14 (m, 2H), 5.97 (s, 1H), 5.72 (q, J = 7.2 Hz, 1H), 4.53 (s, 2H), 4.22 (d, J = 14.7 Hz,
1H), 3.81 (d, J = 14.7 Hz, 1H), 2.12 (s, 3H), 1.94 (d, J = 7.2 Hz, 3H), 0.88 (s, 9H), 0.05 (d, J =
7.1 Hz, 6H). The 13C NMR (101 MHz, CDCl3) δ 142.0, 133.0, 128.4, 127.1, 126.2, 122.6, 119.9,
109.7, 57.8, 53.1, 44.6, 25.8, 19.6, 18.2, 11.2, −5.2. HRMS-ESI (m/z): [M + Na]+ calcd. for
C21H32N4NaOSi, 407.8471, found 407.8474. Copies of 1H and 13C NMR could be found in
Supplementary Materials.

(R)-2-(Azidomethyl)-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-(4-methoxyphenyl)-1-(1-
phenylethyl)-1H-pyrrole (2j)

Yellow liquid, (87 mg) 70% yield. The 1H NMR (400 MHz, CDCl3) δ 7.40–7.34 (m, 4H),
7.32–7.29 (m, 1H), 7.22 (dd, J = 5.1, 4.2 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 6.25 (s, 1H), 5.82
(q, J = 7.1 Hz, 1H), 4.55 (s, 2H), 4.34 (d, J = 14.6 Hz, 1H), 4.05 (d, J = 14.6 Hz, 1H), 3.87 (s,
3H), 2.04 (d, J = 7.2 Hz, 3H), 0.91 (s, 9H), 0.08 (d, J = 3.9 Hz, 6H). The 13C NMR (101 MHz,
CDCl3) δ 158.2, 141.6, 133.7, 129.6, 128.6, 128.5, 127.3, 126.4, 126.3, 122.5, 113.9, 109.1, 57.9,
55.3, 53.6, 45.4, 25.9, 19.6, 18.2, −5.2. HRMS-ESI (m/z): [M + H]+ calcd. for C27H37N4O2Si,
477.0417, found 477.0419. Copies of 1H and 13C NMR could be found in Supplementary
Materials.
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(R)-5-(((5-(((tert-Butyldimethylsilyl)oxy)methyl)-3-methyl-1-(1-phenylethyl)-1H-pyrrol-2-
yl)methyl)thio)-1-phenyl-1H-tetrazole (2k)

Yellow liquid, (107 mg) 82% yield. The 1H NMR (400 MHz, CDCl3) δ 7.83–7.80 (m,
2H), 7.56–7.48 (m, 3H), 7.21 (t, J = 7.6 Hz, 2H), 7.11–7.03 (m, 3H), 6.08 (s, 1H), 5.85 (q, J
= 7.1 Hz, 1H), 5.28 (s, 2H), 4.53 (s, 2H), 2.19 (s, 3H), 1.93 (d, J = 7.2 Hz, 3H), 0.88 (s, 9H),
0.06 (d, J = 2.8 Hz, 6H). The 13C NMR (101 MHz, CDCl3) δ 162.1, 141.3, 134.7, 133.6, 129.4,
129.1, 128.2, 126.8, 126.1, 123.6, 121.4, 120.3, 110.5, 58.0, 53.5, 42.6, 25.9, 19.9, 18.3, 11.5, −5.2.
HRMS-ESI (m/z): [M + H]+ calcd. for C28H38N5OSSi, 520.4336, found 520.4340. Copies of
1H and 13C NMR could be found in Supplementary Materials.

5-(((1-Benzyl-5-nonyl-1H-pyrrol-2-yl)methyl)thio)-1-phenyl-1H-tetrazole (2l)

Yellow liquid, (115 mg) 81% yield. The 1H NMR (400 MHz, CDCl3) δ 7.66 (dd,
J = 8.2, 1.5 Hz, 2H), 7.51–7.43 (m, 3H), 7.17 (t, J = 7.4 Hz, 2H), 7.11 (d, J = 7.3 Hz, 1H), 6.67
(d, J = 7.5 Hz, 2H), 6.52 (d, J = 3.5 Hz, 1H), 6.03 (d, J = 3.5 Hz, 1H), 5.44 (s, 2H), 5.32 (s, 2H),
2.44–2.39 (m, 2H), 1.57 (dd, J = 15.0, 7.4 Hz, 2H), 1.30–1.22 (m, 12H), 0.87 (t, J = 6.8 Hz, 3H).
The 13C NMR (101 MHz, CDCl3) δ 162.4, 137.9, 136.5, 134.5, 129.4, 128.9, 128.4, 127.0, 124.9,
123.8, 123.4, 111.9, 105.7, 46.9, 43.6, 31.8, 29.5, 29.4, 29.3, 28.5, 26.4, 22.6, 14.1. HRMS-ESI
(m/z): [M + H]+ calcd. for C28H36N5S, 474.3226, found 474.3228. Copies of 1H and 13C
NMR could be found in Supplementary Materials.

1-Benzyl-2-(((4-methoxybenzyl)thio)methyl)-5-phenyl-1H-pyrrole (2m)

Yellow liquid, (105 mg) 75% yield. The 1H NMR (400 MHz, CDCl3) δ 7.32–7.29 (m,
4H), 7.25–7.15 (m, 6H), 6.86–6.79 (m, 4H), 6.22 (d, J = 3.5 Hz, 1H), 6.17 (d, J = 3.5 Hz, 1H),
5.25 (s, 2H), 3.79 (s, 3H), 3.62 (s, 2H), 3.44 (s, 2H). The 13C NMR (101 MHz, CDCl3) δ 158.5,
138.9, 136.2, 133.4, 130.3, 130.0, 128.8, 128.6, 128.3, 126.9, 125.6, 113.8, 110.0, 108.0, 55.3, 47.4,
34.9, 27.5. HRMS-ESI (m/z): [M + Na]+ calcd. for C26H25NNaOS, 422.5371, found 422.5375.
Copies of 1H and 13C NMR could be found in Supplementary Materials.

(R)-5-(methoxymethyl)-4-methyl-1-(1-phenylethyl)-1H-pyrrole-2-carbaldehyde (4a)

To a stirred solution of secondary alcohol 3 (200 mg, 0.527 mmol) was dissolved in
CH2Cl2 (6 mL) under N2 at 0 ◦C and Dess–Martin periodinane (335 mg, 0.791 mmol) was
added to the reaction mixture and allowed to stir for 2 h. Ether was added to the reaction
mixture and the solid was filtered. The filtrate was washed with saturated NaHCO3
solution, dried over anhydrous Na2SO4, and solvents were removed under vacuum to
obtain a crude product, which was used for the next reaction without further purification.

To a stirred solution of above crude ketone compound was dissolved in MeOH (3 mL)
under N2 at 0 ◦C and ZnCl2 (86 mg, 0.632 mmol) was added to the reaction mixture and
allowed to stir for 2 h. After 2 h, the reaction mixture was diluted with CH2Cl2 (10 mL),
quenched with water, and extracted with CH2Cl2 (2 × 10 mL). The organic layer was dried
over Na2SO4 and concentrated in vacuo to obtain a crude product, which was purified
by silica gel column chromatography (EtOAc/hexane, 1:9) to obtain pyrrole compound
4a (102 mg, 75% yield) as a yellow liquid. The 1H NMR (400 MHz, CDCl3) δ 9.41 (s, 1H),
7.32–7.26 (m, 3H), 7.13 (d, J = 8.1 Hz, 2H), 6.80 (s, 1H), 6.56 (s, 1H), 4.20 (d, J = 12.4 Hz, 1H),
4.07 (d, J = 12.4 Hz, 1H), 3.21 (s, 3H), 2.12 (s, 3H), 1.91 (d, J = 7.1 Hz, 3H). The 13C NMR
(101 MHz, CDCl3) δ 179.1, 141.5, 136.3, 131.4, 128.3, 127.0, 126.1, 125.1, 121.7, 63.5, 57.7, 53.9,
19.4, 11.1. HRMS-ESI (m/z): [M + H]+ calcd. for C16H20NO2, 258.2714, found 258.2718.
Copies of 1H and 13C NMR could be found in Supplementary Materials.

(R)-5-(Chloromethyl)-4-methyl-1-(1-phenylethyl)-1H-pyrrole-2-carbaldehyde (4b)

Yellow liquid, (92 mg) 70% yield. The 1H NMR (400 MHz, CDCl3) δ 9.50 (s, 1H),
7.37–7.29 (m, 3H), 7.16–7.13 (m, 2H), 6.82 (s, 1H), 6.77 (s, 1H), 4.43 (d, J = 12.8 Hz, 1H), 4.27
(d, J = 12.9 Hz, 1H), 2.15 (s, 3H), 2.00 (d, J = 7.2 Hz, 3H). The 13C NMR (101 MHz, CDCl3) δ
179.6, 141.1, 135.3, 131.6, 128.6, 128.4, 127.3, 125.9, 125.3, 53.8, 35.4, 19.4, 10.8. HRMS-ESI
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(m/z): [M + H]+ calcd. for C15H17ClNO, 262.1479, found 262.1483. Copies of 1H and 13C
NMR could be found in Supplementary Materials.

(R)-(5-Formyl-3-methyl-1-(1-phenylethyl)-1H-pyrrol-2-yl)methyl acetate (4c)

Yellow liquid, (98 mg) 78% yield. The 1H NMR (400 MHz, CDCl3) δ 9.47 (s, 1H),
7.32–7.26 (m, 3H), 7.11 (d, J = 8.0 Hz, 2H), 6.81 (s, 1H), 6.65 (s, 1H), 4.96 (d, J = 13.4 Hz,
1H), 4.69 (d, J = 13.4 Hz, 1H), 2.11 (s, 3H), 1.91 (t, J = 3.5 Hz, 6H). The 13C NMR (101 MHz,
CDCl3) δ 179.5, 170.3, 141.0, 134.0, 131.8, 128.4, 127.2, 126.0, 125.4, 55.6, 53.9, 20.6, 19.4, 10.9.
HRMS-ESI (m/z): [M + H]+ calcd. for C17H20NO3, 286.6442, found 286.6446. Copies of 1H
and 13C NMR could be found in Supplementary Materials.

(R)-2-(5-Formyl-3-methyl-1-(1-phenylethyl)-1H-pyrrol-2-yl)acetonitrile (4d)

Yellow liquid, (93 mg) 65% yield. The 1H NMR (400 MHz, CDCl3) δ 9.47 (s, 1H),
7.32–7.27 (m, 3H), 7.12–7.09 (m, 2H), 6.81 (s, 1H), 6.65 (s, 1H), 4.96 (d, J = 13.4 Hz, 1H), 4.69
(d, J = 13.3 Hz, 1H), 2.11 (s, 3H), 1.90 (d, J = 2.2 Hz, 3H). The 13C NMR (101 MHz, CDCl3)
δ 179.4, 141.0, 133.9, 131.8, 128.5, 128.4, 127.2, 126.0, 125.9, 125.3, 55.6, 53.9, 20.6, 19.4, 10.9.
HRMS-ESI (m/z): [M + H]+ calcd. for C16H17N2O, 253.4441, found 253.4446. Copies of 1H
and 13C NMR could be found in Supplementary Materials.

Ethyl 1-phenethylaziridine-2-carboxylate (11)

To a stirred solution of ethyl 2,3-dibromopropanoate (5.0 g, 19.30 mmol, 1.0 equiv)
dissolved in acetonitrile (60 mL), were added potassium carbonate (8.0 g, 57.9 mmol,
3.0 equiv) followed by 2-phenylethanamine (2.9 mL, 23.16 mmol, 1.2 equiv) in dropwise
manner at room temperature and reaction mixture were allowed to stir for 12 h. After
completion, quenched with water (25 mL) and filtered out over filter paper (pore size 8–10
µm). The organic mixture was extracted with Et2O (2 × 30 mL), dried over anhydrous
magnesium sulfate, and concentrated under reduced pressure to obtain a crude mixture of
Ethyl 1-phenethylaziridine-2-carboxylate 11 as a yellow liquid (3.8 g, 89%). The 1H NMR
(400 MHz, CDCl3) δ 7.27 (ddd, J = 7.4, 3.1, 1.3 Hz, 2H), 7.22–7.16 (m, 3H), 4.24–4.11 (m, 2H),
2.93 (dd, J = 15.1, 6.9 Hz, 2H), 2.65–2.49 (m, 2H), 2.14 (dd, J = 3.1, 1.2 Hz, 1H), 1.94 (dd,
J = 6.5, 3.1 Hz, 1H), 1.52 (dd, J = 6.5, 1.1 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H). The 13C NMR
(101 MHz, CDCl3) δ 170.7, 139.3, 128.7, 128.3, 126.1, 62.3, 61.0, 37.5, 36.0, 34.3, 14.1. HRMS-
ESI (m/z): [M + H]+ calcd. for C13H18NO2, 220.6121, found 220.6128. Copies of 1H and 13C
NMR could be found in Supplementary Materials.

N-Methoxy-N-methyl-1-phenethylaziridine-2-carboxamide (12)

To a stirred solution of ester 11 (3.8 g, 17.35 mmol) and N,O-dimethylhydroxylamine
hydrochloride (2.53 g, 26.0 mmol) in dry THF (50 mL) at 0 ◦C was slowly added i-PrMgCl
(26.0 mL, 2.0 M in THF, 52.05 mmol), and the reaction mixture was stirred for 1 h. The
reaction mixture was quenched with saturated NH4Cl solution and extracted with EtOAc
(3 × 20 mL). The combined organic layers were dried over anhydrous Na2SO4 and con-
centrated in vacuo to obtain the crude product, which was purified by silica gel column
chromatography (EtOAc/hexanes, 1:1) to afford Weinreb amide 12 as a yellow color oil
(3.2 g, 78.8%) yield. The 1H NMR (400 MHz, CDCl3) δ 7.29–7.25 (m, 2H), 7.20 (d, J = 7.2 Hz,
3H), 3.68 (s, 3H), 3.21 (s, 3H), 2.99–2.88 (m, 2H), 2.71 (ddd, J = 11.4, 8.7, 6.6 Hz, 1H), 2.56–2.42
(m, 2H), 2.17 (dd, J = 3.2, 1.3 Hz, 1H), 1.51 (dd, J = 6.5, 1.2 Hz, 1H). The 13C NMR (101 MHz,
CDCl3) δ 170.3, 139.6, 128.7, 128.3, 126.1, 62.7, 61.6, 36.1, 35.3, 34.0, 32.5. HRMS-ESI (m/z):
[M + H]+ calcd. for C13H19N2O2, 235.0336, found 234.0340. Copies of 1H and 13C NMR
could be found in Supplementary Materials.

1-(1-Phenethylaziridin-2-yl)but-3-en-1-ol (13)

To a stirred solution of Weinreb amide 12 (3.2 g, 13.67 mmol) was slowly added
allylMgBr (8.2 mL, 2.0 M in THF, 16.4 mmol) in dry THF (40 mL) at 0 ◦C, and the reaction
mixture was stirred for 1 h. The reaction mixture was quenched with saturated NH4Cl
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solution and extracted with EtOAc (2 × 20 mL). The combined organic layers were dried
over anhydrous Na2SO4 and concentrated in vacuo to obtain the crude allyl product, which
was used for the next reaction without further purification.

To a stirred solution of above keto compound (3.2 g, 14.86 mmol) was slowly added
NaBH4 (0.45 g, 11.88 mmol) in MeOH (40 mL) at 0 ◦C, and the reaction mixture was stirred
for 1 h. Then, MeOH was removed under vacuum and extracted with CH2Cl2 (2 × 10 mL).
The organic layer was dried over Na2SO4 and concentrated in vacuo to obtain the crude
allyl alcohol product, which was purified by column chromatography (EtOAc/hexanes,
2:8) to give pure 1-(1-phenethylaziridin-2-yl)but-3-en-1-ol (13) as a yellow liquid (2.6 g,
87%) yield. The 1H NMR (400 MHz, CDCl3) δ 7.33–7.16 (m, 5H), 5.84 (ddt, J = 17.2, 10.2,
7.1 Hz, 1H), 5.16–5.06 (m, 2H), 3.66 (td, J = 6.3, 3.8 Hz, 1H), 2.85 (t, J = 7.4 Hz, 2H), 2.67 (dt, J
= 11.6, 7.3 Hz, 1H), 2.52–2.43 (m, 1H), 2.24 (t, J = 6.7 Hz, 2H), 1.80 (d, J = 3.6 Hz, 1H), 1.49
(dt, J = 7.0, 3.7 Hz, 1H), 1.23 (d, J = 6.4 Hz, 1H). The 13C NMR (101 MHz, CDCl3) δ 139.7,
134.3, 128.7, 128.3, 126.1, 117.4, 67.9, 61.7, 42.2, 39.3, 36.3, 29.3. HRMS-ESI (m/z): [M + H]+

calcd. for C14H20NO, 218.0231, found 218.0234. Copies of 1H and 13C NMR could be found
in Supplementary Materials.

2-(1-((tert-Butyldimethylsilyl)oxy)but-3-en-1-yl)-1-phenethylaziridine (14)

To a stirred solution of allyl alcohol 13 (2.5 g, 11.50 mmol) in dry CH2Cl2 (30 mL) was
added imidazole (1.5 g, 23.0 mmol) and TBSCl (1.9 g, 12.65 mmol), sequentially, at 0 ◦C
under an N2 atmosphere. After 4 h of being stirred at rt, the reaction mixture was quenched
with saturated aqueous NH4Cl (10 mL). The organic layer was separated, and the aqueous
layer was extracted with CH2Cl2 (2 × 20 mL). The organic layer was dried over Na2SO4
and concentrated in vacuo to obtain the crude product, which was purified by column
chromatography (EtOAc/hexanes, 2:8) to give pure 2-(1-((tert-butyldimethylsilyl)oxy)but-
3-en-1-yl)-1-phenethylaziridine 14 as a yellow liquid (2.8 g, 73%) yield. The 1H NMR
(400 MHz, CDCl3) δ 7.30–7.24 (m, 2H), 7.19 (dd, J = 7.1, 5.2 Hz, 3H), 5.91 (ddt, J = 17.1, 10.2,
7.1 Hz, 1H), 5.13–5.04 (m, 2H), 3.20 (td, J = 7.0, 4.4 Hz, 1H), 2.86 (t, J = 8.0 Hz, 2H), 2.55 (dt,
J = 11.5, 7.7 Hz, 1H), 2.48–2.33 (m, 3H), 1.69 (d, J = 3.4 Hz, 1H), 1.45 (ddd, J = 7.6, 6.4, 3.4 Hz,
1H), 1.29 (d, J = 6.3 Hz, 1H), 0.88 (s, 9H), 0.02 (d, J = 2.1 Hz, 6H). The 13C NMR (101 MHz,
CDCl3) δ 139.8, 135.0, 128.6, 128.3, 126.0, 116.9, 74.6, 62.7, 43.6, 40.9, 36.3, 33.9, 25.8, 18.1,
−4.1, −4.6. HRMS-ESI (m/z): [M + H]+ calcd. for C20H34NOSi, 332.1222, found 332.1224.
Copies of 1H and 13C NMR could be found in Supplementary Materials.

Octamethyl-8-(1-phenethylaziridin-2-yl)-4,9-dioxa-3,10-disiladodecan-6-one (15)

To a stirred solution of 2-(1-((tert-butyldimethylsilyl)oxy)but-3-en-1-yl)-1-
phenethylaziridine 14 (2.5 g, 7.5 mmol) and N-Methylmorpholine N-oxide (2.64 g, 22.61
mmol) in acetone: H2O (4:1) (20 mL) at room temperature was slowly added OsO4 (3.2 mL,
0.75 mmol), and the reaction mixture was stirred for 6 h. The reaction mixture was quenched
with saturated NH2SO3 solution and extracted with EtOAc (3 × 20 mL). The combined
organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo to obtain the
crude dihydroxy product, which was used for the next reaction without further purification.

To a stirred solution of dihydroxy alcohol (2.5 g, 6.8 mmol) in dry CH2Cl2 (30 mL)
was added imidazole (0.93 g, 13.67 mmol) and TBSCl (1.13 g, 7.5 mmol), sequentially, at
0 ◦C under an N2 atmosphere. After 2 h of being stirred at rt, the reaction mixture was
quenched with saturated aqueous NH4Cl (10 mL). The organic layer was separated, and
the aqueous layer was extracted with CH2Cl2 (2 × 20 mL). The organic layer was dried
over Na2SO4 and concentrated in vacuo to obtain the crude product, which was used for
the next reaction without further purification.

To a solution of oxalyl chloride (0.67 mL, 7.81 mmol) in CH2Cl2 (20 mL) at −78 ◦C
was added dimethyl sulfoxide (1.1 mL, 15.63 mmol) over 15 min. The resulting mixture
was stirred for another 45 min and then a solution of alcohol (2.5 g, 5.21 mmol) in CH2Cl2
(20 mL) was added dropwise. The resulting white suspension was stirred for 2h before
adding triethylamine (2.18 mL, 15.63 mmol). The reaction mixture was stirred for 30
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min at −78 ◦C and then warmed to 0 ◦C and allowed to stir for 15 min. The reaction
mixture was quenched with water (20 mL) and the aqueous phase was extracted with
CH2Cl2 (2 × 20 mL). The combined organic layers were washed with brine, dried over
anhydrous Na2SO4, and concentrated under reduced pressure to obtain a crude, which
was purified by column chromatography (EtOAc/hexanes, 2:8) to give pure Octamethyl-8-
(1-phenethylaziridin-2-yl)-4,9-dioxa-3,10-disiladodecan-6-one 15 as a yellow liquid (2.1 g,
62%) yield. The 1H NMR (400 MHz, CDCl3) δ 7.27–7.25 (m, 2H), 7.18 (t, J = 7.6 Hz, 3H),
4.17 (s, 2H), 4.00–3.90 (m, 1H), 2.82 (t, J = 6.9 Hz, 2H), 2.65–2.59 (m, 2H), 2.59–2.52 (m, 1H),
2.35–2.28 (m, 1H), 1.66 (d, J = 2.5 Hz, 1H), 1.54 (dd, J = 9.0, 6.4 Hz, 1H), 1.18 (d, J = 6.0 Hz,
1H), 0.92 (s, 9H), 0.87 (s, 9H), 0.10 (s, 6H), 0.08 (s, 6H). The 13C NMR (101 MHz, CDCl3) δ
208.1, 139.9, 128.6, 128.3, 126.0, 70.1, 70.0, 62.9, 43.9, 43.8, 36.3, 31.1, 25.8, 25.8, 18.3, 18.0,
−3.5, −4.3, −4.9, −5.4. HRMS-ESI (m/z): [M + H]+ calcd. for C26H47NO3Si2, 448.4378,
found 448.4382. Copies of 1H and 13C NMR could be found in Supplementary Materials.

(5-(((tert-Butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrol-2-yl)methyl acetate (16)

To a stirred solution of Octamethyl-8-(1-phenethylaziridin-2-yl)-4,9-dioxa-3,10-
disiladodecan-6-one 15 (1.5 g, 3.13 mmol) in dry CH2Cl2 (30 mL) was added acetic acid
(0.56 mL, 6.27 mmol) at 0 ◦C under an N2 atmosphere. After 6 h stirred at 0 ◦C, the reaction
mixture was quenched with saturated aqueous NH2CO3 (10 mL). The organic layer was
separated, and the aqueous layer was extracted with CH2Cl2 (2 × 20 mL). The organic
layer was dried over Na2SO4 and concentrated in vacuo to obtain the crude product, which
was purified by column chromatography (EtOAc/hexanes, 2:8) to give pure (5-(((tert-
butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrol-2-yl)methyl acetate 16 as a yellow
liquid (1.0 g, 82%) yield. The 1H NMR (400 MHz, CDCl3) δ 7.30 (dd, J = 7.9, 6.4 Hz, 2H),
7.23 (d, J = 7.4 Hz, 1H), 7.14–7.11 (m, 2H), 6.15 (d, J = 3.5 Hz, 1H), 6.00 (d, J = 3.5 Hz, 1H),
4.96 (s, 2H), 4.53 (s, 2H), 4.17 (t, J = 6.5 Hz, 2H), 3.06 (t, J = 6.2 Hz, 2H), 2.06 (s, 3H), 0.89 (s,
9H), 0.05 (s, 6H). The 13C NMR (101 MHz, CDCl3) δ 170.7, 138.6, 133.5, 128.8, 128.6, 127.3,
126.6, 110.4, 108.0, 57.9, 57.6, 45.8, 38.0, 25.9, 21.1, 18.3, −5.2. HRMS-ESI (m/z): [M + Na]+

calcd. for C22H33NNaO3Si, 410.6150, found 410.6158. Copies of 1H and 13C NMR could be
found in Supplementary Materials.

(5-(((tert-Butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrol-2-yl)methanol (17)

To a stirred solution of (5-(((tert-butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrol-2-
yl)methyl acetate 16 (0.7 g, 1.80 mmol) in MeOH (10 mL) was added potassium carbonate
(0.249 g, 1.80 mmol) at 0 ◦C, and the mixture was stirred for 1 h at rt. Then, MeOH
was removed under vacuum and extracted with CH2Cl2 (2 × 10 mL). The organic layer
was dried over Na2SO4 and concentrated in vacuo to obtain the crude product, which
was purified by column chromatography (EtOAc/hexanes, 4:6) to give pure (5-(((tert-
butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrol-2-yl)methanol (17) as a yellow liq-
uid (0.5 g, 80% yield). The 1H NMR (400 MHz, CDCl3) δ 7.32–7.20 (m, 3H), 7.15–7.10
(m, 2H), 6.01 (d, J = 3.5 Hz, 1H), 5.97 (d, J = 3.5 Hz, 1H), 4.55 (s, 2H), 4.42 (s, 2H), 4.24 (t,
J = 6.5 Hz, 2H), 3.10 (t, J = 6.2 Hz, 2H), 0.90 (s, 9H), 0.06 (s, 6H). The 13C NMR (101 MHz,
CDCl3) δ 138.9, 133.1, 132.7, 128.9, 128.5, 126.5, 107.8, 107.7, 57.6, 56.9, 45.7, 38.0, 25.9, 18.3,
−5.2. HRMS-ESI (m/z): [M + H]+ calcd. for C20H32NO2Si, 346.5226, found 346.5231.

5-(((tert-Butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-pyrrole-2-carbaldehyde (18)

To a stirred solution of alcohol 17 (0.5 g, 1.29 mmol) in dry CH2Cl2 (4 mL) was added
Dess–Martin periodinane (0.820 g, 1.93 mmol) at 0 ◦C, and the mixture was stirred for 1 h
at rt. Then, the reaction mixture was quenched with a 1:1 mixture of saturated solution of
NaHCO3 (10 mL) and extracted with CH2Cl2 (2 × 10 mL). The organic layer was dried
over Na2SO4 and concentrated in vacuo to obtain the crude product, which was purified
by column chromatography (EtOAc/hexanes, 2:8) to give pure aldehyde 18 as a yellow
liquid (330 mg, 74% yield). The 1H NMR (400 MHz, CDCl3) δ 9.55 (s, 1H), 7.27 (dd,
J = 5.2, 2.1 Hz, 3H), 7.16–7.13 (m, 2H), 6.90 (d, J = 4.0 Hz, 1H), 6.11 (d, J = 4.0 Hz, 1H), 4.53
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(t, J = 6.5 Hz, 2H), 4.31 (s, 2H), 3.04 (t, J = 6.2 Hz, 2H), 0.89 (s, 9H), 0.04 (s, 6H). The 13C
NMR (101 MHz, CDCl3) δ 179.2, 142.2, 138.6, 132.0, 129.0, 128.4, 126.5, 124.5, 109.6, 57.0,
47.6, 37.6, 25.8, 18.2, −5.3. HRMS-ESI (m/z): [M + H]+ calcd. for C20H30NO2Si, 344.2264,
found 344.2269. Copies of 1H and 13C NMR could be found in Supplementary Materials.

5-(Hydroxymethyl)-1-phenethyl-1H-pyrrole-2-carbaldehyde (19)

To a stirred solution of 5-(((tert-butyldimethylsilyl)oxy)methyl)-1-phenethyl-1H-
pyrrole-2-carbaldehyde (18) (0.3 g, 0.87 mmol) in dry THF (10 mL) was added TBAF
(0.94 mL, 1.0 M in THF, 0.96 mmol) at 0 ◦C and stirred for 1 h. After completion of the
reaction was quenched with saturated aqueous NH2CO3 (10 mL). The organic layer was
separated, and the aqueous layer was extracted with ethyl acetate (2 × 20 mL). The or-
ganic layer was dried over Na2SO4 and concentrated in vacuo to obtain the crude product,
which was purified by column chromatography (EtOAc/hexanes, 3:7) to give pure 5-
(hydroxymethyl)-1-phenethyl-1H-pyrrole-2-carbaldehyde 19 as a yellow oil (168 mg, 84%
yield). The 1H NMR (400 MHz, CDCl3) δ 9.58 (s, 1H), 7.27–7.21 (m, 3H), 7.10 (d, J = 6.5 Hz,
2H), 6.93 (d, J = 4.0 Hz, 1H), 6.17 (d, J = 4.0 Hz, 1H), 4.55 (t, J = 7.2 Hz, 2H), 4.29 (s, 2H),
3.05 (t, J = 7.2 Hz, 2H). The 13C NMR (101 MHz, CDCl3) δ 179.4, 141.7, 138.5, 132.2, 129.0,
128.6, 126.7, 124.6, 110.0, 56.3, 47.6, 37.7. HRMS-ESI (m/z): [M + H]+ calcd. for C14H16NO2,
230.1178, found 230.1185. Copies of 1H and 13C NMR could be found in Supplementary
Materials.

4. Conclusions

In summary, multi-substituted pyrroles were synthesized from regiospecific aziridine
ring opening and subsequently intramolecular cyclization with a carbonyl group at the
γ-position in the presence of Lewis acid (TMSN3 or ZnCl2) or protic acid (AcOH). This
method is high atom economical in that all reactants are incorporated into the final product
with the removal of water. This new protocol can be applied to the synthesis of various
pyrroles, including natural products.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: The scope and limitations of the Nicholas-type cyclization for the synthesis of 10-membered
benzothiophene-fused heterocyclic enediynes with different functionalities were investigated. Al-
though the Nicholas cyclization through oxygen could be carried out in the presence of an ester group,
the final oxaenediyne was unstable under storage. Among the N-type Nicholas reactions, cyclization
via an arenesulfonamide functional group followed by mild Co-deprotection was found to be the
most promising, yielding 10-membered azaendiynes in high overall yields. By contrast, the Nicholas
cyclization through the acylated nitrogen atom did not give the desired 10-membered cycle. It re-
sulted in the formation of a pyrroline ring, whereas cyclization via an alkylated amino group resulted
in a poor yield of the target 10-membered enediyne. The acylated 4-aminobenzenesulfonamide nucle-
ophilic group was found to be the most convenient for the synthesis of functionalized 10-membered
enediynes bearing a clickable function, such as a terminal triple bond. All the synthesized cyclic
enediynes exhibited moderate activity against lung carcinoma NCI-H460 cells and had a minimal
effect on lung epithelial-like WI-26 VA4 cells and are therefore promising compounds in the search
for novel antitumor agents that can be converted into conjugates with tumor-targeting ligands.

Keywords: alkynes; enediynes; heterocycles; benzo[b]thiophene; Bergman cyclization; Nicholas
reaction; Sonogashira coupling; benzenesulfonamides

1. Introduction

Enediyne antibiotics are an important class of natural products [1–7]. Although the first
derivatives of 10-membered enediynes, Esperamicin [8] and Calicheamicin γ1

I [9,10], were
isolated from bacteria almost forty years ago, interest in these unusual natural products
and their use has continued [11,12] due to the unprecedented toxicity of these products to
various cell lines [13]. The described biological activity of cyclic enediynes is associated
with their ability to undergo the Bergman cyclization [14,15] with the formation of highly
reactive diradicals that damage DNA and kill cancer cells [16] (Figure 1a). Currently,
enediynes are the focus of the search for novel anticancer drugs based on the conjugation
of natural enediyne warheads with monoclonal antibodies (MABs) to obtain antibody-
drug conjugates (ADCs) [17–19]. Thus, two ADSs of Calicheamicin γ1

I, Gemtuzumab
ozogamicin (Mylotarg®) [20] and Inotuzumab ozogamicin (Besponsa®) [21], have been
approved for the targeted treatment of various types of cancer (Figure 1b,c).
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Hu’s groups have successfully elaborated maleimide-assisted rearrangement and cy-
cloaromatization (MARACA) of acyclic analogs of enediyne antibiotics that have been 
found to be active against different types of cancer cells [33–36] (Figure. 2b). 
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However, studies devoted to analogs of natural enediynes are also extremely impor-
tant [22–31]. Recently, Nicolaou’s group reported a synthetic approach to tiancimycin B and
uncialamycin analogs with promising antitumor activity (Figure 2a) [32]. Ding and Hu’s
groups have successfully elaborated maleimide-assisted rearrangement and cycloaromati-
zation (MARACA) of acyclic analogs of enediyne antibiotics that have been found to be
active against different types of cancer cells [33–36] (Figure 2b).
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Another recent focus in this field is the Bergman cyclization followed by the nucle-
ophilic attack to 1,4-phenylene diradicals and the formation of halogen-substituted polyaro-
matic products [34,37] and the use of these products in organic synthesis (Figure 2c) [38].
Enolate ions as nucleophiles have recently been shown to be active in trapping 1,4-
phenylene diradicals formed from 10-membered enediyne [39]. Moreover, intramolec-
ular “nucleophilic trapping” of the diradicals formed by MARACA-type cyclization is
possible [40].

Our efforts in this area have been concentrated on the intensive study of the molecular
design of 10-membered heteroenediyne systems fused to heterocycles. Note that naturally
occurring enediynes are protected from spontaneous Bergman cyclization due to specific
structural features, and the enediyne core becomes reactive only after activation by special
triggering [16]. Therefore, in the search for simple active cyclic analogs of natural enediynes
lacking masking groups, the optimal balance between the stability of enediyne molecules
during synthesis, isolation, and storage and the reactivity of these analogs in the Bergman
cyclization is of decisive importance. We recently reported that this balance could be
regulated by the nature of the fused heterocyclic core, as well as by the nature of the
endocyclic σ-acceptor bound to the propargylic carbon atom of the enediyne system [41–43]
(Figure 2d). Moreover, we proposed that the deviation of alkyne bond angles from 180◦

(alkyne bending) as well as the difference in bending of the ground state and the Bergman
cyclization transition state can be used as parameters for the evaluation of the reactivity of
annulated enediynes in the Bergman cyclization [41] instead of the «cd-distance» [44]. It is
noteworthy that the same approach has recently been extended by Basak’s group to other
families of enediyne [45].

Thus, the optimal balance between stability, the Bergman cyclization reactivity, and
DNA cleavage ability was found for benzothiophene-fused azaenediynes [41,43], whereas
O-enediynes were somewhat less stable but had slightly higher DNA damaging activity [42].
While searching for convenient synthetic methods for constructing strained 10-membered
enediyne systems fused to a five-membered heterocycle, we found the Nicholas reaction to
be the most promising and effective synthetic tool [42,43,46] because other reactions, such
as ring-closing metathesis [47] and the Nozki–Hiama–Kishi reaction, do not work in this
case [48].

The Nicholas reaction, namely, the alkylation of various nucleophilic functional groups
with a stabilized Co2(CO)6-propargyl carbocation [49–54], has several characteristics nec-
essary for the successful closing of a strained enediyne cycle. Thus, in acyclic precursors,
the proximity of reaction centers contributes to the formation of a 10-membered ring;
Co-protected enediynes are less strained and therefore more stable than their cobalt-free
derivatives and can be stored for a long time as Co2(CO)6-enediyne complexes and simply
can be deprotected from cobalt under mild conditions, if necessary.

However, all the heteroenediynes previously synthesized through the Nicholas-type
cyclization lacked any functionality for further modification of the 10-membered core to
control the solubility of target molecules, increase the affinity of these target molecules for
cancer cells, and produce ADCs [41–43,46]. Here, we explored the possibilities of using
Nicholas cyclization in the construction of functionalized aza- as well as oxaenediynes
suitable for further synthetic modifications. We show that the Nicholas reaction though O-
and N-atoms, can be used to synthesize benzothiophene-fused enediynes with different
functional groups (Figure 2e): ester, o-nosyl functional groups, or a terminal triple bond.
Arenesulfonamide nucleophilic group was found to be the optimal moiety for the synthesis
of functionalized enediynes.

2. Results

Searching for the optimal nucleophilic functional group for the synthesis of functional-
ized 10-membered oxa- and azaenediynes, we chose the target structures I–V (Figure 3),
which can be obtained using cyclization through OH (I), NHSO2Ar (II, III), NHBn (IV)
and NHBz (V).
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Synthesis of all the target structures is based on a combination of electrophile-promoted
cyclization of the starting diacetylene and the subsequent Sonogashira coupling to construct
unsymmetrically substituted acyclic enediynes with the required functionalities at both
triple bonds followed by the regioselective formation of Co2(CO)6-complexes for the
further Nicholas cyclization [42,46,55] (Figure 3). The key intermediate compound for
all the structures was 3-iodo-2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophene (1), which is
available synthetically at the multigram scale as has been previously reported [46].

2.1. Synthesis of Oxaenediyne I

A four-step synthesis of the ester-functionalized O-enediyne I was started from 3-
iodobenzothiophene 1. Desilylation of the functionalized alkyne 2 and the Sonogashira
coupling were carried out in one pot using KF/MeOH/DMF as the desilylation source
(Scheme 1) [56]. Further complexation of the enediyne 3 with Co2(CO)8 proceeded regios-
electively with the formation of the cobalt complex 4 at the C2-triple bond. The higher
selectivity for the C2-triple bond compared with the nonfunctionalized enediyne can be
explained by the higher steric hindrance of the triple bond at the C3 position [46].

The Nicholas reaction of the ester-functionalized complex 4 proceeded under opti-
mized conditions (1.5 equiv. of FB3·Et2O) to afford the cyclic product 5 in good yield. We
recently showed that using tetrabutylammonium fluoride (TBAF) hydrate in an aqueous
acetone solution increases the yield of cobalt-free 10-membered enediynes in the decom-
plexation step [43]. Therefore, we applied these conditions to the ester-functionalized
Co-complex 5, as well as to the previously reported Co-complex of the nonfunctionalized
O-enediyne 6, which allowed us to obtain the enediyne I and noticeably increase the yield
of the enediyne 7 at the decomplexation step compared with previous results [46]. However,
the target ester-containing enediyne I was significantly less stable than its unsubstituted
analog 7 and gave traces of the Bergman cyclization product in experiments with NMR
detection. Then, the Bergmann cyclization of the enediynes I and 7 was carried out in
i-PrOH at 45–50 ◦C, and both cyclization products 8 and 9 were isolated in high yields.
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Scheme 1. Synthesis of O-enediyne I.

2.2. Synthesis of Azaenediynes II–V

We recently showed that the amino functional group protected by the tosyl group
(NH-Ts) is very efficient for the synthesis of azaenediyne systems through the Nicholas
cyclization, and there was an optimal balance between the stability and DNA-damaging
activity of the resulting N-Ts-enediyne [42]. Therefore, we decided to use an arenesul-
fonamide fragment to introduce functional groups into the N-enediyne molecule. Two
types of functionalized arenesulfonamide moieties were used: 2-nosyl as an easily re-
movable protecting group and a sulfanilamide moiety with an NH2 group acylated with
hex-5-ynoic acid.

The N-Ns (2-nosyl, 2-nitrobenzenesulfonyl) enediyne III was synthesized similarly to
the N-Ts enediyne [42] (Scheme 2).
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Thus, the starting Co-complex 12a for the Nicholas reaction was obtained without any
difficulties and in high yield. However, the Nicholas reaction of the NH-Ns group formed
the product 13a in a considerably lower yield (46%) compared with the NH-Ts function
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(76%) and required a higher quantity of a Lewis acid (8 equiv. instead of 1.5 equiv.) [42],
which can be explained both by the steric hindrance and lower nucleophilicity of NH-Ns.

To synthesize the N-hex-5-ynoyl enediyne III, the obtained p-NO2Ph-substituted
enediyne 11b was reduced by Zn in the AcOH/DCM system to the NH2-derivative 11c,
which was then converted to the Co-complex 12b. Then, the Co-complex 12b was acylated
with hex-5-ynoyl chloride to produce the nontrivial triacetylenic compound 12c, in which
only one triple bond out of three was converted to the Co complex. The Nicholas cyclization
of the N-protected/functionalized Co-complex 12c proceeded smoothly to give the desired
cyclic Co-complex 13b in good yield (64%). It should be emphasized that the Nicholas
cyclization of the Co-complex with the free NH2 group 12b did not proceed at all. Therefore,
protection, along with functionalization at the stage of an acyclic Co-complex, is a necessary
synthetic step for producing a 10-membered enediyne with a terminal triple bond. Finally,
we investigated the last decomplexation step, which proceeded in good to high yields
to give the N-enediynes II and III, which were stable under isolation and storage. We
also tested decomplexation in aqueous acetone for the Co-complex of the N-Ts-enediyne
13c, which has been previously reported [42]. In this case, we succeeded in increasing the
yield of 14 at the decomplexation step from 45% (in anhydrous acetone) [42] to 88% (in
aqueous acetone).

It is known that the Nicholas-type cyclization can proceed using amide functional
groups [57] and even through secondary amino groups in the presence of DIPEA [58].
Therefore, we decided to test these functional groups, which could also be useful for the
functionalization of enediynes. Therefore, cyclization using NHBn and NHBz groups was
also studied (Scheme 3).
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functionalized terminal alkynes 15a and 15b in two steps (Scheme 3); however, cyclization
failed in both cases. Thus, the conditions tested for the Nicholas cyclization of the NHBn
Co-complex 17a (BF3·Et2O; HBF4·Et2O and HBF4·Et2O/DIPEA) gave the desired cyclic
compound 18 in low yields due to the complexation of the NHBn group with the acid. Even
generation of the carbocation with HBF4·OEt2 followed by deprotonation of the [NH2Bn]+

group with DIPEA only gave a 12% yield of the cyclic enediyne 18. Therefore, the basicity
of the secondary amino function should be considered a strong limitation of the Nicholas
reaction in the case of enediyne systems.

Cyclization of the complex 17b using an NH-benzoyl moiety as a nucleophilic group
did not give the desired 10-membered enediyne at all (Scheme 3). The main product of
the reaction was the pyrroline derivative 19 due to the electrophile-promoted cyclization
of the NHBz functional group at the free triple bond. This result can be explained by the
higher steric hindrance of the planar NHBz group compared with that of the tetrahedral
arenesulfonamide functional group. Thus, we have proven that the sulfonamide moiety
remains the functional group of choice when using the aza-Nicholas reaction to synthesize
10-membered N-enediynes.

2.3. Biological Activity of Cyclic Enediynes

All the synthesized 10-membered enediynes (I–III, 7, and 14) were tested for their
effect on the growth of NCI-H460 lung carcinoma and WI-26 VA4 lung epithelial-like cell
lines using the MTT colorimetric test [59,60] with the cytotoxic drug etoposide as a positive
control. All the enediynes at a concentration of 75 µM displayed moderate cytotoxicity
toward cancer cells and had less effect on normal fibroblasts (Figure 4).
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These data correspond with the previously estimated ability of benzothiophene-fused
enediynes to cleave plasmid DNA [41,42,46]. Therefore, the observed cytotoxic activity of
enediynes is assumed to be associated with their DNA damaging effect. However, it is
clear that for DNA to be affected and destroyed in cells, a molecule must have a sufficient
hydrophilic-lipophilic balance and the ability to penetrate into cells and avoid various
drug resistance mechanisms. Therefore, to improve the cytotoxic effect of enediynes, the
functional design of benzothiophene-fused enediyne molecules should be elaborated. From
this point of view, considering the absence of significant differences in cytotoxicity, N-
enediynes are the most promising compounds for further development of antitumor agents.
Thus, functionalized derivatives of N-enediynes are stable and synthetically accessible and
can be used for further conjugation with ligands with an affinity for cancer cells.
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3. Discussion

The scope and limitation of the Nicholas-type cyclization for the synthesis of various
10-membered azaenediynes, as well as oxa-analog were studied. We used two types of
heteroatoms–xygen and nitrogen, to choose which type of heteroenediynes and which type
of nucleophilic functional groups are most suitable for the synthesis of heteroenediynes
that have additional functionality for further modification with tumor-targeting ligands.

We showed that functionalized O-enediyne with an ester group attached to the
enediyne core is synthetically accessible through the O-Nicholas reaction. However, further
functionalization is limited because of the low stability of O-enediynes.

N-Nicholas cyclization through three types of N-containing nucleophilic groups–
amino, amido, and arenesulfonamido, was studied. We proved that an arenesulfonamide
fragment is the optimal functional group to realize a high-yielded synthesis of 10-membered
azaenediynes. Moreover, this group can serve as a site for the introduction of additional
functional groups for further modification of cyclic enediynes using click chemistry. For
this purpose, the 4-aminobenezenesulfonamide moiety should be acylated with acid deriva-
tives containing a functional group tolerant to the Nicholas cyclization conditions. We
demonstrated that this strategy could be applied to the synthesis of azaenediyne with a
free terminal triple bond in the arenesulfonamide linker part.

While amino and amido nucleophilic groups also offer great potential as linkers for
attaching clickable groups to an enediyne core, neither the secondary amino group nor the
amido functional group is suitable for the closure of the 10-membered azaendiyne, which
is a limitation of the aza-Nicholas cyclization.

All the synthesized cyclic enediynes were tested as potential anticancer compounds
and showed moderate activity against NCI-H460 lung carcinoma and had a minimal effect
on WI-26 VA4 lung epithelial-like cells. Thus, the modification of azaenediynes through
the 4-aminobenezenesulfonamide moiety can be used in the future to synthesize enediyne
conjugates with higher antitumor efficacy.

4. Materials and Methods
4.1. General Information and Methods

Solvents, reagents, and chemicals used for reactions were purchased from commercial
suppliers. The chemicals were used without further purification. Catalyst Pd(PPh3)4
and Co2(CO)8 were purchased from Sigma-Aldrich. 3-Iodo-2-(3-methoxyprop-1-yn-1-
yl)benzo[b]thiophene (1) [46], methyl-3-hydroxy-6-(trimethylsilyl)hex-5-ynoate (2) [61], N-
(but-3-yn-1-yl)-2-nitrobenzenesulfonamide (10a) [62], N-benzylbut-3-yn-1-amine (15a) [63],
N-(but-3-yn-1-yl)benzamide (15b) [64], Co-complexes 6 [46] and 13c [42] were synthesized
according to known procedures without any modifications.

Solvents were dried under standard conditions. Purification and drying of DCM were
carried out in accordance with the literature procedure using CaH2 [65]. The Sonogashira
coupling, the synthesis of Co-complexes, the Nicholas cyclization, and the Bergman cycliza-
tion were carried out under argon in oven-dried glassware. Other reactions were carried
out under air unless stated otherwise. Evaporation of solvents and concentration of reaction
mixtures were performed under vacuum at 20 ◦C (for the enediynes I–III, 7, 14) and 35 ◦C
(for other compounds) on a rotary evaporator. TLC was carried out on silica gel plates
(Silica gel 60, UV 254) with detection by UV or staining with a basic aqueous solution of
KMnO4. A normal-phase silica gel (Silica gel 60, 230−400 mesh) was used for preparative
column chromatography. 1H and 13C{1H} and DEPT NMR spectra were recorded at 400 (or
500) and 101 (or 125) MHz, respectively, at 25 ◦C in CDCl3, acetone-d6, or CD3CN without
an internal standard. The 1H NMR data are reported as chemical shifts (δ), multiplicity (s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad), coupling constants (J, given
in Hz), and number of protons. The 13C{1H} NMR data are reported as chemical shifts (δ).
Chemical shifts for 1H and 13C are reported as δ values (ppm) and referenced to residual
solvents (δ = 7.26 ppm for 1H; δ = 77.16 ppm for 13C for spectra recorded in CDCl3 and
δ = 2.05 ppm for 1H; δ = 29.84 ppm for 13C for spectra recorded in acetone-d6 and δ = 1.94
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ppm for 1H; δ = 1.32 ppm for 13C for spectra in CD3CN). For copies of NMR spectra of
all new compounds see the Supporting Information. High-resolution mass spectra were
determined for solutions of all compounds in MeOH using ESI in the mode of positive ion
registration with a TOF mass analyzer. For copies of ESI HRMS spectra of key products
I–III, 18, 19 see the Supporting Information.

4.2. Experimental Details: General Procedures
4.2.1. General Procedure (A) for the Synthesis of Acyclic Enediynes 11a,b; 16a,b

To a stirred, degassed solution of 3-iodo-2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophene
(1) (1.00 equiv.) in anhydrous dimethylformamide (DMF) in a vial or a Schlenk flask
were added alkyne (1.05−2.00 equiv.), KF (5.00–8.00 equiv.), Pd(PPh3)4 (5 mol%), and
CuI (15 mol%) under atmosphere of an Ar. The reaction vessel was sealed, degassed,
and flushed with Ar. The reaction mixture was stirred at 40–60 ◦C for the corresponding
time (TLC monitoring). After completion of the reaction, the reaction mixture was cooled,
poured into a saturated aqueous solution of NH4Cl, and extracted with ethyl acetate. The
combined organic layers were washed two times with brine and dried over anhydrous
Na2SO4. The solvent was evaporated under reduced pressure, and the residue was purified
by column chromatography.

4.2.2. General Procedure (B) for the Synthesis of Acyclic Enediyne Co2(CO)6 Complexes 4;
12a,b; 17a,b

To a 0.005 M solution of acyclic enediyne (1.00 equiv.) in anhydrous toluene was
added octacarbonyl dicobalt (1.05–1.15 equiv.), and the mixture was stirred under argon at
room temperature for the corresponding time. The solvent was evaporated under reduced
pressure, and the residue was purified by column chromatography.

4.2.3. General Procedure (C) for the Synthesis of Cyclic Co2(CO)6-Complexes 5; 13a,b; 18
by the Nicholas Reaction and the Synthesis of Pyrroline Derivative 19

To an argon-flushed, cooled (0◦C) stirred solution of Co2(CO)6-complex of an acyclic
enediyne (1.00 equiv.) in anhydrous DCM (c = 0.001 M) was added boron trifluoride
diethyl etherate (1.50–8.00 equiv.). The resulting mixture was allowed to warm to room
temperature and was stirred at room temperature until the reaction was complete (TLC).
Then the reaction mixture was quenched with a saturated aqueous solution of NaHCO3.
The organic layer was separated, washed with brine, dried over anhydrous Na2SO4, and
concentrated under reduced pressure to yield a crude product, which was purified by
column chromatography.

4.2.4. General Procedure (D) for the Synthesis of 10-Mebered Enediynes I–III, 7, 14 by the
Deprotection of Acyclic Co2(CO)6-complexes from Cobalt

To a stirred solution of cyclic Co2(CO)6 complex (1.00 equiv., c = 0.006 M) in a mixture
of acetone/water (15:1, v/v), tetrabutylammonium fluoride (TBAF) hydrate (calculated for
TBAF × H2O) or trihydrate (calculated for TBAF × 3H2O), was added in several portions
until the starting Co-complex was consumed, as indicated by TLC. The total amount of
TBAF hydrate or TBAF·trihydrate varied from 23.5 to 65.8 equiv. After completion of the
reaction, the reaction mixture was filtered through a pad of Celite using fritted filter funnel,
the sorbent was washed with acetone, and the resulting solution was concentrated under
reduced pressure at 20◦C to ~ 1/5 of the original volume; the resulting mixture was mixed
with ethyl acetate and brine. The organic layer was separated, and the aqueous layer
was extracted with ethyl acetate. The combined organic layers were washed three times
with brine, dried over anhydrous Na2SO4, and the solvent was evaporated under reduced
pressure at 20◦C. The crude product was purified by column chromatography.

4.3. Experimental Details: Specific Procedures

Methyl 3-hydroxy-6-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)hex-5-ynoate
(3). To a stirred solution of 3-iodobenzothiophene 1 (391 mg, 1.19 mmol, 1.00 equiv.) in
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DMF (8.00 mL) in a vial were added methyl-3-hydroxy-6-(trimethylsilyl)hex-5-ynoate (2)
(383 mg, 1.79 mmol, 1.50 equiv.), KF (346 mg, 5.96 mmol, 5.00 equiv.), Pd(PPh3)4 (68.8 mg,
0.0600 mmol, 5 mol%). The reaction vial was evacuated and flushed with Ar several times.
After that, CuI (34 mg, 0.179 mmol, 15 mol%) was added, and the reaction vial was sealed,
evacuated, and flushed with Ar. Then, MeOH (382 mg, 11.9 mmol, 0.482 mL, 10.0 equiv.)
was added with a syringe, and the reaction mixture was stirred at 40 ◦C for 13 h (TLC
control). The reaction mixture was cooled, poured into a saturated aqueous solution of
NH4Cl (150 mL), and extracted with ethyl acetate (3 × 100 mL). The combined organic
layers were washed with a saturated solution of NH4Cl (200 mL) and two times with brine
(2 × 200 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure
to give the crude product, which was purified by column chromatography on silica using
hexane/ethyl acetate (2:1) as the eluent to give enediyne 3 (400 mg, 98%) as a yellow solid.
1H NMR (400 MHz, CDCl3, δ): 7.86–7.80 (m, 1H), 7.75–7.69 (m, 1H), 7.44–7.38 (m, 2H),
4.43 (s, 2H), 4.38–4.32 (m, 1H), 3.74 (s, 3H), 3.48 (s, 3H), 2.90–2.69 (m, 5H). 13C{1H}NMR
(101 MHz, CDCl3, δ): 172.9, 138.7, 138.6, 126.4, 125.5, 125.3, 123.5, 123.4, 122.3, 95.0, 92.6, 79.6,
76.6, 66.9, 60.7, 58.0, 52.0, 40.2, 27.9. HRMS (ESI) m/z: [M+Na]+ Calcd for C19H18O4SNa+,
365.0804; Found, 365.0818.

Hexacarbonyl (methyl (3-hydroxy-6-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]
thiophen-3-yl)hex-5-ynoate)dicobalt (4). Co-complex 4 was synthesized from enediyne
3 (209 mg, 0.610 mmol, 1.00 equiv.) and octa-carbonyl dicobalt (230 mg, 0.670 mmol,
1.10 equiv.) in absolute toluene (122 mL, c = 0.005M) in accordance with the General
Procedure (B). The reaction time was 1 h. Purification of the crude product by column
chromatography using hexan/ethyl acetate (2:1) as the eluent gave Co-complex 4 (326 mg,
85%) as a dark red solid. 1H NMR (400 MHz, Acetone-d6, δ): 7.91–7.88 (m, 2H), 7.49–7.44
(m, 2H), 4.99 (s, 2H), 4.46–4.38 (m, 2H: 1H–OH; 1H–CH), 3.65 (s, 3H), 3.61 (s, 3H), 2.87 (d,
J = 5.8 Hz, 2H), 2.64 (dd, J = 15.5, 7.9 Hz, 1H), signal from one H atom overlaps with water
signal at 2.81 ppm. 13C{1H}NMR (101 MHz, Acetone-d6, δ): 200.1, 172.4, 146.1, 141.8, 139.5,
126.8, 126.3, 123.9, 123.2, 118.8, 98.4, 97.8, 78.1, 77.2, 74.0, 67.4, 59.2, 51.7, 41.9, 29.2. HRMS
(ESI) m/z: [M+Na]+ Calcd for C25H18Co2O10SNa+, 650.9177; Found, 650.9183.

Hexacarbonyl (methyl ((2-((1,2-η2)-1,2,7,8-tetradehydro-5,6-dihydro-3H-benzo[4,5]
thieno[2,3-e]oxecin-5-yl))acetate)dicobalt (5). Compound 5 was synthesized from complex
4 (139 mg, 0.221 mmol, 1.00 equiv.) and boron trifluoride–diethyl ether (47.1 mg, 41.0 mmL,
0.331 mmol, 1.50 equiv.) in absolute DCM (222 mL, c = 0.001M) in accordance with the
General Procedure (C); the reaction time was 1 h. Purification of the crude product by
column chromatography using hexane/ethyl acetate (5:1) as the eluent gave unconverted
complex 4 (26.7 mg, 19%) and cyclic Co-complex 5 (66.8 mg, 51%) as a dark red oil. 1H
NMR (400 MHz, Acetone-d6, δ): 7.95–7.91 (m, 1H), 7.80–7.76 (m, 1H), 7.50–7.43 (m, 2H), 5.29
(d, J = 12.1 Hz, 1H), 5.20 (d, J = 12.1 Hz, 1H), 4.59–4.52 (m, 1H), 3.71 (s, 3H), 2.73–2.68 (m,
2H), signals from two H atom overlap with water signal at 2.79 ppm. 13C NMR (125 MHz,
Acetone-d6, δ): 200.0, 171.9, 150.4, 140.0, 139.4, 126.7, 126.5, 123.7, 123.6, 117.6, 99.8, 97.1,
80.7, 79.62, 79.58, 75.0, 51.9, 41.5, 27.5. HRMS (ESI) m/z: [M+H]+ Calcd for C24H15Co2O9S+,
596.9095; Found, 596.9106.

Methyl 2-(1,2,7,8-tetradehydro-5,6-dihydro-3H-benzo[4,5]thieno[2,3-e]oxecin-5-yl)
acetate (I). The decomplexation from cobalt for complex 5 (66.0 mg, 0.111 mmol, 1.00 equiv.)
was carried out in accordance with the General Procedure for the Co-complexes depro-
tection (D) using TBAF trihydrate (820.7 mg, 2.6 mmol, 23.5 equiv.) in an acetone/water
mixture (15:1, v/v, 18.3 mL, c = 0.006 M). TBAF trihydrate was added in eight portions
with an interval of 0.5 h. The reaction time was 3.5 h. The crude product was purified
by column chromatography using hexane/acetone (30:1) as the eluent to give enediyne I
(23.2 mg, 68%) as a light yellow solid. 1H NMR (400 MHz, Acetone-d6, δ): 7.97–7.95 (m,
1H), 7.79–7.76 (m, 1H), 7.51–7.45 (m, 2H), 4.67 (d, J = 17.7 Hz, 1H), 4.56 (d, J = 17.7 Hz, 1H),
4.48–4.42 (m, 1H), 3.69 (s, 3H), 2.76–2.69 (m, 4H). 13C{1H} NMR cannot be measured due
to the instability of the enediyne I under the measurements. HRMS (ESI) m/z: [M+Na]+

Calcd for C18H14O3SNa+ 333.0556; Found, 333.0562.
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1,2,7,8-Tetradehydro-5,6-dihydro-3H-benzo[4,5]thieno[2,3-e]oxecine (7). Enediyne 7
was synthesized in accordance with the General Procedure (D) for the Co-complexes
deprotection from Co-complex 6 (78.6 mg, 0.150 mmol, 1.00 equiv.) and TBAF hydrate
(1.88 g, 6.73 mmol, 45.0 equiv.) in an acetone/water mixture (15:1, v/v, 25.0 mL, c = 0.006 M).
TBAF hydrate was added in six portions with an interval of 0.5 h. The reaction time was
2.5 h. The crude product was purified by column chromatography using hexane/ethyl
acetate (15:1) as the eluent to give O-enediyne 7 (22.7 mg, 64%) as a light yellow solid.
1H NMR (400 MHz, CDCl3) δ 7.79–7.75 (m, 2H), 7.44–7.35 (m, 2H), 4.48 (s, 2H), 4.17 (d,
J = 4.8 Hz, 2H), 2.74 (d, J = 4.8 Hz, 2H). 1H NMR spectrum corresponds with the data
reported earlier [46].

Methyl 2-(3,4-dihydro-1H-benzo[4,5]thieno[3,2-g]isochromen-3-yl)acetate (8). The
solution of enediyne I (10.0 mg, 0.0322 mmol, 1.00 equiv.) and isopropanol (32.2 mL,
c = 0.001 M) in a sealed vial were degassed accurately and flashed with Ar. Then the
reaction mixture was stirred at 45 ◦C for 14 h. The solvent was evaporated under re-
duced pressure, and the crude product was purified by column chromatography using
hexane/acetone (5:1) as the eluent to give the Bergman cyclization product 8 (8.4 mg, 83%)
as a yellowish solid. 1H NMR (400 MHz, CDCl3) δ 8.11–8.07 (m, 1H), 7.88 (s, 1H), 7.84–7.80
(m, 1H), 7.49 (s, 1H), 7.46–7.41 (m, 2H), 4.99 (s, 2H), 4.28–4.21 (m, 1H), 3.76 (s, 3H), 3.05–2.94
(m, 2H), 2.78 (dd, J = 15.4, 7.8 Hz, 1H), 2.66 (dd, J = 15.4, 5.1 Hz, 1H). 13C{1H} NMR
(100 MHz, CDCl3) δ 171.7, 139.7, 137.6, 135.3, 134.6, 133.7, 129.5, 126.8, 124.5, 123.0, 121.6,
121.5, 118.3, 71.9, 68.7, 52.04, 41.0, 34.0. HRMS (ESI) m/z: [M+H]+ Calcd for C18H17O3S,
313.0893; Found, 313.0883.

3,4-dihydro-1H-benzo[4,5-b]thieno[3,2-g]isochromene (9). The solution of enediyne
7 (5.30 mg, 0.0222 mmol) in isopropanol (22.2 mL, c = 0.001 M) in a sealed vial was degassed
accurately and flashed with Ar. Then the reaction mixture was stirred at 50 ◦C for 12 h. The
solvent was evaporated under reduced pressure, and the crude product was purified by
column chromatography using hexane/ethyl acetate (5:1) as the eluent to give the product
of the Bergman cyclization 9 (5.3 mg, 100%) as a white solid. 1H NMR (400 MHz, CDCl3)
δ 8.12–8.09 (m, 1H), 7.91 (s, 1H), 7.84–7.80 (m, 1H), 7.47 (s, 1H), 7.45–7.41 (m, 2H), 4.93 (s,
2H), 4.06 (t, J = 5.7 Hz, 2H), 3.07 (t, J = 5.7 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 139.7,
137.4, 135.4, 134.5, 134.4, 130.1, 126.7, 124.5, 123.0, 121.8, 121.5, 118.4, 68.6, 65.8, 28.8. HRMS
(ESI) m/z: [M+Na]+ Calcd for C15H12OSNa, 263.0508; Found, 263.0501.

N-(But-3-yn-1-yl)-4-nitrobenzenesulfonamide (10b). Compound 10b was synthe-
sized in accordance with the procedure for the corresponding NHTs analogue[66] from
tert-butyl but-3-yn-1-yl((4-nitrophenyl)sulfonyl)carbamate (2.53 g, 7.14 mmol, 1.0 equiv.)
and trifluoroacetic acid (12.2 g, 7.97 mL, 0.107 mol, 15.0 equiv.). Yield 65% (1.19 g). 1H
NMR (400 MHz, Acetone-d6) δ 8.51–8.36 (m, 2H), 8.26–7.91 (m, 2H), 7.06 (t, J = 5.5 Hz, 1H),
3.20–3.15 (m, 2H), 2.43–2.37 (m, 2H–CH2, 1H–C≡CH). 1H NMR spectrum corresponds
with the data reported earlier [67].

N-(4-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)but-3-yn-1-yl)-2-nitrobe-
nzenesulfonamide (11a). Enediyne 11a was synthesized in accordance with the Gen-
eral Procedure (A) for the Sonogashira coupling from 3-iodobenzothiophene 1 (100 mg,
0.303 mmol, 1.00 equiv.), N-(but-3-yn-1-yl)-2-nitrobenzenesulfonamide (10a) (100 mg,
0.394 mmol, 1.3 equiv.), KF (88.0 mg, 1.52 mmol, 5.00 equiv.), Pd(PPh3)4 (17.5 mg, 0.015 mmol,
5 mol%) and CuI (8.66 mg, 0.046 mmol, 15 mol%) in anhydrous DMF (5.00 mL) at 50 ◦C. The
reaction time was 5 h. The crude product was purified by column chromatography using
hexane/ethyl acetate (2:1) as the eluent to give enediyne 11a (130 mg, 94%) as a yellow oil.
1H NMR (400 MHz, CDCl3, δ): 8.15 (dd, J = 7.7, 1.4 Hz, 1H), 7.73–7.69 (m, 3H), 7.65–7.55 (m,
2H), 7.42–7.38 (m, 2H), 5.83 (t, J = 6.0 Hz, 1H), 4.43 (s, 2H), 3.53–3.41 two signals overlap (m,
2H, s, 3H), 2.81 (t, J = 6.5 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3, δ): 148.0, 138.6, 138.4,
134.2, 133.5, 132.9, 130.8, 126.5, 125.8, 125.5, 125.3, 123.4, 122.7, 122.2, 95.4, 92.6, 79.2, 76.1,
60.7, 58.0, 42.9, 21.5. HRMS (ESI) m/z: [M+Na]+ Calcd for C22H18N2O5S2Na+, 477.0549;
Found, 477.0551.
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N-(4-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)but-3-yn-1-yl)-4-nitrobe-
nzenesulfonamide (11b). Enediyne 11b was synthesized in accordance with the General
Procedure (A) for the Sonogashira coupling from 3-iodobenzothiophene 1 (1.07 g, 3.26 mmol,
1.00 equiv.), N-(but-3-yn-1-yl)-4-nitrobenzenesulfonamide (10b) (870 mg, 3.42 mmol,
1.05 equiv.), KF (1.52 g, 26.1 mmol, 8.00 equiv.), Pd(PPh3)4 (188 mg, 0.163 mmol, 5 mol%)
and CuI (93.0 mg, 489 µmol, 15 mol%) in DMF (25.0 mL) at 60 ◦C. The reaction time was 8 h.
The crude product was purified by column chromatography using hexane/ethyl acetate
(3:1) as the eluent to give enediyne 11b (1.08 g, 73%) as a light brown solid. 1H NMR
(400 MHz, CDCl3, δ): 8.25–8.21 (m, 2H), 8.10–8.07 (m, 2H), 7.76–7.71 (m, 1H), 7.70–7.67 (m,
1H), 7.44–7.38 (m, 2H), 5.51 (t, J = 6.1 Hz, 1H), 4.46 (s, 2H), 3.50 (s, 3H), 3.40–3.35 (m, 2H),
2.73 (t, J = 6.1 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3, δ): 150.0, 146.5, 138.6, 138.2, 128.3,
126.7, 125.8, 125.4, 124.4, 123.3, 123.0, 122.4, 95.3, 92.6, 79.6, 76.7, 60.8, 58.3, 42.2, 21.4. HRMS
(ESI) m/z: [M+Na]+ Calcd for C22H18N2O5S2Na+, 477.0549; Found, 477.0557.

4-Amino-N-(4-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)but-3-yn-1-yl)b-
enzenesulfonamide (11c). To a stirred solution of enediyne 11b (109 mg, 0.240 mmol,
1.00 equiv.) in DCM (3.20 mL) were added zinc dust (941 mg, 14.4 mmol, 60.0 equiv.). The
reaction vial was cooled to 0 ◦C, and then glacial acetic acid (115 mg, 1.92 mmol, 0.110 mL,
8.00 equiv.) was added. The reaction mixture was allowed to warm to room temperature
and was vigorously stirred at this temperature for 7.5 h (TLC control). After completion
of the reaction, the reaction mixture was filtered through a pad of Celite; the sorbent was
washed with ethyl acetate (75.0 mL). The resulting solution was washed two times with
a saturated solution of NaHCO3 (2 × 75.0 mL) and two times with brine (2 × 75.0 mL),
dried over anhydrous Na2SO4, and concentrated under reduced pressure to give the crude
product, which was purified by column chromatography using benzene/acetonitrile (8:1)
as the eluent to give NH2-enediyne 11c (88.0 mg, 86%) as a light brown solid. 1H NMR
(400 MHz, CD3CN, δ): 7.86–7.81 (m, 2H), 7.58–7.54 (m, 2H), 7.50–7.44 (m, 2H), 6.71–6.67
(m, 2H), 5.59 (t, J = 6.2 Hz, 1H), 4.79 (br s, 2H), 4.40 (s, 2H), 3.41 (s, 3H), 3.13–3.08 (m, 2H),
2.68 (t, J = 6.8 Hz, 2H). 13C{1H} NMR (100 MHz, CD3CN, δ): 153.2, 139.5, 139.2, 129.9, 127.9,
127.7, 126.5, 125.6, 124.3, 124.2, 123.4, 114.4, 96.6, 95.7, 79.5, 75.5, 60.9, 58.1, 42.9, 21.6. HRMS
(ESI) m/z: [M+Na]+ Calcd for C22H20N2O3S2Na+, 447.0808; Found, 447.0815.

Hexacarbonyl (N-(4-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]thiophen-3-yl)
but-3-yn-1-yl)-2-nitrobenzenesulfonamide)dicobalt (12a). Cobalt complex 12a was syn-
thesized from enediyne 11a (104 mg, 0.228 mmol, 1.00 equiv.) and octa-carbonyl dicobalt
(82.0 mg, 0.239 mmol, 1.05 equiv) in absolute toluene (46.0 mL, c = 0.005 M) in accordance
with the General Procedure (B). The reaction time was 1 h. Purification of the crude product
by column chromatography using hexane/ethyl acetate (2:1) as the eluent gave complex
12a (140 mg, 82%) as a dark red oil. 1H NMR (500 MHz, Acetone-d6, δ): 8.18 (br s, 1H), 7.90
(br s, 2H), 7.85 (br s, 3H), 7.45 (br s, 2H), 7.03 br (s, 1H), 4.94 (s, 2H), 3.59 (s, 3H), 3.55–3.51
(m, 2H), 2.93 (t, J = 6.6 Hz, 2H). 13C{1H} NMR (100 MHz, Acetone-d6, δ): 200.1, 149.1, 146.3,
141.7, 139.4, 134.9, 134.5, 133.6, 131.3, 126.9, 126.3, 125.8, 123.9, 123.2, 118.6, 98.0, 97.5, 77.8,
76.9, 73.9, 59.3, 43.2, 22.4. HRMS (ESI) m/z: [M+Na]+ Calcd for C28H18Co2N2O11S2Na+,
762.8908; Found, 762.8910.

Hexacarbonyl (4-amino-N-(4-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]thioph-
en-3-yl)but-3-yn-1-yl)benzenesulfonamide)dicobalt (12b). Cobalt complex 12b was syn-
thesized from enediyne 11c (30.0 mg, 0.707 mmol, 1.00 equiv.) and octa-carbonyl dicobalt
(27.8 mg, 0.0813 mmol, 1.15 equiv.) in absolute toluene (14.0 mL, c = 0.005 M) in accordance
with the General Procedure (B). The reaction time was 1 h. Purification of the crude product
by column chromatography using hexane/ethyl acetate (3:2) as the eluent gave cobalt
complex 12b (44.4 mg, 88%) as dark violet solid. 1H NMR (400 MHz, CD3CN, δ): 7.82 (br s,
2H), 7.55 (d, J = 7.5 Hz, 2H), 7.45 (br s, 2H), 6.69 (d, J = 7.5 Hz, 2H), 5.57 (br s, 1H), 4.86 (s,
2H), 4.78 (br s, 2H), 3.53 (s, 3H), 3.17–3.05 (m, 2H), 2.68 (br s, 2H). 13C{1H} NMR (100 MHz,
CD3CN, δ): 200.3, 153.6, 146.5, 141.7, 139.4, 129.9, 127.9, 127.0, 126.5, 123.9, 123.3, 114.4 (one
of the «aromatic» signals overlaps with the CD3CN signal), 98.7, 97.2, 77.9, 76.7, 74.1, 59.4,
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42.7, 22.1. HRMS (ESI) m/z: [M+Na]+ Calcd for C28H20Co2N2O9S2Na+, 732.9166; Found,
732.9169.

Hexacarbonyl (N-(4-(N-(4-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]thiophen-
3-yl)but-3-yn-1-yl)sulfamoyl)phenyl)hept-6-ynamide)dicobalt (12c). To a stirred solu-
tion of Co-complex 12b (25.3 mg, 0.0356 mmol, 1.00 equiv.) in absolute THF (10.0 mL)
under Ar, Et3N (5.41 mg, 0.0534 mmol, 7.42 µL, 1.50 equiv.) was added. The reaction mix-
ture was cooled to 0 ◦C, and hex-5-ynoyl chloride (6.97 mg, 0.0534 mmol, 1.50 equiv.) was
added. The reaction mixture was allowed to warm to room temperature and was stirred at
room temperature for 1.5 h (TLC control). After completion of the reaction, the reaction
mixture was poured into a saturated aqueous solution of NH4Cl (50,0 mL) and extracted
with ethyl acetate (3 × 50.0 mL). The combined organic layers were washed two times with
a 2% solution of NaOH (2 × 50.0 mL) and three times with brine (2 × 50.0 mL), dried over
anhydrous Na2SO4, and concentrated under reduced pressure to give a crude product. The
crude product was purified by column chromatography using hexane/acetone (2:1) as the
eluent to give acylated Co-complex 12c (16.7 mg, 58%) as a dark red oil. 1H NMR (400 MHz,
Acetone-d6, δ): 9.48 (s, 1H), 7.91–7.81 (m, 6H), 7.48–7.44 (m, 2H), 6.75 (t, J = 6.1 Hz, 1H), 4.93
(s, 2H), 3.58 (s, 3H), 3.32–3.27 (m, 2H), 2.83 (t, J = 7.1 Hz, 2H), 2.55 (t, J = 7.4 Hz, 2H), 2.37 (t,
J = 2.6 Hz, 1H), 2.29 (td, J = 7.0, 2.6 Hz, 2H), 1.92–1.85 (m, 2H). 13C{1H} NMR (100 MHz,
Acetone-d6, δ): 200.1, 171.9, 146.2, 144.1, 141.7, 139.4, 135.8, 128.9, 126.8, 126.3, 124.0, 123.2,
119.7, 118.7, 98.4, 97.6, 84.3, 78.0, 76.7, 74.0, 70.5, 59.3, 42.8, 36.3, 24.9, 22.3, 18.3. Four
signals (144.1, 135.8, 119.7, 42.8) double as a result of rotation around the amide bond. For
the details, see the SI file. HRMS (ESI) m/z: [M+Na]+ Calcd for C34H26Co2N2O10S2Na+,
826.9585; Found, 826.9590.

Hexacarbonyl ((1,2-η2)-1,2,7,8-tetradehydro-4-((2-nitrophenyl)sulfonyl)-3,4,5,6-tetr-
ahydrobenzo[4,5]thieno[2,3-e]azecine)dicobalt (13a). Cyclic complex 13a was synthesized
in accordance with the general procedure (C) for the Nicholas reaction from Co-complex
12a (44.0 mg, 0.0590 mmol, 1.00 equiv.) and boron trifluoride diethyl etherate (67.0 mg,
89.3 µL, 0.475 mmol, 8.00 equiv.) in absolute DCM (60.0 mL, c = 0.001 M). The reaction time
was 1 h. Purification of the crude product by column chromatography using hexane/ethyl
acetate (2:1) as the eluent gave cyclic complex 13a (19.3 mg, 46%) as a dark brown oil. 1H
NMR (400 MHz, Acetone-d6, δ): 8.20 (d, J = 7.7 Hz, 1H), 8.00–7.91 (m, 4H), 7.76 (d, J = 7.0
Hz, 1H), 7.50–7.44 (m, 2H), 5.34 (s, 2H), 3.89 (d, J = 4.8 Hz, 2H), 2.88 (d, J = 4.8 Hz, 2H).
13C{1H} NMR (100 MHz, Acetone-d6, δ): 199.9, 151.7, 150.1, 139.8, 139.4, 135.6, 133.1, 131.9,
131.1, 126.6 (two overlapping signals), 125.5, 123.6, 123.5, 116.8, 101.5, 98.6, 80.7, 79.8, 57.7,
55.5, 22.9. HRMS (ESI) m/z: [M+Na]+ Calcd for C27H14Co2N2O10S2Na+, 730.8646; Found,
730.8657.

Hexacarbonyl (N-(4-(((1,2-η2)-1,2,7,8-tetradehydro-5,6-dihydrobenzo[4,5]thieno[2,3-
e]azecin-4(3H)-yl)sulfonyl)phenyl)hex-5-ynamide)dicobalt (13b). Cyclic complex 13b
was synthesized in accordance with the general procedure (C) for the Nicholas reaction
from Co-complex from complex 12c (42.0 mg, 0.052.0 mmol, 1.00 equiv.) and boron tri-
fluoride diethyl etherate (14.8 mg, 12.9 µL, 0.104 mmol, 2.00 equiv.) in absolute DCM
(52.0 mL, c = 0.001 M). The reaction time was 1 h. Purification of the crude product by
column chromatography using hexane/acetone (3:1) as the eluent gave cyclic complex
13b (25.4 mg, 63%) as a dark red oil. 1H NMR (400 MHz, Acetone-d6, δ): 9.59 (br s, 1H),
7.96–7.90 (m, 5H), 7.76–7.74 (m, 1H), 7.49–7.39 (m, 2H), 4.97 (s, 2H), 3.74 (d, J = 5.3 Hz, 2H),
2.84 (d, J = 5.3 Hz, 2H), 2.57 (t, J = 7.3 Hz, 2H), 2.38 (t, J = 2.6 Hz, 1H), 2.30 (td, J = 7.0, 2.6 Hz,
2H), 1.93–1.86 (m, 2H). 13C{1H} NMR (100 MHz, Acetone-d6, δ): 200.1, 172.1, 151.5, 144.8,
139.8, 139.4, 132.8, 129, 126.5, 123.6, 123.5, 119.9, 116.8, 101.4, 99.1, 84.3, 80.6, 79.4, 70.5, 57.8,
56.4, 36.3, 24.8, 23.6, 18.3 (two «aromatic» CH signals overlap). Three signals (144.8, 119.9,
36.3) double as a result of rotation around the amide bond. For the details, see the SI file.
HRMS (ESI) m/z: [M+Na]+ Calcd for C33H22Co2N2O9S2Na+, 794.9323; Found, 794.9311.

1,2,7,8-tetradehydro-4-((2-nitrophenyl)sulfonyl)-3,4,5,6-tetrahydrobenzo[4,5]thieno
azecine (II). Enediyne II was synthesized in accordance with the General Procedure (D)
for the Co-complexes deprotection from complex 13a (33.0 mg, 0.0466 mmol, 1.00 equiv.)
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and TBAF trihydrate (557 mg, 1.77 mmol, 65.8 equiv.) in a mixture of acetone/water (15:1,
v/v, 4.50 mL, c = 0.006 M). TBAF was added in ten portions with an interval of 30 min. The
reaction time was 4.5 h. The crude product was purified by column chromatography using
hexane/acetone (3:1) as the eluent to give enediyne II (7.30 mg, 64%) as an orange solid.
1H NMR (400 MHz, Acetone-d6, δ): 8.23 (d, J = 8.0 Hz, 2H), 7.99–7.79 (m, 5H), 7.53–7.47 (m,
2H), 4.63 (s, 2H), 3.91 (d, J = 5.1 Hz, 2H), 3.01 (d, J = 5.1 Hz, 2H). 13C{1H} NMR (100 MHz,
Acetone-d6, δ): 139.0, 136.5, 135.6, 133.1, 132.1, 131.3, 130.5, 130.4, 129.0, 127.3, 126.5, 125.4,
124.0, 123.5, 104.5, 102.1, 82.9, 79.5, 52.4, 43.7, 22.9. HRMS (ESI) m/z: [M+H]+ Calcd for
C21H15N2O4S2

+, 423.0468; Found, 423.0469.
N-(4-((1,2,7,8-tetradehydro-5,6-dihydrobenzo[4,5]thieno[2,3-e]azecin-4(3H)-yl)sulf-

onyl)phenyl)hex-5-ynamide (III). Enediyne III was synthesized in accordance with the
General Procedure (D) for the Co-complexes deprotection from complex 13b (22.0 mg,
0.0285 mmol, 1.00 equiv.) TBAF trihydrate (370 mg, 1.17 mmol, 41.0 equiv.) in a mixture
of acetone/water (15:1, v/v, 4.80 mL, c = 0.006 M). TBAF trihydrate was added in eight
portions with an interval of 40 min. The reaction time was 5.5 h. The crude product
was purified by column chromatography using hexane/acetone (2:1) as the eluent to give
enediyne III (10.5 mg, 77%) as a light red solid. 1H NMR (400 MHz, Acetone-d6, δ): 9.52
(br s, 1H), 7.98–7.94 (m, 1H), 7.90–7.85 (m, 4H), 7.80–7.76 (m, 1H), 7.52–7.45 (m, 2H), 4.38
(s, 2H), 3.64 (d, J = 5.0 Hz, 2H), 2.96 (d, J = 5.0 Hz, 2H), 2.54 (t, J = 7.4 Hz, 2H), 2.37 (t,
J = 2.6 Hz, 1H), 2.28 (td, J = 7.0, 2.6 Hz, 2H), 1.91–1.83 (m, 2H). 13C{1H} NMR (100 MHz,
Acetone-d6, δ): 172.0, 144.7, 138.9, 136.6, 133.0, 130.3, 129.4, 129.0, 127.2, 126.4, 124.0, 123.4,
119.8, 105.0, 102.3, 84.3, 82.5, 79.3, 70.5, 52.3, 43.3, 36.3, 24.8, 23.4, 18.3. Three signals (144.7,
119.8, 36.3) double as a result of rotation around the amide bond. For the details, see the
SI file. HRMS (ESI) m/z: [M+H]+ Calcd for C27H23N2O3S2

+, 487.1145; Found, 487.1142.
1,2,7,8-tetradehydro-4-(phenylsulfonyl)-3,4,5,6-tetrahydrobenzo[4,5]thieno[2,3-e]a-

zecine (14). Enediyne 14 was synthesized in accordance with the General Procedure (D) for
the Co-complexes deprotection from Co-complex 13c (120 mg, 0.177 mmol, 1.00 equiv.) and
TBAF trihydrate (1.95 g, 6.195 mmol, 35.0 equiv.) in an acetone/water mixture (15:1, v/v,
25.0 mL, c = 0.006 M). TBAF trihydrate was added in eight portions with an interval of 0.5 h.
The reaction time was 3.5 h. The crude product was purified by column chromatography
using hexane/acetone (3:1) as the eluent to give NTs-enediyne 14 (52.1 mg, 75%) as a beige
solid. 1H NMR (400 MHz, Acetone-d6) δ 7.98–7.96 (m, 1H), 7.83 (d, J = 8.3 Hz, 2H), 7.79–7.77
(m, 1H), 7.53–7.46 (m, 2H), 7.44 (d, J = 8.3 Hz, 2H), 4.39 (s, 2H), 3.64 (d, J = 5.0 Hz, 2H),
2.97 (d, J = 5.0 Hz, 2H), 2.41 (s, 3H).1H NMR spectrum corresponds with the data reported
earlier [42].

N-benzyl-4-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)but-3-yn-1-amine
(16a). Enediyne 16a was synthesized in accordance with the General Procedure (A) for
the Sonogashira coupling from 3-iodobenzothiophene 1 (328 mg, 1.00 mmol, 1.00 equiv.),
N-benzylbut-3-yn-1-amine (15a) (249 mg, 1.50 mmol, 1.50 equiv.), KF (464 mg, 8.00 mmol,
8.00 equiv.), Pd(PPh3)4 (58.0 mg, 0.0500 mmol, 5 mol%) and CuI (28.0 mg, 0.150 mmol,
15 mol%) in DMF (10.0 mL) at 40 ◦C. The reaction time was 6 h. Purification of the crude
product by column chromatography using hexane/ethyl acetate (2:1→1:1) as the eluent
gave enediyne 16a (185 mg, 52%) as an orange oil. 1H NMR (400 MHz, Acetone-d6, δ):
7.94–7.90 (m, 1H), 7.89–7.84 (m, 1H), 7.51–7.47 (m, 2H), 7.41 (d, J = 7.1 Hz, 2H), 7.33–7.29 (m,
2H), 7.23 (t, J = 7.3 Hz, 1H), 4.37 (s, 2H), 3.88 (s, 2H), 3.40 (s, 3H), 2.94 (t, J = 6.7 Hz, 2H), 2.78
(t, J = 6.7 Hz, 2H; br s, 1H–NH, the signal overlaps with the water signal). 13C{1H} NMR
(100 MHz, Acetone-d6, δ): 141.8, 139.5, 139.0, 129.0, 128.9, 127.52, 127.51, 126.3, 125.1, 124.5,
124.1, 123.3, 97.3, 96.3, 79.5, 74.9, 60.6, 57.7, 53.8, 48.6, 21.4. HRMS (ESI) m/z: [M+H]+ Calcd
for C23H21NOS+ 360.1417; Found, 360.1406.

N-(4-(2-(3-methoxyprop-1-yn-1-yl)benzo[b]thiophen-3-yl)but-3-yn-1-yl)benzamide
(16b). Enediyne 16b was synthesized in accordance with the General Procedure (A) for the
Sonogashira coupling from 3-iodobenzothiophene 1 (100 mg, 0.303 mmol, 1.00 equiv.), N-
(but-3-yn-1-yl)benzamide (15b) (68.0 mg, 0.394 mmol, 1.30 equiv), KF (88.3 mg, 1.52 mmol,
5.00 equiv.), Pd(PPh3)4 (17.5 mg, 0.0152 mmol, 5 mol%) and CuI (8.6 mg, 0.0456 mmol,
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15 mol%) in DMF (5.00 mL) at 50 ◦C. The reaction time was 5 h. Purification of the crude
product by column chromatography using hexane/ethyl acetate (2:1) as the eluent gave
enediyne 16a (92.0 mg, 81%) as a yellow oil. 1H NMR (400 MHz, CDCl3, δ):7.84−7.80 (m,
2H), 7.72 (d, J = 7.1 Hz, 1H), 7.51–7.35 (m, 5H), 6.81 (br. S, 1H), 4.29 (s, 2H), 7.79–7.75 (m,
2H), 3.39 (s, 3H), 2.91 (t, J = 6.2 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3, δ): 167.8, 138.0,
138.5, 134.6, 131.7, 128.7, 127.1, 126.5, 125.3, 125.21, 123.49, 123.4, 122.3, 94.9, 94.5, 79.6,
75.6, 60.6, 58.0, 39.0, 21.0. HRMS (ESI) m/z: [M+Na]+ Calcd for C23H19NO2Sna+, 396.1029;
Found, 396.1030.

Hexacarbonyl (N-benzyl-4-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]thiophen-
3-yl)but-3-yn-1-amine)dicobalt (17a). Cobalt complex 17a was synthesized from enediyne
16a (89.9 mg, 0.250 mmol, 1.00 equiv.) and octa-carbonyl dicobalt (94.0 mg, 0.275 mmol,
1.1 equiv.) in absolute toluene (50.0 mL, c = 0.005 M) in accordance with the General
Procedure (B). The reaction time was 1 h. Purification of the crude product by column
chromatography using hexane/ethyl acetate (3:1) as the eluent gave cobalt complex 17a
(111 mg, 69%) as a dark red-brown solid. 1H NMR (400 MHz, Acetone-d6, δ): 7.90–7.84
(m, 2H), 7.46–7.39 (m, 4H), 7.33–7.29 (m, 2H), 7.26–7.21 (m, 1H), 4.96 (s, 2H), 3.88 (s, 2H),
3.57 (s, 3H), 2.98 (br s, 2H), 2.86–2.78 (m, 2H, NH, overlaps with the water signal). 13C{1H}
NMR (101 MHz, Acetone-d6, δ): 200.1, 145.8, 141.9, 141.8, 139.5, 129.0, 128.9, 127.5, 126.8,
126.3, 123.8, 123.2, 119.0, 100.4, 97.6, 78.2, 76.2, 74.0, 59.2, 54.0, 48.6, 22.0. HRMS (ESI) m/z:
[M+H]+ Calcd for C29H22Co2NO7S+, 645.9775; Found, 645.9806.

Hexacarbonyl (N-(4-(2-(3-methoxyprop-1-(1,2-η2)-yn-1-yl)benzo[b]thiophen-3-yl)but-
3-yn-1-yl)benzamide)dicobalt (17b). Cobalt complex 17b was synthesized from enediyne
16b (70.0 mg, 0.186 mmol, 1.00 equiv.) and octa-carbonyl dicobalt (70.0 mg, 0.205 mmol,
1.10 equiv.) in absolute toluene (37.2 mL, c = 0.005 M) in accordance with the General
Procedure (B). The reaction time was 1 h. Purification of the crude product by column
chromatography using hexane/ethyl acetate (2:1) as the eluent gave cobalt complex 17b
(113 mg, 92%) as a burgundy oil. 1H NMR (400 MHz, CDCl3, δ): 7.83–7.72 (m, 4H), 7.53–7.33
(m, 5H), 6.58 (br s, 1H), 4.87 (s, 2H), 3.81–3.77 (m, 2H), 3.59 (s, 3H), 2.91 (t, J = 6.5 Hz, 2H).
Only signals from CO ligands and carbon atoms bonded to hydrogen atoms can be detected
by 13C{1H} NMR. 13C{1H} NMR (125 MHs, CDCl3, δ): 199.2, 132.0, 129.0, 127.3, 126.1, 125.5,
123.1, 122.4, 73.7, 59.6, 39.1, 21.5. HRMS (ESI) m/z: [M+Na]+ Calcd for C29H19Co2NO8SNa+,
681.9388; Found, 681.9389.

Hexacarbonyl (4-benzyl-(1,2-η2)-1,2,7,8-tetradehydro-3,4,5,6-tetrahydrobenzo[4,5]
thieno[2,3-e]azecine)dicobalt (18). A) Cyclic Co-complex 18 was synthesized in accor-
dance with the general procedure (C) for the Nicholas reaction from Co-complex 17a
(30.0 mg, 0.0465 mmol, 1.00 equiv.) and boron trifluoride diethyl etherate (29.7 mg, 25.8 µL,
0.209 mmol, 4.50 equiv.) in absolute DCM (46.5 mL, c = 0.001 M). The reaction time was
20 h. Purification of the crude product by column chromatography using hexane/ethyl
acetate (30:1) as the eluent gave cyclic complex 18 (1.50 mg, 4%) as a dark red-brown solid.

(B) Cyclic Co-complex 18 was synthesized in accordance with the general procedure
(C) for the Nicholas reaction from Co-complex 17a (73.4 mg, 0.114 mmol, 1.00 equiv.) and
another acid–tetrafluoroboric acid diethyl ether complex (66.7 mg, 55.8 µL, 0.410 mmol,
3.60 equiv.) in absolute DCM (114 mL, c = 0.001 M). The reaction time was 20 h. Purification
of the crude product by column chromatography using hexane/ethyl acetate (30:1) as the
eluent gave cyclic complex 18 (3.90 mg, 6%) as a dark red-brown solid.

(C) To an argon-flushed, cooled (–20 ◦C) stirred solution of Co2(CO)6-complex of an
acyclic enediyne 17a (44.0 mg, 0.0682 mmol, 1.00 equiv.) in anhydrous DCM (44.0 mL,
c = 0.001 M) was added tetrafluoroboric acid diethyl ether complex (33.1 mg, 28.1 µL,
0.205 mmol, 3.00 equiv.). The resulting mixture was stirred at –20 ◦C for 10 min; then
N,N-diisopropylethylamine (DIPEA) (26.4 mg, 35.6 µL, 0.205 mmol, 3.00 equiv.) was
added. The reaction mixture was allowed to warm to room temperature and was stirred
at this temperature for 1 h. TLC analysis showed the presence of traces of the product 18.
Therefore, the reaction mixture was cooled to –20 ◦C and treated with an additional amount
of HBF4 × Et2O (33.1 mg, 28.1 µL, 0.205 mmol, 3.00 equiv.) followed by the additional
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amount of DIPEA (26.4 mg, 35.6 µL, 0.205 mmol, 3.00 equiv.). The reaction mixture was
allowed to warm to room temperature and was stirred at this temperature for 3 h. Then
it was cooled to –20 ◦C once again and treated with HBF4 × Et2O (22.1 mg, 18.7 µL,
0.136 mmol, 2.00 equiv.) and after 10 min additionally with DIPEA (26.4 mg, 35.6 µL,
0.205 mmol, 3.00 equiv.). The reaction mixture was allowed to warm to room temperature
and was stirred at this temperature for 3 h. Then the reaction mixture was quenched with a
saturated aqueous solution of NaHCO3. The organic layer was separated, washed with
brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure to yield a
crude product, which was purified by column chromatography using hexane/ethyl acetate
(30:1) as the eluent gave cyclic complex 18 (4.90 mg, 12%) as a dark red-brown solid. 1H
NMR (400 MHz, Acetone-d6, δ): 7.96–7.92 (m, 1H), 7.81–7.78 (m, 1H), 7.50–7.44 (m, 4H),
7.39–7.33 (m, 2H), 7.29–7.26 (m, 1H), 4.57 (s, 2H), 4.17 (s, 2H), 3.15 (t, J = 5.8 Hz, 2H), 2.55 (t,
J = 5.8 Hz, 2H). 13C{1H} NMR (100 MHz, Acetone-d6, δ): 200.5, 150.2, 140.2, 139.8, 139.5,
129.5, 129.3, 128.0, 126.3, 126.5, 123.8, 123.6, 118.0, 102.1, 101.6, 81.2, 79.5, 61.6, 61.1, 55.5,
22.4. HRMS (ESI) m/z: [M+H]+ Calcd for C28H18Co2NO6S+ 613.9513; Found, 613.9531.

(5-(2-(3-Methoxyprop-(1,2-η2)-1-yn-1-yl)benzo[b]thiophen-3-yl)-2,3-dihydro-1H-p-
yrrol-1-yl)(phenyl)methanone (19). Co-complex of pyrroline derivative 19 was synthe-
sized in accordance with the general procedure (C) for the Nicholas reaction from Co-
complex 17b (52.0 mg, 0.079 mmol, 1.00 equiv.) and boron trifluoride diethyl etherate
(14.5 mg, 13.0 µL, 0.102 mmol, 1.30 equiv.) in absolute DCM (79.0 mL, c = 0.001 M). The
reaction time was 2 h. Purification of the crude product by column chromatography us-
ing hexane/ethyl acetate (10:1) as the eluent gave Co-complex of pyrroline derivative 19
(22.0 mg, 44%) as a burgundy solid. 1H NMR (400 MHz, CDCl3, δ) 7.51 (br s, 1H), 7.44
(br s, 1H), 7.29–7.12 (m, 4H), 7.12–6.87 (m, 3H), 5.46 (br s, 1H), 4.74 (d, J = 12.9 Hz, 1H),
4.70 (d, J = 12.9 Hz, 1H), 4.38–4.31 (m, 1H), 4.19 (br s, 1H), 3.61 (s, 3H), 2.92–2.75 (m, 2H).
NMR DEPT (101 MHz, CDCl3, δ): 129.7 (CH), 126.9 (CH–two signals overlap), 124.9 (CH),
124.6 (CH), 122.4 (CH), 121.6 (CH), 117.1 (CH), 73.6 (OCH2), 59.2 (OCH3), 50.1 (CH2), 28.0
(OCH2). The 13C NMR was too broad and had a low signal-to-noise ratio. For the details,
see the Supporting Information. HRMS (ESI) m/z: [M+Na]+ Calcd for C29H19Co2NO8SNa+,
681.9388; Found, 681.9412.

4.4. Cell Culture

NCI-H460 lung carcinoma cells and WI-26 VA4 lung epithelial-like cells were pur-
chased from the ATCC. NCI-H460 cells were maintained in Advanced RPMI-1640 (Gibco,
UK) supplemented with 5% fetal bovine serum (FBS, Gibco, Leicestershire, UK), penicillin
(100 UI mL−1), streptomycin (100 µg mL−1) and GlutaMax (2 mM, Gibco, UK). WI-26 VA4
cells were maintained in Advanced MEM (Gibco, UK) supplemented with 5% fetal bovine
serum (FBS, Gibco, UK), penicillin (100 UI mL−1), streptomycin (100 µg mL−1), and Gluta-
Max (1.87 mM, Gibco, UK). All cells line cultivation under a humidified atmosphere of 95%
air/5% CO2 at 37 ◦C. Subconfluent monolayers, in the log growth phase, were harvested
by a brief treatment with TrypLE Express solution (Gibco, UK) in phosphate-buffered
saline (PBS, Capricorn Scientific, Ebsdorfergrund, Germany) and washed three times in
serum-free PBS. The number of viable cells was determined by trypan blue exclusion.

4.5. Antiproliferative Assay

The effects of the synthesized compounds on cell viability were determined using
the MTT colorimetric test. All examined cells were diluted with the growth medium
to 3.5 × 104 cells per mL, and the aliquots (7 × 103 cells per 200 µL) were placed in
individual wells in 96-multiplates (Eppendorf, Germany) and incubated for 24 h. The
next day the cells were then treated with synthesized compounds separately at the final
concentration of 75 µM and incubated for 72 h at 37 ◦C in a 5% CO2 atmosphere. After
incubation, the cells were then treated with 40 µL MTT solution (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide, 5 mg mL−1 in PBS) and incubated for 4 h. After
an additional 4 h incubation, the medium with MTT was removed, and DMSO (150 µL)
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was added to dissolve the crystals formazan. The plates were shaken for 10 min. The
optical density of each well was determined at 560 nm using a microplate reader GloMax
Multi+ (Promega, Madison, WI, USA). Each of the tested compounds was evaluated for
cytotoxicity in three separate experiments.

5. Conclusions

The scope and limitation of the Nicholas-type cyclization for the synthesis of various
10-membered heteroenediynes fused to a benzothiophene ring were studied. We proved
that an arenesulfonamide fragment is the optimal functional group to realize a high-yield
synthesis of 10-membered enediynes. Moreover, this group can serve as a site for the
introduction of additional functional groups for further modification of cyclic enediynes
via click chemistry. For this purpose, the 4-(N-acylamino)benzenesulfonamide functional
group can be used as a nucleophile for cyclization and functionalization. The crucial point
is that neither the secondary amino group nor the amido functional group is suitable for
the closure of the 10-membered azaendiyne, which is a limitation of the aza-Nicholas
cyclization. Functionalized O-enediynes are also synthetically accessible through the O-
Nicholas reaction. Still, the use of such functionalization is limited because of the low
stability of O-enediynes compared with that of N-enediynes. All the synthesized cyclic
enediynes were tested as potential anticancer compounds and showed moderate activity
against NCI-H460 lung carcinoma and had a minimal effect on WI-26 VA4 lung epithelial-
like cells, demonstrating that the synthesized enediynes can be further used to synthesize
active molecules with antitumor activity based on enediyne conjugates. Azaenediynes
modified through acylated 4-aminobenzenesulfonamide nucleophilic group should be
considered the most suitable structures for ongoing studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27186071/s1, copies of 1H, 13C{1H}, DEPT, 2D NMR
spectra of the synthesized compounds (PDF); copies of ESI HRMS spectra of cyclic enediynes I–III,
and of Co-complexes 18, 19.
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Abstract: Energetic materials constitute one of the most important subtypes of functional materials
used for various applications. A promising approach for the construction of novel thermally stable
high-energy materials is based on an assembly of polynitrogen biheterocyclic scaffolds. Herein, we
report on the design and synthesis of a new series of high-nitrogen energetic salts comprising the
C-C linked 6-aminotetrazinedioxide and hydroxytetrazole frameworks. Synthesized materials were
thoroughly characterized by IR and multinuclear NMR spectroscopy, elemental analysis, single-
crystal X-ray diffraction and differential scanning calorimetry. As a result of a vast amount of the
formed intra- and intermolecular hydrogen bonds, prepared ammonium and amino-1,2,4-triazolium
salts are thermally stable and have good densities of 1.75–1.78 g·cm−3. All synthesized compounds
show high detonation performance, reaching that of benchmark RDX. At the same time, as compared
to RDX, investigated salts are less friction sensitive due to the formed net of hydrogen bonds. Overall,
reported functional materials represent a novel perspective subclass of secondary explosives and
unveil further opportunities for an assembly of biheterocyclic next-generation energetic materials.

Keywords: nitrogen heterocycles; energetic materials; tetrazine; hydroxytetrazole

1. Introduction

A creation of novel functional organic materials remains one of the urgent goals in
modern chemistry and materials science [1–4]. Such materials constitute a large variety of
usually conjugated organic compounds with different chemical and physical properties.
Recent achievements of numerous research groups worldwide confirmed that an incorpora-
tion of a nitrogen heteroaromatic motif usually enhances the quality of materials compared
to their carbocyclic analogues [5–7]. In this regard, linear combinations of conjugated
nitrogen heterocyclic moieties, especially of those mainly consisting of nitrogen atoms,
demonstrate great application potential [8–10].

Among high-nitrogen heteroaromatic species, 1,2,4,5-tetrazine (six-membered ring
with four nitrogen atoms) and tetrazole (five-membered ring with four nitrogen atoms) scaf-
folds retain leading positions in the chemistry community since materials derived thereof
demonstrate improved functional properties. 1,2,4,5-Tetrazines may serve as components of
photo- and electroactive materials [11,12], substrates for bioorthogonal processes [13,14] or
precursors for diverse nitrogen heterocycles [15–18]. Tetrazoles are considered as carboxylic
acid bioisosteres and are found in a wide range of pharmacological activity including some
clinically approved pharmaceuticals [19–21]. Meanwhile, both tetrazine and tetrazole rings
are used as paramount scaffolds in the construction of next-generation high-energy materi-
als for mining, welding and other civil energetic applications [10,22]. As a rule, tetrazine-
and tetrazole-based energy-rich compounds have a number of advantages including high
nitrogen content, good thermal stability, acceptable sensitivity to mechanical stimuli and
environmental compatibility [23,24]. A combination of C-C linked conjugated tetrazole
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and tetrazine rings afforded several thermally stable energetic materials (Figure 1), which,
however, have low amounts of oxygen [25]. Meanwhile, oxygen balance defined as the
degree to which an explosive can be oxidized is an important parameter for high-energy
materials. Several strategies for an incorporation of oxygen-rich explosophoric moieties,
such as trinitromethyl group [26,27] or furoxan ring [28,29], are commonly used to enhance
the oxygen content. Unfortunately, these approaches inevitably entail a decrease in thermal
stability and an increase in mechanical sensitivity. Therefore, a compromise between these
criteria still remains an urgent task and defines future trends in materials science.

Molecules 2022, 27, x FOR PEER REVIEW 2 of 15 
 

 

number of advantages including high nitrogen content, good thermal stability, acceptable 
sensitivity to mechanical stimuli and environmental compatibility [23,24]. A combination 
of C-C linked conjugated tetrazole and tetrazine rings afforded several thermally stable 
energetic materials (Figure 1), which, however, have low amounts of oxygen [25]. Mean-
while, oxygen balance defined as the degree to which an explosive can be oxidized is an 
important parameter for high-energy materials. Several strategies for an incorporation of 
oxygen-rich explosophoric moieties, such as trinitromethyl group [26,27] or furoxan ring 
[28,29], are commonly used to enhance the oxygen content. Unfortunately, these ap-
proaches inevitably entail a decrease in thermal stability and an increase in mechanical 
sensitivity. Therefore, a compromise between these criteria still remains an urgent task 
and defines future trends in materials science. 

Recent investigations demonstrated the utility of the N-oxide functionalization strat-
egy to balance physicochemical properties, mechanical sensitivity and oxygen balance of 
energetic materials [30–33]. Importantly, N-oxide functionality not only increases oxygen 
balance, but also allows for better crystal packing, and efficiently enhances detonation 
performance. In the case of 1,2,4,5-tetrazine, a preparation of its mono- and dioxide deriv-
atives with promising energetic properties was reported [34]. For the tetrazole ring, an 
installation of the N-oxide moiety is complicated due to the azole nature of the heterocycle 
and involvement of nitrogen lone pairs into ring conjugation. A solution to this issue may 
comprise the formation of the hydroxytetrazole motif, which is also capable of the for-
mation of energy-rich salts due to high acidity of the OH-group [35,36]. In this regard, an 
alliance of the tetrazinedioxide and hydroxytetrazole scaffolds may contribute advanta-
geously from both heterocycles in terms of thermal stability and mechanical sensitivity 
and provide an evolutionary step toward functional organic materials of the future. 
Herein, we report on the design and synthesis of a new series of high-nitrogen energetic 
salts comprising the C-C linked 6-aminotetrazinedioxide and hydroxytetrazole frame-
works (Figure 1). The presence of the amino group is desirable in terms of intra- and in-
termolecular hydrogen bonds formed between amino group hydrogens and N-oxide ox-
ygens, which contribute to the density and stability of target materials. Complex multi-
disciplinary investigation of the thus-prepared compounds reveals a balanced set of their 
physicochemical and detonation parameters enabling their ability to replace existing ex-
plosives (e.g., RDX). 

 
Figure 1. Previously known and newly synthesized energetic materials incorporating tetrazine–te-
trazole framework. 
Figure 1. Previously known and newly synthesized energetic materials incorporating tetrazine–
tetrazole framework.

Recent investigations demonstrated the utility of the N-oxide functionalization strat-
egy to balance physicochemical properties, mechanical sensitivity and oxygen balance of
energetic materials [30–33]. Importantly, N-oxide functionality not only increases oxygen
balance, but also allows for better crystal packing, and efficiently enhances detonation per-
formance. In the case of 1,2,4,5-tetrazine, a preparation of its mono- and dioxide derivatives
with promising energetic properties was reported [34]. For the tetrazole ring, an installation
of the N-oxide moiety is complicated due to the azole nature of the heterocycle and involve-
ment of nitrogen lone pairs into ring conjugation. A solution to this issue may comprise
the formation of the hydroxytetrazole motif, which is also capable of the formation of
energy-rich salts due to high acidity of the OH-group [35,36]. In this regard, an alliance of
the tetrazinedioxide and hydroxytetrazole scaffolds may contribute advantageously from
both heterocycles in terms of thermal stability and mechanical sensitivity and provide an
evolutionary step toward functional organic materials of the future. Herein, we report
on the design and synthesis of a new series of high-nitrogen energetic salts comprising
the C-C linked 6-aminotetrazinedioxide and hydroxytetrazole frameworks (Figure 1). The
presence of the amino group is desirable in terms of intra- and intermolecular hydrogen
bonds formed between amino group hydrogens and N-oxide oxygens, which contribute to
the density and stability of target materials. Complex multidisciplinary investigation of the
thus-prepared compounds reveals a balanced set of their physicochemical and detonation
parameters enabling their ability to replace existing explosives (e.g., RDX).
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2. Results and Discussion

For the synthesis of target energetic materials, we decided to use 6-amino-3-cyanotetrazine
1 as a starting compound, since the nitrile group can be easily converted to the hydroxyte-
trazole motif [35,36]. Thus, our research was started from the optimization of the reaction
conditions of nucleophilic substitution of the dimethylpyrazolyl fragment in a readily
available 3-amino-6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine [37] 2. Several different
solvents as well as cyanide sources were screened, and the results are summarized in
Table 1. It was found that the source and the concentration of cyanide anions were crucial
for the reaction to proceed. TMSCN was ineffective (entry 1), while acetone cyanohydrin
provided target tetrazine 1 in 31–71% yields depending on the reagent excess and additives
used (entries 2–4). A combination of KCN in hexafluoroisopropanol (HFIP) did not result
in the formation of compound 1 (entry 5), but a replacement of HFIP with MeCN or DMF
provided cyanotetrazine 1 in moderate yields (entries 6–8). It was also found that low
water content proved to be essential for high yields of 3-amino-6-cyanotetrazine 1 as can
be seen from entries 8–10; thus, the best results were achieved using dry DMF with an
addition of molecular sieves under inert atmosphere (entry 9). We consider that any water
present in the reaction mixture reacts with KCN to form HO-, which not only easily dis-
places dimethylpyrazolyl fragments to form a corresponding hydroxytetrazine derivative,
but also induces the hydrolysis of the cyano group in the already formed product. It is
also important that an excess of KCN can cause product hydrolysis upon aqueous work-
up. To restrain this issue, the reaction mixture was poured into a slightly acidic aqueous
ammonium chloride solution.

Table 1. Optimization of the reaction conditions for the synthesis of 1 a.
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Curiously, an introduction of bis(dimethylpyrazolyl)tetrazine 3 in the same reaction
under optimized conditions resulted again in a formation of 3-amino-6-cyano-1,2,4,5-
tetrazine 1. The great outcome was that not only was the yield of the target compound
higher, but also the reaction time was reduced from 5 to 1.5 h. We supposed that 3-
cyano-6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine 4 formed initially. When the reaction
mixture was poured into the ammonium chloride solution, the excess KCN neutralized
the ammonium cation to form free ammonia, which then quickly displaced a second
dimethylpyrazolyl fragment with the formation of 3-amino-6-cyano derivative 1 (Scheme 1).
From the technological point of view, the utilization of substrate 3 is more convenient and
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cost-effective since aminotetrazine 2 is synthesized from compound 3 [37]. Therefore, direct
preparation of 3-amino-6-cyanotetrazine 1 from bis(dimethylpyrazolyl)tetrazine 3 allows
to omit one reaction step.
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With a developed procedure for the synthesis of 3-amino-6-cyanotetrazine 1 in hand,
we performed stepwise functionalization to install the hydroxytetrazole scaffold to the
tetrazine backbone. At first, compound 1 was oxidized to the corresponding di-N-oxide
5 using peroxytrifluoroacetic acid generated in situ from 85% H2O2 and trifluoroacetic
anhydride (TFAA). Addition of hydroxylamine to the thus-obtained di-N-oxide 5 occurred
easily, providing amidoxime 6 with almost quantitative yield. The latter was subjected
to diazotization in HCl to form the corresponding chloroxime 7. The chlorine atom in
7 can be easily substituted with an azide anion to form azidooxime 8 with an excellent
yield. Acid-induced cyclization of azidooxime functionality in 8 furnished the formation
of the hydroxytetrazole 9 (Scheme 2). The overall yield of the target hydroxytetrazole 9 is
remarkably high: 74% over five reaction steps starting from 3-amino-6-cyanotetrazine 1.
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Upon treatment with nitrogen-rich bases, hydroxytetrazole 9 was converted to the
corresponding salts 10–12 in quantitative yields (Scheme 3). Ammonia, hydroxylamine and
4-amino-1,2,4-triazole were used as commercially available and convenient base counterparts.
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The structures of all synthesized compounds were confirmed by IR, 1H and 13C NMR
spectroscopy as well as by elemental analysis. The structure of aminotriazolium salt 12 was
additionally confirmed by 15N NMR spectroscopy (Figure 2). The signals were assigned on
the basis of the literature values of resonance peaks in similar compounds. The tetrazinedi-
N-oxide motif is symmetric due to aromaticity; therefore, there are only two nitrogen
signals attributable to the tetrazine ring [34]. The N4 and N5 signals are more upfield
(−90.4 ppm) relative to N1 and N3 (−80.3 ppm). On the contrary, the hydroxytetrazole
motif is asymmetric, which is clearly shown by the presence of four signals similar to the
previously reported data [38]. 1,2,4-Triazole fragment is symmetric and is shown by two
nitrogen signals (−89.9 ppm for N12 and −194.5 ppm for N10, N11) [39]. Both amino
groups are located close to −300 ppm.
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The structure of salt 11 was further confirmed by X-ray diffraction study of a crystallo-
hydrate grown from a methanol–water (1:1) mixture (Figure 3). Compound 11 crystallizes
as a monohydrate in the monoclinic space group P21/n with four formula units (4 anions,
4 cations, 4 water molecules) per cell and a density of 1.852 g·cm−3 at 100 K (Figure 3).
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The average length of CN and NN bonds in the tetrazinedi-N-oxide fragment is 1.347 Å,
which is slightly above the values reported for similar 3,6-disubstituted tetrazine rings
(1.335–1.344 Å). The average length of the N-oxide bond (1.270 Å) is also among the highest
values (1.259–1.271 Å) reported to date [34,40,41].

Molecules 2022, 27, x FOR PEER REVIEW 6 of 15 
 

 

The structure of salt 11 was further confirmed by X-ray diffraction study of a crystal-
lohydrate grown from a methanol–water (1:1) mixture (Figure 3). Compound 11 crystal-
lizes as a monohydrate in the monoclinic space group P21/n with four formula units (4 
anions, 4 cations, 4 water molecules) per cell and a density of 1.852 g cm−3 at 100 K (Figure 
3). The average length of CN and NN bonds in the tetrazinedi-N-oxide fragment is 1.347 
Å, which is slightly above the values reported for similar 3,6-disubstituted tetrazine rings 
(1.335–1.344 Å). The average length of the N-oxide bond (1.270 Å) is also among the high-
est values (1.259–1.271 Å) reported to date [34,40,41]. 

 
Figure 3. Selected bond lengths in crystal of 11. The values of the bond lengths are given in ang-
stroms. 

The amino group and the tetrazine ring are nearly coplanar, which is shown by the 
torsion angle H(91)-N(9)-C(3)-N(6) = 2.86°. However, there is a noticeable twist between 
the planes of tetrazine and hydroxytetrazole rings, supported by the torsion angle N(8)-
C(2)-C(1)-N(1) = 11.07°. This fact can be attributed to multiple hydrogen bonds formed by 
the hydroxytetrazole fragment. 

The anionic units are stacked into infinite columns, which are supported by hydro-
gen bonds formed between exocyclic oxygen and ring nitrogen atoms of the anion and the 
surrounding water molecules and the hydroxylammonium counter-ions (Figure 4). 

 
Figure 4. Fragment of infinite H-bonded column in crystal of 11. The values of the bond lengths are 
given in angstroms. 

Hydroxytetrazole provides several H-bonds with water molecules: the first one is a 
moderate bond with O(1) (1.916 Å), and the second one formed with cyclic N(4) is weaker 

Figure 3. Selected bond lengths in crystal of 11. The values of the bond lengths are given in angstroms.

The amino group and the tetrazine ring are nearly coplanar, which is shown by the
torsion angle H(91)-N(9)-C(3)-N(6) = 2.86◦. However, there is a noticeable twist between
the planes of tetrazine and hydroxytetrazole rings, supported by the torsion angle N(8)-
C(2)-C(1)-N(1) = 11.07◦. This fact can be attributed to multiple hydrogen bonds formed by
the hydroxytetrazole fragment.

The anionic units are stacked into infinite columns, which are supported by hydrogen
bonds formed between exocyclic oxygen and ring nitrogen atoms of the anion and the
surrounding water molecules and the hydroxylammonium counter-ions (Figure 4).
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given in angstroms.

Hydroxytetrazole provides several H-bonds with water molecules: the first one is
a moderate bond with O(1) (1.916 Å), and the second one formed with cyclic N(4) is
weaker (2.065 Å). Additionally, each NH2 group interacts with an oxygen atom of the
hydroxytetrazole fragment of the neighbor molecule and O(5) of the water molecule via
two moderate H-bonds (1.979 and 1.971 Å, respectively; Figure 5).
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Figure 5. H-bonds formed by the hydroxytetrazole motif in the crystal of 11. The values of the bond
lengths are given in angstroms.

Contacts between parallel anion stacks are provided by two hydroxylammonium
cations, which are interconnected head-to-tail between each other with two equal H-bonds
(1.983 Å). These dimeric spacers are then linked to anionic units through hydroxylam-
monium OH- and NH3

+ groups with two rather strong H-bonds (1.809 and 1.804 Å,
respectively; Figure 6).
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Figure 6. Hydroxylammonium-linked H-bonded dimers of 11. The values of the bond lengths are
given in angstroms.

The surrounding of the N-oxides is different: O(3) forms two moderate bonds with
a water molecule and a hydroxylammonium cation, and O(2) only forms a weak H-bond
with water (2.872 Å).This fact results in a slight difference between lengths of these two
bonds in crystals: the N(7)-O(3) bond is longer than the N(6)-O(2) bond (1.283 and 1.256 Å,
respectively). As a result of vast amount of the formed H-bonds, the density of the
monohydrate is relatively high (1.852 g·cm−3) and even higher than that for the water-free
salt (1.78 g·cm−3).

The physical and detonation properties, such as thermal stability, density, enthalpy of
formation, detonation performance, as well as sensitivity of all target compounds, were
investigated. The results are summarized in Table 2. With an exception of hydroxylam-
monium salt 11, analyzed compounds have acceptable thermal stability: for 10 and 12,
the extrapolated onset of the decomposition peak by DSC is above 200 ◦C. Measured
densities fall in the range of 1.75–1.78 g·cm−3, which is quite good for organic energetic
salts. Compounds 10–12 store large amounts of nitrogen (>56%), much more than that
of benchmark nitramine energetic material RDX (37.8%). High nitrogen content should
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result in more eco-friendly reaction products. Combined nitrogen–oxygen contents of salts
10–12 are similar to that of RDX, while their oxygen balance to CO is slightly negative. Due
to the presence of two additional carbon atoms in the amino-1,2,4-triazolium cation, the
oxygen balance of salt 12 is the most negative in the presented series of energetic salts.
At the same time, energetic materials 10–12 have high calculated enthalpies of formation
within 413–780 kJ·mol−1. The enthalpy of formation of salt 12 is the highest since the
contribution of the heteroaromatic amino-1,2,4-triazolium cation to the resulting value
is the most significant in comparison with ammonium and hydroxylammonium cations.
Having the enthalpies of formation and experimental densities in hand, we calculated
the detonation velocities (D) and pressures (P) using the empirical equations included
in the PILEM application [42]. All synthesized compounds show the high detonation
performance, reaching that of benchmark RDX. As compared to the RDX, investigated salts
are less friction sensitive.

Table 2. Physical properties and detonation parameters of salts 10–12.

Salt Td,a ◦C ρ,b

g·cm−3 N,c % [N +
O],d %

ΩCO,e

%
∆Ho

f,f

kJ·mol−1
D,g

km·s−1 P,h GPa IS,i J FS,j N

10 212 1.75 60.9 81.7 −20.9 417 8.5 31 9 265

11 155 1.78 56.9 82.9 −13.0 413 8.8 33 10 190

12 206 1.77 61.3 77.4 −29.6 779 8.5 32 15 260

RDX 204 1.81 37.8 81.1 0 68 8.8 34 10 130
a Decomposition temperature (DSC, 5 K min−1). b Density measured by gas pycnometer (298 K). c Nitrogen
content. d Combined nitrogen and oxygen content. e Oxygen balance (based on CO) for CaHbOcNd, 1600(c − a −
b/2)/MW. f Enthalpy of formation. g Detonation velocity. h Detonation pressure. i Impact sensitivity. j Friction
sensitivity.

3. Materials and Methods

CAUTION! Although we encountered no difficulties during the preparation and
handling of compounds described in this paper, they are potentially explosive energetic
materials that are sensitive to impact and friction. Mechanical actions of these energetic
materials, involving scratching or scraping, must be avoided. Any manipulations must be
carried out by using appropriate standard safety precautions.

3.1. General Methods

All reactions were carried out in well-cleaned oven-dried glassware with magnetic stir-
ring. 1H and 13C NMR spectra were recorded on a Bruker AM-300 (300.13 and 75.47 MHz,
respectively) spectrometer and referenced to residual solvent peak. 15N NMR spectrum
was recorded on a Bruker AV-600 instrument (the frequency for 15N was 50.7 MHz) at room
temperature. The chemical shifts are reported in ppm (δ). The IR spectra were recorded on
a Bruker “Alpha” spectrometer in the range 400–4000 cm−1 (resolution 2 cm−1). Elemental
analyses were performed by the CHN Analyzer Perkin-Elmer 2400. All solvents were puri-
fied and dried using standard methods prior to use. All standard reagents were purchased
from Aldrich or Acros Organics and used without further purification.

3.2. X-ray Crystallography

X-ray diffraction data were collected at 100 K on a four-circle Rigaku Synergy S
diffractometer equipped with a HyPix600HE area-detector (kappa geometry, shutterless
ω-scan technique), using graphite monochromatized Cu Kα-radiation. The intensity data
were integrated and corrected for absorption and decay by the CrysAlisPro program [43].
The structure was solved by direct methods using SHELXT [44] and refined on F2 using
SHELXL-2018 [45] in the OLEX2 program [46]. All non-hydrogen atoms were refined with
individual anisotropic displacement parameters. The locations of hydrogen atoms H4, H51,
H52, H91, H92, H101, H102 and H103 were found from the electron density-difference map;
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these hydrogen atoms were refined with individual isotropic displacement parameters.
All other hydrogen atoms were placed in ideal calculated positions and refined as riding
atoms with relative isotropic displacement parameters (for details, see Supplementary
Materials, Tables S1–S7). CCDC 2169314 contains the supplementary crystallographic data
for 11. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (accessed on 17 July 2022)(or from the CCDC, 12 Union Road, Cambridge,
CB21EZ, UK; or deposit@ccdc.cam.ac.uk).

3.3. Computational Methods

All calculations were performed with Gaussian09 software package [47]. The en-
thalpies of formation in the gas phase for all cases were calculated using the CBS-4M
method [48]. The enthalpies of formation of salts in the solid phase were estimated on the
basis of the crystal packing modeling method. Values for ∆fH◦ (atoms) were taken from
the NIST database.

∆fH◦
(g, 298) = H(Molecule, 298) − ∑H◦

(Atoms, 298) + ∑∆fH◦
(Atoms, 298)

Geometric optimization of all structures for crystal packing calculation was carried
out using the DFT/B3LYP functional and the aug-cc-PVDZ basis set with a Grimme’s D2
dispersion correction [49]. The optimized structures were conformed to be true local energy
minima on the potential-energy surface by frequency analyses at the same level.

In the calculation of lattice energy, the molecules were treated as rigid bodies with
fixed point groups. We applied pairwise atom–atom potentials to describe the van der
Waals and electrostatic point charges for Coulomb components of intermolecular energy. At
the initial stage, “6–12” Lennard-Jones (LJ)-type potential parameters were used [50]. The
electrostatic energy was calculated with a set of displaced point charge sites by program
FitMEP [51]. The lattice energy simulations were performed with the program PMC [52].

It is well known that the majority of organic crystal structures studied experimentally
belong to a rather limited number of space groups [53]. For brief assessment of crystal
packing, we obtained the following ordered list of the most likely structural classes: P21/c,
P212121, P-1, Pca21 and P1 with two independent molecules in cell, which cover more
than 80% of the whole number of crystal structures in total [53]. Taking into account low
deviation in the crystal lattice energies of polymorphs, such a calculation is considered
reasonable.

Enthalpy of sublimation for 9 was calculated by the formula:

∆Hsubl = −Elat − 2RT

where R is the universal gas constant, Elat is the lattice energy, T is temperature (298 K).
The new approach for salts proposes a technique based on modeling the crystal

packing for a salt and a similar neutral compound (quasi-salt, cocrystal). The enthalpy of
formation in this case is calculated as the average value between these two structures [54].

Detonation performance parameters (detonation velocity at maximal density and
Chapman–Jouguet pressure) were calculated by a recently suggested set of empirical
methods from PILEM application [42]. Note that the accuracy of the utilized PILEM
empirical methods is comparable to benchmark thermodynamic code EXPLO5.

3.4. Thermal Analysis and Sensitivity Measurements

Thermal analysis was performed using the STA 449 F3 (Netzsch) apparatus. Samples
of 0.5–1 mg mass were poured into alumina pans covered with pierced lids and heated to
600 ◦C with a constant rate of 5 K min−1. Impact sensitivity tests were performed using
BAM-type machine according to STANAG 4489 [55]. Friction sensitivity was evaluated in
agreement with STANAG 4487 [56]. The reported values correspond to 50% probability of
explosions; other details can be found elsewhere [57].
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3.5. Synthetic Procedures

3-Amino-6-cyano-1,2,4,5-tetrazine (1). Method A from 3-amino-6-(3,5-dimethyl-1H-pyrazol-
1-yl)-1,2,4,5-tetrazine 2: In a Schlenk flask under an argon atmosphere, 3-amino-6-(3,5-
dimethyl-1H-pyrazol-1-yl)-1,2,4,5-tetrazine 2 (382 mg, 2 mmol), KCN (260 mg, 4 mmol)
and oven-dried 3Å molecular sieves (300 mg) were mixed, and dry DMF (9 mL) was added.
The reaction mixture was stirred at ambient temperature for 5.5 h, poured into a solution
of NH4Cl (16 g) in 200 mL of cold water and extracted with EtOAc (7 × 60 mL). The com-
bined extracts were dried over MgSO4 and evaporated at reduced pressure. The resulting
crude solid was purified by flash chromatography on SiO2 (eluent CH2Cl2-EtOAc, 4:1)
yielding 206 mg (84%) of pure product. Method B from 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-
1,2,4,5-tetrazine 3: In a Schlenk flask under an argon atmosphere, 3,6-bis(3,5-dimethyl-1H-
pyrazol-1-yl)-1,2,4,5-tetrazine 3 (540 mg, 2 mmol), KCN (520 mg, 8 mmol) and oven-dried
3Å molecular sieves (400 mg) were mixed, and dry DMF (15 mL) was added. The reaction
mixture was stirred at ambient temperature for 1.5 h, poured into a solution of NH4Cl (12 g)
in 150 mL of cold water and extracted with EtOAc (5 × 60 mL). The combined extracts
were dried over MgSO4 and evaporated at reduced pressure. The resulting crude solid
was purified by flash chromatography on SiO2 (eluent CH2Cl2-EtOAc, 4:1) yielding 220 mg
(90%) of pure product. Red crystalline solid. mp = 176–177 ◦C (dec). IR (KBr), ν: 3432,
3331, 2253, 1670, 1637, 1531, 1501, 1038, 970 cm−1. 1H NMR (300 MHz, DMSO-d6) δH, ppm:
9.12 (s, 2H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC, ppm: 160.9, 144.6, 115.6. Calcd. for
C3H2N6 (%): C, 29.51; H, 1.65; N, 68.84. Found (%): C, 29.59; H, 1.59; N, 68.67.

6-Amino-3-cyano-1,2,4,5-tetrazine 1,5-dioxide (5). First, 85% H2O2 (4.5 mL) was
slowly added to trifluoroacetic anhydride (12 mL), cooled on an ice bath, and the tempera-
ture was kept below 10 ◦C. Then, a solution of 3-amino-6-cyanotetrazine (2.44 g, 20 mmol)
in MeCN (30 mL) was added in one portion. The reaction mixture was stirred at 25 ◦C for
2 h, poured into water (250 mL) and extracted with EtOAc (10 × 50 mL). The combined
extracts were dried over MgSO4 and evaporated at reduced pressure yielding 2.68 g (87%)
of pure product. Yellow solid. mp = 191–192 ◦C (dec). 1H NMR (300 MHz, DMSO-d6) δH,
ppm: 9.69 (s, 2H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC, ppm: 150.1, 129.9, 112.5. Calcd.
for C3H2N6O2 (%): C, 23.38; H, 1.31; N, 54.54. Found (%): C, 23.51; H, 1.19; N, 54.31.

6-Amino-3-(amino(hydroximino)methyl)-1,2,4,5-tetrazine 1,5-dioxide (6). First, 50%
aqueous NH2OH (1.22 mL, 19 mmol) was added dropwise to a suspension of 6-amino-3-
cyano-1,2,4,5-tetrazine 1,5-dioxide 5 (2.54 g, 16.5 mmol) in ethanol (66 mL) at 0 ◦C under
vigorous stirring. The reaction mixture was stirred at 0 ◦C for 10 min and then at ambient
temperature for an additional 1 h. The resulting solid was filtered off, washed with EtOAc
(30 mL) and dried in air. Yield 2.96 g (96%). Orange solid. Td = 207–208 ◦C. IR (KBr), ν:
3459, 3403, 3353, 3111, 1685, 1633, 1502, 1402, 1319, 1092, 947 cm−1. 1H NMR (300 MHz,
DMSO-d6) δH, ppm: 10.32 (s, 1H), 8.71 (br. s, 2H), 5.79 (s, 2H). 13C{1H} NMR (75.5 MHz,
DMSO-d6) δC, ppm: 147.1, 145.5, 145.2. Calcd. for C3H5N7O3 (%): C, 19.26; H, 2.69; N,
52.40. Found (%): C, 19.35; H, 2.61; N, 52.28.

6-Amino-3-(chloro(hydroxyimino)methyl)-1,2,4,5-tetrazine 1,5-dioxide (7). Conc. HCl
(59 mL) was added to a suspension of amidoxime 6 (2.805 g, 15 mmol) in distilled water
(48 mL) at 0 ◦C under vigorous stirring. Then, a solution of NaNO2 (1.24 g, 18 mmol) in
distilled water (18 mL) was added dropwise at 0 ◦C. The reaction mixture was stirred for
3.5 h at 0 ◦C, poured into 500 mL of water and extracted with EtOAc (8 × 60 mL). The
combined extracts were dried over MgSO4 and evaporated at reduced pressure yielding
3.01 g (97%) of pure chlorooxime. Yield 3.01 g (97%). Yellow solid. Td = 207–208 ◦C. IR
(KBr), ν: 3391, 3291, 3262, 1644, 1494, 1303, 1088, 1007, 900 cm−1. 1H NMR (300 MHz,
DMSO-d6) δH, ppm: 13.20 (s, 1H), 8.96 (s, 2H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC,
ppm: 147.3, 145.1, 129.8. Calcd. for C3H3N6O3Cl (%): C, 17.45; H, 1.46; N, 40.69. Found (%):
C, 17.40; H, 1.49; N, 40.61.

6-Amino-3-(azido(hydroxyimino)methyl)-1,2,4,5-tetrazine 1,5-dioxide (8). Chlorox-
ime 7 (1.55 g, 7.5 mmol) was added in one portion to a solution of NaN3 (975 mg, 15 mmol)
in 40 mL of distilled water at 0 ◦C. The reaction mixture was stirred at 0 ◦C for 10 min and
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then at ambient temperature for an additional 3.5 h. Then, conc. HCl (660 µL) was added,
the reaction mixture was stirred for 10 min, and the yellow product was filtered off, washed
with water (10 mL) and dried in air. Additional amounts of product were obtained from
the mother liquor, which was evaporated under reduced pressure. Then, THF (20 mL) was
added to the residue, and insoluble NaCl was filtered off. The resulting solution containing
target azidooxime was evaporated under reduced pressure. The obtained products were
combined to yield 1.50 g (94%) of target compound 8. Yellow solid. Td = 185–186 ◦C. IR
(KBr), ν: 3374, 3246, 2172, 2135, 1645, 1499, 1311, 1085, 1029, 926 cm−1. 1H NMR (300 MHz,
DMSO-d6) δH, ppm: 12.46 (s, 1H), 8.90 (s, 2H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC,
ppm: 147.4, 144.0, 136.6. Calcd. for C3H3N9O3 (%): C, 16.91; H, 1.42; N, 59.15. Found (%):
C, 16.70; H, 1.49; N, 58.99.

6-Amino-3-(1-hydroxy-1H-tetrazol-5-yl)-1,2,4,5-tetrazine 1,5-dioxide (9). Azidooxime
8 (1.70 g, 8 mmol) was dissolved in a 20% HCl solution in dioxane (25 mL). The reaction
mixture was stirred for 5 h at ambient temperature, poured into 100 mL of distilled water
and evaporated at reduced pressure at 45 ◦C, adding water several times to completely
remove any residual HCl. Yield 1.65 g (97%). Yellow solid. Td = 213–214 ◦C. IR (KBr),
ν: 3547, 3499, 1639, 1503, 1326, 1109, 956 cm−1. 1H NMR (300 MHz, DMSO-d6) δH, ppm:
9.20 (s, 2H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC, ppm: 148.0, 141.5, 139.6. HRMS (ESI)
Calcd. for: C3H4N9O3

+: 214.0431; Found: 214.0441 [M+H]+. Calcd. for: C3H3N9O3Na+:
236.0251; Found: 236.0251 [M+Na]+.

Ammonium salt of 6-amino-3-(1-hydroxy-1H-tetrazol-5-yl)-1,2,4,5-tetrazine 1,5-dioxide
(10). Dry gaseous ammonia was bubbled through a solution of hydroxytetrazole 9 (1.065 g,
5 mmol) in 40 mL of dry THF, cooled to 0 ◦C, for 5 min. The reaction mixture was stirred
for an additional 30 min at 0 ◦C. The formed red solid was filtered off, washed with THF
(50 mL) and dried in air. Yield 1.13 g (98%). Red solid. Td = 212 ◦C. IR (KBr), ν: 3302, 3208,
1613, 1418, 1309, 1114, 956 cm−1. 1H NMR (300 MHz, DMSO-d6) δH, ppm: 6.40 (br. s, 6H).
13C{1H} NMR (75.5 MHz, DMSO-d6) δC, ppm: 147.3, 140.9, 137.4. 14N NMR (21.7 MHz,
DMSO-d6) δN: −362.1. Calcd. for C3H6N10O3 (%): C, 15.66; H, 2.63; N, 60.86. Found (%):
C, 15.81; H, 2.49; N, 60.59.

Hydroxylammonium salt of 6-amino-3-(1-hydroxy-1H-tetrazol-5-yl)-1,2,4,5-tetrazine
1,5-dioxide (11). First, 50% aqueous NH2OH (313 µL, 5.1 mmol) was added dropwise
to a solution of hydroxytetrazole 9 (1.065 g, 5 mmol) in 20 mL of dry THF at 0 ◦C under
vigorous stirring. The reaction mixture was additionally stirred at 0 ◦C for 30 min. The
formed yellow solid was filtered off, washed with THF (30 mL) and dried in air. Yield 1.48 g
(94%). Yellow solid. Td = 155 ◦C. IR (KBr), ν: 3229, 2950, 1651, 1502, 1309, 1112, 956 cm−1.
1H NMR (300 MHz, DMSO-d6) δH: 9.90 (br. s, 6H). 13C{1H} NMR (75.5 MHz, DMSO-d6) δC,
ppm: 146.7, 142.9, 137.5. Calcd. for C3H6N10O4 (%): C, 14.64; H, 2.46; N, 56.91. Found (%):
C, 14.42; H, 2.57; N, 56.70.

4-Amino-1,2,4-triazolium salt of 6-amino-3-(1-hydroxy-1H-tetrazol-5-yl)-1,2,4,5-tet-
razine 1,5-dioxide (12). A solution of 4-amino-1,2,4-triazole (378 mg, 4.5 mmol) in 2 mL
of MeOH was added dropwise to a solution of hydroxytetrazole 9 (959 mg, 4.5 mmol) in
16 mL of dry THF at ambient temperature under vigorous stirring. The reaction mixture
was additionally stirred at ambient temperature for 30 min. The formed yellow solid
was filtered off, washed with THF (30 mL) and dried in air. Yield 1.31 mg (98%). Yellow
solid. Td = 206 ◦C. IR (KBr), ν: 3331, 3134, 1638, 1500, 1320, 1100, 960 cm−1. 1H NMR
(300 MHz, DMSO-d6) δH, ppm: 9.18 (s, 2H), 8.55 (s, 2H), 6.02 (br. s, 3H). 13C{1H} NMR
(75.5 MHz, DMSO-d6) δC, ppm: 147.8, 144.6, 140.9, 140.2. 15N NMR (50.7 MHz, DMSO-d6)
δN, ppm: −4.8, −14.3, −51.2, −80.3, −89.9, −90.4, −105.6, −194.5, −306.6, −312.5. Calcd.
for C5H7N13O3 (%): C, 20.21; H, 2.37; N, 61.27. Found (%): C, 20.36; H, 2.29; N, 60.97.

4. Conclusions

In conclusion, a series of novel energetic organic salts comprising C-C bridged
tetrazinedi-N-oxide and hydroxytetrazole rings and nitrogen-rich cations was synthesized
starting from the parent compound 3-amino-6-cyano-1,2,4,5-tetrazine. These energetic
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materials were well characterized by IR and 1H, 13C, 15N NMR spectroscopy, elemental
analysis and differential scanning calorimetry. The molecular structure of the hydroxy-
lammonium salt 11 was additionally confirmed by single-crystal X-ray diffraction. The
anionic units in energetic salt 11 are stacked into infinite columns, which are supported by
hydrogen bonds formed between exocyclic oxygen and ring nitrogen atoms of the anion
and the hydroxylammonium counter-ions. Synthesized energetic salts have high enthalpies
of formation and excellent detonation performance, which together with high nitrogen
content, make these compounds promising green alternatives for commonly used sec-
ondary explosive RDX. Moreover, reported high-energy salts have lower friction sensitivity
compared to RDX, which additionally confirms their suitability for energetic applications
as secondary explosives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27185891/s1, crystallographic data (Tables S1–S7),
copies of NMR spectra.
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Abstract: Treatment of Mn(N(SiMe3)2)2(THF)2 with bulky chelating bis(alkoxide) ligand [1,1′:4′,1′ ′-
terphenyl]-2,2′ ′-diylbis(diphenylmethanol) (H2[O-terphenyl-O]Ph) formed a seesaw manganese(II)
complex Mn[O-terphenyl-O]Ph(THF)2, characterized by structural, spectroscopic, magnetic, and
analytical methods. The reactivity of Mn[O-terphenyl-O]Ph(THF)2 with various nitrene precur-
sors was investigated. No reaction was observed between Mn[O-terphenyl-O]Ph(THF)2 and aryl
azides. In contrast, the treatment of Mn[O-terphenyl-O]Ph(THF)2 with iminoiodinane PhINTs (Ts =
p-toluenesulfonyl) was consistent with the formation of a metal-nitrene complex. In the presence of
styrene, the reaction led to the formation of aziridine. Combining varying ratios of styrene and PhINTs
in different solvents with 10 mol% of Mn[O-terphenyl-O]Ph(THF)2 at room temperature produced
2-phenylaziridine in up to a 79% yield. Exploration of the reactivity of Mn[O-terphenyl-O]Ph(THF)2

with various olefins revealed (1) moderate aziridination yields for p-substituted styrenes, irrespective
of the electronic nature of the substituent; (2) moderate yield for 1,1′-disubstituted α-methylstyrene;
(3) no aziridination for aliphatic α-olefins; (4) complex product mixtures for the β-substituted styrenes.
DFT calculations suggest that iminoiodinane is oxidatively added upon binding to Mn, and the re-
sulting formal imido intermediate has a high-spin Mn(III) center antiferromagnetically coupled to
an imidyl radical. This imidyl radical reacts with styrene to form a sextet intermediate that readily
reductively eliminates the formation of a sextet Mn(II) aziridine complex.

Keywords: alkoxides; aziridination; manganese; iminoiodinane

1. Introduction

The nitrogen equivalent of an epoxide, aziridine, is a three-membered heterocycle
containing one nitrogen and two carbon atoms [1]. The combination of Baeyer strain and
an electronegative element in a three-membered ring makes it susceptible to ring-opening
reactions [2]. Because of the high reactivity of aziridines, they serve as intermediates in the
total synthesis of natural products [3] and pharmaceuticals [4,5], exhibit diverse biologi-
cal/biomedical functions [6,7], and have been used extensively in the synthesis of various
heterocycles [8,9]. Different routes toward this useful functional group have been reported
in the literature [1,2,10,11]. In the absence of transition metals, aziridine synthesis requires
extreme conditions (high temperature and/or pressure) or the availability of highly reactive
ylide-based precursors [12–14]. Generally, transition metal-catalyzed nitrene group transfer
to olefins enables a more efficient route to aziridines, which also takes place under milder
reaction conditions. Various nitrene transfer reagents, such as iminoiodinanes [15–18],
organic azides [19], chloramine–T, and bromamine–T [20–22], can act as nitrene precursors
to carry out this transformation. Catalysts based on noble metals, such as Ag [23–28],
Rh [29–37], Ru [38–44], and Pd [45–47], were found to be reactive, with a wide variety of
alkenes. Although these catalysts are often very efficient, the high cost and low availability
of precious metals prompted interest in developing more sustainable catalysts based on
earth-abundant and generally less toxic 3d metals [48,49]. Aziridination via nitrene transfer
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using Mn and Fe porphyrins was reported early on by Breslow et al. [50]. The reactivity
of porphyrinoid (porphyrin, corrole, and phthalocyanine), salen, and oxazoline ligands
in aziridination has led to a growing interest among the scientific community in develop-
ing nitrogen-donor ligand-based aziridination catalysts with varying properties [48]. A
significant number of Fe- and Co-based aziridination catalysts have been reported in the
last decade, most of which are supported by nitrogen-donor ligands [51–66]. In recent
years, a number of Fe-based aziridination catalysts supported by oxygen-donor [67,68] and
carbon-donor [69–75] ligands have been reported as well. The stability and reactivity of
formally high-oxidation state Fe and Co have been demonstrated to depend on ancillary
ligand environments. While for weak-field nitrogen and oxygen ligand environments the
reactions are generally postulated to proceed via highly reactive (and often not isolable)
metal(III)-imidyl radical species, strong-field (carbene) ligation forms more stable Fe(IV)
imides [76,77]. In contrast, the field of Mn-based aziridination catalysis has been less
explored. Most reported Mn catalysts feature nitrogen-donor ligands [78–88], with the
notable exception of the mixed nitrogen/oxygen donor set of salen ligands. The present
work describes the aziridination reactivity of a Mn complex bearing an oxygen-ligand
environment exclusively.

Group-transfer catalysts containing 3d transition metals coordinated with bulky
bis(alkoxide) ligands are currently under investigation in our group [89,90]. Bis(alkoxide)
ligand platforms provide weak-field ligand environments, leading to reactive nitrene- and
carbene-transfer catalysts [91–96]. Using these systems, we demonstrated iron- and chromium-
mediated nitrene transfer to form azoarenes and carbodiimides, respectively [91–94]. How-
ever, no aziridine formation was observed in the reactions of the chromium or iron systems
with the combination of organoazides and styrene. To improve catalyst stability and perfor-
mance, we recently synthesized a new chelating bis(alkoxide) ligand H2[O-terphenyl-O]Ph

([1,1′:4′,1′ ′-terphenyl]-2,2′ ′-diylbis(diphenylmethanol)) [97,98]. The resulting iron com-
plex Fe[O-terphenyl-O]Ph(THF)2 (1, Scheme 1) demonstrated significantly more efficient
catalytic performance in azoarene production [97]. The improved performance of the
chelating bis(alkoxide) ligand [O-terphenyl-O]Ph in catalysis prompted us to investigate
the application of its complexes in olefin aziridination. Herein, we report the first exam-
ple of an Mn-based aziridination catalyst featuring a low-coordinate, oxygen-only, bulky
bis(alkoxide) ligand environment.
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of iron analogue 1.

2. Results and Discussion

2.1. Reactivity of Fe[O-terphenyl-O]Ph(THF)2 (1) and Synthesis and Characterization of
Mn[O-terphenyl-O]Ph(THF)2 (2)

Complex 1 (Fe[O-terphenyl-O]Ph(THF)2) was prepared as previously described
(Scheme 1) [97]. The attempted aziridination using the combination of an organoazide
precursor (p-tolyl azide), styrene, and 1 (10 mol%) (room temperature) did not produce the
desired 2-phenyl-1-(p-tolyl)aziridine product (Figure S14). However, replacing organoazide
with the more reactive nitrene precursor iminoiodinane (PhINTs, Ts = p-toluenesulfonyl)
produced 2-phenyl-1-tosylaziridine in 32% yield (Figure S15). In selected cases, Mn-based
catalysts exhibited reactivity superior to their Fe-based counterparts [88]. We decided to
prepare the Mn(II) analogue of 1 and explore its aziridination reactivity.
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Mn[O-terphenyl-O]Ph(THF)2 (2) was synthesized by treating Mn(N(SiMe3)2)2(THF)2
with H2[O-terphenyl-O]Ph in THF at room temperature (Scheme 1). The purple solution
of the Mn(N(SiMe3)2)2(THF)2 precursor turned light yellow upon the addition of the
ligand over a course of 8 hours. Recrystallization of the crude reaction product from
CH2Cl2/THF mixture at −35 ◦C produced very pale yellow (nearly colorless) crystals of 2
in 74% yield. The product was characterized by solution magnetic measurements, X-ray
crystallography, IR, and UV-vis spectroscopy, and elemental analysis. The solution state
magnetic moment of 2 (measured in C6D6) was found to be 5.8 ± 0.2 µB (an average of two
measurements), consistent with high-spin Mn(II) (Figures S3 and S4). 1H NMR spectrum of
the paramagnetic Mn(II) complex 2 demonstrated only two broad signals around 1.6 ppm
and 3.8 ppm attributable to THF protons (Figures S1 and S2). The UV-vis spectrum in the
350–900 nm range was nearly featureless, as expected for high-spin Mn(II) (Figure S5).

The X-ray structure of 2 is presented in Figure 1 (crystal and refinement data are
given in Table S4). As anticipated, [O-terphenyl-O]Ph binds to the metal in a chelating
fashion. The geometry at the metal is a distorted seesaw, with a narrow angle between
the THF ligands (91.3(2)◦) and a wide angle between the alkoxide donors (150.3(2)◦) (see
Figure 1 for selected bond distances and angles). The seesaw geometry in 2 is similar to the
previously reported iron counterpart 1 [97]. The inter-alkoxide angle (RO-Mn-OR, ~150◦) in
2 is significantly wider than the corresponding angle in the related Mn(II) complex with two
monodentate alkoxides (Mn(OCtBu2Ph)2(THF)2, ~130◦) [99]. A similar difference in this
angle was observed for the corresponding iron isologues Fe[O-terphenyl-O]Ph(THF)2 (1)
and Fe(OCtBu2Ph)2(THF)2), [97,99,100] and likely resulted from the rigidity of the chelating
para-terphenyl bis(alkoxide) framework. The distance between the central phenyl and
Mn is 3.09 Å, suggesting no interaction between the phenyl ring and the metal center,
as previously observed for the iron analogue [97]. In contrast, a considerably shorter
distance between the metal and the central phenyl (2.49 Å) in the chromium analogue
Cr[O-terphenyl-O]Ph(THF)2, was consistent with a weak covalent interaction between
chromium and the central phenyl [98].
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mations of one of the top THF ligands and one of the lateral phenyls, H atoms, and disordered 
solvent were omitted for clarity. Selected bond distances (Å) and angles (°): Mn-O1 1.888(5), Mn-
O2 1.922(4), Mn-O3 2.205(4), Mn-O4 2.178(4), O1-Mn-O2 150.3(2), and O3-Mn-O4 91.23(2). 

2.2. Reactivity of 2 in Aziridination 

Figure 1. X-ray structure (50% probability) of Mn[O-terphenyl-O]Ph(THF)2 (2). Alternative conforma-
tions of one of the top THF ligands and one of the lateral phenyls, H atoms, and disordered solvent
were omitted for clarity. Selected bond distances (Å) and angles (◦): Mn-O1 1.888(5), Mn-O2 1.922(4),
Mn-O3 2.205(4), Mn-O4 2.178(4), O1-Mn-O2 150.3(2), and O3-Mn-O4 91.23(2).

2.2. Reactivity of 2 in Aziridination

Following the synthesis and characterization of 2, its reactivity in nitrene transfer was
investigated. The reaction of 2 with representative organic aryl azides, including mesityl
azide, p-tolyl azide, and tosyl azide in benzene, did not display any significant color change,
even at elevated temperatures. No change in the 1H NMR spectra of the reaction mixtures
was observed, further suggesting a lack of reactivity. The reaction of 2 with organic azides in
the presence of styrene or isocyanides similarly exhibited no change in the NMR spectrum
of the reaction mixture. However, replacing the nitrene precursor with iminoiodinane
(PhINTs, Ts = p-toluenesulfonyl) produced a rapid color change (colorless to brown). The
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combination of PhINTs, styrene, and 2 (10 mol%, C6D6) for 24 h at room temperature led
to the formation of the desired aziridine product, with 78% yield. The 1H NMR spectrum
of the reaction mixture (Figure S15) was relatively clean, exhibiting peaks attributable to
the aziridine, styrene, and iodobenzene by-product. The control reaction of styrene (and
other alkenes, see below) with PhINTs in the absence of a catalyst under similar reaction
conditions formed trace amounts of TsNH2; no formation of aziridines was observed.

To optimize catalyst performance, we carried out the aziridination of styrene at vary-
ing ratios of catalyst, PhINTs, and styrene (Table 1). In addition, we investigated the effects
of different solvents on the reaction outcomes. All reactions were conducted at room tem-
perature for 24 hours. Only small variations in product yields (74–78%) were observed for
different ratios of styrene:PhINTs:catalyst in C6D6 (Table 1). These results are noteworthy,
as a large excess of styrene is generally necessary in Mn-catalyzed aziridination reactions.
The use of CD2Cl2 or CD3CN as the reaction solvent produced similar yields at a 4:1 ratio
of styrene:PhINTs (entries 1–3). However, in sharp contrast to C6D6, a significant decrease
in the product yields was observed in these solvents when the styrene:PhINTs ratio was
decreased to 1:1 (entries 6–8). It is feasible that a decrease in the product yields at a lower
styrene:PhINTs ratio in polar solvents results from the increased solubility and therefore
faster decomposition of reactive PhINTs in these solvents. As the reaction yield remained
nearly optimal in benzene under less wasteful reaction conditions (reagent ratio of 1:1), it
was used as a solvent in subsequent reactivity studies. Reducing catalyst loading to 5%
(entry 5) led to a decline in the aziridine yield to 53%; a significant amount of undissolved
PhINTs remained.

Table 1. Optimization of aziridination conditions.
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Entry 
(#) 

2 
(mol%) 

Solvent 
PhINTs 
(equiv) 

Styrene 
(equiv) 

Yield 
(%) 

1 10 C6D6 1 4 78 
2 10 CD2Cl2 1 4 79 
3 10 CD3CN 1 4 70 
4 10 C6D6 1 2 74 
5 5 C6D6 1 2 53 
6 10 C6D6 1 1 75 
7 10 CD2Cl2 1 1 17 
8 10 CD3CN 1 1 43 
9 10 C6D6 2 1 74 

Entry 2
(mol%) Solvent PhINTs

(equiv)
Styrene
(equiv)

Yield
(%)

1 10 C6D6 1 4 78
2 10 CD2Cl2 1 4 79
3 10 CD3CN 1 4 70
4 10 C6D6 1 2 74
5 5 C6D6 1 2 53
6 10 C6D6 1 1 75
7 10 CD2Cl2 1 1 17
8 10 CD3CN 1 1 43
9 10 C6D6 2 1 74
10 10 C6D6 1.5 1 75

Following the optimization of reaction conditions for styrene aziridination, the aziridi-
nation of additional olefins was investigated. All reactions were conducted at room tem-
perature for 24 h using 10 mol% catalyst and a ratio of 1:1 PhINTs:styrene. The formation
of the products was confirmed by 1H NMR spectroscopy and GC-MS (see Supplementary
Material). Several different variables in the olefin structure were investigated (Figure 2),
including the electronic effect (para substitution) in styrene, the aromatic vs. aliphatic
nature of mono-substituted olefins, and α- and β-disubstituted styrenes. The catalyst
showed moderate reactivity with p-tBu, p-CN, and p-CF3-substituted styrenes (52–54%); a
slightly higher yield (62%) was obtained for electron-rich 4-methoxy styrene. In addition to
the aziridine products, NMR spectra demonstrate the presence of an unreacted starting
material (styrene) and the expected by-product iodobenzene. No additional products
(e.g., TsNH2 or C-H aminated products) were observed in significant quantities by 1H
NMR. However, the formation of these products in small quantities, or the formation of
paramagnetic metal-based by-products, cannot be ruled out. The comparable reactivity of
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electron-rich and electron-poor styrenes in Mn-catalyzed aziridination is consistent with
previous reports [88]. No aziridination reactivity with non-aromatic olefins (methyl acrylate
and 1-decene, Figures S21 and S22) was observed.
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We also investigated the reactivity of α- and β-disubstituted styrenes. The reaction of
α-methyl-styrene produced 1,1’-methylphenylaziridine relatively cleanly, with a moderate
yield (53%). However, nitrene transfer onto β-disubstituted styrenes (cis/trans β-methyl-
styrene and cis/trans stilbene) formed significantly more complex mixtures of products
exhibiting broad resonances. Our attempts to isolate the organic products of these reactions
were unsuccessful.

2.3. Spectroscopic and Computational Probing of the Reaction Mechanism

How does the formation of aziridine occur with 2 as a catalyst? Different mechanistic
hypotheses for manganese-mediated aziridination with PhINTs were proposed, including
via a Mn-N(Ts)IPh adduct or Mn=NTs imido [85,88]. We probed the nature of reactive
intermediates by NMR spectroscopy and DFT calculations. PhINTs is insoluble in the
reaction medium. Upon the combination of 2 with PhINTs in C6D6, its dissolution occurs.
The 1H NMR spectrum collected immediately after the dissolution of PhINTs (approxi-
mately 10–15 min) showed the formation of free PhI (iodobenzene, Figures S7–S9). Thus,
the formation of PhI occurs concurrently with the formation of brown intermediates and
dissolution of PhINTs, suggesting that Mn[O-terphenyl-O]Ph-N(Ts)IPh is not a long-lived
reaction intermediate. The addition of styrene after the formation of the brown interme-
diate shows aziridine formation, suggesting that the nitrene transfer to styrene does not
take place via a Mn[O-terphenyl-O]Ph-N(Ts)IPh intermediate. No TsNH2 was observed
by 1H NMR after 15 min; formation of TsNH2 was observed after approximately 20 h
(Figures S10–S12). The UV-vis spectra of the mixtures of 2 with PhINTs, taken at different
time intervals, were not informative (Figure S13). Because our multiple attempts to isolate
reaction intermediates were not successful, we used DFT calculations to probe the nature
of the reaction intermediates and the reaction mechanism.
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Additional support for the short-lived iminoiodinane adduct comes from computa-
tions. DFT calculations of putative iminoiodinane adducts showed significant activation, as
evidenced by the long N-I distances of 2.94 and 3.10 Å for the two isomers vs. 2.06 Å in free
iminoiodinane (Figure S28). Mayer bond orders of only 0.08 and 0.05 confirm that the N-I
bond is broken in both isomers. Moreover, the electronic structure of this species is nearly
identical to that of the formal imido species (vide infra) formed after the loss of PhI. The
reaction of 2 with two equivalents of PhINTs is unlikely due to steric constraints [86,98].
We hypothesize that the aziridination of styrene takes place via a Mn-imido intermediate.

Multiple geometries and possible oxidation/spin states were evaluated for the man-
ganese imido species. The lowest energy quartet optimized structure is shown in Figure 3.
This species has a short Mn-NTs bond length of 1.72 Å that is slightly longer than the
known Mn-imido species of ~1.6 Å [101–103] and shorter Mn-O bond lengths of 1.75 and
1.78 Å than the crystal structure of the Mn(II) species (Figure 1). The spin isosurface shows
that spin is mostly localized at Mn and N, with opposite spins on each atom in Figure 3;
Mulliken spin densities are 3.5 for Mn, 0.0 for [O-terphenyl-O]Ph, and −0.5 for NTs. This
suggests that this quartet has an electronic structure between a formal high-spin Mn(IV)-
imido and high-spin Mn(III)-imidyl, with antiferromagnetic coupling between the metal
and ligand radical. This geometric and electronic structure is similar to the one reported for
Mn with a triphenylamido amine ligand; thus, we consider it Mn(III)-imidyl going forward
and computationally probe the radical mechanism previously proposed [88]. Analysis of
the electronic structure of the iminoiodinane adduct showed Mulliken spins of 3.4 for Mn,
0.0 for [O-terphenyl-O]Ph, and −0.4 for TsNIPh, and visualization of the spin density (see
Supplementary Material) shows that it is localized on the N. Thus, that adduct is probably
better interpreted as manganese imidyl with a van der Waals-bound PhI.
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Figure 4 summarizes the lowest energy structures along the reaction mechanism.
Alternative regio and stereoisomers, and spin states are discussed in the Supporting In-
formation. Starting with the bis-THF complex, the loss of both THF molecules is uphill
by 13.2 kcal/mol. Binding of iminoiodinane to Mn[O-terphenyl-O]Ph is exergonic by
28.3 kcal/mol and affords putative iminoiodinane adduct A, which we use as the refer-
ence point for this mechanism. As discussed above, A has a nearly identical electronic
structure to Mn(III)-imidyl intermediate B, which is exergonic by 2.3 kcal/mol. B reacts
with styrene on the quartet surface through a transition state that is 6.8 kcal/mol uphill
in Gibbs free energy, and spin crossover occurs before the radical intermediate C, which
is downhill in Gibbs energy by 12.4 kcal/mol relative to B. C has Mulliken spins of 4.0
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for Mn, 0.0 for [O-terphenyl-O]Ph, and 0.9 for NTsCH2CHPh, the latter of which is mostly
localized on CHPh (see Supplementary Material). The barrier between C and D is uphill by
4.9 kcal/mol, and D is exergonic by 7.0 kcal/mol. D has Mulliken spins of 4.8 for Mn, 0.1 for
[O-terphenyl-O]Ph, and 0.1 for aziridine. Thus, the high-spin Mn(III) intermediate C is well
poised to reductively eliminate aziridine and re-form sextet Mn(II), D, in a spin-allowed
step. This mechanism agrees well with the previously proposed mechanism [88].
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The possible catalytic cycle (combining the spectroscopic and computational findings
described above) is given in Scheme 2 below. The formation of PhINT adduct A is followed
by the dissociation of PhI and facile formation of Mn(III)-imidyl radical B (free PhI is
observed by NMR). While our computational studies focused on the reaction path in
which PhINTs replace both THF ligands, it is possible that one THF remains coordinated
to the metal throughout the reaction mechanism. Next, reactive (high-energy) species B
reacts with styrene to form lower-energy radical intermediate C. As C is significantly more
stable and the reaction barrier is low, little discrimination is observed between different
para-substituted styrenes (featuring different electronic effects in the sterically remote para
position). However, the reaction is anticipated to be sensitive to a more pronounced steric
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effect, including styrene di-substitution. Likely due to the reactive radical nature of the
reaction, complex mixtures of the reaction products were observed for the β-disubstituted
styrenes. Subsequent C—N coupling forms azidine adduct D, which restores A, liberating
the aziridine product.
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3. Summary and Conclusions

We have reported the synthesis and aziridination reactivity of a new manganese com-
plex Mn[O-terphenyl-O]Ph(THF)2, ligated by a bulky chelating bis(alkoxide) ligand. While
the complex did not exhibit a reaction with an organoazide, its treatment with a mixture of
PhINTs and styrene led to the formation of 2-phenyl-1-tosylaziridine in a good yield (up
to 79%) with 10 mol% of the catalyst at room temperature. Various p-substituted styrenes,
as well as the α-methyl-styrene produce the corresponding aziridines in comparable mod-
erate yields; no reactivity with aliphatic olefins was observed. DFT calculations suggest
a radical reaction intermediate, which is formed upon reaction of the high-spin imidyl
radical MnIII[O-terphenyl-O]Ph(=NTs•) with styrene. Whereas the reactivity of the Mn
bis(alkoxide) aziridination catalyst is not superior to the other known Mn aziridination cat-
alysts (described in the Introduction), it (1) allows styrene aziridination relatively efficiently
under sustainable (PhINTs:styrene 1:1 ratio) conditions, and (2) represents the first example
of nitrene transfer into olefin by a 3d complex in a bulky bis(alkoxide) ligand environment.
Our future studies will focus on the additional group-transfer reactions of middle and late
3d complexes in weak-field alkoxide ligand environments, and on the attempts to isolated
and structurally and spectroscopically characterize various reaction intermediates.

4. Materials and Methods
4.1. General Methods and Characterization

Air-sensitive reactions were carried out in a nitrogen-filled glovebox. MnCl2 and
KN(SiMe3)2 were purchased from Strem chemicals and Sigma-Aldrich, respectively, and
used as received. 2-bromophenylboronic acid, 1,4-diiodobenzene, and K2CO3 were pur-
chased from Sigma-Aldrich and used as received. H2[O-terphenyl-O]Ph and PhINTs were
synthesized based on the literature procedures [97,104]. Benzene-d6 was purchased from
Cambridge Isotope Laboratories and stored over 3 Å molecular sieves. HPLC-grade non-
deuterated solvents were purchased from Sigma-Aldrich and purified using an MBraun
solvent purification system. Compounds were generally characterized by 1H and 13C
NMR, high-resolution mass spectrometry, and/or elemental analysis. Selected compounds
were characterized by X-ray crystallography. NMR spectra were recorded at the Lumigen
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Instrument Center on an Agilent 400 MHz Spectrometer and an Agilent DD2-600 MHz
Spectrometer in C6D6 or CDCl3 at room temperature. Chemical shifts and coupling con-
stants (J) were reported in parts per million and Hertz, respectively. The solution state
effective magnetic moment of 2 was determined using the Evans method. Elemental analy-
sis was carried out by Midwest Microlab LLC under air-free conditions. A Thermo Fisher
Scientific LTQ Orbittrap XL mass spectrometer at the Lumigen Instrument Centre was
used for high-resolution mass spectra. IR spectra of powdered samples were recorded
on a Shimadzu IR Affinity-1 FT-IR Spectrometer outfitted with an MIRacle10 attenuated
total reflectance accessory with a monolithic diamond crystal stage and pressure clamp.
UV-visible spectra were obtained using a Shimadzu UV-1800 spectrometer. GC-MS analysis
was carried out using an Agilent 6890N spectrometer, Thermo TG5MS 30 m × 0.32 mm ×
0.25 µm column, 7683 series injector, and Agilent 5973 detector.

4.2. Synthesis of Mn[O-terphenyl-O]Ph(THF)2 (2)

A 57 mg solution of ligand (0.096 mmol, 1 eq.) in THF was added dropwise to a 5 mL
THF solution of Mn[N(SiMe3)2]2(THF)2 [105] (0.050 g, 0.096 mmol, 1 eq.). The color of
the reaction changed from purple to light brown over the course of 12 h. The volatiles
were removed under vacuum, and the crude product was recrystallized using a DCM-THF
solvent mixture at −35 ◦C to give the complex 88% yield (0.061 mg, 0.077 mmol). IR
(cm−1, selected peaks) 2942 (m), 2899 (m), 2366 (m), 1490 (s), 1439 (s), 1115 (s), 1173 (s),
1073 (s), 1026 (s), 909 (s), 888 (s), 832 (s), 790 (s), 755 (s), 700 (s), and 638 (s). The UV−vis
spectrum was nearly featureless in the 350–800 nm region (Figure S5). The magnetic
moment for the compound was determined using the Evans method; two measurements
(Figures S1 and S2) yielded µeff values of 5.68 and 5.97 µB. Anal. Calc for C52H46MnO4: C,
79.07; H, 5.87. Found: C, 79.84; H, 6.21.

4.3. General Procedure for Catalytic Formation of Aziridines

A vial containing solid PhINTs (1 eq.) was transferred to a stirred C6D6 solution
containing mesitylene (internal standard), alkene (1 eq.) and Mn[O-terphenyl-O]Ph(THF)2
(0.1 eq.). The color of the solution changed from colorless to brown. The NMR of the
solution was collected after 24 h, and the yield was calculated with reference to the internal
standard. Major products were identified by NMR and GC-MS. C6D6 was removed under
vacuum, and the crude mixture was dissolved in CDCl3. A comparison of the NMR with
literature reports confirmed the formation of aziridines [106–108].

4.4. Computational Methods

Calculations were performed using density functional theory, as implemented in
Gaussian 09 [109]. Geometry optimizations and frequency calculations [110], and wave-
function stability analyses [111] were executed at the BP86-D3(BJ)/def2-SVP level of theory
employing density fitting and ultrafine grids [112–116]. Subsequent single-point energy
refinements were performed at the B3LYP-D3(BJ)/def2-TZVP level of theory with ultrafine
grids [114,117–120]. Structural analysis and orbital/spin density visualization were done
in GaussView 06 [121]. Mayer bond orders were calculated using Multiwfn 3.5 [122].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules27185751/s1, 1H NMR and GC-MS spectra of the aziri-
dine products (Figures S14–S27), characterization data for complex 2 (Figures S1–S13), computational
details, including energies, frequencies, and optimized geometries, for all species (Figures S28–S30,
Tables S1–S3), crystal and refinement data for 2 (Table S4). CCDC 2183156.
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Nucleophilic Functionalization of 2-R-3-Nitropyridines as a
Versatile Approach to Novel Fluorescent Molecules
Vladislav V. Nikol’skiy, Mikhail E. Minyaev, Maxim A. Bastrakov and Alexey M. Starosotnikov *

N.D. Zelinsky Institute of Organic Chemistry RAS, Leninsky Prosp. 47, 11991 Moscow, Russia
* Correspondence: alexey41@list.ru

Abstract: A number of new 2-methyl- and 2-arylvinyl-3-nitropyridines were synthesized and their
reactions with thiols were studied. It was found that 3-NO2 tends to be selectively substituted under
the action of sulfur nucleophiles in the presence of another nucleofuge in position 5. Correlations
between the substitution pattern and regioselectivity as well as photophysical properties were
established. Some synthesized compounds possessed a large Stokes shift.

Keywords: nitro group; nitropyridines; bis-(het)aryl ethenes; nucleophilic substitution; thiols; UV–Vis
spectroscopy

1. Introduction

Pyridine is an important heterocyclic motif and a part of various natural products. The
pyridine ring system is incorporated into alkaloids, medicines (for example, omeprazole,
lorlatinib, ivosidenib and many others), fungicides, herbicides and insecticides. Application
of the pyridine derivatives as biologically active precursors and coordination complexes
was reviewed recently [1]. Nitropyridines are of particular interest due to their biological
significance [2–5]. In addition, some nitropyridines are considered to be promising energetic
compounds [6–10] and efficient organic optical materials [11]. The introduction of the nitro
group into the pyridine ring facilitates its functionalization in different ways. Recently, we
investigated reactions of 3-R-5-nitropyridines with various types of nucleophiles [12]. It
was found that in the case of anionic S-, N- and O-nucleophiles, the substitution of the non-
activated nitro group occurred while carbon nucleophiles underwent dearomatization of
the pyridine ring with the formation of 1,2- or 1,4-addition products. As a result, a number
of novel or hardly accessible pyridines and their dihydro derivatives were synthesized [12].

In this work we report on the synthesis, reactivity and photophysical properties of
2-methyl- and 2-(2-arylvinyl)-3-nitropyridines, as shown in Figure 1. 2-Alkenylpyridines
are widely employed as precursors to pharmaceuticals (vorapaxar, axitinib, nifurpirinol)
and other biologically active compounds [13]. In addition, 2-(2-arylvinyl)pyridines were
proven to be the fluorescent molecules, with the fluorescence quantum yield showing a
large dependence on the acidity of media [14].
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Figure 1. 2-Methyl- and 2-(2-arylvinyl)-3-nitropyridines synthesized and studied in this work.
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2. Results and Discussion

2-Methyl-3-nitropyridines 2a–c were synthesized from the corresponding commer-
cially available 2-chloro-3-nitropyridines 1a–c by the reaction with diethyl malonate, fol-
lowed by acidic hydrolysis/decarboxylation, as shown in Scheme 1. The oxidation of
compounds 2b,c with the hydrogen peroxide–urea complex gave N-oxides 3b,c in moder-
ate yields.
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Scheme 1. Synthesis of 2-methyl-3-nitropyridines.

We examined 2-methylpyridines 2 and 3 in reactions with aldehydes under piperi-
dine catalysis. Our attempts to isolate condensation products of compounds 2b,c failed,
whereas 2-methyl-3,5-dinitropyridine 2a and N-oxides 3b,c gave diarylethenes 4a–g in high
yields, as shown in Scheme 2. It should be noted that compound 2a reacts several times
faster than pyridine N-oxides 3b,c, indicating that para-NO2 is a more potent activating
group for this reaction than the N-oxide moiety neighboring the 2-methyl group. The
functional group tolerance, along with the relatively mild conditions and availability of
aromatic aldehydes, makes this method a valid alternative for Pd-catalyzed coupling reac-
tions [15–18]. Deoxygenation of pyridine N-oxides 4c,e–g with PCl3 allowed us to obtain
four additional 2-ethenylpyridines 4h–k, which were inaccessible via direct condensation
of 2-methylpyridines 2b,c with aldehydes, as shown in Scheme 2.
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In all cases, only trans-diarylethenes are formed, which was confirmed by NMR
spectroscopy: coupling constants of 15–16 Hz were observed for proton signals of the
double bonds. In addition, X-ray analysis for compounds 4a,i was performed, undoubtedly
proving our assumption, as shown in Figure 2.
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The possibility of the substitution of the non-activated nitro group in pyridines was
studied recently by our group [12]. In 3-nitro-5-Cl(Br)-pyridines, 3-NO2 was found to be more
nucleofugal than halogen in position 5. The reactions of 2-methyl-3-nitropyridines 2 and 3
with thiols are summarized in Scheme 3 and Table 1. Upon heating the reactants in DMF in
the presence of K2CO3, the selective formation of 3-R2S-products 5 was observed in all cases;
however, the reaction of 2a with BnSH gave 5a with a trace amount of the isomer 6a.
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Table 1. Reactions of 2-methyl-3-nitropyridines with thiols.

Substrate R1 n R2 Product, Isolated Yield (%)

2a NO2 0 PhCH2 5a, 70

3b Br 1 PhCH2 5b, 96

3b Br 1 4-Cl-C6H4 5c, 95

2b Br 0 PhCH2 5d, 65

2c CF3 0 PhCH2 5e, 60

3c CF3 1 PhCH2 5f, 52

Interestingly, diarylethenes 4 react with thiols under the same mild conditions, but with
lower selectivity. 1H NMR spectra of the crude products generally contain an additional
set of signals corresponding to the 5-R2S-isomer, whereas the ratio of 5/6 varied from 2:1
to 20:1 depending on the substrate and thiol. Moreover, compounds 6g,h were isolated and
fully characterized, but in all other cases we were unable to isolate isomers 6, as shown in
Scheme 4 and Table 2.
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Table 2. Reactions of 2-(arylvinyl)-3-nitropyridines with thiols.

Substrate R1 Ar n R2 Ratio 5/6 a
Product,
Isolated

Yield (%)

4a NO2 4-Cl-C6H4 0 PhCH2 3:1 5g, 56
6g, 18

4a NO2 4-Cl-C6H4 0 i-C4H9 2:1 5h, 62
6h, 31

4a NO2 4-Cl-C6H4 0 2-furylmethyl >20:1 5i, 56

4a NO2 4-Cl-C6H4 0 4-Cl-C6H4 >20:1 5j, 67

4b NO2 4-Me2N-C6H4 0 4-Cl-C6H4 >20:1 5k, 83

4b NO2 4-Me2N-C6H4 0 i-C4H9 8:1 5l, 84

4b NO2 4-Me2N-C6H4 0 PhCH2 10:1 5m, 88

4d NO2
1-(4-fluorophenyl)pyrazol-

4-yl 0 PhCH2 10:1 5n, 89

4d NO2
1-(4-fluorophenyl)pyrazol-

4-yl 0 4-Cl-C6H4 >20:1 5o, 93

4j Br 4-Cl-C6H4 0 PhCH2 >20:1 5p, 60

4f Br 4-Me2N-C6H4 1 PhCH2 >20:1 5q, 67
a Determined from 1H NMR spectrum of crude product.

Structures of compounds 5 and 6 were confirmed by NMR, HRMS, X-ray and elemental
analysis. 1H-1H NOESY spectra of compounds 5m and 5q revealed interactions of the
spatially close protons of the double bond and benzyl substituent, as shown in Figure 3.
The structures of 5h,l were determined by the X-ray diffraction single-crystal method, as
shown in Figure 4.

The above-mentioned results allow us to conclude that electron-releasing substituents
in the aryl group and the bulky thiolate anion favor substitution at position 3: the best
selectivity was observed for reactions of 4b with α-toluene thiol, whereas 4a with isobutyl
mercaptan gave the lowest selectivity (2:1). Reactions with 4-chlorothiophenol afforded
exclusively a 3-substituted product.
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Figure 4. X-ray crystal structures of compounds 5h (left) and 5l (right) with thermal ellipsoids at 50%
probability level.

Compounds with multiple conjugated double bonds, such as diarylethenes 4–6, can be
expected to have strong absorbance in the UV and visible region; therefore, the photophysi-
cal properties of some representative compounds with various substitution patterns were
studied. Indeed, it was found that all recorded UV–Vis spectra in the MeCN solution have
a strong and distinctive absorption band in the 326-509 nm region accompanied by one or
more weaker and non-informative bands around 260-300 nm (Figure 5, Table 3). Notable ex-
ceptions are compounds 4a,i with only one dominant absorption maximum and compound
4e with a stronger shortwave band, which can be attributed to the N-oxide moiety.
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Figure 5. UV–Vis spectra of selected synthesized compounds in MeCN (2 × 10−5 M).

Table 3. Photophysical properties of some synthesized compounds.

Compound λmax nm ε1 dm3 mol−1 cm−1 λmax nm ε2 dm3 mol−1 cm−1

4a - - 368 46,400

4b 302 13,500 509 42,800

4c 263 16,200 397 34,900

4e 267 28,700 332 24,700

4i - - 326 39,000

4k 266 14,600 429 32,800

5g 296 16,000 384 20,300

99



Molecules 2022, 27, 5692

Table 3. Cont.

Compound λmax nm ε1 dm3 mol−1 cm−1 λmax nm ε2 dm3 mol−1 cm−1

5m 305 13,600 476 31,400

5n 266 18,100 403 25,900

5p 302 25,200 344 19,000

6g 267 15,000 337 31,400

In the case of dinitro compounds 4a–c, the electron-releasing Me2N group in the
phenyl ring leads to a considerable red shift of the absorption maximum (by 141 nm)
with respect to the electron-withdrawing chlorine atom (compounds 4a and 4b, Figure 6).
Compound 4b, with a strong electron-releasing 4-dimethylaminophenyl group, absorbs
light in the visible region, whereas compounds 4a and 4c have their absorption maxima at
the border between the visible and UV regions. This can be explained by the difference in
the degree of charge transfer along the conjugation chain between the strongly withdrawing
nitropyridine ring and the second electron-donating ring through the double bond.
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Figure 6. UV–Vis spectra of compounds 4a–c in MeCN (2 × 10−5 M).

On the other hand, the replacement of 5-NO2 with the CF3 group in a pyridine cycle
caused a 42 nm blue shift for compounds 4a/4i and an 80 nm shift for 4-dimethylaminophenyl
derivatives 4b/4k, as well as a small decrease in molar absorptivity (Figure 7). It can be
concluded that substituents at the double bond as well as in position 5 can be independently
altered to predictably fine-tune absorption spectra of these compounds.

The study of isomeric substitution products of 3- and 5-NO2 in compound 4a revealed
an important dependence, as shown in Figure 8. Substitution of the nitro group at position
5 gave compound 6g, whose absorption spectrum generally resembles that of the parent
compound and follows the same pattern described above for the 5-NO2/5-CF3 pair. On
the other hand, substitution of the nitro group at position 3 gave compound 5g, which
is qualitatively different from both compounds. In this case, the absorption maximum
shifts slightly towards the visible region, and the absorption spectrum itself acquires a
more complex structure. From this we can conclude that the combination of 2-alkenyl and
3-alkylthio substituents leads to the appearance of a characteristic electronic structure. A
similar pattern was observed for the substitution of 3-NO2 in compound 4c, but not for
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compound 4b, which can be explained by the predominance of a strong charge transfer
over the finer electronic structure. It should be noted that the alkylthio substituent does not
significantly affect the photophysical properties of the obtained compounds.

Molecules 2022, 27, x FOR PEER REVIEW 6 of 15 
 

 

with respect to the electron-withdrawing chlorine atom (compounds 4a and 4b, Figure 6). 

Compound 4b, with a strong electron-releasing 4-dimethylaminophenyl group, absorbs 

light in the visible region, whereas compounds 4a and 4c have their absorption maxima 

at the border between the visible and UV regions. This can be explained by the difference 

in the degree of charge transfer along the conjugation chain between the strongly with-

drawing nitropyridine ring and the second electron-donating ring through the double 

bond. 

 

Figure 6. UV–Vis spectra of compounds 4a–c in MeCN (2 × 10−5 M). 

On the other hand, the replacement of 5-NO2 with the CF3 group in a pyridine cycle 

caused a 42 nm blue shift for compounds 4a/4i and an 80 nm shift for 

4-dimethylaminophenyl derivatives 4b/4k, as well as a small decrease in molar absorp-

tivity (Figure 7). It can be concluded that substituents at the double bond as well as in 

position 5 can be independently altered to predictably fine-tune absorption spectra of 

these compounds. 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

200 300 400 500 600 700

A
b

so
rb

an
ce

Wavelength, nm

4a

4b

4c

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

200 300 400 500 600 700

A
b

so
rb

an
ce

Wavelength, nm

4a

4i

4b

4k

Figure 7. UV–Vis spectra of compounds 4a,b,i,k in MeCN (2 × 10−5 M).
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Figure 8. UV–Vis spectra of compounds 4a, 5g, 6g in MeCN (2 × 10−5 M).
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Compounds 5g,n showed fluorescence upon excitation by light with the wavelength
equal to the λmax in the visible region, as shown in Figures 9 and 10. Compound 5g has an
emission maximum at 538 nm and a Stokes shift of 154 nm, whereas for compound 5n, these
values are 571 nm and 168 nm, respectively. The large values of Stokes shifts (150–170 nm)
almost completely eliminate the overlap between the absorption and emission regions.
In addition, the properties of these fluorescent molecules can be tuned by changing the
substituent at the double bond.
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Figure 9. Normalized absorption and emission spectra of compounds 5g and 5n in MeCN.
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Figure 10. Fluorescence of compounds 5g and 5n in solid state and in MeCN solution under 365 nm
UV lamp.

3. Conclusions

In conclusion, a number of the previously unknown 2-methyl- and 2-arylvinyl-3-
nitropyridines were synthesized. Their reactions with S-nucleophiles proceeded under mild
conditions and were found to be regioselective with a predominance of 3-NO2 substitution;
the influence of the substituents in positions 2 and 5 on the observed selectivity was revealed.
The synthesized compounds showed promising tunable photophysical properties, such as
large Stokes shifts. The reported synthetic approach can be considered as a convenient tool
for rapid access to pyridine-based building blocks of various potential applications.
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4. Materials and Methods
4.1. General Information

All chemicals were of commercial grade and used directly without purification. Melt-
ing points were measured on a Stuart SMP20 apparatus (Stuart (Bibby Scientific), UK). 1H
and 13C NMR spectra were recorded on a Bruker AM-300 (at 300.13 and 75.13 MHz, respec-
tively, Bruker Biospin, Germany) or Bruker Avance DRX 500 (at 500 and 125 MHz, respec-
tively, Bruker Biospin, Germany) in DMSO-d6 or CDCl3. J values are given in Hz. HRMS
spectra were recorded on a Bruker micrOTOF II mass spectrometer using ESI. UV–Vis
absorption spectra were recorded in MeCN (2 × 10−5 M) in standard 10 × 10 × 45 mm
quartz cuvettes on a Cary 60 UV–Vis spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA). Fluorescence spectra were recorded in MeCN (2 × 10−6 M) in standard
10 × 10 × 45 mm quartz cuvettes on a Cary Eclipse fluorescence spectrophotometer (Agi-
lent Technologies). All reactions were monitored by TLC analysis using ALUGRAM SIL
G/UV254 plates, which were visualized with UV light. Compounds 1a–c were purchased
from commercial suppliers. In some cases we were unable to record the 13C NMR spectra of
products due to insufficient solubility in common organic solvents (compounds 4d, 5,i,j,o
and 6j).

4.2. General Procedure for the Synthesis of 2-Methyl-3-nitropyridines 2a–c

To a stirred suspension of NaH (60% in mineral oil, 0.80 g, 20 mmol) in anhydrous
THF (30 mL), diethyl malonate (1.52 mL, 10 mmol) was added dropwise. The suspension
was stirred for 15 min until hydrogen evolution ceased and a solution of the corresponding
2-chloropyridine 1 (10 mmol) in THF (20 mL) was added. The reaction mixture was stirred
at r.t. (room temperature) for 6 h, poured in water (200 mL) and acidified with conc. HCl to
pH 3. This was then extracted with CHCl3, evaporated and 50% H2SO4 (30 mL) was added
to the residue. The mixture was stirred for 6 h at 120 ◦C, cooled, neutralized with Na2CO3
to pH 8 and extracted with CHCl3. The organic phase was dried over Na2SO4, evaporated
and the residue was purified via column chromatography (SiO2/CHCl3).

2-Methyl-3,5-dinitropyridin (2a) [19], brown oil; yield 62%; 1H NMR (300 MHz, CDCl3): δ
9.55 (d, 1H, J = 2.1 Hz), 9.06 (d, 1H, J = 2.1 Hz), 3.03 (s, 3H).

5-Bromo-2-methyl-3-nitropyridin (2b) [20], yellowish oil; yield 90%; 1H NMR (300 MHz,
CDCl3): δ 8.80 (d, 1H, J = 2.1 Hz), 8.44 (d, 1H, J = 2.1 Hz), 2.84 (s, 3H).

2-Methyl-3-nitro-5-trifluoromethylpyridine (2c), yellowish oil; yield 81%; 1H NMR (300 MHz,
CDCl3): δ 9.00 (s, 1H), 8.54 (s, 1H), 2.97 (s, 3H).

4.3. General Procedure for the Oxidation of 2-Methyl-3-nitropyridines 2b,c

To a solution of the corresponding 2-methyl-3-nitropyridine 2 (10 mmol) in CH2Cl2
(30 mL), a freshly prepared complex urea/H2O2 (1.88 g, 20 mmol) was added. The resulting
suspension was cooled to 0 ◦C and trifluoroacetic anhydride (5 mL, 36 mol) was added
dropwise. The reaction mixture was stirred for 30 min at 0 ◦C and 4 h at r.t. A saturated
aqueous solution of Na2S2O3 (50 mL) was added and the organic phase was separated. An
aqueous layer was additionally extracted with CH2Cl2 and combined organic solutions
were washed with the saturated solution of NaHCO3, dried over Na2SO4 and evaporated.
The residue was recrystallized from aqueous EtOH.

5-Bromo-2-methyl-3-nitropyridine N-oxide (3b), pale-yellow solid; yield 47%; mp 104–105 ◦C; 1H
NMR (300 MHz, CDCl3): δ 8.60 (s, 1H), 7.86 (s, 1H), 2.67 (s, 3H, CH3). 13C NMR (125 MHz,
CDCl3): δ 148.5, 145.5, 143.5, 122.9, 116.4, 13.8. HRMS (ESI, m/z): calcd for C6H5BrN2O3
[M + H]+: 232.9556; found: 232.9563.

2-Methyl-3-nitro-5-trifluoromethylpyridine N-oxide (3c), pale-yellow solid; yield 65%; mp
82–83 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.69 (s, 1H), 7.89 (s, 1H), 2.75 (s, 3H). 13C NMR
(75 MHz, CDCl3): δ 149.9, 148.8, 139.5, 127.1 (q, 2JCF = 36 Hz), 121.1 (q, 1JCF = 274 Hz), 116.1,
14.3. HRMS (ESI, m/z): calcd for C7H5F3N2O3 [M + H]+: 223.0325; found: 223.0331.
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4.4. General Procedure for the Synthesis of Compounds 4a–g

To a solution of the corresponding 2-methylpyridine 2 or 3 (5 mmol) in toluene (30 mL),
aromatic aldehyde (5 mmol) and 50 µL of piperidine was added. The reaction mixture
was stirred under reflux with a Dean–Stark adapter until water separation was completed.
The solvent was evaporated and the residue was triturated with 20 mL of cold EtOH. The
precipitate was filtered off and air-dried.

(E)-2-[(4-Chlorophenyl)vinyl]-3,5-dinitropyridine (4a), yellow solid; yield 78%; mp 204–205 ◦C; 1H
NMR (300 MHz, CDCl3): δ 9.58 (s, 1H), 9.05 (s, 1H), 8.30 (d, 1H, J = 15.3 Hz), 7.83 (d, 1H,
J = 15.3 Hz), 7.64 (d, 2H, J = 8.4 Hz), 7.45 (d, 2H, J = 8.4 Hz). 13C NMR (150 MHz, DMSO-d6): δ
152.0, 147.5, 143.2, 141.9, 140.3, 135.0, 134.0, 130.2, 129.2, 129.1, 121.6. HRMS (ESI, m/z): calcd for
C13H8ClN3O4 [M + H]+: 306.0276; found: 306.0283.

(E)-4-(2-(3,5-Dinitropyridin-2-yl)vinyl)-N,N-dimethylaniline (4b), dark-violet solid; yield 91%;
mp 260 ◦C (dec.); 1H NMR (300 MHz, CDCl3): δ 9.41 (d, 1H, J = 2.1 Hz), 8.93 (d, 1H,
J = 2.1 Hz), 8.28 (d, 1H, J = 15.0 Hz), 7.64 (d, 1H, J = 15.0 Hz), 7.57 (d, 2H, J = 8.8 Hz), 6.77 (d,
2H, J = 8.8 Hz), 3.06 (s, 6H). 13C NMR (125 MHz, CDCl3): δ 154.8, 152.4, 147.3, 146.4, 139.5,
131.1, 128.9, 123.2, 114.4, 111.9, 40.1. HRMS (ESI, m/z): calcd for C15H14N4O4 [M + H]+:
315.1088; found: 315.1085.

(E)-5-Bromo-2-(4-dimethylaminophenyl)vinyl-3-nitropyridine N-oxide (4c), red-brown solid;
yield 73%; mp 217 ◦C (dec.); 1H NMR (300 MHz, CDCl3): δ 8.55 (d, 1H, J = 15.9 Hz), 8.49 (s,
1H), 7.64 (s, 1H), 7.49 (d, 2H, J = 8.7 Hz), 7.00 (d, 1H, J = 15.6 Hz), 6.69 (d, 2H, J = 8.7 Hz),
3.05 (s, 6H). 13C NMR (75 MHz, CDCl3): δ 151.8, 147.2, 143.9, 142.8, 141.2, 129.9, 123.8,
123.0, 113.0, 111.9, 107.1, 40.1. HRMS (ESI, m/z): calcd for C15H14BrNO3 [M + H]: 364.0291;
found: 364.0292.

(E)-2-(2-(1-(4-Fluorophenyl)-1H-pyrazol-4-yl)vinyl)-3,5-dinitropyridine (4d), brown solid; yield
62%; mp 255 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.53 (d, 1H, J = 2.1 Hz), 9.03 (d, 1H,
J = 2.1 Hz), 8.30 (d,1H, J = 15.3 Hz), 8.19 (s, 1H), 8.06 (s, 1H), 7.70 (m, 3H), 7.20 (m, 2H).
HRMS (ESI, m/z): calcd for C16H10FN5O4 [M + H]+: 356.0790; found: 356.0789.

(E)-2-(4-Chlorophenyl)vinyl-3-nitro-5-trifluoromethylpyridine N-oxide (4e), yellow solid; yield
81%; mp 161–162 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.65 (d,1H, J = 15.9 Hz), 8.64 (s, 1H),
7.73 (s, 1H), 7.52 (d, 2H, J = 8.4 Hz), 7.39 (d, 2H, J = 8.4 Hz), 7.17 (d, 1H, J = 15.9 Hz). 13C
NMR (75 MHz, CDCl3): δ 147.9, 143.6, 142.3, 140.4, 136.7, 134.1, 129.4, 129.3, 125.5 (q,
2JCF = 36 Hz), 121.1 (q, 1JCF = 273 Hz), 116.0 (d, 3JCF = 3.2 Hz), 112.8. HRMS (ESI, m/z):
calcd for C14H8ClF3N2O3 [M + H]+: 345.0248; found: 345.0239.

(E)-5-Bromo-2-(4-chlorophenyl)vinyl-3-nitropyridine N-oxide (4f), yellow solid; yield 69%; mp
173–174 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.45 (s, 1H), 8.30 (d, 1H, J = 16.1 Hz), 7.60 (s,
1H), 7.41 (d, 2H, J = 8.4 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.02 (d, 1H, J = 16.1 Hz). 13C NMR
(125 MHz, CDCl3): δ 147.8, 144.1, 140.3, 140.2, 136.1, 134.4, 129.2, 129.1, 122.7, 115.7, 113.1.
HRMS (ESI, m/z): calcd for C13H8BrClN2O3 [M + H]+: 354.9480; found: 354.9472.

(E)-2-(4-Dimethylaminophenyl)vinyl-3-nitro-5-trifluoromethylpyridine N-oxide (4g), red-brown
solid; yield 71%; mp 198-199 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.85 (d, 1H, J = 15.6 Hz),
8.58 (s, 1H), 7.68 (s, 1H), 7.52 (d, 2H, J = 8.4 Hz), 7.10 (d, 1H, J = 15.6 Hz), 6.69 (d, 2H,
J = 8.4 Hz), 3.06 (s, 6H). 13C NMR (125 MHz, CDCl3): δ 152.2, 146.8, 145.1, 144.4, 140.1,
130.5, 123.4, 122.7 (q, 2JCF = 36 Hz), 121.4 (q, 1JCF = 273 Hz), 116.3 (q, 3JCF = 3.6 Hz), 111.9,
106.6, 40.0. HRMS (ESI, m/z): calcd for C16H14F3N3O3 [M + H]+: 354.1060; found: 354.1060.

4.5. General Procedure for the Synthesis of Compounds 4h–k

To a solution of the corresponding pyridine N-oxide (0.5 mmol), CH2Cl2 (10 mL)
was added PCl3 (0.13 mL) and the mixture was stirred under reflux for 2 h. After cool-
ing, the reaction was washed with a saturated NaHCO3 solution, dried over Na2SO4
and evaporated.

(E)-4-(2-(5-Bromo-3-nitropyridin-2-yl)vinyl)-N,N-dimethylaniline (4h), dark-brown solid; yield
89%; mp 202–203 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.75 (s, 1H), 8.34 (s, 1H), 8.05 (d, 1H,
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J = 15.3 Hz), 7.55 (d, 1H, J = 15.6), 7.53 (d, 2H, J = 8.4), 6.71 (d, 2H, J = 8.4 Hz), 3.04 (s, 6H).
13C NMR (75 MHz, CDCl3): δ 153.8, 151.3, 148.8, 145.5, 142.8, 140.5, 135.0, 129.8, 115.5,
115.5, 112.3, 40.4, 29.7. HRMS (ESI, m/z): calcd for C15H14BrN3O2 [M + H]+: 348.0342;
found: 348.0342.

(E)-2-(4-Chlorophenyl)vinyl-3-nitro-5-trifluoromethylpyridine (4i), yellow solid; yield 89%; mp
138 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.02 (s, 1H), 8.50 (s, 1H), 8.16 (d, 1H, J = 15.6 Hz),
8.77 (d, 1H, J = 15.6 Hz), 7.59 (d, 2H, J = 8.4 Hz), 7.41 (d, 2H, J = 8.4 Hz). 13C NMR (75 MHz,
CDCl3): δ 152.0, 149.2 (q, 3JCF = 3.6 Hz), 143.0, 140.8, 136.1, 133.9, 130.7 (q, 3JCF = 3.6 Hz),
129.4, 129.3, 124.9 (q, 2JCF = 35 Hz), 120.6. HRMS (ESI, m/z): calcd for C14H8ClF3N2O2
[M + H]+: 329.0299; found: 329.0311.

(E)-5-Bromo-2-(4-chlorostyryl)-3-nitropyridine (4j), yellow solid; yield 94%; mp 184–185 ◦C; 1H
NMR (300 MHz, CDCl3): δ 8.83 (d, 1H, J = 1.8 Hz), 8.40 (d, 1H, J = 1.8 Hz), 8.02 (d, 1H,
J = 15.6 Hz), 7.68 (d, 1H, J = 15.6 Hz), 7.56 (d, 2H, J = 8.4 Hz), 7.38 (d, 2H, J = 8.4 Hz). 13C
NMR (75 MHz, CDCl3): δ 154.0, 147.4, 143.7, 138.4, 135.5, 135.1, 134.2, 129.2, 129.1, 124.9,
117.6. HRMS (ESI, m/z): calcd for C13H8BrClN2O2 [M + H]+: 338.9530; found: 338.9533.

(E)-N,N-Dimethyl-4-(2-(3-nitro-5-trifluoromethylpyridin-2-yl)vinyl)aniline (4k), brown solid;
yield 82%; mp 150–151 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.40 (s, 1H), 8.36 (s, 1H), 8.12 (d,
1H, J = 15.3 Hz), 7.56 (d, 1H, J = 15.3 Hz), 7.49 (d, 2H, J = 8.7 Hz), 6.66 (d, 2H, J = 8.7 Hz),
2.99 (s, 6H). 13C NMR (75 MHz, CDCl3): δ 153.4, 151.9, 149.1 (q, 3JCF = 4 Hz), 143.3, 141.8,
130.8 (q, 3JCF = 4 Hz), 130.3, 122.8 (q, 1JCF = 271 Hz), 123.6, 122.9 (q, 2JCF = 34 Hz), 115.0,
112.1, 40.2. HRMS (ESI, m/z): calcd for C16H14F3N3O2 [M + H]+: 338.1111; found: 338.1120.

4.6. General Procedure for the Synthesis of Compounds 5 and 6

To a solution of compound 2, 3 or 4 (1 mmol) in anhydrous DMF (5 mL), thiol (1 mmol)
and K2CO3 (0.138 g, 1 mmol) were added. The reaction mixture was stirred for 1-2 h at
60 ◦C, poured into H2O (50 mL), acidified with conc. HCl to pH 3 and extracted with
CHCl3 (3 × 20 mL). The organic phase was dried over Na2SO4, evaporated and the residue
was purified via column chromatography (SiO2/CHCl3) or recrystallized from EtOH.

3-(Benzylsulfanyl)-2-methyl-5-nitropyridine (5a), beige solid; yield 70%; mp 79–80 ◦C; 1H
NMR (300 MHz, CDCl3): δ 9.06 (d, 1H, J = 2.1 Hz), 7.35 (m, 5H), 4.24 (s, 2H, CH2), 2.65
(s, 3H, CH3). 13C NMR (125 MHz, CDCl3): δ 162.7, 142.8, 140.1, 134.9, 134.8, 128.9, 128.8,
128.0, 127.8, 37.1, 23.4. HRMS (ESI, m/z): calcd for C13H12N2O2S [M + H]+: 261.0692;
found: 261.0699.

3-(Benzylsulfanyl)-5-bromo-2-methylpyridine N-oxide (5b), grey needles; yield 96%; mp
106–107 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.25 (s, 1H), 7.26-7.32 (m, 5H), 7.24 (s, 1H),
4.14 (s, 2H, SCH2), 2.49 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3): δ 147.3, 137.8, 136.8, 134.9,
128.9, 128.1, 127.7, 116.3, 38.5, 14.5. HRMS (ESI, m/z): calcd for C13H12BrNOS [M + H]+:
309.9896; found: 309.9896.

5-Bromo-3-(4-chlorophenylsulfanyl)-2-methylpyridine N-oxide (5c), brown solid; yield 95%; mp
131–132 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.27 (s, 1H), 7.44 (d, 2H, J = 8.4 Hz), 7.38 (d, 2H,
J = 8.4 Hz), 6.89 (s, 1H), 2.56 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 146.7, 138.1, 137.3, 136.0,
134.8, 130.4, 129.0, 127.7, 116.6, 14.6. HRMS (ESI, m/z): calcd for C12H9BrClNOS [M + H]+:
329.9350; found: 329.9349.

3-(Benzylsulfanyl)-5-bromo-2-methylpyridine (5d), pale-yellow crystals; yield 65%; mp 55 ◦C;
1H NMR (300 MHz, CDCl3): δ 8.33 (s, 1H), 7.58 (s, 1H), 7.31 (m, 5H), 4.09 (s, 2H, SCH2),
2.48 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3): δ 155.5, 146.5, 137.3, 135.6, 134.4, 128.9,
128.8, 127.8, 117.9, 37.8, 22.5. HRMS (ESI, m/z): calcd for C13H12BrNS [M + H]+: 293.9947;
found: 293.9956.

3-(Benzylsulfanyl)-2-methyl-5-(trifluoromethyl)pyridine (5e), yellow oil; yield 60%; 1H NMR
(300 MHz, CDCl3): δ 8.53 (s, 1H), 7.64 (s, 1H), 7.31 (s, 5H), 4.14 (s, 2H, SCH2), 2.61 (s, 3H,
CH3). 13C NMR (75 MHz, CDCl3): δ 161.0, 142.3 (q, 3JCF = 4 Hz), 135.5, 133.4, 131.7 (q,
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3JCF = 3.5 Hz), 128.9, 128.8, 127.8, 124.7 (q, 2JCF = 34 Hz), 123.5 (q, 1JCF = 273 Hz), 37.5, 23.2.
HRMS (ESI, m/z): calcd for C14H12F3NS [M + H]+: 284.0715; found: 284.0719.

3-(Benzylsulfanyl)-2-methyl-5-(trifluoromethyl)pyridine N-oxide (5f), pale-yellow crystals; yield
52%; mp 85–86 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.33 (s, 1H), 7.29 (m, 5H), 7.22 (s, 1H),
4.15 (s, 2H, SCH2), 2.57 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3): δ 151.8, 137.3, 134.7, 134.1,
128.9, 128.9, 128.1, 126.6 (q, 2JCF = 35 Hz), 121.9 (q, 1JCF = 273 Hz), 120.1, 38.4, 15.0. HRMS
(ESI, m/z): calcd for C14H12F3NOS [M + H]+: 300.0664; found: 300.0662.

(E)-3-(Benzylsulfanyl)-2-((4-chlorophenyl)vinyl)-5-nitropyridine (5g), yellow crystals; yield 56%;
mp 146–147 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.17 (d, 1H, J = 2.1 Hz), 8.28 (d, 1H, J = 2.1 Hz),
7.92 (d, 1H, J = 15.6 Hz), 7.57 (d, 1H, J = 15.6 Hz), 7.53 (d, 2H, J = 8.7 Hz), 7.39 (d, 2H,
J = 8.7 Hz), 7.30 (m, 5H), 4.18 (s, 2H, SCH2). 13C NMR (75 MHz, CDCl3): δ 159.0, 142.2,
142.1, 138.1, 135.5, 135.2, 134.5, 132.4, 132.3, 129.2, 129.2, 129.0, 128.9, 128.1, 122.8, 38.7.
HRMS (ESI, m/z): calcd for C20H15ClN2O2S [M + H]+: 383.0616; found: 383.0603.

(E)-5-(Benzylsulfanyl)-2-((4-chlorophenyl)vinyl)-3-nitropyridine (6g), yellow crystals; yield 18%;
mp 183–184 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.63 (d, 1H, J = 1.8 Hz), 8.06 (d, 1H, J = 2.1 Hz),
7.97 (d, 1H, J = 15.6 Hz), 7.67 (d, 1H, J = 15.6 Hz), 7.56 (d, 2H, J = 8.7 Hz), 7.39 (d, 2H,
J = 8.7 Hz), 7.33 (m, 5H), 4.22 (s, 2H, SCH2). HRMS (ESI, m/z): calcd for C20H15ClN2O2S
[M + H]+: 383.0616; found: 383.0621.

2-[(E)-(4-Chlorophenyl)vinyl]-3-(isobutylsulfanyl)-5-nitropyridine (5h), yellow crystals; yield
62%; mp 139–140 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.16 (d, 1H, J = 2.4 Hz), 8.31 (d, 1H,
J = 2.1 Hz), 7.96 (d, 1H, J = 15.3 Hz), 7.63 (d, 1H, J = 15.3 Hz), 7.60 (d, 2H, J = 8.4 Hz), 7.41 (d,
2H, J = 8.4 Hz), 2.92 (d, 2H, J = 6.9 Hz), 1.99 (m, 1H), 1.14 (d, 6H, J = 6.6 Hz). 13C NMR (75
MHz, CDCl3): δ 158.0, 147.0, 142.4, 141.0, 137.9, 135.4, 134.5, 134.3, 129.9, 122.8, 42.3, 28.1,
22.2. HRMS (ESI, m/z): calcd for C17H17ClN2O2S [M + H]+: 349.0772; found: 349.0783.

2-[(E)-(4-Chlorophenyl)vinyl]-5-(isobutylsulfanyl)-3-nitropyridine (6h), yellow crystals; yield
31%; mp 106 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.68 (d, 1H, J = 1.8 Hz), 8.09 (d, 1H,
J = 1.8 Hz), 7.97 (d, 1H, J = 15.6 Hz), 7.68 (d, 1H, J = 15.6 Hz), 7.56 (d, 2H, J = 8.4 Hz), 7.38 (d,
2H, J = 8.4 Hz), 2.92 (d, 2H, J = 6.9 Hz), 1.96 (m, 1H), 1.10 (d, 6H, J = 6.6 Hz). 13C NMR (75
MHz, CDCl3): δ 152.0, 145.4, 143.9, 136.8, 135.1, 134.9, 134.6, 130.9, 129.1, 129.0, 121.5, 42.1,
28.3, 22.0. HRMS (ESI, m/z): calcd for C17H17ClN2O2S [M + H]+: 349.0772; found: 349.0764.

2-[(E)-2-(4-Chlorophenyl)vinyl]-3-[(2-furylmethyl)sulfanyl]-5-nitropyridine (5i), yellow crystals;
yield 56%; mp 156 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.24 (d, 1H, J = 1.8 Hz), 8.42 (d, 1H,
J = 2.1 Hz), 7.95 (d, 1H, J = 15.6 Hz), 7.65 (d, 1H, J = 15.6 Hz), 7.58 (d, 2H, J = 8.4 Hz), 7.40
(d, 2H, J = 8.4 Hz), 7.33 (s, 1H), 6.26 (s, 1H), 6.14 (d, 1H, J = 3.0 Hz), 4.18 (s, 2H). HRMS (ESI,
m/z): calcd for C18H13ClN2O2S [M + H]+: 373.0408; found: 373.0419.

3-[(4-Chlorophenyl)sulfanyl]-2-[(E)-2-(4-chlorophenyl)vinyl]-5-nitropyridine (5j), yellow solid;
yield 67%; mp 172 ◦C; 1H NMR (300 MHz, DMSO-d6): δ 9.26 (s, 1H), 8.22 (s, 1H), 7.98
(d, 1H, J = 15.6 Hz), 7.74 (d, 2H, J = 8.4 Hz), 7.66 (d, 1H, J = 15.6 Hz), 7.52 (br.s, 4H),
7.49 (d, 2H, J = 8.4 Hz). HRMS (ESI, m/z): calcd for C19H12Cl2N2O2S [M + H]+: 403.0069;
found: 403.0057.

(E)-4-(2-(3-((4-Chlorophenyl)sulfanyl)-5-nitropyridin-2-yl)vinyl)-N,N-dimethylaniline (5k), dark-
red solid; yield 83%; mp 175 ◦C; 1H NMR (300 MHz, DMSO-d6): δ 9.21 (s, 1H), 8.20 (s, 1H),
7.96 (d, 1H, J = 15.6 Hz), 7.50 (m, 6H), 7.36 (d, 1H, J = 15.6 Hz), 6.74 (d, 2H, J = 8.4 Hz), 2.99
(s, 6H). 13C NMR (125 MHz, CDCl3): δ 160.1, 151.6, 143.1, 141.3, 141.2, 134.9, 133.4, 133.2,
130.9, 130.1, 129.9, 123.7, 117.0, 111.9, 40.1. HRMS (ESI, m/z): calcd for C21H18ClN3O2S
[M + H]+: 412.0881; found: 412.0870.

(E)-4-(2-(3-(Isobutylsulfanyl)-5-nitropyridin-2-yl)vinyl)-N,N-dimethylaniline (5l), dark-red solid;
yield 84%; mp 165–166 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.14 (d, 1H, J = 2.4 Hz), 8.27 (d,
1H, J = 2.1 Hz), 8.01 (d, 1H, J = 15.3 Hz), 7.58 (d, 2H, J = 8.7 Hz), 7.46 (d, 1H, J = 15.3 Hz),
6.74 (d, 2H, J = 8.7 Hz), 3.06 (s, 6H), 2.89 (d, 2H, J = 6.6 Hz), 1.96 (m, 1H), 1.13 (d, 6H,
J = 6.6 Hz). 13C NMR (75 MHz, CDCl3): δ 159.5, 151.5, 141.4, 141.3, 140.2, 132.5, 130.0, 129.8,
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124.1, 117.4, 112.0, 43.0, 40.2, 28.1, 22.2. HRMS (ESI, m/z): calcd for C19H23N3O2S [M + H]+:
358.1584; found: 358.1583.

(E)-4-(2-(3-(Benzylsulfanyl)-5-nitropyridin-2-yl)vinyl)-N,N-dimethylaniline (5m), dark-red solid;
yield 88%; mp 188 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.13 (d, 1H, J = 2.1 Hz), 8.20 (d, 1H,
J = 1.8 Hz), 7.98 (d, 1H, J = 15.3 Hz), 7.54 (d, 2H, J = 8.7 Hz), 7.43 (d, 1H, J = 15.3 Hz), 7.30 (m,
5H), 6.70 (d, 2H, J = 8.7 Hz), 4.16 (s, 2H), 3.05 (s, 6H). 13C NMR (75 MHz, CDCl3): δ 160.4,
151.5, 142.3, 141.0, 140.5, 135.5, 132.2, 130.6, 129.9, 129.0, 128.8, 127.9, 124.0, 117.4, 112.0, 40.2,
38.5. HRMS (ESI, m/z): calcd for C22H21N3O2S [M + H]+: 392.1427; found: 392.1417.

(E)-3-(Benzylsulfanyl)-2-(2-(1-(4-fluorophenyl)-1H-pyrazol-4-yl)vinyl)-5-nitropyridine (5n), or-
ange solid; yield 89%; mp 145–146 ◦C; 1H NMR (300 MHz, CDCl3): δ 9.15 (d, 1H, J = 2.1 Hz),
8.26 (d, 1H, J = 2.1 Hz), 8.05 (s, 1H), 7.98 (s, 1H), 7.92 (d, 1H, J = 15.3 Hz), 7.67 (m, 2H), 7.40
(d, 1H, J = 15.3 Hz), 7.30 (m, 5H), 7.18 (m, 2H), 4.18 (s, 2H). 13C NMR (75 MHz, CDCl3): δ
161.4 (d, 1JCF = 247 Hz), 159.3, 142.1, 141.8, 140.3, 136.0 (d, 4JCF = 3 Hz), 135.3, 132.2, 131.5,
129.3, 129.0, 128.9, 128.0, 126.4, 121.9, 121.4, 121.1 (d, 3JCF = 8.5 Hz), 116.5 (d, 2JCF = 23 Hz),
38.6. HRMS (ESI, m/z): calcd for C23H17FN4O2S [M + H]+: 433.1129; found: 433.1123.

(E)-3-((4-Chlorophenyl)sulfanyl)-2-(2-(1-(4-fluorophenyl)-1H-pyrazol-4-yl)vinyl)-5-nitropyridine (5o),
orange solid; yield 93%; mp 219 ◦C; 1H NMR (300 MHz, DMSO-d6): δ 9.24 (s, 1H), 8.99 (s,
1H), 8.22 (s, 1H), 8.18 (s, 1H), 7.80 (m, 4H), 7.55 (s, 4H), 7.40 (m, 3H). HRMS (ESI, m/z): calcd
for C22H14ClFN4O2S [M + H]+: 453.0583; found: 453.0573.

(E)-3-(Benzylsulfanyl)-5-bromo-2-[(4-chlorophenyl)vinyl]pyridine (5p), beige solid, yield 60%;
mp 142–143 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.48 (s, 1H), 7.69–7.73 (m, 2H), 7.48–7.56 (m,
3H), 7.25-7.36 (m, 7H), 4.08 (s, 2H). 13C NMR (125 MHz, CDCl3): δ 153.2, 148.4, 141.1, 135.9,
135.1, 134.3, 133.6, 132.5, 128.9, 128.8, 128.7, 128.6, 127.7, 123.7, 118.3, 39.4. HRMS (ESI, m/z):
calcd for C20H15BrClNS [M + H]+: 415.9869; found: 415.9870.

(E)-3-(Benylsulfanyl)-5-bromo-2-[(4-(dimethylamino)phenyl)vinyl]pyridine N-oxide (5q), dark-
red solid; yield 67%; mp 177 ◦C; 1H NMR (300 MHz, CDCl3): δ 8.49 (d, 1H, J = 15.9 Hz),
8.23 (s, 1H), 7.51 (d, 2H, J = 8.7 Hz), 7.28 (m, 7H), 6.71 (d, 2H, J = 8.7 Hz), 4.14 (s, 2H), 3.03
(s, 6H, NCH3). 13C NMR (75 MHz, CDCl3): δ 151.2, 144.9, 140.5, 139.0, 135.9, 135.0, 129.2,
129.1, 128.8, 128.4, 127.9, 127.8, 124.8, 114.1, 112.1, 40.3, 39.0. HRMS (ESI, m/z): calcd for
C22H21BrN2OS [M + H]+: 441.0631; found: 441.0635.

4.7. X-ray Crystallographic Data and Refinement Details

X-ray diffraction data for 5h were collected at 100 K on a Bruker Quest D8 diffrac-
tometer (Karlsruhe, Germany) equipped with a Photon III area detector, using graphite-
monochromatized Mo Kα-radiation and a shutterless ϕ- and ω-scan technique. The
intensity data were integrated by the SAINT program (version 8.04A) [21] and were
semi-empirically corrected for absorption and decay using SADABS (2016/2) [22]. X-ray
diffraction data for 4a, 4i and 5l were collected at 100 K on a four-circle Rigaku Synergy-
S diffractometer (Wroclaw, Poland) equipped with a HyPix6000HE area detector, using
monochromatized Cu Kα-radiation and a shutterless ω-scan technique. The intensity
data were integrated and corrected for absorption and decay by the CrysAlisPro pro-
gram [23]. All structures were solved by direct methods using SHELXT [24] and refined
by the full-matrix least-squares method on F2 using SHELXL-2018 [25]. Positions of all
atoms were found from the electron density difference map. Atoms were refined with
individual anisotropic (non-hydrogen atoms) or isotropic (hydrogen atoms) displacement
parameters. The Mercury program [26] was used for molecular graphics. Crystal data, data
collection and structure refinement details are summarized in Supplementary Materials
Table S1. The structures were deposited at the Cambridge Crystallographic Data Center
with the reference CCDC numbers 2191010–2191013; they also contain the supplemen-
tary crystallographic data. These data can be obtained free of charge from the CCDC via
http://www.ccdc.cam.ac.uk/data_request/cif, accessed on 30 August 2022.
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Copper(II)-Catalyzed (3+2) Cycloaddition of 2H-Azirines to
Six-Membered Cyclic Enols as a Route to Pyrrolo[3,2-c]quinolone,
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Abstract: A method for the [2+3] pyrroline annulation to the six-membered non-aromatic enols using
3-aryl-2H-azirines as annulation agents is developed in the current study. The reaction proceeds as a
formal (3+2) cycloaddition via the N1-C2 azirine bond cleavage and is catalyzed by both Cu(II) and
Cu(I) compounds. The new annulation method can be applied to prepare pyrrolo[3,2-c]quinoline,
chromeno[3,4-b]pyrrole, and naphtho[1,8-ef ]indole derivatives in good to excellent yields from enols
of the quinolin-2-one, 2H-chromen-2-one, and 1H-phenalen-1-one series.

Keywords: azirines; pyrrolines; cycloaddition; annulation; copper catalysis

1. Introduction

2H-Azirines are widely used for the preparation of various 4–7-membered N-, N,N-,
and N,O-heterocycles of varying degrees of unsaturation and different heteroatom arrange-
ments [1,2]. The ability of azirines to open at any of the three bonds of the ring under the
action of electrophilic and nucleophilic reagents, as well as transition metal compounds,
underlies a powerful strategy for the synthesis of azete [3], pyrrole [4–6], oxazole [7–9],
imidazole [10–12], 1,2,3-triazole [13], pyridine [14] derivatives, and other heterocycles,
which are hardly accessible with conventional methods. Some of the azirine-ring open-
ing reactions can be applied for the synthesis of ortho-fused, spiro-fused, and bridged
heterocycles. These heteropolycycles can be the result of both intramolecular and inter-
molecular reactions of azirines [1]. Among them, intermolecular cycloaddition reactions
are of particular interest, since they satisfy the requirements of green chemistry being
atom-economical processes. In contrast to the (2+3)- and (2+4)-cycloaddition reactions of
azirines with 1,3-dipoles and 1,3-dienes (or their aza-analogs) [15–19], in which azirines,
without the ring opening, provide the incorporation of a diatomic N–C fragment in the
resulting heterocycle, the reaction sequence “azirine-ring opening/cycloaddition” provides
the incorporation of all atoms of the azirine ring into a new heterocyclic system. This annu-
lation strategy includes transition-metal-catalyzed reactions of azirines with cyclic diazo
compounds [20–22], Y(OTf)3-catalyzed [3+6] cycloaddition of azirines to fulvenes [23] lead-
ing to 3,4-dihydro-2H-cyclopenta[c]pyridine derivatives, photoinduced (3+2) cycloaddition
of nitrile ylides, generated via the azirine-ring opening (C2–C3 azirine bond cleavage),
to quinones [24] or N-benzylmaleimide [25], synthesis of cycloalkane-fused pyrroles by
the Fe(III)-catalyzed decarboxylative (3+2) cycloaddition of the 2H-azirines to cyclic β-
ketoacids (N1–C3 azirine bond cleavage) [26], and synthesis of pyrrolo[3,4-b]pyrrole deriva-
tives via Cu(I)-catalyzed (3+2) cycloaddition of azirines to the enol carbon–carbon double
bond of 3-methoxycarbonyl-substituted tetramic acids (Scheme 1, reaction 1) [27]. The
last of these methods can be effectively applied to the pyrroline annulation of tetronic and
thiotetronic acids as well [28]. However, attempts to extend this method to six-membered
enols of the quinoline-3-carboxylate series unexpectedly encountered a serious problem
associated with the involvement of the ester substituent in the transformation (Scheme 1,
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reaction 2a). This reaction also proceeds through azirine N1-C2 bond cleavage under both
Cu(I) and Cu(II) catalysis, but exclusively produces the furo-annulation product [29]. A
visible-light-promoted (3+2) cycloaddition of azirines, derived in situ from vinyl azides,
to α-hydroxybenzoquinones is the only successful example of azirine cycloaddition to a
multiple bond of a six-membered cyclic enol to date (Scheme 1, reaction 2b) [30]. However,
this reaction cannot serve as an alternative to the method of copper-catalyzed annulation of
enols with azirines, since it proceeds via the cleavage of not a single N-C2 azirine bond, but
a multiple N-C3 bond, and provides a pyrrole ring with another substitution pattern. Thus,
the search for the effective conditions for (3+2) cycloadditions of azirines to unsaturated
cyclic systems, including cyclic enols, the elucidation of mechanisms of these reactions,
assessing their scope and limitations still remains an outstanding challenge.
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Scheme 1. Reactions of cyclic enols with 2H-azirines.

In this study, we describe a method for the pyrroline annulation of six-membered
non-aromatic enols of the quinolin-2-one, 2H-chromen-2-one, and 1H-phenalen-1-one
series. Additionally, a reaction mechanism is presented that allows us to define the scope
of this method.

2. Results and Discussion

Our initial interest in (3+2)-cycloaddition reactions of azirines 2 was related to their
possible use for the rapid assembly of 1H-pyrrolo[3,2-c]quinoline framework 3 from 4-
hydroxyquinolone derivatives 1 (Scheme 2). The structural motif of 1H-pyrrolo[3,2-c]
quinoline has always attracted the attention of synthetic chemists [31,32], as it is included
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in many bioactive, natural products [33–36] and synthetic compounds that possess enzyme
modulator [37], antitumor [38], and 5-hydroxytryptamine(6) receptor antagonist activi-
ties [39]. The attractiveness of the mentioned approach to these compounds lies in the
easy availability of quinolones 1, which can be prepared from isatoic anhydrides. It should
also be noted that the synthesis of pyrroline-fused systems bearing a bridgehead hydroxy
group is a challenge, since conventional annulation methods either produce unsatisfactory
results [40] or require the use of an aggressive medium, such as liquid ammonia [41].
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In our initial experiments, we synthesized 3-(4-methoxyphenyl)-substituted quinolin-
2-one 1a from N-methylisatoic anhydride and methyl 4-methoxyphenylacetate according
to the procedure described in the literature [42]. Enol 1a turned out to be inactive toward
azirine 2a when heated at 100 ◦C in methanol, toluene, or 1,2-dichloroethane (DCE). At
higher temperatures, the formation of azirine decomposition products without enol involve-
ment was observed. The reaction between 1a and 2a commenced at 100 ◦C in methanol
when catalytic amounts of the Cu(I)-NHC complex IPrCuCl (5 mol%) were added, and
resulted in the formation of the desired annulation product, pyrroloquinolone 3a, in 98%
yield in 20 min (Table 1, entry 2). It was notable that a close to quantitative yield of 3a was
also achieved with all tested copper(II) catalysts (entries 3–5). The optimal ratio 1a/2a was
observed to be 1:1.6, whereas the reaction between equimolar amounts of the reagents pro-
vided only 65% yield (entry 6). Replacing anhydrous methanol with 96% aqueous ethanol
led to a decrease in the yield (entry 7). A high yield of 3a in the CuCl2-catalyzed reaction
was obtained by increasing the amount of the azirine to 2 equiv. To our surprise, cobalt(II)
acetate as well as nickel(II) and iron(III) acetylacetonates also catalyzed the reaction, albeit
with less efficiency (entries 9–11). As a result, we used the 1:1.6 mixture of enol 1 and
azirine 2 in the presence of copper(II) acetate monohydrate (5 mol%) as a catalyst at 100 ◦C
in methanol as optimal conditions for the further experiments.

The scope of hydroxyquinolones 1 was then evaluated under the optimized condi-
tions using 3-(p-tolyl)-2H-azirine (2a) as the reaction partner (Scheme 3). The reaction
displayed a low sensitivity to the electronic effects of the aryl substituent at C3 of the
enol (compounds 3a–f). In addition, the annulation product 3g was synthesized from
a quinolone with a 2-thienyl substituent at the C3 in 92% yield. The reaction was ob-
served to be tolerant to the presence of a substituent at any position of the benzene ring
of the quinolone moiety and provided high product yields (compounds 3h–k). Addi-
tional ortho- and peri-fusion (as in quinolone 1m) also did not influence the product yield
(compound 3m).

112



Molecules 2022, 27, 5681

Table 1. Optimization of synthesis of 3a.
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Entry Catalyst Deviation from
Standard Conditions Yield of 3a, % a

1 - 0
2 IPrCuCl b 98
3 CuCl2·2H2O 2a (2 equiv) 95
4 Cu(acac)2 98
5 Cu(OAc)2·H2O 98
6 Cu(OAc)2·H2O 2a (1 equiv) 65
7 Cu(OAc)2·H2O solvent EtOH 77
8 Cu(OAc)2·H2O temperature 20 ◦C 53 c

9 Co(OAc)2·4H2O 17
10 Ni(acac)2 64
11 Fe(acac)3 70

a Yield is determined by 1H NMR spectroscopy using CH2Br2 as an internal standard. b IPrCuCl = Chloro[1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(I). c Reaction time: 48 h.

The structures of compounds 3a–p were established using NMR spectroscopy and
HRMS methods. The structure of compound 3e was additionally verified by X-ray diffrac-
tion analysis.

The comparison of the obtained results with the data of our previous work [29]
(Scheme 1, reaction 2a) revealed a dramatic dependence of the reaction outcome on the
nature of the C3 substituent in quinolones 1: 3-alkoxycarbonyl-substituted derivatives
produced the products of furo-annulation, while 3-aryl-substituted derivatives exclusively
produced pyrroline-fused products 3. In order to find out how general this pattern was
for six-membered enols, we examined compounds 4 and 7, having carbonyl substituents
both at the α- and β-carbon atoms of the enol moiety (Scheme 4). The Cu(OAc)2- and
IPrCuCl-catalyzed reactions of chromenone 4 with azirine 2a, conducted in methanol at
100 ◦C, resulted in a complex, inseparable mixture of products. IPrCuCl did not catalyzed
the reaction in DCE at all, but, to our delight, the target chromenopyrrole 6a was obtained in
67% yield in DCE using Cu(OAc)2×H2O (5 mol%) as a catalyst. According to the 1H NMR
spectrum of the reaction mixture, no traces of the furo-annulated product, compound 5,
were detected. The reaction of chromenone 4 with azirines 2b–d occurred with almost
the same efficiency, producing chromenopyrroles 6b–d in 60–70% yields. The structure of
compound 6c was confirmed by X-ray diffraction analysis.

Phenalenone 7 with a similarly substituted enol moiety included in the ortho- and peri-
fused system also reacted well with azirine 2a, producing the tetracyclic annulation adduct
8 in a 60% yield. In this reaction, copper(II) hexafluoroacetylacetonate (10 mol%) was used
as a catalyst since it provided a slightly higher product yield than copper(II) acetate.
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Thus, the substitution pattern of the enol moiety of six-membered cyclic enols con-
trolled the outcome of their catalytic annulation with azirines directing the reaction toward
either pyrroline- or furane-fused products. In the presence of an aryl substituent at the
β-position of the enol moiety of quinolones 1, its (2+3) cycloaddition to azirines 2 smoothly
proceeded to afford pyrroline-annulated products 3. In contrast, the CO2Me group in
the same position directs the process toward the formation of furo-annulated products as
follows from the results of the previous studies [29]. However, this switching does not
occur if the α-carbon of the enol moiety is adjacent to the endocyclic carbonyl carbon atom.
We proposed the reaction mechanism (Scheme 5) to address the observed reactivity of
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non-aromatic six-membered cyclic enols toward azirines under copper catalysis. The key
step of the reaction was the azirine-ring opening across the N1-C2 bond to form radical 9
under the action of copper(I) enolate 1-Cu(I)/4-Cu(I). The latter resulted from the oxidative
homocoupling of the enol with the copper(II) catalyst. Such an oxidation with copper(II)
acetylacetonate was previously reported for tetramic acids [27]. Indeed, enol 1a reacts
with Cu(OAc)2 in boiling MeOH, but, unfortunately, our attempts to isolate the oxidative
coupling product failed because of the low selectivity of the reaction, which yielded an
inseparable mixture of products. Intramolecular radical attack in intermediate 9 afforded
copper(I) iminide 10,11. 3-Aryl-substituted iminide 10 underwent the cyclization at the
keto group followed by a copper–hydrogen exchange to produce cycloadduct 3. The ex-
pected intramolecular nucleophilic attack of the iminide nitrogen on the ester carbonyl in
intermediate 11 to form furo-annulation product 5 did not occur because of two reasons:
(1) the additional activation of the electrophilic keto group by the lactone carbonyl group,
and (2) stabilization of alcoholate 13 by the chelation of the copper by the lactone carbonyl
group. As a result, the cyclization in the keto group proceeded rapidly and irreversibly. The
copper–hydrogen exchange between alcoholate 13 and enol 4 afforded the final cycloadduct
6 and regenerated enolate 4-Cu(I).
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Thus, the lactone carbonyl in intermediate 11 acted as a directing group, enabling the
annulation of the pyrroline ring even though the enol system bears an ester substituent at
the β-C enol atom. The reaction of methoxycarbonyl-substituted 6-membered cyclic enols,
having no directing carbonyl group, should proceed through a furo-annulation involving
the CO2Me group. This important conclusion was supported by the reaction between
thiochromene-based enol 14 and azirine 2a (Scheme 6). This reaction afforded carbamate 15
as a sole product in the presence of copper(II) acetylacetonate under the standard conditions.
Compound 15 can be transformed under acidic conditions into thiochromenofuran 16 in
good yields.

An unexpected result was obtained in the reaction of 4-hydroxyisoquinolinone 17
with azirine 2a catalyzed with Cu(acac)2 (5 mol%) (Scheme 6). The formation of a furo-
fused product (similar to 15) did not occur from compound 17, despite the presence of the
methoxycarbonyl group at the β-C atom and the absence of the directing carbonyl group at
the α-C atom of the enol moiety. Instead, pyrrolino-annulated 1:2 adduct 18 was isolated
in 27% yield. Optimization experiments showed that the use of other copper(II) catalysts
(Cu(OAc)2, Cu(hfacac)2) did not enhance the efficiency of the reaction, whereas NHC
complex IPrCuCl (5 mol%) allowed a slight increase in the yield of 18 (32%). This product
resulted from the addition of two molecules of azirine 2a to isoquinolone 17, one of which
modified the methoxycarbonyl group of 17 and another one formed the pyrroline ring. The

115



Molecules 2022, 27, 5681

abnormal reaction course can be rationalized in terms of rapid copper–hydrogen exchange
in intermediate 20, which is more rapid than the furan ring closure. The (2+3) cycloaddition
of aminovinyl-substituted enol 21 to azirine 2a afforded compound 18. The Z configuration
of the C=C bond in compound 18 was established based on 2D 1H-1H-NOESY spectrum
data (see the Supplementary Materials).
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3. Materials and Methods
3.1. General Instrumentation

Melting points were determined on a melting-point apparatus and were uncorrected.
1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on a Bruker Avance 400 spec-
trometer in solvent indicated below. 1H NMR spectra were calibrated according to the
residual peaks of CDCl3 (δ = 7.26 ppm), DMSO-d6 (δ = 2.50 ppm). 13C{1H} NMR spectra
were calibrated according to the carbon atom peaks of CDCl3 (δ = 77.0 ppm), DMSO-d6
(δ = 40.0 ppm). High-resolution mass spectra were recorded with a Bruker maXis HRMS-
QTOF, electrospray ionization. X-ray diffraction analysis was performed with an Agilent
Technologies Xcalibur Eos (for 3e) and Agilent Technologies Supernova (for 6c) diffractome-
ters. Crystallographic data for the structures 3e (CCDC 1535459) and 6c (CCDC 2182542)
were deposited at the Cambridge Crystallographic Data Centre. Thin-layer chromatography
(TLC) was conducted on aluminum sheets precoated with SiO2 ALUGRAM SIL G/UV254.
Column chromatography was performed on silica gel 60 M (0.04–0.063 mm). Methanol
was refluxed for 2 h with magnesium turnings and then distilled. 1,2-Dichloroethane
was washed with concentrated H2SO4, water, then distilled from P2O5 and stored over
anhydrous K2CO3.

Quinolones 1a–l were prepared from isatoic anhydrides and corresponding methyl
acetates according to the procedure described in the literature [42]. Quinolones 1a,l,m [43],
and 1c [42] are known compounds. Compounds 2a–c [44], 2d [45], 4 [46], 7 [47], 14 [48],
and 17 [49] are known compounds, which were prepared by using the reported procedures.

3.2. Synthesis and Characterization of Quinolones

4-Hydroxy-1-methyl-3-(4-methylphenyl)quinolin-2(1H)-one (1b) [42]. Compound 1b (1.09 g,
82%) was prepared from N-methylisatoic anhydride (0.89 g, 5 mmol), methyl 4-
methylphenylacetate (0.82 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid.
Mp: 204–205 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.35 (s, 3H), 3.60 (s, 3H),
7.20–7.29 (m, 5H), 7.50 (d, J = 8.4 Hz, 1H), 7.61–7.65 (m, 1H), 8.02–8.04 (m, 1H), 9.92 (s, 1H).
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13C NMR (100 MHz, DMSO-d6), δ, ppm: 21.4, 29.7, 112.6, 114.8, 116.8, 121.7, 124.0, 128.9,
131.1, 131.3, 131.5, 136.5, 139.3, 156.5, 162.5. HRMS-ESI: [M+H]+ calcd for C17H16NO2

+

266.1176, found 216.1187.
3-(4-Fluorophenyl)-4-hydroxy-1-methylquinolin-2(1H)-one (1d) [42]. Compound 1d (0.89 g,

66%) was prepared from N-methylisatoic anhydride (0.89 g, 5 mmol), methyl 4-fluoropheny-
lacetate (0.84 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp: 288–290 ◦C
(MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.61 (s, 3H), 7.20–7.24 (m, 2H), 7.28 (t,
J = 7.5 Hz, 1H), 7.36–7.39 (m, 2H), 7.52 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 8.05 (d,
J = 7.7 Hz, 1H), 10.11 (s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 29.7, 111.7, 114.9,
115.1 (d, J = 21.2 Hz), 116.7, 121.8, 124.0, 130.4 (d, J = 3.2 Hz), 131.5, 133.6 (d, J = 8.1 Hz),
139.4, 156.8, 161.8 (d, J = 243.0 Hz), 162.4. HRMS-ESI: [M+H]+ calcd for C16H13FNO2

+

270.0925, found 270.0931.
3-(4-Chlorophenyl)-4-hydroxy-1-methylquinolin-2(1H)-one (1e) [42]. Compound 1e (1.24 g,

87%) was prepared from N-methylisatoic anhydride (0.89 g, 5 mmol), methyl 4-chloropheny-
lacetate (0.92 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp: 279–281 ◦C
(MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.60 (s, 3H), 7.28 (t, J = 7.5 Hz, 1H), 7.37
(d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 1H), 7.65 (t, J = 7.3 Hz, 1H), 8.05
(d, J = 7.5 Hz, 1H), 10.21 (br. S, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 29.7, 111.5,
114.9, 116.7, 121.9, 124.1, 128.2, 131.6, 132.1, 133.1, 133.5, 139.5, 156.9, 162.2. HRMS-ESI:
[M+H]+ calcd for C16H13

35ClNO2
+ 286.0629, found 286.0639.

4-Hydroxy-1-methyl-3-(4-nitrophenyl)quinolin-2(1H)-one (1f) [42]. Compound 1f (0.77 g, 52%)
was prepared from N-methylisatoic anhydride (0.89 g, 5 mmol), methyl 4-nitrophenylacetate
(0.98 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp: 339–340 ◦C
(MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.62 (s, 3H), 7.32 (t, J = 7.5 Hz, 1H),
7.56 (d, J = 8.5 Hz, 1H), 7.67–7.71 (m, 3H), 8.10 (d, J = 7.9 Hz, 1H), 8.26 (d, J = 8.5 Hz, 2H),
10.61 (br. s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 29.3, 110.9, 114.5, 116.4, 121.5,
122.6, 123.9, 131.6, 132.6, 139.5, 141.8, 146.5, 157.3, 161.5. HRMS-ESI: [M+H]+ calcd for
C16H13N2O4

+ 297.0870, found 297.0885.
4-Hydroxy-1-methyl-3-(thiophen-2-yl)quinolin-2(1H)-one (1g) [42]. Compound 1g (0.71 g,

55%) was prepared from N-methylisatoic anhydride (0.89 g, 5 mmol), methyl (thiophen-
2-yl)acetate (0.78 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp:
175–176 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.68 (s, 3H), 7.13 (dd, J = 5.1
and 3.8 Hz, 1H), 7.33 (t, J = 7.2 Hz, 1H), 7.52 (dd, J = 5.2 and 1.0 Hz, 1H), 7.56 (d, J = 8.3 Hz,
1H), 7.64–7.68 (m, 1H), 8.01 (dd, J = 3.7 and 1.0 Hz, 1H), 8.17 (dd, J = 8.1 and 1.0 Hz, 1H),
11.08 (br. s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 30.1, 107.0, 115.1, 116.4, 122.1,
123.9, 126.2, 126.6, 128.7, 131.5, 135.1, 138.4, 156.4, 161.6. HRMS-ESI: [M+H]+ calcd for
C14H12NO2S+ 258.0583, found 258.0595.

5-Chloro-4-hydroxy-1-methyl-3-phenylquinolin-2(1H)-one (1h) [42]. Compound 1h (1.05 g,
74%) was prepared from N-methyl-5-chloroisatoic anhydride (1.06 g, 5 mmol), methyl
phenylacetate (0.75 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp:
208–209 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.61 (s, 3H), 7.31–7.57 (m,
8H), 9.78 (s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 30.7, 114.3, 114.6, 114.8, 125.7,
127.8, 128.5, 131.1 (2C), 131.7, 133.6, 141.8, 157.0, 161.6. HRMS-ESI: [M+H]+ calcd for
C16H13

35ClNO2
+ 286.0629, found 286.0636.

6-Chloro-4-hydroxy-1-methyl-3-phenylquinolin-2(1H)-one (1i) [42]. Compound 1i (0.97 g,
68%) was prepared from N-methyl-6-chloroisatoic anhydride (1.06 g, 5 mmol), methyl
phenylacetate (0.75 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp:
265–267 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.59 (s, 3H), 7.31–7.35 (m,
3H), 7.39–7.43 (m, 2H), 7.53 (d, J = 9.1 Hz, 1H), 7.65 (dd, J = 9.0 and 2.4 Hz, 1H), 8.02 (d,
J = 2.4 Hz, 1H), 10.28 (br. s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 29.9, 113.8, 117.0,
118.2, 123.1, 126.2, 127.6, 128.2, 131.0, 131.5, 133.8, 138.2, 155.6, 162.2. HRMS-ESI: [M+H]+

calcd for C16H13
35ClNO2

+ 286.0629, found 286.0640.
7-Chloro-4-hydroxy-1-methyl-3-phenylquinolin-2(1H)-one (1j) [42]. Compound 1j (1.0 g,

70%) was prepared from N-methyl-7-chloroisatoic anhydride (1.06 g, 5 mmol), methyl
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phenylacetate (0.75 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp:
230–231 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.58 (s, 3H), 7.29–7.35 (m,
4H), 7.39–7.43 (m, 2H), 7.57 (d, J = 1.7 Hz, 1H), 8.02 (d, J = 8.6 Hz, 1H), 10.22 (s, 1H). 13C
NMR (100 MHz, DMSO-d6), δ, ppm: 29.9, 113.0, 114.5, 115.7, 121.8, 125.9, 127.6, 128.3, 131.6,
133.8, 136.1, 140.4, 156.2, 162.4. HRMS-ESI: [M+H]+ calcd for C16H13

35ClNO2
+ 286.0629,

found 286.0638.
8-Chloro-4-hydroxy-1-methyl-3-phenylquinolin-2(1H)-one (1k) [42]. Compound 1k (0.87 g,

61%) was prepared from N-methyl-8-chloroisatoic anhydride (1.06 g, 5 mmol), methyl
phenylacetate (0.75 g, 5 mmol), and KHDMS (1.99 g, 10 mmol) as a colorless solid. Mp:
238–239 ◦C (MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.77 (s, 3H), 7.25 (t, J = 7.9 Hz,
1H), 7.31–7.43 (m, 5H), 7.69 (d, J = 7.7 Hz, 1H), 8.02 (d, J = 7.8 Hz, 1H), 10.32 (br. S, 1H).
13C NMR (100 MHz, DMSO-d6), δ, ppm: 37.3, 113.0, 119.8, 121.0, 123.1, 123.6, 127.6, 128.3,
131.5, 133.7, 134.4, 137.8, 156.5, 164.2. HRMS-ESI: [M+Na]+ calcd for C16H12

35ClNNaO2
+

308.0449, found 308.0461.

3.3. Synthesis of Pyrrolo[3,2-c]quinolin-4-ones 3

General procedure. Quinolone 1a–m (0.2 mmol), Cu(Oac)2·H2O (2 mg, 0.01 mmol),
azirine 2 (0.32 mmol), and MeOH (3 mL) (or DCE for compound 3p) were placed conse-
quently into a screw-cap glass tube and heated at 100 ◦C for 15–20 min under stirring until
full consumption of the quinolinone 1 was detected (control by TLC). The solvent was
removed in vacuo and the residue was purified by column chromatography on silica gel
(eluent hexane/EtOAc from 2:1 to 1:2) followed by recrystallization from hexane/CHCl3 to
produce adduct 3 as pure crystals (compounds 3c and 3l) or as solvates with chloroform
(compounds 3a,b,d–k,m–p).

rac-(3aR,9bR)-9b-Hydroxy-3a-(4-methoxyphenyl)-5-methyl-2-(4-methylphenyl)-3,3a,5,9b-tetrahydro-
4H-pyrrolo[3,2-c]quinolin-4-one (3a). Colorless solid (3a × 0.48CHCl3, 91 mg, 97%). Mp:
144–145 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.36 (s, 3H), 3.25 (s,
3H), 3.67 (s, 3H), 3.78 (d, J = 16.1 Hz, 1H), 4.27 (d, J = Hz, 1H), 6.17 (s, 1H), 6.78 (d, J = 8.8 Hz,
2H), 7.12 (d, J = 8.8 Hz, 2H), 7.20 (d, J = 8.1 Hz, 1H), 7.25–7.30 (m, 3H), 7.43–7.48 (m, 1H),
7.83 (d, J = 8.1 Hz, 2H), 7.96 (dd, J = 7.6 and 1.3 Hz, 1H). 13C NMR (100 MHz, DMSO-d6), δ,
ppm: 21.5, 30.5, 44.2, 55.4, 60.9, 97.5, 113.8, 115.0, 123.7, 127.2, 128.4 (2C), 129.4, 129.7, 129.9,
130.0, 131.3, 138.3, 142.0, 158.7, 171.5, 175.6. HRMS-ESI: [M+H]+ calcd for C26H25N2O3

+

413.1860, found 413.1858.
rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2,3a-di(4-methylphenyl)-3,3a,5,9b-tetrahydro-4H-pyrrolo[3,2-

c]quinolin-4-one (3b). Colorless solid (3b×1.47CHCl3, 112 mg, 98%). Mp: 178–179 ◦C
(CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.21 (s, 3H), 2.36 (s, 3H), 3.25 (s,
3H), 3.82 (d, J = 16.1 Hz, 1H), 4.29 (d, J = 16.1 Hz, 1H), 6.19 (s, 1H), 7.02 (d, J = 7.6 Hz, 2H),
7.10 (d, J = 7.6 Hz, 2H), 7.19 (d, J = 8.0 Hz, 1H), 7.28–7.30 (m, 3H), 7.45 (t, J = 7.2 Hz, 1H),
7.85 (d, J = 7.6 Hz, 2H), 7.98 (d, J = 7.2 Hz, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm:
21.0, 21.5, 30.5, 44.1, 61.3, 97.5, 115.0, 123.6, 127.2, 128.2, 128.4 (2C), 128.9, 129.7, 129.9, 131.3,
135.0, 136.6, 138.3, 142.0, 171.4, 175.6. HRMS-ESI: [M+H]+ calcd for C26H25N2O2

+ 397.1911,
found 397.1914.

rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-tetrahydro-4H-
pyrrolo[3,2-c]quinolin-4-one (3c). Pale-yellow solid (76 mg, 99%). Mp: 165–167 ◦C (CHCl3/Et2O).
1H NMR (400 MHz, CDCl3), δ, ppm: 2.44 (s, 3H), 3.33 (br. S, 3H), 3.53–3.57 (m, 1H), 4.11 (br.
S, 1H), 4.27–4.29 (m, 1H), 7.10–7.49 (m, 10H), 7.44–7.53 (m, 1H), 7.67–7.80 (m, 1H), 8.06–8.09
(m, 1H). 13C NMR (100 MHz, CDCl3), δ, ppm: 21.5, 30.4, 44.1, 61.4, 97.7, 114.4, 123.8, 127.0,
127.6 (2C), 128.4 (3C), 129.1, 129.9, 130.1, 136.6, 138.0, 142.5, 170.9, 177.6. HRMS-ESI: [M+H]+

calcd for C25H23N2O2
+ 383.1754, found 383.1748.

rac-(3aR,9bR)-3a-(4-Fluorophenyl)-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3,3a,5,9b-tetrahydro-
4H-pyrrolo[3,2-c]quinolin-4-one (3d). Colorless solid (3d × 0.56CHCl3, 91 mg, 98%). Mp:
148–149 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.36 (s, 3H), 3.26
(s, 3H), 3.82 (d, J = 16.2 Hz, 1H), 4.30 (d, J = 16.2 Hz, 1H), 6.29 (s, 1H), 7.06 (t, J = 8.9 Hz,
2H), 7.21–7.30 (m, 6H), 7.44–7.49 (m, 1H), 7.84 (d, J = 8.1 Hz, 2H), 7.97 (dd, J = 7.6 and
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1.4 Hz, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 21.5, 30.6, 44.5, 61.0, 97.5, 115.1 (d,
J = 21.1 Hz), 115.2, 123.8, 127.2, 128.2, 128.4, 129.7, 130.0, 130.3 (d, J = 8.0 Hz), 131.1, 134.3
(d, J = 3.1 Hz), 138.1, 142.1, 161.7 (d, J = 243.7 Hz), 171.1, 175.5. HRMS-ESI: [M+H]+ calcd
for C25H22FN2O2

+ 401.1660, found 401.1655.
rac-(3aR,9bR)-3a-(4-Chlorophenyl)-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3,3a,5,9b-tetrahydro-

4H-pyrrolo[3,2-c]quinolin-4-one (3e). Colorless solid (3e × 0.45CHCl3, 93 mg, 99%). Mp:
202–203 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.35 (s, 3H), 3.27
(s, 3H), 3.84 (d, J = 16.2 Hz, 1H), 4.29 (d, J = 16.2 Hz, 1H), 6.33 (s, 1H), 7.21–7.31 (m, 8H),
7.44–7.48 (m, 1H), 7.84 (d, J = 8.1 Hz, 2H), 7.97 (dd, J = 7.6 and 1.4 Hz, 1H). 13C NMR
(100 MHz, DMSO-d6), δ, ppm: 21.5, 30.7, 44.4, 61.2, 97.5, 115.2, 123.9, 127.2, 128.1, 128.4
(2C), 129.7, 130.0, 130.2, 131.1, 132.3, 137.0, 138.1, 142.2, 170.9, 175.4. HRMS-ESI: [M+H]+

calcd for C25H22
35ClN2O2

+ 417.1364, found 417.1369.
rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2-(4-methylphenyl)-3a-(4-nitrophenyl)-3,3a,5,9b-

tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3f). Colorless solid (3f × 0.39CHCl3, 80 mg,
85%). Mp: 186–187 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.36 (s,
3H), 3.29 (s, 3H), 3.93 (d, J = 16.3 Hz, 1H), 4.33 (d, J = 16.3 Hz, 1H), 6.48 (s, 1H), 7.25–7.32
(m, 4H), 7.46–7.51 (m, 3H), 7.84 (d, J = 8.1 Hz, 2H), 7.96 (dd, J = 7.7 and 1.4 Hz, 1H), 8.11 (d,
J = 8.9 Hz, 2H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 21.5, 30.8, 44.6, 61.9, 97.7, 115.4,
123.5, 124.1, 127.3, 127.8, 128.5, 129.7, 129.8, 130.2, 130.9, 137.9, 142.3, 145.5, 147.0, 170.2,
175.2. HRMS-ESI: [M+H]+ calcd for C25H22N3O4

+ 428.1605, found 428.1608.
rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2-(4-methylphenyl)-3a-(thiophen-2-yl)-3,3a,5,9b-

tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3g). Colorless solid (3g × 0.49CHCl3, 82 mg,
92%). Mp: 112–114 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.36 (s,
3H), 3.28 (s, 3H), 3.77 (d, J = 15.9 Hz, 1H), 4.28 (d, J = 15.9 Hz, 1H), 6.35 (s, 1H), 6.82 (d,
J = 3.1 Hz, 1H), 6.87–6.89 (m, 1H), 7.21–7.32 (m, 5H), 7.46 (t, J = 7.2 Hz, 1H), 7.81 (d, J = 8.0
Hz, 2H), 7.93 (d, J = 7.5 Hz, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 21.5, 30.7, 45.0,
59.2, 97.6, 115.1, 123.8, 125.7, 126.3, 126.6, 127.3, 127.8, 128.4, 129.7, 130.1, 131.0, 138.2, 139.7,
142.2, 170.0, 176.1. HRMS-ESI: [M+H]+ calcd for C23H21N2O2S+ 389.1318, found 389.1333.

rac-(3aR,9bS)-9-Chloro-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-
tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3h). Colorless solid (3h × 0.60CHCl3, 78 mg,
80%). Mp: 146–148 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.37 (s,
3H), 3.25 (s, 3H), 3.73 (d, J = 16.4 Hz, 1H), 4.29 (d, J = 16.4 Hz, 1H), 5.86 (s, 1H), 7.21–7.33
(m, 9H), 7.44 (t, J = 8.2 Hz, 1H), 7.87 (d, J = 8.1 Hz, 2H). 13C NMR (100 MHz, DMSO-d6),
δ, ppm: 21.6, 31.6, 43.2, 62.5, 98.4, 114.8, 125.5, 126.9, 127.4, 128.4, 128.5 (2C), 129.7, 130.5,
131.0, 134.3, 138.7, 141.0, 142.3, 170.8, 176.2. HRMS-ESI: [M+H]+ calcd for C25H22

35ClN2O2
+

417.1364, found 417.1372.
rac-(3aR,9bR)-8-Chloro-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-

tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3i). Colorless solid (3i × 0.67CHCl3, 98 mg,
99%). Mp: 124–126 ◦C (CHCl3/hexane). Compound 3i can be obtained as a solvate with
DMSO-d6 by evaporation solution in DMSO-d6 with identical NMR spectra. 1H NMR
(400 MHz, DMSO-d6), δ, ppm: 2.36 (s, 3H), 3.25 (s, 3H), 3.86 (d, J = 16.3 Hz, 1H), 4.27
(d, J = 16.3 Hz, 1H), 6.41 (s, 1H), 7.17–7.31 (m, 8H), 7.52 (dd, J = 8.7 and 2.6 Hz, 1H), 7.84
(d, J = 8.1 Hz, 2H), 7.91 (d, J = 2.6 Hz, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 21.5,
30.7, 44.2, 61.5, 97.1, 117.2, 126.8, 127.6, 128.0, 128.3, 128.5 (2C), 129.6, 129.7, 130.5, 131.0,
137.2, 137.6, 142.3, 171.1, 176.1. HRMS-ESI: [M+H]+ calcd for C25H22

35ClN2O2
+ 417.1364,

found 417.1376.
rac-(3aR,9bR)-7-Chloro-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-

tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3j). Colorless solid (3j × 0.47CHCl3, 90 mg,
95%). Mp: 120–121 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.36 (s,
3H), 3.27 (s, 3H), 3.88 (d, J = 16.2 Hz, 1H), 4.29 (d, J = 16.2 Hz, 1H), 6.36 (s, 1H), 7.22–7.36
(m, 9H), 7.85 (d, J = 7.7 Hz, 2H), 7.96 (d, J = 8.2 Hz, 1H). 13C NMR (100 MHz, DMSO-d6),
δ, ppm: 21.5, 30.7, 44.2, 61.6, 97.2, 115.1, 123.5, 127.3, 127.6, 128.3, 128.4, 128.5, 128.9, 129.7,
131.0, 134.4, 137.7, 139.6, 142.2, 171.5, 175.8. HRMS-ESI: [M+H]+ calcd for C25H22

35ClN2O2
+

417.1364, found 417.1374.
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rac-(3aR,9bR)-6-Chloro-9b-hydroxy-5-methyl-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-
tetrahydro-4H-pyrrolo[3,2-c]quinolin-4-one (3k). Colorless solid (3k × 0.68CHCl3, 98 mg,
99%). Mp: 170–171 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.37 (s,
3H), 3.29 (s, 3H), 3.79 (d, J = 15.9 Hz, 1H), 4.31 (d, J = 15.9 Hz, 1H), 6.50 (s, 1H), 7.13–7.34
(m, 8H), 7.55 (d, J = 7.4 Hz, 1H), 7.85–7.90 (m, 3H). 13C NMR (100 MHz, DMSO-d6), δ,
ppm: 21.6, 38.1, 44.7, 62.3, 97.2, 122.1, 126.1, 126.2, 127.6, 128.2, 128.4, 128.5, 129.7, 131.2,
132.3, 134.1, 136.2, 137.2, 142.3, 173.3, 177.4. HRMS-ESI: [M+H]+ calcd for C25H22

35ClN2O2
+

417.1364, found 417.1372.
rac-(3aR,9bR)-5-Benzyl-9b-hydroxy-2-(4-methylphenyl)-3a-phenyl-3,3a,5,9b-tetrahydro-4H-

pyrrolo[3,2-c]quinolin-4-one (3l). Colorless solid (87 mg, 95%). Mp: 173–175 ◦C (CHCl3/hexane).
1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.38 (s, 3H), 3.92 (d, J = 16.0 Hz, 1H), 4.34 (d,
J = 16.0 Hz, 1H), 5.17 (s, 2H), 6.33 (s, 1H), 6.91–6.93 (m, 2H), 7.07–7.12 (m, 4H), 7.21–7.34
(m, 9H), 7.88 (d, J = 8.1 Hz, 2H), 7.98 (dd, J = 7.6 and 1.5 Hz, 1H). 13C NMR (100 MHz,
DMSO-d6), δ, ppm: 21.6, 44.2, 45.3, 61.9, 97.4, 115.7, 123.9, 126.5, 127.2 (2C), 127.6, 128.4
(2C), 128.5, 128.8, 129.0, 129.7, 129.8, 131.4, 137.1, 137.2, 137.8, 142.1, 171.8, 176.1. HRMS-ESI:
[M+Na]+ calcd for C31H26N2NaO2

+ 481.1886, found 481.1896.
rac-(8aR,11aR)-11a-Hydroxy-10-(4-methylphenyl)-8a-phenyl-5,6,9,11a-tetrahydro-4H-pyrido

pyrrolo[3,2-c]quinolin-8(8aH)-one (3m). Colorless solid (3m × 1.20CHCl3, 106 mg, 96%). Mp:
187–188 ◦C (CHCl3/MeOH). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 1.79 (s, 2H), 2.36 (s,
3H), 2.81 (br. S, 2H), 3.43–3.45 (m, 1H), 3.85 (d, J = 16.1 Hz, 1H), 3.99–4.02 (m, 1H), 4.29
(d, J = 16.1 Hz, 1H), 6.15 (s, 1H), 7.15–7.30 (m, 9H), 7.78–7.86 (m, 3H). 13C NMR (100 MHz,
DMSO-d6), δ, ppm: 21.1, 21.6, 27.5, 42.3, 44.0, 61.3, 97.6, 123.2, 125.0, 125.3, 127.4, 128.1,
128.3, 128.4 (2C), 129.7, 130.2, 131.3, 134.0, 138.2, 142.0, 170.6, 175.4. HRMS-ESI: [M+H]+

calcd for C27H25N2O2
+ 409.1911, found 409.1916.

rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2,3a-diphenyl-3,3a,5,9b-tetrahydro-4H-pyrrolo[3,2-c]
quinolin-4-one (3n). Colorless solid (3n × 0.26CHCl3, 79 mg, 99%). Mp: 174–175 ◦C
(CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.27 (s, 3H), 3.89 (d, J = 16.2 Hz,
1H), 4.32 (d, J = 16.2 Hz, 1H), 6.26 (s, 1H), 7.22–7.31 (m, 7H), 7.45–7.55 (m, 4H), 7.95–7.98 (m,
3H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 30.6, 44.2, 61.6, 97.6, 115.1, 123.8, 127.1, 127.5,
128.3, 128.4 (3C), 129.1, 130.0, 132.1, 133.8, 138.0, 138.2, 171.2, 175.7. HRMS-ESI: [M+H]+

calcd for C24H21N2O2
+ 369.1598, found 369.1592.

rac-(3aR,9bR)-9b-Hydroxy-2-(4-methoxyphenyl)-5-methyl-3a-phenyl-3,3a,5,9b-tetrahydro-4H-
pyrrolo[3,2-c]quinolin-4-one (3o). Colorless solid (3o × 0.51CHCl3, 83 mg, 91%). Mp:
99–100 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.26 (s, 3H), 3.78–3.82
(m, 4H), 4.26 (d, J = 16.1 Hz, 1H), 6.16 (s, 1H), 7.02 (d, J = 8.8 Hz, 2H), 7.19–7.29 (m,
7H), 7.44–7.48 (m, 1H), 7.88–7.94 (m, 3H). 13C NMR (100 MHz, DMSO-d6), δ, ppm: 30.6,
44.0, 55.9, 61.7, 97.4, 114.5, 115.1, 123.7, 126.5, 127.1, 127.4, 128.4 (2C), 128.5, 129.9, 130.2,
138.1, 138.2, 162.4, 171.3, 175.0. HRMS-ESI: [M+H]+ calcd for C25H23N2O3

+ 399.1703,
found 399.1693.

rac-(3aR,9bR)-9b-Hydroxy-5-methyl-2-(4-nitrophenyl)-3a-phenyl-3,3a,5,9b-tetrahydro-4H-
pyrrolo[3,2-c]quinolin-4-one (3p). Compound 3p was prepared according to the general
procedure using DCE as a solvent. Colorless solid (3p × 0.45CHCl3, 81 mg, 87%). Mp:
101–102 ◦C (CHCl3/hexane). 1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.27 (s, 3H), 3.96 (d,
J = 16.5 Hz, 1H), 4.34 (d, J = 16.5 Hz, 1H), 6.40 (s, 1H), 7.21–7.31 (m, 7H), 7.47–7.51 (m, 1H),
7.95–7.98 (m, 1H), 8.20 (d, J = 8.8 Hz, 2H), 8.31–8.33 (m, 2H). 13C NMR (100 MHz, DMSO-d6),
δ, ppm: 30.7, 44.5, 61.7, 97.9, 115.2, 123.9, 124.3, 127.2, 127.6, 127.7, 128.3, 128.5, 129.7, 130.2,
137.6, 138.3, 139.3, 149.6, 171.0, 174.6. HRMS-ESI: [M+H]+ calcd for C24H20N3O4

+ 414.1448,
found 414.1440.

3.4. Synthesis of Chromenopyrroles 6

General procedure. Hydroxycoumarin 4 (0.2 mmol), Cu(Oac)2 × H2O (2 mg, 0.01 mmol),
azirine 2 (0.32 mmol), and DCE (3.0 mL) were consequently placed into a screw-cap glass
tube and heated at 100 ◦C for 20–30 min until the full consumption of 3-hydroxycoumarin
4 was detected (control by TLC). The solvent was removed in vacuo and the residue was
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purified by column chromatography on silica gel (eluent hexane/EtOAc from 2:1 to 1:2),
followed by recrystallization from a hexane–Et2O mixture to produce compound 6.

Methyl rac-(3aR,9bR)-3a-hydroxy-2-(4-methylphenyl)-4-oxo-3a,4-dihydrochromeno[3,4-b]
pyrrole-9b(1H)-carboxylate (6a). Colorless solid (47 mg, 67%). Mp: 203–204 ◦C (Et2O/hexane).
1H NMR (400 MHz, DMSO-d6), δ, ppm: 2.32 (s, 3H), 3.59 (s, 3H), 4.02 and 3.88 (AB-q,
J = 17.2 Hz, 2H), 7.11 (d, J = 8.1 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 7.26 (d, J = 7.9 Hz, 2H),
7.34 (t, J = 7.4 Hz, 1H), 7.46 (d, J = 7.5 Hz, 1H), 7.59 (s, 1H), 7.78 (d, J = 8.0 Hz, 2H). 13C
NMR (100 MHz, DMSO-d6), δ, ppm: 21.6, 44.6, 53.2, 60.8, 95.5, 117.4, 122.7, 125.8, 128.3,
128.7, 129.8, 130.0, 130.7, 143.3, 150.3, 166.2, 169.7, 179.8. HRMS-ESI: [M-H]− calcd for
C20H16NO5

− 350.1034, found 350.1039.
Methyl rac-(3aR,9bR)-3a-hydroxy-4-oxo-2-phenyl-3a,4-dihydrochromeno[3,4-b]pyrrole-9b(1H)-

carboxylate (6b). Colorless solid (47 mg, 70%). Mp: 171–172 ◦C (Et2O/hexane). 1H NMR
(400 MHz, DMSO-d6), δ, ppm: 3.59 (s, 3H), 3.92 and 4.07 (AB-q, J = 17.3 Hz, 2H), 7.12 (dd,
J = 8.2 and 1.0 Hz, 1H), 7.19 (td, J = 7.6 and 1.1 Hz, 1H), 7.32–7.36 (m, 1H), 7.43–7.48 (m,
3H), 7.54 (t, J = 7.4 Hz, 1H), 7.66 (s, 1H), 7.88–7.90 (m, 2H). 13C NMR (100 MHz, DMSO-d6),
δ, ppm: 44.7, 53.3, 60.9, 95.5, 117.4, 122.6, 125.8, 128.3, 128.7, 129.3, 130.7, 132.6, 133.0, 150.3,
166.1, 169.7, 180.1. HRMS-ESI: [M+H]+ calcd for C19H16NO5

+ 338.1023, found 338.1039.
Methyl rac-(3aR,9bR)-3a-hydroxy-2-(4-methoxyphenyl)-4-oxo-3a,4-dihydrochromeno[3,

4-b]pyrrole-9b(1H)-carboxylate (6c). Colorless solid (44 mg, 60%). Mp: 199–200 ◦C (Et2O/hexane).
1H NMR (400 MHz, DMSO-d6), δ, ppm: 3.58 (s, 3H), 3.79 (s, 3H), 3.87 and 4.00 (AB-q,
J = 17.1 Hz, 2H), 6.98 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.1 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H),
7.34 (t, J = 7.5 Hz, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.52 (s, 1H), 7.84 (d, J = 8.6 Hz, 2H). 13C
NMR (100 MHz, DMSO-d6), δ, ppm: 44.5, 53.2, 55.9, 60.9, 95.4, 114.6, 117.4, 122.8, 125.3,
125.7, 128.3, 130.6, 130.7, 150.3, 163.1, 166.3, 169.8, 179.2. HRMS-ESI: [M+H]+ calcd for
C20H18NO6

+ 368.1129, found 368.1138.
Methyl rac-(3aR,9bR)-3a-hydroxy-2-(4-nitrophenyl)-4-oxo-3a,4-dihydrochromeno[3,4-b]pyrrole-

9b(1H)-carboxylate (6d). Colorless solid (47 mg, 62%). Mp: 190–191 ◦C (Et2O/hexane). 1H
NMR (400 MHz, DMSO-d6), δ, ppm: 3.61 (s, 3H), 3.99 and 4.16 (AB-q, J = 17.5 Hz, 2H),
7.13 (dd, J = 8.2 and 1.0 Hz, 1H), 7.20 (td, J = 7.7 and 1.1 Hz, 1H), 7.34–7.38 (m, 1H), 7.47
(dd, J = 7.8 and 1.3 Hz, 1H), 7.86 (s, 1H), 8.13 (d, J = 8.9 Hz, 2H), 8.27 (d, J = 8.9 Hz, 2H).
13C NMR (100 MHz, DMSO-d6), δ, ppm: 45.1, 53.4, 61.0, 95.6, 117.5, 122.2, 124.3, 125.9,
128.4, 130.1, 130.9, 138.0, 150.1, 150.2, 165.8, 169.5, 178.9. HRMS-ESI: [M-H]− calcd for
C19H13N2O7

− 381.0728, found 381.0720.

3.5. Synthesis of Methyl Rac-(7aR,10aR)-7a-hydroxy-9-(4-methylphenyl)-7oxo-7a,10-
dihydronaphtho[1,8-ef]indole-10a(7H)-carboxylate (8)

Enol 7 (51 mg, 0.2 mmol), Cu(hfacac)2 (10 mg, 0.02 mmol), azirine 2a (42 mg, 0.32 mmol),
and DCE (3.0 mL) were consequently placed into a screw-cap glass tube and heated at
100 ◦C for 2.5 h until the full consumption of enol 7 was detected (control by TLC). The
solvent was removed in vacuo and the residue was purified by column chromatography on
silica gel (eluent hexane/EtOAc from 2:1 to 1:2). Yellow solid (46 mg, 60%). Mp: 208–209 ◦C
(Et2O/hexane). 1H NMR (400 MHz, CDCl3–DMSO-d6 mixture), δ, ppm: 2.26 (s, 3H), 3.49 (s,
3H), 3.83 (d, J = 16.9 Hz, 1H), 4.32 (d, J = 16.9 Hz, 1H), 5.82 (s, 1H), 7.07 (d, J = 7.9 Hz, 2H),
7.48–7.52 (m, 1H), 7.60–7.64 (m, 4H), 7.80–7.82 (m, 1H), 8.08–8.10 (m, 1H), 8.32–8.34 (m, 1H).
13C NMR (100 MHz, CDCl3–DMSO-d6 mixture), δ, ppm 20.7, 46.0, 51.9, 63.0, 97.0, 125.4,
125.8, 125.9, 126.3, 127.1, 127.3, 127.6, 128.4, 129.5, 130.1, 132.3, 132.6, 134.4, 141.8, 169.9,
177.8, 193.3. HRMS-ESI: [M+H]+ calcd for C24H20NO4

+ 386.1387, found 386.1393.

3.6. Synthesis of Methyl (2-(4-Methylphenyl)-4-oxo-2,3-dihydro-4H-thiochromeno[4,3-b]furan-2
-yl)carbamate (15)

Enol 14 (60 mg, 0.25 mmol), Cu(acac)2 (3 mg, 0.01 mmol), azirine 2a (54 mg, 0.41 mmol),
and DCE (3.0 mL) were consequently placed into a screw-cap glass tube and heated at
100 ◦C for 20 min until the full consumption of enol 14 was detected (control by TLC). The
solvent was removed in vacuo and the residue was purified by column chromatography
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on silica gel (eluent hexane/EtOAc 4:1). Colorless solid (46 mg, 50%). Mp: 183–184 ◦C
(Et2O/hexane). 1H NMR (400 MHz, CDCl3), δ, ppm: 2.38 (s, 3H), 3.46 (d, J = 16.1 Hz, 1H),
3.68 (s, 3H), 4.05 (d, J = 16.1 Hz, 1H), 6.04 (s, 1H), 7.23 (d, J = 7.8 Hz, 2H), 7.42–7.48 (m, 3H),
7.50–7.56 (m, 2H), 8.13 (d, J = 7.8 Hz, 1H). 13C NMR (100 MHz, CDCl3), δ, 21.0, 41.2, 52.3,
98.9, 111.7, 119.9, 124.3, 125.5, 125.9, 126.1, 129.6, 130.4, 138.9, 139.1, 139.5, 154.5, 164.8, 180.1.
HRMS-ESI: [M+Na]+ calcd for C20H17NNaO4S+ 390.0770, found 390.0770.

3.7. Synthesis of 2-(4-Methylphenyl)-4H-thiochromeno[4,3-b]furan-4-one (16)

A solution of carbamate 15 (38 mg, 0.1 mmol) and anhydrous p-toluenesulfonic acid
(2 mg, 0.01 mmol) in anhydrous o-xylene (2.0 mL) was refluxed for 15 min. The reaction
mixture was diluted with EtOAc (10 mL), washed with 0.1M NaOH, and dried over Na2SO4.
Following filtration and concentration under vacuum, the residue was purified by flash
column chromatography on silica gel (eluent hexane/EtOAc 5:1) to produce compound 16.
Colorless solid (25 mg, 83%). Mp: 172–173 ◦C (Et2O/hexane). 1H NMR (400 MHz, CDCl3),
δ, ppm: 2.43 (s, 3H), 7.13 (s, 1H), 7.27–7.29 (m, 2H), 7.45–7.56 (m, 3H), 7.71 (d, J = 8.0 Hz,
2H), 8.22–8.25 (m, 1H). 13C NMR (100 MHz, CDCl3), δ, 21.4, 100.6, 120.6, 121.3, 123.3, 124.5,
125.6, 126.3, 126.6, 128.7, 129.7, 135.2, 139.3, 155.7, 157.5, 180.4. HRMS-ESI: [M+Na]+ calcd
for C18H13NaO2S+ 293.0631, found 293.0633.

3.8. Synthesis of Methyl (2-(rac-(3aR,9bR)-9b-Hydroxy-2-(4-methylphenyl)-5-oxo-3,4,5,9b-
tetrahydro-3aH-pyrrolo[3,2-c]isoquinolin-3a-yl)-1-(4-methylphenyl)vinyl)carbamate (18)

Enol 17 (44 mg, 0.2 mmol), IPrCuCl (5 mg, 0.01 mmol), azirine 2a (42 mg, 0.32 mmol),
and MeOH (3.0 mL) were consequently placed into a screw-cap glass tube and heated at
100 ◦C for 30 min until the full consumption of enol 17 was detected (control by TLC). The
solvent was removed in vacuo and the residue was purified by column chromatography
on silica gel (eluent hexane/EtOAc from 2:1 to 1:2). Light-yellow oil (31 mg, 32%). 1H
NMR (400 MHz, DMSO-d6), δ, ppm: 2.27 (s, 3H), 2.37 (s, 3H), 3.35 (d, J = 17.0 Hz, 1H), 3.42
(d, J = 17.0 Hz, 1H), 3.54 (s, 3H), 5.48 (s, 1H), 6.29 (s, 1H), 7.10 (d, J = 8.0 Hz, 2H), 7.27 (d,
J = 8.1 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.44–7.48 (m, 1H), 7.64–7.67 (s, 1H), 7.78–7.80 (m,
3H), 7.92–7.95 (m, 1H), 8.74 (s, 1H), 9.16 (br. s, 1H). 13C NMR (100 MHz, DMSO-d6), δ, ppm:
21.2, 21.6, 51.4, 52.1, 79.0, 90.2, 115.9, 126.0, 126.6, 126.8, 127.5, 128.2, 128.3, 128.9, 129.7,
131.1, 132.8, 136.1, 137.6, 138.5, 141.9, 142.2, 154.8, 161.8, 175.6. HRMS-ESI: [M+Na]+ calcd
for C29H27N3NaO4

+ 504.1894, found 504.1897.

4. Conclusions

In conclusion, we described an effective one-step procedure for the [2+3] pyrroline
annulation to six-membered non-aromatic enols with 3-aryl-2H azirines as annulation
agents. The reaction could be catalyzed by both Cu(II) and Cu(I) compounds. It proceeded
as a formal (2+3) cycloaddition via the N1–C2 azirine bond cleavage with high-atom
economy and efficiency. The method can be applied to cyclic enols of the quinolin-2-
one, 2H-chromen-2-one, and 1H-phenalen-1-one series. The reaction outcome can be
rationalized from the reactivity of the aminide intermediate, which was obtained following
the copper(I) enolate-induced azirine-ring opening.
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Abstract: N-heterocyclic compounds, such as quinazolinone derivatives, have significant biological
activities. Nowadays, as the demand for environmentally benign, sustainable processes increases, the
application of compounds from renewable sources, easily separable heterogeneous catalysts and efficient,
alternative activation methods is of great importance. In this study, we have developed a convenient,
green procedure for the preparation of 3a-methyl-2,3,3a,4-tetrahydropyrrolo[1,2-a]quinazoline-1,5-dione
through a double cyclocondensation cascade using anthranilamide and ethyl levulinate. Screening of
various heterogeneous Brønsted acid catalysts showed that Amberlyst® 15 is a convenient choice. By
applying mechanochemical activation in the preparation of this N-heterotricyclic compound for the first
time, it was possible to shorten the necessary time to three hours compared to the 24 h needed under
conventional conditions to obtain a high yield of the target product.

Keywords: anthranilamide; ethyl levulinate; Amberlyst® 15; Brønsted acid; cascade reaction;
mechanochemistry; quinazolinone; ball mill

1. Introduction

The pharmaceutical importance of N-heterocyclic compounds is indisputable [1]. Due
to the biological activities of quinazolinone derivatives, such as anticancer, diuretic and
antibacterial properties, these molecules caught the attention of organic chemists [2–8].
Among these, 2,3-dihydroquinazolin-4(1H)-ones are privileged building blocks in drug
design, which are facilely prepared by the cyclocondensation of anthranilamides and
aldehydes or ketones [2–4,9]. Various catalysts were used in these cyclocondensations, such
as strong bases [10,11], strong mineral or weak organic Brønsted acids [10,12–16], sulfonic
acids [4,10,17–21], Lewis acids [22–30] and ammonium salts [31,32].

Recent trends in the fine chemical industry require the development of sustainable,
environmentally benign processes; thus, in the preparation of 2,3-dihydroquinazolin-4(1H)-
ones, the application of catalyst- or solvent-free methods [33–36] and/or employing easily
separable heterogeneous catalysts also became widely investigated [37–47]. Among the
latter materials, surface-bonded sulfonic, sulfamic or sulfuric acids are privileged heteroge-
neous catalysts [48–56]. Methods replacing anthranilamide with compounds in situ trans-
formed to 2-aminobenzamides, such as isatoic anhydride, 2-aminobenzonitrile, 2-nitro or 2-
azidobenzamides, were also applied in cascade processes leading to 2,3-dihydroquinazolin-
4(1H)-ones [13,57–63]. Besides their pharmaceutical use, 2,3-dihydroquinazolin-4(1H)-ones
are easily transformed to quinazolinones by subsequent one-pot oxidation [11,19,20,64,65].
Moreover, the use of additionally functionalized carbonyl compounds allows the prepara-
tion of tricyclic hydroquinazoline derivatives through another consecutive one-pot cyclo-
condensation step [66–68]. Among the carbonyl compounds used in such cascade reactions,
γ-keto carboxylic acids and esters were applied to obtain pyrrolo[1,2-a]quinazoline-1,5-
dione derivatives [68–70]. As levulinic acid is a platform molecule obtained from biomass
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and its esterification can be activated by microwave in a solventless organocatalytic sys-
tem [71–73], these allow the sustainable preparation of such N-heterotricyclic products
using renewable resources.

On the other hand, advancements in the development of environmentally friendly
methods were achieved by the application of alternative energy transmissions [74,75].
Among these, mechanochemical activation became widespread due to its operational sim-
plicity and broad applicability [76–80]. Mechanochemical reactions performed in easily
available mixer mills may be carried out in a solventless manner or using a minor amount
of liquid for ensuring the proper energy transmission and mixing, termed liquid-assisted
grinding (LAG). A wide range of milling conditions can be optimized to achieve high
efficiency in various organic reactions, such as the agitation speed, the milling time and the
size, number and material of the grinding media [81,82]. Finding appropriate conditions
to efficiently carry out certain organic transformations by mechanochemical activation is
still a challenging task and requires detailed studies. A variety of organic reactions were
carried out by mechanochemical activation at a laboratory scale [76–85]. These studies
indicated that, in most of these reactions, the time can be decreased significantly compared
to conventional batch systems. Studies on mechanochemical reactions were also extended
to cascade processes, resulting in the formation of valuable heterocyclic compounds [86–89].
Initial attempts to use mechanochemical activation in catalytic cyclocondensations leading
to 2,3-dihydroquinazolin-4(1H)-ones were carried out in mortars by grinding the reaction
components often followed by heating the mixtures [90–94]. Later, with the widespread
application of ball mills in organic synthetic procedures, reactions of anthranilamide and
aldehydes or ketones were also efficiently carried out in mixer mills, either solventless
or in aqueous media and catalyst-free or catalyzed by potassium iodide or iodine [95,96].
However, the applicability of the mechanochemical activation in cascade double cyclocon-
densations of anthranilamide and bifunctional carbonyl compounds, to our knowledge,
has not yet been explored.

Having in sight the increased importance of one-pot reactions [97], our present study
aimed at developing an economic, green and sustainable process for the preparation of a
tricyclic pyrrolo[1,2-a]quinazoline-1,5-dione derivative by two consecutive cyclocondensa-
tions occurring upon reacting anthranilamide and ethyl levulinate. For this, we attempted
to use solid acids as heterogeneous catalysts and mechanochemical activation.

2. Results and Discussions
2.1. Catalytic Cascade Reaction of Anthranilamide and Ethyl Levulinate in the Batch System

The condensations of anthranilamide (1) and aldehydes or ketones occur through
the formation of the corresponding Schiff base followed by a ring-closing step with the
participation of the amide moiety (Scheme 1). Products with three condensed rings may
be achieved under appropriate conditions with bifunctional carbonyl compounds, such as
ethyl levulinate (2), as shown in Scheme 1. Thus, in the reaction of 1 and 2 the quinazolinone
derivative 3 is formed which, via a second ring-closing step, provides the three-fused
ring-containing product 4. Our initial goal was to choose an appropriate commercial
heterogeneous catalyst which may ensure the formation of product 4 under convenient
conditions. The study was carried out in a solventless manner in a batch system through
magnetic stirring. To ensure proper mixing of the components, 1.5 equivalent (eq) 2 was
applied. Measurements carried out without a catalyst showed that, at low temperature
(60 ◦C), small conversion (Conv) of 1 could be achieved and that the second ring-closing
step took place in a small ratio (see the selectivity of 4 (S4), Table 1, entry 1). However, the
presence of the Schiff base was not detected at a significant amount, thus its formation rate
may be the limiting step of 3 production. Increasing the reaction temperature (90 ◦C) had
a positive effect on the conversion; however, production of 4 still resulted in a low yield
(entry 2).

128



Molecules 2022, 27, 5671

Scheme 1. The reaction of anthranilamide (1) and ethyl levulinate (2) resulting in the formation of
2,3-dihydroquinazolin-4(1H)-one (3) and pyrrolo[1,2-a]quinazoline-1,5-dione (4) derivatives.

Table 1. Effect of the catalyst in the reaction of 1 and 2 a.

Entry Catalyst Catalyst
Amount T (◦C) b t (h) c Conv (%) d S3 (%) e S4 (%) e

1 - - 60 24 40 83 15
2 - - 90 24 95 73 (60) f 24
3 Silica gel 60 125 mg 90 48 99 48 51
4 Mont K10 125 mg 90 24 >99 60 39
5 Mont K10 125 mg 90 48 >99 35 63
6 Mont KSF 125 mg 90 48 >99 40 58
7 p-TsOH 5 mol% 60 24 >99 48 51
8 p-TsOH 5 mol% 90 24 >99 - 99 (90) f

9 Deloxan® ASP 100 mg 60 24 >99 80 (70) f 19
10 Deloxan® ASP 125 mg 90 24 >99 - 98
11 Nafion™ NR50 86 mg (2 pcs) 60 24 96 77 (61) f 21
12 Nafion™ NR50 84 mg (2 pcs) 90 24 >99 - 99 (88) f

13 Amberlyst®

XN-1010
100 mg 60 24 >99 - 99 (90) f

14 Amberlyst® 15 100 mg 60 24 >99 - 99 (91) f

a Reactions were carried out using 1 mmol 1 and 1.5 mmol 2 with magnetic stirring (600 rpm). b Reaction
temperature. c Reaction time. d Conversion of 1 determined by gas chromatography (GC-FID). e Selectivities of
products 3 and 4 were determined by GC-FID, the selectivities of other products were 1–3%. f In parentheses, the
yield of the corresponding product following purification by flash chromatography (3) or by crystallization in
ethyl acetate (4).

Next, we employed various commercial Brønsted acidic catalysts, which all provided
high conversions after 24 or 48 h, some even at 60 ◦C. The selectivities highly depended
on the properties of the applied catalyst. Silica gel and acid-treated montmorillonite clays
(Mont K10, Mont KSF) (entries 3–6) were not able to provide high 4 selectivities. On the
other hand, catalysts bearing sulfonic acid groups were active in catalyzing the formation
of the aimed pyrrolo[1,2-a]quinazolinedione derivative (entries 7–14). The application of
p-toluenesulfonic acid (p-TsOH) provided high S4 only under harsher reaction conditions
(90 ◦C). The propylsulfonic polysiloxane resin (Deloxan® ASP) and the perfluorinated
resin bearing sulfonic acid groups (Nafion™ NR50) were also efficient but, similarly to the
p-TsOH, a higher temperature was necessary to obtain 4 (entries 9–12). The best results
were provided by the polystyrene-based sulfonic acid-functionalized Amberlyst®-type
catalysts (entries 13, 14), both of which afforded full conversions and close to exclusive
formation of 4 at 60 ◦C. Based on these results, we choose to use Amberlyst® 15 in our
further investigations.

Examination of the temperature effect was carried out both without a catalyst and with
Amberlyst® 15 (see Supplementary Materials, Figure S1). In the absence of a catalyst, a
temperature of 90 ◦C was necessary to achieve close to full conversion; however, S4 was low
over the investigated temperature range, i.e., thermally the second ring-closing step occurred
with a low rate. In contrast, by applying Amberlyst® 15, 1 was completely transformed
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and S4 increased by raising the temperature, approaching 100% at 60 ◦C. Thus, under the
conditions used in this study, the second cyclization step required the use of an acid catalyst.
The same conclusion may be drawn from results regarding the influence of the catalyst
amount (Supplementary Materials, Figure S2). At 60 ◦C, at least 100 mg Amberlyst® 15 was
necessary to obtain the desired product 4 in high proportion. Amberlyst® 15 is available from
a commercial source in bead-like form. We have powdered it by pre-grinding the material in a
ball mill for 10 min to increase its exposed surface sites (denoted as Amberlyst® 15P). By this
method, the activity of the catalyst in the second cyclization could be increased significantly,
reaching almost 30% higher selectivity of 4 compared to the reaction with the same amount
(50 mg) of the commercial form (Figure S2).

Based on the results achieved with Amberlyst® 15P, we further optimized the reaction
conditions using this material (Table 2). Decreasing the excess of the reactant to 1.1 eq
resulted in lower 4 selectivity, suspected to be due to less efficient mixing of the slurry
(Table 2, entries 1, 2). To improve the mixing of the components, the missing volume of
2 was replaced with methanol (MeOH). Close to full conversion and high S4 were obtained
(entry 3). To further study the role of the catalyst, purified 3 (resulting from previous
experiments) was used as the starting compound under identical conditions, both without
(entry 4) and with Amberlyst® 15P (entry 5). In this case, the second ring-closing step did
not occur unless the solid acid was present.

Table 2. Effect of 2 and methanol amount on the results obtained in the reaction of 1 and 2 a.

Entry EL Amount
(eq)

MeOH
Amount (µL) Conv (%) b S3 (%) c S4 (%) c

1 1.5 - >99 35 64
2 1.1 - >99 55 42
3 1.1 57 >99 1 97 (89) f

4 d,e 1.1 57 - 96 2
5 e 1.1 57 - - 99 (91) f

a Reactions were carried out using 50 mg pre-milled Amberlyst® 15P and 1 mmol 1 at 60 ◦C for 24 h. b Conversion
by GC-FID. c Selectivities of 3 and 4 by GC-FID. d Reaction without catalyst. e Using 1 mmol 3 as the starting
material (isolated by flash chromatographic purification of previously obtained reaction mixtures). f In parentheses,
the yield of crystallized 4.

According to the above, the two cyclocondensation steps of this cascade reaction can
be carried out neat, using as little as 1.1 eq 2 by applying a small amount of MeOH and pre-
milled Amberlyst® 15 catalyst. The use of MeOH does not diminish the environmentally
benign aspect of the method as it is among the organic solvents recommended for use
even by some pharmaceutical companies [98]. Based on the obtained results so far and the
known mechanism of the cyclocondensations [9,13,23,37,68,70], we could draw conclusions
about the activation of the steps, as presented in Scheme 2. We observed that the first
cyclization of the cascade reaction leading to 3 can be thermally promoted. Without using a
catalyst at 60 ◦C, 40% conversion was obtained, which increased to 95% at a higher (90 ◦C)
temperature. The product mixture mostly contained the intermediate product 3, but the
formation of a small amount of 4 was also observed, which shows that heating may also
promote the second step (Table 1, entries 1, 2). The effect of heating seemed negligible
starting from 3 (Table 2, entry 4); however, by introducing Amberlyst® 15 into the system,
intramolecular amide formation was accelerated (Table 2, entry 5). According to these
findings, the first part of the reaction marked with blue arrows on Scheme 2 (steps a.–d.)
can be promoted by heat as well as acid catalysts. Intramolecular amide formation, on the
other hand, is mainly promoted by the acid catalyst (red arrows, steps e.–g.); thus, in our
further studies, the use of a catalyst was necessary to obtain the target compound 4.
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Scheme 2. The reaction mechanism of the cascade reaction: blue arrows are the catalytic steps which
occurred thermally (a.–d.) and the red arrows are steps requiring an acid catalyst (e.–g.).

2.2. Mechanochemical Catalytic Cascade Reaction of Anthranilamide and Ethyl Levulinate

To make further steps towards the development of a sustainable method, we aimed
to carry out the neat reaction of 1 and 2 in a ball mill. Based on the mechanochemical
organic reactions recently reported in the literature [99,100], we started our experiments
by applying grinding balls of different sizes (Table 3). The number of grinding beads was
determined to have similar total volumes in each measurement.

Table 3. Effect of the size and number of grinding balls in the reaction of 1 and 2 a.

Entry Diameters of
Balls (mm)

Number of
Balls (pcs) Conv (%) b S3 (%) c S4 (%) c

1 15 1 98 36 62
2 12 1 98 54 42
3 5 25 97 13 85
4 3 125 >99 90 (80) d 8
5 5 35 98 4 94
6 5 40 >99 - 99 (92) d

7 e 5 35 77 78 20
a Reactions were carried out using 100 mg Amberlyst® 15, 1 mmol 1 and 1.5 mmol 2 with an agitation speed of
30 Hz for 180 min. b Conversion by GC-FID. c Selectivities of 3 and 4 by GC-FID. d In parentheses, the yield of the
purified 3 or 4. e 90 min reaction.

Balls with a bigger diameter (Ø 15 and 12 mm) may provide high collision energy;
however, only one piece fits into the jar without hindering another’s movement. Thus,
only a low collision number can be achieved. Better 4 selectivity was observed using the
Ø 15 mm ball (Table 3, entry 1) than applying the Ø 12 mm ball (entry 2), which shows
the importance of collision energy in the second cyclization step. Using 25 pieces (pcs) of
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Ø 5 mm grinding balls provided an even better result (entry 3). In this case, the higher
collision number compensated for the decreased collision energy. However, the use of
125 pcs of Ø 3 mm beads was not efficient, probably due to their very low energy (entry
4). Based on these results, the use of Ø 5 mm balls was the best choice. By increasing the
number of Ø 5 mm balls, 4 selectivity can be further improved (entries 5, 6). Although
40 pcs afforded close to exclusive formation of 4, 35 pcs were used in further measurements
to make the effect of the other reaction parameters visible. Thus, when the reaction mixture
was milled for half of the previously used time, both the conversion and S4 decreased
(entry 7).

Our results obtained in batch reactions showed that a small amount of MeOH may
improve the selectivity of 4 in this cascade reaction. Moreover, many of the mechanochemi-
cal reactions that have been reported up to now are not completely neat; a small amount
of additional liquid with an energy mediating role is often used, which also ensures the
proper mixing of the system [79,80]. By decreasing the excess of 2 and replacing the missing
volume with MeOH, conversion and S4 of the mechanochemical reaction were improved
(Figure 1). With as little as 1.1 eq 2 and 0.057 mL MeOH, the reaction solely afforded
product 4 in the mixer mill following 180 min of grinding.

Figure 1. Effect of MeOH amount (�: Conv, conversion; •: S4, selectivity of 4—both determined by
GC-FID). Reaction condition: 100 mg Amberlyst® 15, 1 mmol 1, 1.5–1.1 mmol 2, total liquid volume
of 0.213 mL, 35 pcs Ø 5 mm ZrO2 balls, 30 Hz, 180 min.

Decreasing either the milling time or frequency had an unfavourable effect in reactions
using 100 mg Amberlyst® 15, 0.057 mL MeOH and 35 pcs of Ø 5 mm grinding balls. Thus,
at least 180 min of milling at 30 Hz was necessary to achieve high conversion and up to
99% S4 (Table 4). Importantly, the reaction time can be decreased significantly compared to
the magnetically stirred system (3 vs. 24 h). Although the reaction is shorter, more catalyst
is demanded to achieve a good result; 50 mg Amberlyst® 15 was not enough to promote
the second ring-closing step properly (Table 4, entry 7). The use of pre-milled Amberlyst®

15P (entry 3, 5) gave similar results to the commercial form in mechanochemical reactions,
probably due to grinding of the bead-like Amberlyst® 15 during the initial stages of the
milling process, with pre-milling thus losing its importance.
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Table 4. Effect of milling time and agitation frequency in the reaction of 1 and 2 a.

Entry Reaction
Time (min)

Agitation
Frequency

(Hz)
Conv (%) b S3 (%) c S4 (%) c

1 60 30 90 58 40
2 120 30 93 28 70

3 e 120 30 97 25 73
4 180 30 98 - 99 (88) d

5 e 180 30 >99 - 99 (92) d

6 180 20 99 80 18
7 f 180 30 99 38 60

a Reactions were carried out using 100 mg Amberlyst® 15, 1 mmol 1, 1.1 mmol 2 and 57 µL MeOH with 35 pcs of
Ø 5 mm ZrO2 grinding balls. b Conversion by GC-FID. c Selectivities of 3 and 4 by GC-FID. d In parentheses, the
yield of the crystallized 4. e Reaction using 100 mg pre-milled Amberlyst® 15P. f Using 50 mg Amberlyst® 15.

Finally, a few other acidic Brønsted catalysts used in the batch system were also re-
examined under mechanochemical conditions (Table 5). The reaction carried out without
a catalyst gave low conversion and S4 (entry 1). Although the system warms up during
the milling process, i.e., the mixture is heated up to cca 55 ◦C after 3 h of milling (based
on our previous studies) [100], the temperature in the jar is not high enough to promote
either step. The best results so far were provided by the Amberlyst® 15 used in this study
(entry 2). In the magnetically stirred system, Amberlyst® XN-1010 also gave similar results;
however, the mechanochemical reaction was less efficient than with the former, probably
due to its lower ion-exchange capacity (Amberlyst® 15: 4.7 meq/g, Amberlyst® XN-1010:
3.3 meq/g [101,102]; entry 3). Thus, a higher amount of this material should be used.
Although Nafion™ NR50 gave a similar result to the Amberlyst® resins in batch reactions
at 90 ◦C, in the ball-milled reaction the former was much less efficient. Additionally,
with the lower temperature reached in the mechanochemical system, the non-porous (and
having low surface area) Nafion™ NR50 polymer was not brittle and consequently was
not ground into powder. Instead, this material formed a thick, sticky paste which was not
mixed properly with the reactants. The acid-treated montmorillonite (Mont K-10) mostly
catalyzed the first ring-closing step in the mixer mill, which may also be attributed to the
low temperature of the mixture in the milling jars.

Table 5. Influence of the catalyst in the mechanochemical reaction of 1 and 2 a.

Entry Catalyst Catalyst
Amount Conv (%) b S3 (%) c S4 (%) c

1 - - 5 80 18
2 Amberlyst® 15 100 mg 98 - 99

3 Amberlyst®

XN-1010
100 mg 99 14 85

4 Nafion™ NR50 85 mg (2 pcs) 48 63 35
5 Mont K10 125 mg 52 82 16

a Reactions carried out using 1 mmol 1, 1.1 mmol 2 and 57 µL MeOH with 35 pcs Ø 5 mm ZrO2 grinding balls at
30 Hz for 180 min. b Conversion by GC-FID. c Selectivities of 3 and 4 by GC-FID.

3. Materials and Methods

The anthranilamide (1), ethyl levulinate (2), p-toluenesulfonic acid monohydrate
(p-TsOH) and the applied methanol were obtained from commercial sources (Sigma-
Aldrich, St. Louis, MO, USA) and used as received. The heterogeneous acid catalysts
were commercial materials: Amberlyst® 15 (Sigma-Aldrich, St. Louis, MO, USA; brown-
grey beads, ion-exchange capacity: 4.7 meq/g, average pore diameters 265 Å, surface
area: 45–55 m2/g, [101–103]); Amberlyst XN-1010 (Sigma-Aldrich Chem, Steighem, Ger-
many, presently not available; dark grey beads, ion-exchange capacity: 3.3 meq/g, average
pore diameters 51 Å, surface area: 540 m2/g [101,102]); Nafion™ NR50 (Sigma-Aldrich,
St. Louis, MO, USA, has been discontinued; opaque white pellet, ion-exchange capacity:
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≥0.8 meq/g, non-porous, surface area: <0.02 m2/g [101]); Deloxan® ASP (Degussa AG,
Hanau, Germany; white powder, 0.80 mmol S/g [104]); montmorilonite K10 (Mont K10,
Sigma-Aldrich, St. Louis, MO, USA) (light beige powder, surface area: 220–270 m2/g,
total concentration of the acid centers 0.45 mmol/g [105]); montmorilonite KSF (Mont
KSF, Sigma-Aldrich, St. Louis, MO, USA, currently is not available; off-white powder,
surface area: 20–40 m2/g [106]); and Silica gel 60 (Merck Millipore, Darmstadt, Germany,
white powder, particle size: 250–500 µm, pore size: 150 Å, pore volume: 1.15 mL/g). In
some reactions, Amberlyst® 15 was used after pre-milling for 10 min with 30 Hz agitation
frequency in a 10-mL ZrO2 grinding jar applying 35 pcs of Ø 5 mm ZrO2 grinding balls
(Retsch GmbH, Haan, Germany).

1H and 13C NMR spectra of the purified products were recorded on a Bruker Ascend
500 instrument using CDCl3 solvent. Products were isolated by crystallization in ethyl
acetate (4) or purified by flash chromatography (3). Gas-chromatographic analysis of the
reaction products was carried out using an Agilent Techn. 6890 N GC-5973 MSD (GC-MSD,
Agilent Co., Santa Clara, CA, US) equipped with a 30 m long HP-1MS capillary column
for mass spectrometric identification of the products. For quantitative analysis, an Agilent
7890A GC-FID (GC-FID, Agilent Co., Santa Clara, CA, US) chromatograph equipped with
a capillary column (HP-5 30 m, J & W from Agilent Co., Santa Clara, CA, US) was used.

3.1. Reaction of Anthranilamide and Ethyl Levulinate in the Batch System: General Procedure

The reactions were carried out in 4-mL closed glass vials immersed in a heated oil
bath and the slurries were stirred magnetically (600 rpm). In a typical reaction, 1 mmol 1,
1.1–1.5 mmol 2 (0.022–0.057 mL MeOH) and the chosen catalyst were introduced into the
vial and stirred at 60 or 90 ◦C for 24 or 48 h. Following the reactions, the products were
dissolved in 3 mL MeOH, and the catalysts were separated by filtration or centrifugation.
The liquid phases were analyzed by gas-chromatography using n-decane as the internal
standard (GC-MSD and GC-FID). Conversions (Conv) and selectivities (S3 and S4) were
calculated based on the relative concentrations determined from chromatograms using
the formulae given in the Supplementary Materials. The products that resulted in a few
reactions were purified either by crystallization in ethyl acetate (4) or by flash chromatog-
raphy using hexane/ethyl acetate 1/1 as eluent (3) for the determination of the yields.
The identity of the isolated products was confirmed by 1H and 13C NMR spectroscopic
measurements using CDCl3 as a solvent. The experiments were repeated at least 3 times
and the reproducibility of product composition was found to be within ±1%.

3.2. Reaction of Anthranilamide and Ethyl Levulinate by Ball Milling: General Procedure

The reactions were carried out in 10-mL closed grinding jars with a ZrO2 inner coat
and ZrO2 grinding balls (Ø 3, 5, 12, 15 mm). In a typical reaction, 1 mmol 1, 1.1–1.5 mmol
2 (0.022–0.057 mL MeOH) and the chosen catalyst were introduced into the jars, and the
chosen number of balls was then added to the system. The closed jars were placed into
a Retsch MM400 mixer mill (Retsch GmbH, Haan, Germany) and agitated at a 30 Hz
frequency for a maximum of 180 min. Following reactions, the products were dissolved in
1 mL MeOH, the jars and balls were washed twice with 1 mL MeOH and the unified liquid
phase was filtrated and analyzed in the same manner as the products of the magnetically
stirred reactions. The experiments were repeated at least 3 times and the reproducibility of
product composition was found to be within ±1%.

Analytical data of the products:
Ethyl 3-(2-methyl-4-oxo-1,2,3,4-tetrahydroquinazolin-2-yl)propanoate (3)
Flash chromatographic separation, eluent: hexane/ethyl acetate 1/1, off-white crystals, mp
88–91 ◦C.
GC-FID analysis (HP-5 column): Rt= 47.6 min.
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Ethyl 3-(2-methyl-4-oxo-1,2,3,4-tetrahydroquinazolin-2-
yl)propanoate (3) 

Flash chromatographic separation, eluent: hexane/ethyl 
acetate 1/1, off-white crystals, mp 88–91 °C. 
GC-FID analysis (HP-5 column): Rt= 47.6 min. 
GC-MSD m/z (rel. int.): 262(M+, 1), 201(24), 173(8), 161(100), 119(24), 92(16), 65(5), 42(4). 
1H NMR (500 MHz, CDCl3) δ (ppm): 7.85 (d, 1H, J 7.7 Hz, Ar-H), 7.27 (m, 1H, Ar-H), 6.90 
(s, 1H, N-H), 6.78 (t, 1H, J 7.7 Hz, Ar-H), 6.58 (d, 1H, J 8.0 Hz, Ar-H), 4.34 (s, 1H, N-H), 4.10 
(q, 2H, J 7.1 Hz, CH2), 2.65 (m, 2H, CH2), 2.10 (m, 2H, CH2), 1.54 (s, 3H, CH3), 1.20 (t, 3H, J 
7.1, CH3). 
13C NMR (125 MHz, CDCl3) δ (ppm): 173.7, 164.4, 145.9, 134.0, 128.3, 118.6, 114.5, 114.1, 
69.9, 60.8, 36.6, 29.1, 29.0, 14.1. 

3a-Methyl-2,3,3a,4-tetrahydropyrrolo[1,2-a]quinazoline-1,5-dione (4) 
Separation by crystallization in ethyl acetate, white crystals, mp 162–165 
°C. 
GC-FID analysis (HP-5 column): Rt = 52.4 min. 
GC-MSD m/z (rel. int.): 216(M+, 6), 201(100), 1173(35), 161(6), 132(6), 90(6), 
42(2). 
1H NMR (500 MHz, CDCl3) δ (ppm): 8.16 (d, 1H, J 8.1 Hz, Ar-H), 8.07 (d, 
1H, J 7.8 Hz, Ar-H), 7.89 (s, 1H, N-H), 7.59 (m, 1H, Ar-H), 7.29 (m, 1H, Ar-H), 2.70 (m, 2H, 
CH2), 2.39 (m, 2H, CH2), 1.57 (s, 3H, CH3). 
13C NMR (125 MHz, CDCl3) δ (ppm): 171.6, 163.3, 135.8, 133.8, 128.3, 125.0, 120.7, 119.5, 
76.7, 74.5, 32.9, 30.0, 26.9. 

4. Conclusions 
In the present study, we have developed a method to increase the sustainability of 

the preparation of a pyrrolo[1,2-a]quinazoline-1,5-dione derivative through a one-pot 
cascade reaction occurring by reacting anthranilamide and ethyl levulinate. The 
application of a heterogeneous acid catalyst and mechanochemical activation in the two-
step reaction was successful, resulting in a decrease in the necessary reaction time from 
24 h in a magnetically stirred batch system to as little as three hours. The reaction was 
carried out in a ball mill via liquid-assisted grinding with only a minor excess of ethyl 
levulinate and using a slight amount of methanol. A polystyrene-based sulfonic acid-
functionalized catalyst, i.e., Amberlyst® 15, provided the best results both in the batch and 
in the mechanochemical reactions. In the latter system, the use of an acid catalyst with 
appropriate properties was essential, as the heat generated by the collision and friction of 
the grinding media was not sufficient to promote the second ring-closing step thermally. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/article/10.3390/molecules27175671/s1, General formulae; Figure S1: Effect of 
temperature on the reaction of anthranilamide (1) with ethyl levulinate (2) in the batch system; 
Figure S2: Effect of the catalyst amount on the reaction of anthranilamide (1) with ethyl levulinate 
(2) in the batch system; 1H and 13C NMR spectra of the isolated products; Chromatograms and mass 
spectra of the products. 
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GC-MSD m/z (rel. int.): 262(M+, 1), 201(24), 173(8), 161(100), 119(24), 92(16), 65(5), 42(4).
1H NMR (500 MHz, CDCl3) δ (ppm): 7.85 (d, 1H, J 7.7 Hz, Ar-H), 7.27 (m, 1H, Ar-H), 6.90
(s, 1H, N-H), 6.78 (t, 1H, J 7.7 Hz, Ar-H), 6.58 (d, 1H, J 8.0 Hz, Ar-H), 4.34 (s, 1H, N-H),
4.10 (q, 2H, J 7.1 Hz, CH2), 2.65 (m, 2H, CH2), 2.10 (m, 2H, CH2), 1.54 (s, 3H, CH3), 1.20
(t, 3H, J 7.1, CH3).
13C NMR (125 MHz, CDCl3) δ (ppm): 173.7, 164.4, 145.9, 134.0, 128.3, 118.6, 114.5, 114.1,
69.9, 60.8, 36.6, 29.1, 29.0, 14.1.
3a-Methyl-2,3,3a,4-tetrahydropyrrolo[1,2-a]quinazoline-1,5-dione (4)
Separation by crystallization in ethyl acetate, white crystals, mp 162–165 ◦C.
GC-FID analysis (HP-5 column): Rt = 52.4 min.

GC-MSD m/z (rel. int.): 216(M+, 6), 201(100), 1173(35), 161(6), 132(6), 90(6), 42(2).
1H NMR (500 MHz, CDCl3) δ (ppm): 8.16 (d, 1H, J 8.1 Hz, Ar-H), 8.07 (d, 1H, J 7.8 Hz,
Ar-H), 7.89 (s, 1H, N-H), 7.59 (m, 1H, Ar-H), 7.29 (m, 1H, Ar-H), 2.70 (m, 2H, CH2), 2.39
(m, 2H, CH2), 1.57 (s, 3H, CH3).
13C NMR (125 MHz, CDCl3) δ (ppm): 171.6, 163.3, 135.8, 133.8, 128.3, 125.0, 120.7, 119.5,
76.7, 74.5, 32.9, 30.0, 26.9.

4. Conclusions

In the present study, we have developed a method to increase the sustainability of the
preparation of a pyrrolo[1,2-a]quinazoline-1,5-dione derivative through a one-pot cascade
reaction occurring by reacting anthranilamide and ethyl levulinate. The application of a
heterogeneous acid catalyst and mechanochemical activation in the two-step reaction was
successful, resulting in a decrease in the necessary reaction time from 24 h in a magnetically
stirred batch system to as little as three hours. The reaction was carried out in a ball
mill via liquid-assisted grinding with only a minor excess of ethyl levulinate and using a
slight amount of methanol. A polystyrene-based sulfonic acid-functionalized catalyst, i.e.,
Amberlyst® 15, provided the best results both in the batch and in the mechanochemical
reactions. In the latter system, the use of an acid catalyst with appropriate properties was
essential, as the heat generated by the collision and friction of the grinding media was not
sufficient to promote the second ring-closing step thermally.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27175671/s1, General formulae; Figure S1: Effect of
temperature on the reaction of anthranilamide (1) with ethyl levulinate (2) in the batch system; Figure
S2: Effect of the catalyst amount on the reaction of anthranilamide (1) with ethyl levulinate (2) in the
batch system; 1H and 13C NMR spectra of the isolated products; Chromatograms and mass spectra of
the products.
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Grabowski, R. Direct hydrogenation of CO2 to dimethyl ether (DME) over hybrid catalysts containing CuO/ZrO2 as a metallic
function and heteropolyacids as an acidic function. Reac. Kin. Mech. Catal. 2020, 130, 179–194. [CrossRef]

106. Habibi, D.; Marvi, O. Montmorillonite KSF clay as an efficient catalyst for the synthesis of 1,4-dioxo-3,4-dihydrophthalazine-
2(1H)-carboxamides and -carbothioamides under solvent-free conditions using microwave irradiation. Catal. Commun. 2007, 8,
127–130. [CrossRef]

139



Citation: Zaitseva, E.R.; Ivanov, D.S.;

Smirnov, A.Y.; Mikhaylov, A.A.;

Baleeva, N.S.; Baranov, M.S.

[1,5]-Hydride Shift Triggered

N-Dealkylative Cyclization into

2-Oxo-1,2,3,4-tetrahydroquinoline-3-

carboxylates via Boronate Complexes.

Molecules 2022, 27, 5270. https://

doi.org/10.3390/molecules27165270

Academic Editor: Xinfang Xu

Received: 18 July 2022

Accepted: 16 August 2022

Published: 18 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

[1,5]-Hydride Shift Triggered N-Dealkylative Cyclization into
2-Oxo-1,2,3,4-tetrahydroquinoline-3-carboxylates via
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Abstract: A new simple one-pot two-step protocol for the synthesis of 2-oxo-1,2,3,4-tetrahydroquinoline-
3-carboxylate from 2-(2-(benzylamino)benzylidene)malonate under the action of BF3·Et2O was devel-
oped. It was shown that the reaction proceeds through the formation of a stable iminium intermediate
containing a difluoroboryl bridge in the dicarbonyl fragment of the molecule.

Keywords: amides; BF3·Et2O; debenzylation; nitrogen heterocycles; 2-oxo-1,2,3,4-tetrahydroquinoline-
3-carboxylate

1. Introduction

The redox economy concept plays an important role in modern organic synthesis
and facilitates the efficiency of synthetic pathways [1,2]. The essential tools for such
economy are various redox neutral reactions [2]. Incorporation of the reactions into tandem
processes is one of the latest trends [3–5], which allows increasing molecular complexity in
a straightforward and economical manner.

Cyclizations triggered by [1,5]-hydride shift are the most frequently employed variants
of the internal redox process [6–10]. This cascade reaction involves the activation of thus an
inert C–H bond and results in the formation of various heterocycles (Scheme 1, 1st line).
For ortho-amino benzylidene malonates and other similar derivatives, the transformation
proceeds in the presence of various Lewis acids and leads to valuable tetrahydroquinolines
(Scheme 1) [11–13]. Tandem processes exploiting such a reaction are mostly limited to
double 1,5-hydride shift triggered cyclization [14–17]. However, a few reactions involving
more complex multistep transformations were recently reported (Scheme 1, 2nd and 3rd
lines) [18,19]. In the first report, the hydride shift process can be also accompanied by
the cleavage of a C–N bond and recyclization into the internal amide via an attack on
the carbonyl group (Scheme 1) [18]. In the second report, the same recyclization takes
place, but the amino substituent still remains in the molecule [19]. These transformations
were reported to proceed only with strong acceptor functions, such as Meldrum’s acid or
1,3-dicarbonyl derivatives.

In our previous work [20], we showed that BF3·Et2O can induce a hydride shift and
subsequent cyclization of benzylidene-malonates containing a thioether group, which was
shown to be a very poor hydride donor (Scheme 1, 4th line). The key factor driving this
process is the formation of chelate species with the O–BF2–O bridge, which compensates
problems in the formation of an intermediate thionium cation (Scheme 1, 4th line). The
reaction of this Lewis acid with similar amino derivatives with N-benzyl fragment leads
to a more rapid consumption of the initial malonate [20]. In the present work, we studied
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this process in more detail and showed that the reaction with BF3·Et2O results in the
formation of a stable iminium cation containing a difluoroboryl bridge. Treatment of
this product with water leads to hydrolysis with formal N-dealkylation and formation
of 2-oxotetrahydroquinoline-3-carboxylate or its boronate complex. It should be noted
that no similar transformation of the dialkyl malonate derivatives was feasible in earlier
reports [6,8,9], which demonstrates the efficiency of the activation approach via the boronate
complex. The developed protocol allows the redox- and step-economical synthesis of 2-
oxo-1,2,3,4-tetrahydroquinoline-3-carboxylates.

Molecules 2022, 27, x FOR PEER REVIEW 2 of 9 
 

 

compensates problems in the formation of an intermediate thionium cation (Scheme 1, 
4th line). The reaction of this Lewis acid with similar amino derivatives with N-benzyl 
fragment leads to a more rapid consumption of the initial malonate [20]. In the present 
work, we studied this process in more detail and showed that the reaction with BF3•Et2O 
results in the formation of a stable iminium cation containing a difluoroboryl bridge. 
Treatment of this product with water leads to hydrolysis with formal N-dealkylation and 
formation of 2-oxotetrahydroquinoline-3-carboxylate or its boronate complex. It should 
be noted that no similar transformation of the dialkyl malonate derivatives was feasible 
in earlier reports [6,8,9], which demonstrates the efficiency of the activation approach via 
the boronate complex. The developed protocol allows the redox- and step-economical 
synthesis of 2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylates. 

 
Scheme 1. [1,5]-Hydride shift triggered cyclization and dealkylation. Typical example of 
1,5-hydride shift triggered cyclization (1st line) [11], previously proposed multistep 
transformations (2nd and 3rd lines) [18,19], BF3•Et2O mediated 1,5-hydride shift triggered 
cyclization of thioethers (4th line) [20] and results of this work. 

2. Results and Discussion 
In a previous work [20], using quantum mechanical calculations, we showed that the 

[1,5]-hydride shift reaction of benzylidene malonates with boron trifluoride requires two 
BF3 molecules and proceeds via the formation of a stable cation and a difluoroboryl 
bridge (Scheme 1). Such species were especially stable in case of an iminium cation and 
are probably capable to undergo various other reactions. This prompted us to carry out 
more detailed studies. 

Scheme 1. [1,5]-Hydride shift triggered cyclization and dealkylation. Typical example of 1,5-hydride
shift triggered cyclization (1st line) [11], previously proposed multistep transformations (2nd and 3rd
lines) [18,19], BF3·Et2O mediated 1,5-hydride shift triggered cyclization of thioethers (4th line) [20]
and results of this work.

2. Results and Discussion

In a previous work [20], using quantum mechanical calculations, we showed that
the [1,5]-hydride shift reaction of benzylidene malonates with boron trifluoride requires
two BF3 molecules and proceeds via the formation of a stable cation and a difluoroboryl
bridge (Scheme 1). Such species were especially stable in case of an iminium cation and are
probably capable to undergo various other reactions. This prompted us to carry out more
detailed studies.
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We showed that the prolonged action of the excess of boron trifluoride on malonate
derivative 1a, followed by aqueous treatment, leads to the formation of product 2a*
(Scheme 2). In addition, a noticeable amount of benzaldehyde and product 2a was observed
in the mixture. The amount of 2a increased with prolonged treatment with water or upon
purification on silica gel (Scheme 2).
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the previously proposed [18] hydride shift triggered N-dealkylative cyclization of Meldrum’s
acid derivatives.

The results of the 1H NMR spectroscopic analysis of the reaction mixture (SI, part
4, Figures S1 and S2) revealed the formation of the iminium cationic species II with
N+=CHPh fragment. The presence of such a fragment was confirmed by the appearance
of a signet signal at 9.4 ppm, which significantly differs from the signal of the initial 1a
(8.0 ppm for CH=C(CO2Me)2 in dichloroethane without additional reference). Formation
of a difluoroboryl bridge and BF4

− anion was confirmed by heteronuclear NMR (SI, part
4, Figures S3–S6). Similarly to the previously reported data [20,21], the transformation
of BF3·Et2O into the O–BF2–O bridge and BF4

− anion results in the appearance of novel
signals: −150.3, −148.4, and −142.4 ppm in 19F as well as +0.5 and −1.1 ppm in 11B spectra,
contrary to −152.7 and −0.2 ppm signals of the initial BF3·Et2O.

The subsequent aqueous treatment leads to hydrolysis yielding benzaldehyde and
secondary amino derivative IV, which readily converts into tetrahydroquinoline 2a*
(Scheme 3).
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Under these conditions, substituted malonates 1 can be easily converted into product
2*. However, most of them were even less stable than 2a*. Therefore, we added a HCl
treatment step, which provided pure deboronated product 2. In addition, we briefly
examined the conditions of the first step and found that the best results could be obtained
for various malonates 1 when 2.5 molar excess of BF3 was used and the reaction proceeded
for 24 h upon heating at 60 ◦C. We found that the formation of such a product was not
observed if various metal triflates or other Lewis acids (AlCl3, TiCl4 or SnCl4) were used.
The action of triflates results in “classical” 1,5-hydride shift triggered cyclization, while
stronger action of Lewis acids results in the formation of more complex mixtures. However,
the presence of product 2 was also not observed. We also examined the conditions for [1,5]-
hydride shift triggered N-dealkylative cyclization (reported for Meldrum’s acid derivatives)
by heating with morpholine in ethanol [18]. Heating of neither derivative 1a nor a mixture
of the corresponding aldehyde with diethylmalonate with morpholine did not lead to the
formation of tetrahydraquinoline derivatives—the starting materials remained intact even
after 24 h (Scheme 2, bottom).

Next, using the revealed conditions, we obtained a series of compound 2 (Scheme 3).
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In contrast to the previously studied reaction of the sulfur derivatives [20], we did not
observe any difference between the derivatives of dimethyl- (1a) and diethylmanolanate
(1b). Aromatic substituents can influence the stability of boronate complex 2*, but the HCl
workup step provided the desired product 2 in good yield in most cases. The exceptions
were 8-chloro- (2d) and 7-trifluoromethyl- (2j) derivatives, which were obtained in the
decreased yields of 41% and 45%, respectively. N-benzyl-N-ethyl- substrates 1l and 1m
provided the target products 2l and 2m, respectively, containing an ethyl substituent at
the nitrogen atom. In comparison with Mori’s report [16], the recombination process
was reasonably efficient also for diethylamino derivative 1n (giving the same product as
ethylbenzylamine derivative 1o). This means that the described method was not limited to
“debenzylation”.

All the revealed limitations of the reaction correlate well with the stability of the
iminium cation. In particular, compounds 1p and 1r upon a treatment with BF3·Et2O
underwent [1,5]-hydride shift and subsequent cyclization to give compounds 3p and 3r
in good yield. In both cases, the resulting iminium cations were rather unstable, which
shifted the equilibrium toward the classical cyclization product.

3. Materials and Methods
3.1. Materials

Commercially available reagents were used without additional purification. E. Merck
Kieselgel 60 (Merck, Darmstadt, Germany) was used for column chromatography. Thin-
layer chromatography (TLC) was performed on silica gel 60 F254 glass-backed plates (Merck,
Darmstadt, Germany). Visualization was performed using UV light (254 or 312 nm) or by
staining with KMnO4.

NMR spectra were recorded on a 700 MHz Bruker Avance III NMR (Bruker, Rhein-
stetten, Germany) at 303K, Bruker Avance III 800 (Bruker, Rheinstetten, Germany) (with a
5 mm CPTXI cryoprobe), and Bruker Fourier 300(Bruker, Rheinstetten, Germany). Chem-
ical shifts were reported relative to the residue peaks of DMSO-d6 (2.51 ppm for 1H and
39.5 ppm for 13C). Melting points were measured on an SMP 30 (Buch & Holm A/S, Her-
lev, Denmark) apparatus without correction. High-resolution mass spectra (HRMS) were
recorded on AB Sciex TripleTOF® 5600+ System (AB Sciex, Framingham, MA, USA) using
electrospray ionization (ESI). The measurements were performed in a positive ion mode
(interface capillary voltage 5500 V); the mass ranged from m/z 50 to m/z 3000; external
or internal calibration was performed with an ESI Tuning Mix, (Agilent, Santa-Clara, CA,
USA). A syringe injection was used for solutions in acetonitrile, methanol, or water (flow
rate of 20 µL/min). Nitrogen was applied as a dry gas; the interface temperature was set at
180 ◦C. IUPAC compound names were generated using ChemDraw Software (PerkinElmer,
Waltham, MA, USA).

3.2. Experimental Procedures
3.2.1. Synthesis of Methyl2-((difluoroboranyl)oxy)-1-methyl-1,4-dihydroquinoline-3-carboxylate (2a*)

Compound 1a (1 mmol) was dissolved in dry C2H4Cl2 (5 mL) under argon atmosphere.
Freshly distilled BF3·Et2O (355 mg, 2.5 mmol) was added dropwise, and the resulting
mixture was stirred at 25 ◦C for 24 h. An aqueous solution of NaHCO3 (3%, 50 mL) was
added, and the resulting mixture was extracted with EtOAc (3 × 50 mL). Combined organic
layers were washed with brine (3 × 50 mL), dried over anhydrous Na2SO4. All volatiles
were removed in vacuo, and the residue was purified by flash chromatography (an eluent
mixture of hexane and EtOAc, v/v 10:1). Yield 144 mg (54%), white solid, m.p. 188–190 ◦C.

1H NMR (700 MHz, DMSO-d6) δ ppm: 3.39 (s, 3 H), 3.70 (s, 2 H), 3.97 (s, 3 H), 7.15
(td, J = 7.4, 0.9 Hz, 1 H), 7.23 (d, J = 8.0 Hz, 1 H), 7.26 (dd, J = 7.5, 1.0 Hz, 1 H), and
7.28–7.31 (m, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm: 22.7, 30.1, 55.2, 72.3, 115.8, 122.4,
124.9, 127.5, 128.9, 136.8, 163.7, and 168.7. HRMS (ESI-TOF) found, m/z: 268.0957 [M+H]+.
C12H13BF2NO3+. Calculated, m/z: 268.0951.
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3.2.2. General Procedure for Synthesis of the Compounds 2

The corresponding substance 1 (1 mmol) was dissolved in dry C2H4Cl2 (5 mL) under
argon atmosphere. Freshly distilled BF3·Et2O (355 mg, 2.5 mmol) was added dropwise, and
the resulting mixture was stirred at 60 ◦C for 24 h and cooled to 25 ◦C. A mixture of 5.4 M
solution of HCl in dioxane (0.46 mL, 2.5 mmol) and MeOH (5 mL) was added dropwise,
and the resulting mixture was stirred for 6 h at 25 ◦C. An aqueous solution of NaHCO3
(3%, 50 mL) was added, and the resulting mixture was extracted with EtOAc (3 × 50 mL).
The combined organic layers were washed with brine (3 × 50 mL), dried over anhydrous
Na2SO4. All volatiles were removed in vacuo, and the residue was purified by column
chromatography (an eluent mixture of hexane and EtOAc, v/v 5:1).

Methyl 1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2a). Yield 173 mg (79%),
light green solid, m.p. 83–85 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.09–3.18 (m, 2H),
3.28 (s, 3H), 3.62 (s, 3H), 3.72 (dd, J=9.4, 6.4 Hz, 1H), 7.03 (td, J = 7.4, 0.8 Hz, 1H), 7.12 (d,
J = 8.0 Hz, 1H), 7.24 (d, J = 7.3 Hz, 1H), and 7.27–7.30 (m, 1H); 13C NMR (75 MHz, DMSO-d6)
δ ppm: 27.9, 29.5, 47.3, 52.1, 115.1, 122.9, 124.0, 127.7, 127.9, 139.6, 165.8, and 169.8; HRMS
(ESI-TOF) found, m/z: 220.0969 [M+H]+. C12H14NO3

+. Calculated, m/z: 220.0968. This
corresponds to literature data [22].

Ethyl 1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2b). Yield 186 mg (80%),
pale viscous oil; 1H NMR (700 MHz, DMSO-d6) δ ppm: 1.12 (t, J = 7.1 Hz, 3H), 3.09–3.16 (m,
2H), 3.28 (s, 3H), 3.67 (dd, J = 8.2, 7.3 Hz, 1H), 4.02–4.12 (m, 2H), 7.03 (t, J = 7.3 Hz, 1H), 7.12
(d, J = 8.0 Hz, 1H), 7.24 (d, J = 7.3 Hz, 1H), and 7.28 (t, J = 7.8 Hz, 1H); 13C NMR (75 MHz,
DMSO-d6) δ ppm: 14.0, 28.0, 29.5, 47.4, 60.7, 115.0, 122.8, 124.0, 127.7, 127.9, 139.6, 165.9,
and 169.3; HRMS (ESI-TOF) found, m/z: 234.1125 [M+H]+. C13H16NO3

+. Calculated, m/z:
234.1125.

Methyl 1,6-dimethyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2c). Yield 158 mg
(68%), pink solid, m.p. 108–110 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 2.25 (s, 3H),
3.03–3.13 (m, 2H), 3.25 (s, 3H), 3.62 (s, 3H), 3.68 (dd, J = 9.5, 6.3 Hz, 1H), 7.01 (d, J = 8.2 Hz,
1H), 7.05 (s, 1H), and 7.08 (d, J = 8.2 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 20.2,
27.9, 29.5, 47.3, 52.2, 115.0, 123.8, 128.0, 128.4, 131.9, 137.2, 165.6, and 169.8; HRMS (ESI-TOF)
found, m/z: 234.1126 [M+H]+. C13H16NO3

+. Calculated, m/z: 234.1125.
Methyl 8-chloro-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2d). Yield 103 mg

(41%), white solid, m.p. 107–109 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.08–3.18 (m,
2H), 3.34 (s, 3H), 3.61 (s, 3H), 3.74 (dd, J = 9.7, 5.3 Hz, 1H), 7.11 (t, J = 7.8 Hz, 1H), 7.27 (d,
J = 7.4 Hz, 1H), and 7.37 (d, J = 8.0 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 28.5,
35.9, 47.7, 52.2, 122.8, 125.5, 126.7, 130.0, 131.0, 138.3, 168.2, and 169.0; HRMS (ESI-TOF)
found, m/z: 254.0579 [M+H]+. C12H13ClNO3

+. Calculated, m/z: 254.0578.
Methyl 7-chloro-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2e). Yield 204 mg

(81%), light green solid, m.p. 93–95 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.12 (s, 1H),
3.13 (s, 1H), 3.27 (s, 3H), 3.63 (s, 3H), 3.75 (t, J = 7.8 Hz, 1H), 7.09 (dd, J = 7.9, 2.0 Hz, 1H), 7.19
(d, J = 1.9 Hz, 1H), and 7.27 (d, J = 8.0 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 27.3,
29.6, 47.0, 52.3, 115.1, 122.4, 123.0, 129.3, 132.1, 141.0, 165.7, and 169.5; HRMS (ESI-TOF)
found, m/z: 254.0583 [M+H]+. C12H13ClNO3

+. Calculated, m/z: 254.0578.
Methyl 6-chloro-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2f). Yield 173 mg

(68%), white solid, m.p. 139–141 ◦C. 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.10–3.18 (m,
2H), 3.26 (s, 3H), 3.63 (s, 3H), 3.75 (dd, J = 9.1, 6.8 Hz, 1H), 7.14 (d, J = 8.8 Hz, 1H), 7.33 (dd,
J=8.6, 2.5 Hz, 1H), and 7.35 (d, J = 2.5 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 27.5,
29.6, 46.8, 52.3, 116.8, 126.4, 126.8, 127.3, 127.5, 138.6, 165.6, and 169.5; HRMS (ESI-TOF)
found, m/z: 254.0582 [M+H]+. C12H13ClNO3

+. Calculated, m/z: 254.0578.
Methyl 7-bromo-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2g). Yield 234 mg

(79%), white solid, m.p. 127–129 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.10 (s, 1H), 3.11
(s, 1H), 3.27 (s, 3H), 3.63 (s, 3H), 3.75 (t, J = 7.7 Hz, 1H), 7.19–7.24 (m, 2H), and 7.31 (s, 1H);
13C NMR (75 MHz, DMSO-d6) δ ppm: 27.4, 29.6, 46.9, 52.2, 117.8, 120.3, 123.4, 125.4, 129.6,
141.2, 165.7, and 169.5; HRMS (ESI-TOF) found, m/z: 298.0071 [M+H]+. C12H13BrNO3

+.
Calculated, m/z: 298.0073.
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Methyl 6-bromo-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2h). Yield 213 mg
(72%), white solid, m.p. 141–143 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.11–3.18 (m,
2H), 3.26 (s, 3H), 3.64 (s, 3H), 3.75 (dd, J=9.2, 6.7 Hz, 1H), 7.08 (d, J = 8.6 Hz, 1H), 7.45 (dd,
J = 8.6, 2.3 Hz, 1H), and 7.47 (d, J = 1.9 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 27.4,
29.6, 46.8, 52.3, 114.8, 117.2, 126.7, 130.2, 130.3, 139.0, 165.6, and 169.5; HRMS (ESI-TOF)
found, m/z: 298.0075 [M+H]+. C12H13BrNO3

+. Calculated, m/z: 298.0073.
Methyl 7-methoxy-1-methyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2i). Yield

179 mg (72%), colorless viscous oil; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.01–3.09
(m, 2H), 3.27 (s, 3H), 3.62 (s, 3H), 3.67 (dd, J = 9.2, 6.5 Hz, 1H), 3.76 (s, 3H), 6.61 (dd, J = 8.2,
2.3 Hz, 1H), 6.67 (d, J = 2.3 Hz, 1H), and 7.14 (d, J = 8.2 Hz, 1H); 13C NMR (75 MHz,
DMSO-d6) δ ppm: 27.2, 29.6, 47.6, 52.1, 55.3, 102.2, 107.4, 115.9, 128.5, 140.6, 159.0, 165.9,
and 169.8; HRMS (ESI-TOF) found, m/z: 250.1076 [M+H]+. C13H16NO4

+. Calculated, m/z:
250.1074.

Methyl 1-methyl-2-oxo-7-(trifluoromethyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (2j).
Yield 129 mg (45%), colorless viscous oil; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.23
(br.d., J = 7.8 Hz, 2H), 3.33 (s, 3H), 3.64 (s, 3H), 3.81 (t, J = 7.9 Hz, 1H), 7.38 (s, 1H), 7.40
(d, J = 7.8 Hz, 1H), and 7.48 (d, J = 7.8 Hz, 1H); 13C NMR (201 MHz, DMSO-d6) δ ppm:
27.7, 29.6, 46.6, 52.2, 111.4 (q, J=3.7 Hz), 119.4 (q, J = 3.7 Hz), 124.1 (q, J = 272.2 Hz), 128.3
(q, J = 32.3 Hz), 128.6, 128.7, 128.8, 140.4, 165.6, and 169.4; HRMS (ESI-TOF) found, m/z:
288.0844 [M+H]+. C13H13F3NO3

+. Calculated, m/z: 288.0842.
Methyl 1-methyl-2-oxo-6-(trifluoromethyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (2k).

Yield 172 mg (60%), colorless viscous oil; 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.24 (d,
J = 7.8 Hz, 2H), 3.32 (s, 3H), 3.64 (s, 3H), 3.83 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H),
and 7.61–7.67 (m, 2H); 13C NMR (201 MHz, DMSO-d6) δ ppm: 27.4, 29.7, 46.7, 52.2, 115.4,
123.0 (q, J = 30.8 Hz), 124.3 (q, J = 271.4 Hz), 124.6 (q, J = 4.4 Hz), 124.8 (q, J = 4.4 Hz), 125.1,
142.9, 165.9, and 169.4; HRMS (ESI-TOF) found, m/z: 288.0846 [M+H]+. C13H13F3NO3

+.
Calculated, m/z: 288.0842.

Methyl 6-bromo-1-ethyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2l). Yield 190 mg
(61%), white solid, m.p. 96–98 ◦C; 1H NMR (700 MHz, DMSO-d6) δ ppm: 1.11 (t, J = 7.1 Hz,
3H), 3.09–3.16 (m, 2H), 3.63 (s, 3H), 3.74 (dd, J = 9.1, 6.6 Hz, 1H), 3.90 (q, J = 7.3 Hz, 2H),
7.12 (d, J = 8.8 Hz, 1H), 7.44 (dd, J = 8.8, 2.3 Hz, 1H), and 7.48 (d, J = 2.1 Hz, 1H); 13C NMR
(75 MHz, DMSO-d6) δ ppm: 12.3, 27.5, 37.1, 46.8, 52.2, 114.6, 117.0, 127.1, 130.3, 130.7,
137.8, 165.1, and 169.5; HRMS (ESI-TOF) found, m/z: 312.0235 [M+H]+. C13H15BrNO3

+.
Calculated, m/z: 312.0230.

Methyl 1-ethyl-7-methoxy-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2m). Yield 142 mg
(54%), colorless viscous oil; 1H NMR (700 MHz, DMSO-d6) δ ppm: 1.12 (t, J = 7.1 Hz, 3H),
2.99–3.07 (m, 2H), 3.61 (s, 3H), 3.66 (dd, J = 9.0, 6.5 Hz, 1H), 3.76 (s, 3H), 3.91 (q, J = 7.1 Hz,
2H), 6.61 (dd, J = 8.2, 2.5 Hz, 1H), 6.67 (d, J = 2.3 Hz, 1H), and 7.14 (d, J = 8.2 Hz, 1H); 13C
NMR (75 MHz, DMSO-d6) δ ppm: 12.4, 27.3, 37.0, 47.6, 52.1, 55.3, 102.0, 107.2, 116.2, 128.9,
139.3, 159.1, 165.5, and 169.8; HRMS (ESI-TOF) found, m/z: 264.1238 [M+H]+. C14H18NO4

+.
Calculated, m/z: 264.1230.

Methyl 1-ethyl-2-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylate (2n). Yield 109 mg (47%)
from 1n and 132 mg (57%) from 1o, pale viscous oil; 1H NMR (700 MHz, DMSO-d6) δ
ppm: 1.13 (t, J = 7.1 Hz, 3H), 3.06–3.15 (m, 2H), 3.62 (s, 3H), 3.70 (dd, J = 9.4, 6.4 Hz, 1H),
3.87–3.96 (m, 2H), 7.00–7.04 (m, 1H), 7.16 (d, J = 8.0 Hz, 1H), 7.24 (d, J = 7.4 Hz, 1H), and
7.26–7.29 (m, 1H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 12.5, 28.0, 37.0, 47.3, 52.1, 114.9,
122.8, 124.3, 127.8, 128.2, 138.4, 165.3, and 169.7; HRMS (ESI-TOF) found, m/z: 234.1130
[M+H]+. C13H16NO3

+. Calculated, m/z: 234.1125.
Dimethyl 1-methyl-6-nitro-2-phenyl-1,4-dihydroquinoline-3,3(2H)-dicarboxylate (3p). Yield

310 mg (81%), yellow solid, m.p. 187–189 ◦C. 1H NMR (700 MHz, DMSO-d6) δ ppm: 3.01
(s, 3H), 3.12 (d, J = 16.4 Hz, 1H), 3.28 (m,1H), 3.59 (d, J = 6.3 Hz, 6H), 5.22 (d, J = 1.5 Hz,
1H), 6.79 (d, J = 9.4 Hz, 1H), 7.02 (dd, J = 7.3, 1.9 Hz, 2H), and 7.32–7.36 (m, 3H), 8.02–8.06
(m, 2H); 13C NMR (75 MHz, DMSO-d6) δ ppm: 27.8, 38.2, 53.0, 53.3, 55.6, 65.1, 109.2, 116.6,
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125.1, 125.3, 127.3, 128.7, 128.7, 135.9, 137.6, 149.3, 167.5, and 168.8; HRMS (ESI-TOF) found,
m/z: 385.1393 [M+H]+. C20H21N2O6

+. Calculated, m/z: 385.1394.
Dimethyl 1-methyl-1,4-dihydroquinoline-3,3(2H)-dicarboxylate (3r). Yield 166 mg (63%),

yellow solid, m.p. 97–100 ◦C; 1H NMR (700 MHz, CDCl3) δ ppm: 2.91 (s, 3H), 3.30 (s, 2H),
3.62 (s, 2H), 3.74 (s, 6H), 6.60 (d, J = 8.2 Hz, 1H), 6.69 (t, J = 7.2 Hz, 1H), 7.04 (d, J = 7.4 Hz,
1H), and 7.10 (t, J = 7.7 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ ppm: 33.4, 39.0, 52.8, 52.9, 54.5,
111.2, 117.3, 119.7, 127.3, 128.9, 145.1, and 170.2; HRMS (ESI-TOF) found, m/z: 264.1235
[M+H]+. C14H18NO4

+. Calculated, m/z: 264.1230.

4. Conclusions

We developed a new, redox-neutral method for the synthesis of 2-oxo-1,2,3,4-tetrahydr-
oquinoline-3-carboxylates from 2-(N-benzyl-N-alkylamino)benzylidene malonates. The
process was based on the activation of a substrate with two equivalents of boron triflu-
oride. This activation leads to [1,5]-hydride shift and the formation of a stable iminium
intermediate containing a difluoroboryl bridge. The formation of such an O–BF2–O bridge
was confirmed by a heteronuclear NMR study, while the presence of a stable iminium
cation was confirmed by the 1H NMR analysis of a reaction mixture. This product under-
goes cyclization upon hydrolysis, resulting in the formation of an amide product. In sum,
this process can be described as [1,5]-hydride shift triggered N-dealkylative cyclization.
The revealed transformation differs from the previously presented examples of hydride
shift triggered N-dealkylative cyclization, as it does not require the presence of strong
electron-accepting functions [18,19], and it is not accompanied with decarboxylation [18]
or substituent rearrangements [19].
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the reaction mixture in C2H4Cl2. Figure S3. 11B NMR spectrum of BF3 in C2H4Cl2. Figure S4. 19F
NMR spectrum of BF3 in C2H4Cl2. Figure S5. 11B NMR spectrum of the reaction mixture in C2H4Cl2.
Figure S6. 19F NMR spectrum of the reaction mixture in C2H4Cl2. References [23–28] are cited in the
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Abstract: Today, cancer is one of the most widespread and dangerous human diseases with a high
mortality rate. Nevertheless, the search and application of new low-toxic and effective drugs, combined
with the timely diagnosis of diseases, makes it possible to cure most types of tumors at an early stage. In
this work, the range of new polysubstituted 4,7-dihydro-6-nitroazolo[1,5-a]pyrimidines was extended.
The structure of all the obtained compounds was confirmed by the data of 1H, 13C NMR spectroscopy,
IR spectroscopy, and elemental analysis. These compounds were evaluated against human recombinant
CK2 using the ADP-GloTM assay. In addition, the IC50 parameters were calculated based on the results
of the MTT test against glioblastoma (A-172), embryonic rhabdomyosarcoma (Rd), osteosarcoma (Hos),
and human embryonic kidney (Hek-293) cells. Compounds 5f, 5h, and 5k showed a CK2 inhibitory
activity close to the reference molecule (staurosporine). The most potential compound in the MTT test
was 5m with an IC50 from 13 to 27 µM. Thus, our results demonstrate that 4,7-dihydro-6-nitroazolo[1,5-
a]pyrimidines are promising for further investigation of their antitumor properties.

Keywords: nitro compounds; Azolo[1,5-a]pyrimidines; CK2 inhibition; antitumor activity;
multicomponent reaction

1. Introduction

Cancer is one of the world′s leading causes of death, with an estimated number
of 10 million deaths in 2020 [1]. However, many types of cancer are curable with early
diagnosis and treatment. The establishment of alternative ways to treat tumor diseases
allows for the use of new effective and low-toxic drugs in the early stages of the disease.
One of the current trends is the inhibition of biological targets responsible for the growth,
proliferation, and survival of tumor cells. From this point of view, type 2 casein kinase
is a promising target for chemotherapy. The overexpression of casein kinase 2 (CK2) is
closely associated with several cancers, including cancers of the head and neck, breast,
kidney, lung, etc. [2–9], thus making CK2 a promising target for chemotherapy [10–14].
The ATP binding site of CK2 is smaller than that of most other kinases due to the presence
of unique bulky residues, such as Val66 and Ile174, which create the prerequisites for
the development of selective small molecule ATP-competitive inhibitors [15,16]. In the
review article of CK2 and its inhibitors [17] by Iegre and colleagues, compounds of the
azolo[1,5-a]pyrimidine series are noted as one of the most significant types of inhibitors
over the past decade [18,19], along with azole derivatives(Figure 1) [20,21].
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Figure 1. Most significant ATP-competitive CK2 inhibitors: A [19], B [20], C [21], D [18].

The antitumor activity of azolo[1,5-a]pyrimidines [22–27] has been related to the inhi-
bition of cancer-associated kinases [28,29] (cyclin-dependent kinase 2 and phosphoinositide-
3-kinase). However, recent Safari’s work demonstrates a positive trend in the cytotoxic
effect of nitro-containing azolo[1,5-a]pyrimidines against human malignant melanoma
cells (A375) and prostate cancer (PC3 cells, LNCaP cells) [30]. Examples of azolo[1,5-
a]pyrimidines exhibiting antitumor activities are shown in Figure 2.
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To continue our research on polysubstituted 6-nitroazolo[1,5-a]pyrimidines [31–33],
we would like to present the synthesis of new compounds of this series, as well as their
inhibitory activity against protein kinase CK2 and their cytotoxic effect against cultured tu-
mor cells of human glioblastoma (A-172, ATCC CRL 1620), embryonic rhabdomyosarcoma
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(Rd, ATCC CRL 136), human osteosarcoma (Hos, ATCC CRL 1543), and human embryonic
kidney (HEK-293).

2. Results and Discussion
2.1. Synthesis

In the present work, we studied compounds of the 4,7-dihydro-6-nitroazolo[1,5-a]pyrimidine
5a-o and 6a-e series. These compounds were obtained by a multicomponent reaction between
aminoazoles 1,2, 1-morpholino-2-nitroalkenes 3, and aldehydes 4 (Scheme 1). It was shown [31]
that an initial reaction occurs between 1-morpholino-2-nitroalkenes 3 and aminoazoles 1,2, fol-
lowed by heterocyclization to products 5, and the interaction of boron trifluoride etherate with
the morpholinenitroalkene 3 leads to the formation of a corresponding alkyne and morpholinium
tetrafluoroborate. The structure of all the obtained products 5,6 was confirmed by the data of 1H,
13C NMR spectroscopy, IR spectroscopy, and elemental analysis. The signals H-7 and C-7 are the
characteristic for products 5,6 in the corresponding NMR spectra. It is interesting to note that in
compounds 5a-d obtained from 3-aminopyrazole 3a, in the 1H spectra, the H-7 signal is in the
region of 5.43–5.84 ppm, while in the 13C spectra, the characteristic C-7 signal is in the region of
34–40 ppm. In all other structures 5e-o, 6a-d, these signals are shifted to a weaker region of the
spectrum in the region of 6.44–6.94 and 55–60 ppm, respectively (see Supplementary Materials).
Apparently, the substituent and heteroatom in the azole ring affect the position of these signals.

2.2. CK2 Inhibition

Once in hand, target compounds were evaluated against human recombinant CK2 using
the ADP-GloTM assay (Table 1). Initial screening at 50 µM revealed that compounds 5a,
5c, 5g, 5m, 5o, 6a, 6c, and 6d paradoxically enhance CK2 activity. Moderate inhibition was
demonstrated by compounds 5f, 5h, 5k, 5l, and 6e. Derivatives 5f, 5h, and 5k were the most
active inhibitors. One can notice that compounds bearing alkyl or alkylthio substituents at
position C-2 and at position C-6 simultaneously tend to be more active, though the high
structural similarity in this series does not allow us to define more comprehensive SAR.
A dose–response study confirmed that compounds 5f, 5h, 5k, and 5l are micromolar CK2
inhibitors, while 6e has a low potency (Table 2). A hill coefficient around (−1) indicates that
lead compounds as well as staurosporine behave like classical inhibitors that bind to a single
kinase site.

Table 1. Screening of the target compounds against CK2 activity.

Compound CK2 Inhibition at
50 µM, m ± SD (%) Compound CK2 Inhibition at

50 µM, m ± SD (%)

5a n.a. 5k 66.81 ± 7.97 **
5b n.a. 5l 48.35 ± 4.48 *
5c n.a. 5m n.a.

5d n.a. 5n 19.80 ± 24.53

5e n.a. 5o n.a.

5f 53.81 ± 0.42 6a n.a.

5g n.a. 6b n.a.

5h 54.80 ± 0.87 6c n.a.

5i 3.66 ± 37.60 6d n.a.

5j n.a. 6e 39.82 ± 19.52
Staurosporine 72.34 ± 6.39 **

n.a.-not active; * p < 0.05, ** p < 0.01-significance vs. DMSO-control. Kruskal–Wallis test.
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Table 2. Inhibition of CK2 by the most active compounds.

Compound CK2 IC50, µM 95% C.I., µM Hill Coefficient

5f 52.83 39.12–59.08 −1.369
5h 59.47 32.99–66.81 −1.566
5k 52.26 30.10–105.80 −1.183
5l 57.20 57.14–57.26 −2.947
6e >100 - -

Staurosporine 69.85 50.96–98.39 −0.974
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2.3. Antitumor Activity

The IC50 parameters were calculated based on the results of the MTT test (Table 3). The
values are defined in the range from 13 µM to >650 µM. It should be noted that the study of
the 5a, 5b, and 5c cytotoxic effects was limited to exclude because of their low solubility.

Table 3. Cytotoxicity index (IC50 ± SE) of 4,7-dihydro-6-nitroazolo[1,5-a]pyrimidines on glioblastoma
(A-172), embryonic rhabdomyosarcoma (Rd), osteosarcoma (Hos), and human embryonic kidney
(Hek-293) cells, µM.

Compound
IC50, µM

Cells
A-172 Rd Hos Hek-293

5d 28.91 ± 4.58 105.54 ± 16.81 103.53 ± 18.27 543.74 ± 70.79
5e 256.72 ± 12.20 99.46 ± 4.43 126.60 ± 7.17 222.84 ± 6.33
5f 212.36 ± 42.85 121.97 ± 13.53 170.14 ± 11.16 35.86 ± 4.30
5g 171.74 ± 8.63 149.72 ± 11.01 181.14 ± 7.47 483.09 ± 37.61
5h 323.41 ± 22.70 378.59 ± 20.39 234.97 ± 25.80 153.47 ± 12.35
5i 145.19 ± 8.96 105.10 ± 10.70 88.44 ± 5.85 69.52 ± 8.69
5j 566.09 ± 17.12 673.44 ± 20.70 522.38 ± 16.16 581.39 ± 43.90
5k 110.23 ± 2.97 89.43 ± 10.46 77.32 ± 3.06 107.57 ± 11.10
5l 77.79 ± 4.02 124.66 ± 6.80 92.91 ± 3.91 162.30 ± 9.95

5m 13.36 ± 0.98 27.52 ± 2.77 18.54 ± 1.79 211.7 ± 10.77
5n 119.75 ± 8.49 151.44 ± 7.28 112.26 ± 8.19 78.70 ± 9.75
5o 22.49 ± 2.93 36.33 ± 3.40 28.09 ± 3.91 169.30 ± 10.88
6a 434.08 ± 18.02 448.21 ± 22.53 542.85 ± 21.45 1131.79 ± 77.86
6b 71.03 ± 2.07 110.11 ± 4.93 92.03 ± 3.08 237.40 ± 11.99
6c 41.27 ± 4.10 71.15 ± 6.84 40.88 ± 4.11 227.50 ± 25.20
6d 27.49 ± 1.67 37.28 ± 3.77 23.31 ± 1.84 50.07 ± 4.43
6e 82.44 ± 2.22 192.69 ± 10.27 93.72 ± 5.89 54.16 ± 5.32
cPt 3.64 ± 0.21 4.99 ± 0.31 2.36 ± 0.12 4.41 ± 0.24

Compounds 5j and 6a possessed the least pronounced cytotoxic effect on cells (in
all cases IC50 > 0.4 mM), while the greatest decrease in the viability of tumor cells was
noted with the addition of compounds 5m, 5o, 6c, and 6d. It is important to note that
these azolopyrimidine compounds are characterized by a more pronounced suppression of
the viability of tumor cells A-172, Rd, and Hos in comparison with the effect on human
embryonic kidney cells Hek-293 (Figures 3 and 4).

It was found that the IC50 for compounds 5m, 5o, 6c, and 6d in tumor cell lines studies,
mostly, did not exceed 50 µM, whereas the cytotoxicity index on embryonic cells was higher
than 169 µM (5m, 5o, and 6c). It should be noted that compounds 6d containing a triazole
fragment with a CF3-substituent in the structure had similar micromolar IC50 values for
kidney cells and tumor cells. The least cytotoxic effect on non-tumor cells was determined
for compound 6c (227.50 µM). At the same time, our results indicate that compound 5m
may have the most pronounced antitumor properties.

Meanwhile, the mechanisms for the suppression of cultured cells growth remain unclear
and require further research. We can assume, that experimental data of cytotoxic action
are not fully explained by the effect on CK2. On the one hand, it was noted that azolo[1,5-
a]pyrimidines 5k, 5l, and 6e inhibit both the enzymatic activity of CK2 and the viability of
tumor cells. On the other hand, compounds 5m, 5o, 6c, and 6d significantly inhibit the growth
of neoplastic cells without affecting CK2. We can assume that the cytotoxic effect of the
synthesized compounds may be due to the effect on other intracellular targets.
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3. Materials and Methods
3.1. Chemical Experiment

Unless stated otherwise, all solvents and commercially available reactants/reagents were
used as received. Non-commercial starting materials were prepared as described below or
according to literature procedures. One-dimensional 1H and 13C NMR spectra, as well as
two-dimensional 1H–13C HMBC experiments were acquired on a Bruker DRX-400 instrument
(400 and 101 MHz, respectively) or a Bruker Avance NEO 600 instrument (600 and 151 MHz,
respectively), equipped with a Prodigy broadband gradient cryoprobe, utilizing DMSO-d6
as solvent and TMS as internal standard. IR spectra were recorded on a Bruker Alpha FTIR
spectrometer equipped with a ZnSe ATR accessory. Elemental analysis was performed on
a PerkinElmer 2400 CHN analyzer. The reaction progress was controlled by TLC on Silufol
UV-254 plates, eluent—EtOAc. Melting points were determined on a Stuart SMP3 apparatus
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at the heating rate of 7 ◦C/min. 1-Morpholino-2-nitroethylenes 3 were prepared according to
a literature procedure [34].

4,7-Dihydro-6-nitroazolo[1,5-a]pyrimidines 5,6; General procedure 1.
A total of 3 Mmol (1.5 equiv., 0.37 mL) of BF3·Et2O was added to a suspension 2 mmol

(1.0 equiv.) of corresponding aminoazole 1,2, 2 mmol (1.0 equiv.) of nitroalkene 3, and
2 mmol (1.0 equiv.) of aldehyde 4 in 5 mL n-BuOH. The reaction mixture was heated on
oil bath at 120 ◦C for 2 h. The resulting solution was cooled to room temperature and
stirred 15 min. The obtained precipitate was filtered off, washed with 15 mL of i-PrOH.
The precipitate was suspended in 50 mL of water, stirred for 5 min, filtered off again, and
washed with 15 mL of water.

4,7-Dihydro-6-nitroazolo[1,5-a]pyrimidines 5,6; General procedure 2.
A total of 3 Mmol (1.5 equiv., 0.37 mL) of BF3·Et2O was added to a suspension 2 mmol

(1.0 equiv.) of corresponding aminoazole 1,2, 2 mmol (1.0 equiv.) of nitroalkene 3, and
2 mmol (1.0 equiv.) of aldehyde 4 in 5 mL n-BuOH. The reaction mixture was heated on oil
bath at 120 ◦C for 2 h. After heating, the resulting solution was concentrated under reduced
pressure. To the residue, 20 mL of 2M Na2CO3 and 50 mL of water was added and stirred
for 20 min. Solution was extracted twice with 20 mL of EtOAc. To a water phase, 15 mL of
hexane was added and mixture was neutralized by diluted HCl to pH 7. Resulting mixture
was stirred for 30 min, filtered off, and washed with water.

6-Nitro-7-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine (5a). The reaction was performed
according to the general procedure 1 employing 0.166 g (2 mmol, 1 equiv.) of 3-aminopyrazole
1a, 0.316 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitroethylene 3a, and 0.20 mL (2 mmol,
1 equiv.) of benzaldehyde 4a. The product was recrystallized from DMF. The substance was
dried over P2O5 at 170 ◦C. Yellow solid. Yield 0.387 g (80%). mp 295–297 ◦C. IR Spectrum,ν
cm−1: 1528, 1417 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 5.43 (1H, s, H-7); 7.10–7.30 (5H,
m, Ph); 7.41 (1H, s, H-2); 8.36 (1H, d, H-5, J = 6.1 Hz); 10.88 (1H, d, NH, J = 6.4 Hz); 12.45 (1H,
s, H-3). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 38.2; 106.8; 124.3; 126.2; 126.5; 128.4; 127.3;
139.0; 144.2; 146.0. Anal. Calcd. for C12H10N4O2: C, 59.50; H, 4.16; N, 23.13. Found: C, 59.61;
H, 4.20; N, 23.01.

7-(Anthracen-9-yl)-5-ethyl-7-nitro-4,7-dihydropyrazolo[1,5-a]pyrimidine (5b). The reaction
was performed according to the general procedure 1 employing 0.166 g (2 mmol, 1 equiv.) of
3-aminopyrazole 1a, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitroethylene 3a and 0.412 g
(2 mmol, 1 equiv.) of 9-anthracenecarbaldehyde 4b. The product was recrystallized from
n-BuOH. The substance was dried over P2O5 at 170 ◦C. Yellow solid. Yield 0.385 g (53%). mp
215 ◦C with decomp. IR Spectrum, ν cm−1: 1518, 1277 (NO2). 1H NMR (400 MHz, DMSO-d6):
δ = 1.38 (3H, t, CH2-CH3, J = 7.3 Hz); 2.73–2.84, 3.16–3.26 (2H, m, CH2-CH3); 8.40 (1H, s, H-2);
6.88 (1H, s, H-7); 7.08 (1H, s, H-9′); 7.26 (1H, m, H-7′); 7.35 (1H, m, H-2′); 7.52 (2H, m, H-6′);
7.60 (2H, m, H-3′); 7.98 (1H, d, H-5′, J = 8.4 Hz); 8.06 (1H, d, H-4′, J = 8.4 Hz); 8.11 (1H, d,
H-8′, J = 9.1 Hz); 8.40 (1H, s, H-2); 8.71 (1H, d, H-1′, J = 9.1 Hz); 13C {1H} NMR (101 MHz,
DMSO-d6): δ = 13.5; 28.0; 34.8; 106.7; 124.6 (2C); 124.9; 125.0; 125.2; 125.5; 126.8; 126.9; 127.1;
128.7; 129.4; 129.9; 130.4; 131.5; 132.2; 137.5; 145.1; 155.6. Anal. Calcd. for C22H18N4O2: C,
71.34; H, 4.90; N, 15.13. Found: C, 71.52 H, 4.72; N, 14.99.

6-Nitro-5-methyl-7-(4′-nitrophenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5c). A total of 3 Mmol
(1.5 equiv., 0.37 mL) of BF3·Et2O was added to a suspension of 0.166 g (2 mmol, 1 equiv.) of
3-aminopyrazole 1a and 0.344 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitropropylene 3b in
5 mL n-BuOH. The reaction mixture was heated on oil bath at 80 ◦C for 15 min. After this,
0.302 g (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c was added to the obtained solution. The
reaction mixture was heated on oil bath at 120 ◦C for 2 h. The resulting solution was cooled to
room temperature and stirred for 15 min. The obtained precipitate was filtered off, washed with
15 mL of i-PrOH. The precipitate was suspended in 50 mL of water, stirred for 5 min, filtered
off again and washed with 15 mL of water. To the residue, 20 mL of 2 M Na2CO3 and 50 mL
of water were added and stirred for 20 min. The solution was extracted twice with 20 mL of
EtOAc. To the water phase, 15 mL of hexane was added, and the mixture was neutralized by
diluted HCl to pH 7. The resulting mixture was stirred overnight, filtered off, and washed

155



Molecules 2022, 27, 5239

with water. Yellow solid. Yield 0.355 g (59%). mp 198 ◦C with decomp. IR Spectrum, ν cm−1:
1535, 1352 (NO2); 1508, 1268 (NO2). 1H NMR (600 MHz, DMSO-d6): δ = 2.66 (3H, s, C-5-CH3);
5.64 (1H, s, H-5); 7.45 (1H, s, H-2); 7.50 (2H, d, H-2′, J = 8.3 Hz); 8.12 (2H, d, H-3′, J = 8.3 Hz);
10.95 (1H, s, NH); 12.49 (1H, s, H-3). 13C {1H} NMR (151 MHz, DMSO-d6): δ = 22.0; 39.8; 105.6;
121.8; 123.8; 127.0; 127.6; 144.2; 145.9; 152.5; 154.1. Anal. Calcd. for C13H11N5O4: C, 51.83; H,
3.68; N, 23.25 Found: C, 51.89; H, 3.73; N, 23.19.

6-Nitro-5-methyl-7-(thiophen-2′-yl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5d). The reaction was
performed according to the general procedure 1 employing 0.166 g (2 mmol, 1 equiv.) of 3-
aminopyrazole 1a, 0.344 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitropropylene 2b and 0.184 mL
(2 mmol, 1 equiv.) of thiophen-2-carbaldehyde 4f. Pale green solid. Yield 0.278 (53%). mp
210 ◦C with decomp. IR Spectrum, ν, cm−1: 1511, 1256 (NO2). 1H NMR (400 MHz, DMSO-d6):
δ = 2.58 (3H, s, C-5-CH3); 5.84 (1H, s, H-7); 6.80–6.82 (1H, m, H-3′); 6.83–6.87 (1H, m, H-4′); 7.23
(1H, d, H-5′, J = 5.0 Hz); 7.56 (1H, s, H-2); 10.85 (1H, s, NH); 12.49 (1H, s, H-3). 13C {1H} NMR
(101 MHz, DMSO-d6): δ = 21.8; 34.3; 106.2; 122.9; 123.1; 123.6; 126.5; 126.7; 144.5; 150.6; 151.1.
Anal. Calcd. for C11H10N4O2S: C, 50.37; H, 3.84; N, 21.36. Found: C, 50.20; H, 3.99; N, 21.49.

3-Etoxycarbonyl-5-ethyl-6-nitro-7-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine (5e). The re-
action was performed according to the general procedure 1 employing 0.31 g (2 mmol,
1 equiv.) of 3-amino-4-etoxycarbonylpyrazole 1b, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-
2-nitrobutylene 3c and 0.2 mL (2 mmol, 1 equiv.) of benzaldehyde 4a. Orange yellow solid.
Yield 0.424 g (62%). mp 127–129 ◦C. IR Spectrum, ν, cm−1: 1669 (C=O); 1584, 1289 (NO2). 1H
NMR (600 MHz, DMSO-d6): δ = 1.32 (6H, t, CH2-CH3, J = 7.1 Hz); 3.19 (2H, q, C-5-CH2-CH3,
J = 7.2 Hz); 4.18–4.38 (2H, m, C(O)-CH2-CH3); 6.55 (1H, s, H-7); 7.22–7.36 (5H, m, Ph); 7.66 (1H,
s, H-2); 10.29 (1H, s, NH). 13C {1H} NMR (151 MHz, DMSO-d6): δ = 12.5; 14.3; 25.2; 59.4; 59.8;
97.6; 122.0; 127.1; 139.6; 128.4; 128.6; 137.4; 140.8; 152.7; 161.7. Anal. Calcd. for C17H18N4O4: C,
59.64; H, 5.30; N, 16.37. Found: C, 59.69; H, 5.32; N, 16.49.

3-Etoxycarbonyl-5-ethyl-6-nitro-7-(4′-nitrophenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5f).
The reaction was performed according to the general procedure 2 employing 0.31 g
(2 mmol, 1 equiv.) of 3-amino-4-etoxycarbonylpyrazole 1b, 0.372 g (2 mmol, 1 equiv.) of
1-morpholino-2-nitrobutylene 3c and 0.302 g (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c.
Pale yellow solid. Yield 0.425 g (55%). mp 156–158 ◦C. IR Spectrum, ν, cm−1: 1720 (C=O);
1579, 1519, 1350, 1307 (NO2). 1H NMR (600 MHz, DMSO-d6): δ = 1.34 (6H, m, CH2-CH3);
3.23 (3H, q, C-5-CH2-CH3); 4.30 (2H, q, C(O)-CH2-CH3); 6.72 (1H, s, H-7); 7.59 (2H, d, H-2′,
J = 8.4 Hz); 7.69 (1H, s, H-2); 8.19 (2H, d, H-3′, J = 8.4 Hz); 10.48 (1H, s., NH). 13C {1H} NMR
(151 MHz, DMSO-d6): δ = 12.5; 14.3; 25.2; 58.8; 59.9; 97.9; 121.3; 123.9; 128.6; 141.2; 146.4;
147.4; 153.5; 161.6. Anal. Calcd. for C17H17N5O6: C, 52.95; H, 4.57; N, 18.10. Found: C,
52.71; H, 4.42; N, 18.08.

3-Cyano-6-nitro-7-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine (5g). The reaction was
performed according to the general procedure 1 employing 0.216 g (2 mmol, 1 equiv.) of
3-amino-3-cyanopyrazole 1c, 0.316 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitroethylene
3c and 0.20 mL (2 mmol, 1 equiv.) of benzaldehyde 4a. The product was recrystallized
from MeOH. Yellow solid. Yield 0.219 g (41%). mp 262 ◦C with decomp. IR Spectrum, ν,
cm−1: 2232 (CN); 1593, 1333 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 6.62 (1H, s, H-7);
7.20–7.47 (5H, m, Ph); 7.95 (1H, s, H-2); 8.47 (1H, s, H-5); 12.43 (1H, br.s.; NH). 13C {1H}
NMR (101 MHz, DMSO-d6): δ = 59.6; 76.2; 112.6; 124.3; 127.5; 128.6; 128.7; 134.6; 138.8;
139.6; 143.1. Anal. Calcd. for C13H9N5O2: C, 58.43; H, 3.39; N, 26.21. Found: C, 58.49; H,
3.33; N, 26.29.

3-Cyano-5-ehtyl-6-Nitro-7-(4′-nitrophenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5h). The
reaction was performed according to the general procedure 1 employing 0.216 g (2 mmol,
1 equiv.) of 3-amino-4-cyanopyrazole 1c, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-2-
nitrobutylene 3c and 0.302 g (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c. The substance
was dried over P2O5 at 170 ◦C. Yellow solid. Yield 0.394 g (58%). mp 230 ◦C with decomp.
IR Spectrum, ν, cm−1: 2231 (CN); 1584, 1350 (NO2); 1520, 1315 (NO2). 1H NMR (400 MHz,
DMSO-d6): δ = 1.32 (3H, t, CH2-CH3; J = Hz); 2.90–3.15 (2H, m, CH2-CH3); 6.76 (1H, s, H-7);
7.63 (2H, d, H-2′, J = 8.3 Hz); 7.95 (1H, s, H-2); 8.17 (2H, d, H-3′, J = 8.3 Hz); 12.07 (1H,
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s, NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.4; 25.5; 59.1; 75.9; 112.7; 121.0; 123.8;
128.8; 139.3; 143.5; 146.1; 147.5; 153.0. Anal. Calcd. for C15H12N6O4: C, 52.94; H, 3.55; N,
24.70. Found: C, 52.89; H, 3.47; N, 24.69.

3-Cyano-5-ehtyl-6-Nitro-7-(4′-metoxyphenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5i).
The reaction was performed according to the general procedure 1 employing 0.216 g

(2 mmol, 1 equiv.) of 3-aminopyrazole 1c, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-2-
nitrobutylene 3c and 0.24 mL (2 mmol, 1 equiv.) of 4-metoxybenzaldehyde 4c. The product
was recrystallized from MeOH. Light-yellow solid. Yield 0.338 g (52%). mp 249 ◦C with
decomp. IR Spectrum, ν, cm−1: 2229 (CN); 1577, 1307 (NO2). 1H NMR (400 MHz, DMSO-
d6): δ = 1.10–1.48 (3H, m, CH2-CH3); 2.87–3.13 (2H, m, CH2-CH3); 3.71 (3H, s, O-CH3);
6.54 (1H, s, H-7); 6.79–6.94 (2H, m, H-3′); 7.13–7.30 (2H, m, H-2′); 7.92 (1H, s, H-2); 11.83 (1H,
s, NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.4; 25.4; 55.1; 59.2; 75.3; 112.9; 114.0;
122.0; 128.5; 131.5; 139.1; 143.1; 151.8; 159.3. Anal. Calcd. for C16H15N5O3: C, 59.07; H, 4.65;
N, 21.53. Found: C, 59.17; H, 4.69; N, 21.44.

3-Cyano-5-Ethyl-6-nitro-7-(3′-methoxy-4′-hydroxyphenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine
(5j). The reaction was performed according to the general procedure 1 employing 0.216 g
(2 mmol, 1 equiv.) of 3-amino-4-cyanopyrazole 1c, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-
2-nitrobutylene 3c and 0.304 g (2 mmol, 1 equiv.) of 3-metoxy-4-hydroxybenzaldehyde 4e.
Pale yellow solid. Yield 0.355 g (52%). mp 241 ◦C with decomp. IR Spectrum, ν, cm−1: 3181
(OH); 2234 (CN); 1579, 1306 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 1.32 (3H, t, CH2-CH3,
J = 7.3 Hz); 2.90–3.13 (2H, m, CH2-CH3); 3.74 (1H, s, O-CH3); 6.50 (1H, S, H-7); 6.62–6.69 (1H,
m, H-5′); 6.72 (1H, d, H-6′, J = 8.1 Hz); 7.93 (1H, s, H-2); 9.13 (1H, s, OH); 11.79 (1H, s, NH).
13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.5; 25.5; 55.7; 59.5; 75.3; 111.8; 112.9; 115.5; 119.5;
121.9; 130.2; 143.0; 147.0; 147.4; 151.7. Anal. Calcd. for C16H15N5O4: C, 56.30; H, 4.43; N, 20.52.
Found: C, 56.39; H, 4.36; N, 20.44.

3-Cyano-5-ethyl-6-nitro-7-(thiophen-2-yl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5k). The
reaction was performed according to the general procedure 1 employing 0.216 g (2 mmol,
1 equiv.) of 3-amino-4-cyanopyrazole 1c, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-2-
nitrobutylene 3c and 0.18 mL (2 mmol, 1 equiv.) of thiophene-2-carbaldehyde 4f. Pale red
solid. Yield 0.307 g (51%). mp 188–190 ◦C with decomp. IR Spectrum, ν, cm−1: 2232 (CN);
1576, 1300 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 1.30 (3H, t, CH2-CH3, J = 7.4 Hz);
2.84–3.14 (2H, m, CH2-CH3); 6.94 (1H, s, H-7); 6.89–6.98 (1H, s, H-3′); 7.01–7.08 (1H, m,
H-4′); 7.41–7.49 (1H, d, H-5′, J = 4.9 Hz); 8.00 (1H, s, H-2); 12.00 (1H, s, NH). 13C {1H} NMR
(101 MHz, DMSO-d6): δ = 12.8; 25.9; 55.1; 76.1; 113.2; 122.1; 127.0; 127.1; 127.5; 139.6; 142.4;
143.8; 152.7. Anal. Calcd. for C13H11N5O2S: C, 51.82; H, 3.68; N, 23.24. Found: C, 51.69; H,
3.66; N, 23.36.

3-Cyano-2-methylthio-6-nitro-7-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine (5l). The reaction
was performed according to the general procedure 1 employing 0.308 g (2 mmol, 1 equiv.)
of 3-amino-4-cyano-5-methylthiopyrazole 1d, 0.316 g (2 mmol, 1 equiv.) of 1-morpholino-
2-nitroethylene 3a and 0.20 mL (2 mmol, 1 equiv.) of benzaldehyde 4a. Yellow solid. Yield
0.319 g (51%). mp 219 ◦C with decomp. IR Spectrum, ν, cm−1: 2229 (CN); 1596, 1325 (NO2).
1H NMR (400 MHz, DMSO-d6): δ = 2.41 (3H, s, S-CH3); 6.56 (1H, s, H-7); 7.11–7.56 (5H, m,
Ph); 8.45 (1H, s, H-2); 12.44 (1H, br. s, NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 13.8; 59.6;
76.1; 111.9; 124.6; 127.6; 128.6; 128.8; 134.3; 138.5; 140.8; 150.8. Anal. Calcd. for C14H11N5O2S:
C, 53.67; H, 3.54; N, 22.35. Found: C, 53.75; H, 3.61; N, 22.19.

3-Cyano-5-methyl-2-methylthio-6-nitro-7-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine (5m).
The reaction was performed according to the general procedure 1 employing 0.308 g
(2 mmol, 1 equiv.) of 3-amino-4-cyano-5-methylthiopyrazole 1d, 0.344 g (2 mmol, 1 equiv.)
of 1-morpholino-2-nitropropylene 3b and 0.20 mL (2 mmol, 1 equiv.) of benzaldehyde
4a. Sand color solid. Yield 0.294 g (45%). mp 251–253 ◦C with decomp. IR Spectrum, ν,
cm−1: 2229 (CN); 1575, 1306 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 2.42 (3H, s, S-CH3);
2.67 (3H, s, C-5-CH3); 6.53 (1H, s, H-7); 7.27–7.47 (5H, m, Ph); 11.90 (1H, s, NH). 13C {1H}
NMR (101 MHz, DMSO-d6): δ = 13.8; 19.6; 59.8; 75.3; 112.1; 122.6; 127.4 (2C); 128.6; 139.0;
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140.4; 147.4; 150.9. Anal. Calcd. for C15H13N5O2S: C, 55.04; H, 4.00; N, 21.39. Found: C,
55.00; H, 4.04; N, 21.50.

5-Ehtyl-3-cyano-2-methylthio-6-nitro-7-(4′-nitrophenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5n).
The reaction was performed according to the general procedure 1 employing 0.308 g (2 mmol,
1 equiv.) of 3-amino-4-cyano-5-methylthiopyrazole 1d, 0.376 g (2 mmol, 1 equiv.) of 1-
morpholino-2-nitrobutylene 3c and 0.302 g (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c.
The substance was dried over P2O5 at 170 ◦C. Yellow solid. Yield 0.363 g (47%). mp 220 ◦C
with decomp. IR Spectrum, ν, cm−1: 2236 (CN); 1580, 1331 (NO2); 1524, 1350 (NO2). 1H NMR
(400 MHz, DMSO-d6): δ = 1.30 (3H, t, CH2-CH3, J = 7.4 Hz); 2.40 (3H, s, S-CH3); 2.90–3.10 (2H,
m, CH2-CH3); 6.71 (1H, s, H-7); 7.65 (2H, d, H-2′, J = 8.3 Hz); 8.19 (2H, d, H-3′, J = 8.3 Hz);
12.06 (1H, br.s.; NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.3; 13.7; 59.0; 75.7; 112.0; 121.4;
129.9; 128.9; 140.6; 145.8; 147.5; 151.4; 152.7. Anal. Calcd. for C16H14N6O4S: C, 49.74; H, 3.65; N,
21.75. Found: C, 49.69; H, 3.60; N, 21.81.

3-Cyano-2-methylthio-6-nitro-7-(4′-nitrophenyl)-4,7-dihydropyrazolo[1,5-a]pyrimidine (5o).
The reaction was performed according to the general procedure 2 employing 0.308 g
(2 mmol, 1 equiv.) of 3-amino-4-cyano-5-methylthiopyrazole 1d, 0.372 g (2 mmol, 1 equiv.)
of 1-morpholino-2-nitrobutylene 3c and 0.243 mL (2 mmol, 1 equiv.) of 4-metoxybenzaldehy
de 4d. Yellow solid. Yield 0.378 g (51%). mp 183 ◦C with decomp. IR Spectrum, ν, cm−1:
2224 (CN); 1577, 1302 (NO2). 1H NMR (400 MHz, DMSO-d6): δ = 1.33 (3H, t, CH2-CH3,
J = 7.3 Hz); 2.44 (1H, s, S-CH3); 3.01 (2H, q, CH2-CH3; J = 7.3 Hz); 3.75 (1H, s, O-CH3);
6.44 (1H, s, H-7); 6.84 (2H, d, H-3′, J = 8.3 Hz); 7.19 (2H, d, H-2′, J = 7.19 Hz); 11.68 (1H, s,
NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.8; 14.3; 25.9; 55.6; 59.7; 75.8; 112.6; 114.5;
122.8; 129.0; 131.7; 140.9; 151.3; 152.0; 159.9. Anal. Calcd. for C17H17N5O3S: C, 54.98; H,
4.61; N, 18.86. Found: C, 55.08; H, 4.59; N, 18.89.

6-Nitro-7-phenyl-4,7-dihydro-1,2,4-triazolo[1,5-a]pyrimidine (6a). The reaction was per-
formed according to the general procedure 1 employing 0.168 g (2 mmol, 1 equiv.) of
3-amino-1,2,4-triazole 2a, 0.316 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitroethylene 3a
and 0.20 mL (2 mmol, 1 equiv.) of benzaldehyde 4a. Yellow solid. Yield 0.253 g (52%).
mp 269 ◦C with decomp. IR Spectrum, ν, cm−1: 1593, 1314 (NO2). 1H NMR (400 MHz,
DMSO-d6): δ = 6.65 (1H, s, H-7); 7.15–7.60 (5H, m, Ph); 7.79 (1H, s, H-5); 8.54 (1H, s, H-2);
12.09 (1H, br. s., NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 59.5; 123.8; 127.4; 128.6;
128.6; 136.5; 38.8; 145.7; 151.0. Anal. Calcd. for C11H9N5O2: C, 54.32; H, 3.73; N, 28.79.
Found: C, 54.21; H, 3.79; N, 28.69.

5-Methyl-2-methylthio-6-nitro-7-phenyl-4,7-dihydro-1,2,4-triazolo[1,5-a]pyrimidine (6b). The
reaction was performed according to the general procedure 1 employing 0.260 g (2 mmol,
1 equiv.) of 3-amino-5-methylthio-1,2,4-triazole 2b, 0.344 g (2 mmol, 1 equiv.) of 1-morpholino-2-
nitropropylene 3b and 0.20 mL (2 mmol, 1 equiv.) of benzaldehyde 4a. Pale yellow solid. Yield
0.327 g (54%). mp 274–276 ◦C. IR Spectrum, ν, cm−1: 1557, 1320 (NO2). 1H NMR (400 MHz,
DMSO-d6): δ = 2.42(3H, s, S-CH3); 2.64 (3H, s, C-5-CH3); 6.56 (1H, s, H-7); 7.27–7.38 (5H, m,
Ph); 11.90 (1H, s, NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 13.5; 20.2; 59.8; 122.2; 127.4;
128.5; 128.6; 139.1; 146.2; 148.8; 160.0. Anal. Calcd. for C13H13N5O2S: C, 51.49; H, 4.41; N, 23.02.
Found: C, 51.47; H, 4.32; N, 23.09.

5-Methyl-2-methylthio-6-nitro-7-(4′-nitrophenyl)-4,7-dihydro-1,2,4-triazolo[1,5-a]pyrimidine (6c).
The reaction was performed according to the general procedure 2 employing 0.260 g (2 mmol,
1 equiv.) of 3-amino-5-methylthio-1,2,4-triazole 2b, 0.372 g (2 mmol, 1 equiv.) of 1-morpholino-2-
nitrobutylene 2b and 0.302 mL (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c. Yellow solid. Yield
0.384 g (53%). mp 239–241 ◦C. IR Spectrum, ν, cm−1: 1581, 1555, 1345, 1303 (NO2). 1H NMR
(400 MHz, DMSO-d6): δ = 1.34 (3H, t, CH2-CH3, J = 7.3 Hz); 2.44 (3H, s, S-CH3); 2.91–3.11 (2H,
m, CH2-CH3); 6.71 (1H, s, H-7); 7.64 (2H, d, H-2′, J = 8.5 Hz); 8.22 (2H, d, H-3′, J = 8.6 Hz);
12.00 (1H, s., NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.3; 13.5; 26.0; 59.0; 120.9; 123.84;
128.8; 146.0; 146.3; 147.5; 154.2; 160.5. Anal. Calcd. for C14H14N6O4S: C, 46.40; H, 3.89; N, 23.19.
Found: C, 46.55; H, 3.77; N, 23.10.

5-Methyl-6-nitro-7-phenyl-2-trifluoromethyl-4,7-dihydro-1,2,4-triazolo[1,5-a]pyrimidine (6d).
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To a suspension of 0.304 g (2 mmol, 1 equiv.) of 3-amino-5-trifluoromethyl-1,2,4-triazole
2c, 0.344 g (2 mmol, 1 equiv.) of 1-morpholino-2-nitropropylene 3b and 0.20 mL (2 mmol,
1 equiv.) of benzaldehyde 4a in 5 mL n-BuOH 3 mmol (1.5 equiv., 0.37 mL) of BF3·Et2O was
added. The reaction mixture was heated on oil bath at 120 ◦C for 2 h. The resulting solution
was cooled to room temperature and evaporated. To residue 5 mL of n-heptane was added.
The obtained suspension was stirred for 10 min, filtered off and washed with 20 mL of water.
The product was recrystallized from i-PrOH-H2O 1/1. Yellow solid. Yield 0.273 g (42%);
mp 233–235 ◦C. IR Spectrum, ν, cm−1: 1573, 1321 (NO2), 1133 (CF3). 1H NMR (400 MHz,
DMSO-d6): δ = 2.66 (3H, s, C-5-CH3); 6.74 (1H, s, H-7); 7.31–7.45 (5H, m, Ph); 12.13 (1H, s, NH).
13C {1H} NMR (101 MHz, DMSO-d6): δ = 20.1; 60.4; 118.9 (q, J = 269.7 Hz); 122.5; 127.6; 128.7;
128.9; 138.4; 147.0; 148.8; 151.1 (q, J = 39.1 Hz). Anal. Calcd. for C13H10F3N5O2: C, 48.01; H,
3.10; N, 21.53. Found: C, 48.15; H, 3.24; N, 21.40.

5-Methyl-6-nitro-7-(4′-nitrophenyl)-2-trifluoromethyl-4,7-dihydro-1,2,4-triazolo[1,5-a]pyrimidine
(6e). 3 Mmol (1.5 equiv., 0.37 mL) of BF3·Et2O was added to a suspension of 0.304 g (2 mmol,
1 equiv.) of 3-amino-5-trifluoromethyl-1,2,4-triazole 2c, 0.372 g (2 mmol, 1 equiv.) of 1-
morpholino-2-nitrobutylene 3c in 5 mL n-BuOH. The reaction mixture was heated on oil
bath at 80 ◦C for 15 min. After this, 0.302 g (2 mmol, 1 equiv.) of 4-nitrobenzaldehyde 4c was
added to the obtained solution. The reaction mixture was heated on oil bath at 120 ◦C for 2 h.
The resulting solution was cooled to room temperature and evaporated. To residue, 5×3 mL of
n-heptane was added, and the obtained mixture was decanted. The same procedure was carried
out with water. The crude oil was dissolved in 5 mL of i-PrOH, and the obtained solution was
left overnight. The obtained suspension was filtered off and recrystallized from i-PrOH/H2O
1/1. Pale yellow solid. Yield 0.322 g (42%). mp 228 ◦C with decomp. IR Spectrum, ν, cm−1: 1573,
1309 (NO2); 1152 (CF3). 1H NMR (400 MHz, DMSO-d6): δ = 1.32 (3H, t, CH2-CH3, J = 7.4 Hz);
2.85–3.11 (2H, m, CH2-CH3); 6.93 (1H, s, H-7); 7.75 (2H, d, H-2′, J = 8.3 Hz); 8.21 (2H, d, H-3′,
J = 8.3 Hz); 12.29 (1H, s, NH). 13C {1H} NMR (101 MHz, DMSO-d6): δ = 12.2; 26.0; 59.6; 118.81 (q,
J = 269.9 Hz); 121.3; 124.0; 129.2; 145.1; 147.2; 147.8; 151.5 (q, J = 39.2 Hz); 154.3. Anal. Calcd. for
C14H11F3N6O4: C, 43.76; H, 2.89; N, 21.87. Found: C, 43.69; H, 2.80; N, 21.98.

3.2. Biological Experiments
3.2.1. CK2 Assay

Kinase activity was determined using the enzyme system CK2α1 (Promega V4482,
Madison, WI, USA) and the ADP-GloTM kit (Promega V9101, Madison, WI, USA) in white
96-well plates (Nunc U96 Microwell 267350, Denmark). The reaction was carried out using
50 ng/well of N-GST labeled human recombinant CK2α1, 0.1 µg/µL bovine casein as a
substrate, 10 µM ATP in 40 mM Tris buffer solution (pH 7.50) containing 20 mM MgCl2,
0.1 mg/mL of BSA, and 50 µM of DTT. Test compounds were added to 1.25% DMSO (final
concentration 0.25%) and preincubated with kinase for 10 min. The reaction was carried out
for 60 min at 25 ◦C in a thermostatically controlled PST-60HL shaker (Biosan. Beresfield, NSW,
Latvia). ATP-dependent luminescence was measured at an integration time of 1000 ms using
the Infinite M200 PRO microplate reader (Tecan. Austria). The ATP-competitive inhibitor
Staurosporin (CAS 62996–74-1, Alfa Aesar J62837, 99+%) was used as a positive control. The
experiments were performed in two parallels.

3.2.2. Cytotoxicity Study
Cell Culture

The studies were carried out on cultured cells of human glioblastoma (A-172, ATCC
CRL 1620) [35], human osteosarcoma (Hos, ATCC CRL 1543) [36–38], human embryonic
rhabdomyosarcoma (Rd, ATCC CRL 136) [39], and human embryonic kidney 293 cells
(Hek-293, ATCC CRL 1573) [40] obtained from the Shared research facility “Vertebrate cell
culture collection” (Institute of Cytology RAS, Saint-Petersburg, Russia). The cells were
cultured using DMEM / F-12 medium containing 10% fetal bovine serum at 37◦C, 5% CO2,
and 98% humidity. Subculturing was performed using 0.25% trypsin solution when the
culture reached ≥90% confluency.
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Viability Assessment

The compounds were dissolved in DMSO. The solutions were diluted with DMEM/F-
12 culture medium with 10% fetal bovine serum to the studied concentrations: 8, 16, 32, 64,
128, 256, 512, and 1024 µM. In all cases, the concentration of DMSO in the final solution did
not exceed 1%. Cisplatin (cPt) was used as a positive control.

Cells were seeded in 96-well plates at a concentration of 4 × 103 cells per well. After
24 h, test compounds were added to the wells in a given concentration range. Then the
cells were incubated for 72 h, after which a solution of MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide) was added to the cultures at 20 µL (5 mg/mL) to
the well. After 2.5 h, the medium was removed from the wells and 200 µL of a mixture of
DMSO/i-PrOH 1/1 was added. Optical density was measured on a plate spectrophotome-
ter at a wavelength of 570 nm.

Statistical Analysis

Statistical data processing was carried out in the RStudio program (Version 1.4.1106 © 2022–
2021 RStudio, PBC, Boston, MA, USA) using the R package (version 4.1.2). The cytotoxicity
index (IC50) was calculated by plotting dose–response curves using the “drc” package [41].

4. Conclusions

Thus, in this work we extended the library of the 4,7-dihydro-6-nitroazolo[1,5-
a]pyrimidine series, and also studied their antitumor properties. The inhibitory activity
of these compounds against CK2 has been established, as well as their cytotoxic effect.
Compounds of this series are comparable in inhibitory activity with the reference drug
and exhibit a cytotoxic effect on tumor cells at micromolar concentrations. It is evident
that the herein reported 4,7-dihydro-6-nitroazolo[1,5-a]pyrimidines have the potential to
be studied as a new class of antitumor compounds.
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Abstract: Photodynamic therapy, an alternative that has gained weight and popularity compared to
current conventional therapies in the treatment of cancer, is a minimally invasive therapeutic strategy
that generally results from the simultaneous action of three factors: a molecule with high sensitivity
to light, the photosensitizer, molecular oxygen in the triplet state, and light energy. There is much to
be said about each of these three elements; however, the efficacy of the photosensitizer is the most
determining factor for the success of this therapeutic modality. Porphyrins, chlorins, phthalocyanines,
boron-dipyrromethenes, and cyanines are some of the N-heterocycle-bearing dyes’ classes with high
biological promise. In this review, a concise approach is taken to these and other families of potential
photosensitizers and the molecular modifications that have recently appeared in the literature within
the scope of their photodynamic application, as well as how these compounds and their formulations
may eventually overcome the deficiencies of the molecules currently clinically used and revolutionize
the therapies to eradicate or delay the growth of tumor cells.

Keywords: N-heterocyclic-based dyes; photosensitizers; photodynamic therapy

1. Introduction

Photodynamic therapy (PDT) is a minimally invasive therapeutic strategy that intends
to be applied to the most diverse problems of our society’s daily lives: as an anticancer
therapy [1–3], as a way of combating multi-resistant bacteria [4] or certain fungi [5] that
may compromise human health, and, more recently, as a way of eradicating certain viral
strains [6,7]. PDT already plays a role in treating several non-oncological and oncologi-
cal diseases, mainly of dermatological origin [8]. Its slow clinical progression in cancer
treatment is primarily due to the lack of approved photosensitizers (PSs). Nevertheless,
researchers have tried to find new attractive molecules and their formulations that perform
better than those currently used.

Focusing on cancer, this term refers to a wide range of diseases that trigger abnormal
growth and division due to cell proliferation and regulation mechanism modifications.
Given their uncontrolled behavior, they become highly invasive and can even reach the
bloodstream and migrate to places where extravasation allows the formation of metas-
tases [9]. In addition to environmental and hereditary factors, lifestyle, and exposure
to carcinogens, aging is one of the factors that most contribute to the onset of this dis-
ease [10,11]. Although the scientific, pharmaceutical, and medical communities have made
efforts to improve the available treatments, the long-term response of patients treated with
radiotherapy and chemotherapy is still insufficient due to the severe side effects [12,13].
These gaps highlight the need to explore emerging therapies such as PDT. Clinical studies
have shown that this therapeutic modality can be curative, especially in less advanced
tumors [14,15]. In addition, it can prolong survival in cases of inoperable tumors and
improve patients’ quality of life [3,15].
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Featuring heterocyclic units accompanied by nitrogen atoms in their molecular
structure as well as conjugated double bonds that allow the design of chromophores,
N-heterocyclic-bearing dyes constitute several families of compounds that, thanks to their
relevant “photoproperties”, have been addressed concerning their potential application as
PDT photosensitizing agents. Hundreds of new synthetic or hemisynthetic origin molecules
have been reported in recent years to find the compound that combines desirable charac-
teristics for its phototherapeutic application and better understand how and why certain
structural modifications result in such diverse photobiological effects.

This review aims to present the reader with a concise approach to what PDT is and its
fundamental principles, its importance as a therapeutic approach to complement or even
replace conventional therapies in the treatment of diseases of oncological origin, several
parameters to take into account to guarantee better efficiency and efficacy, as well as some
of the families of N-heterocyclic-bearing dyes and the structural modifications or their
formulation strategies that have been recently carried out to create new light-absorbing
potential drugs with photodynamic interest (Figure 1).

Molecules 2023, 28, x FOR PEER REVIEW 2 of 44 
 

 

effects [12,13]. These gaps highlight the need to explore emerging therapies such as PDT. 
Clinical studies have shown that this therapeutic modality can be curative, especially in 
less advanced tumors [14,15]. In addition, it can prolong survival in cases of inoperable 
tumors and improve patients’ quality of life [3,15]. 

Featuring heterocyclic units accompanied by nitrogen atoms in their molecular 
structure as well as conjugated double bonds that allow the design of chromophores, N-
heterocyclic-bearing dyes constitute several families of compounds that, thanks to their 
relevant “photoproperties”, have been addressed concerning their potential application 
as PDT photosensitizing agents. Hundreds of new synthetic or hemisynthetic origin 
molecules have been reported in recent years to find the compound that combines 
desirable characteristics for its phototherapeutic application and better understand how 
and why certain structural modifications result in such diverse photobiological effects. 

This review aims to present the reader with a concise approach to what PDT is and 
its fundamental principles, its importance as a therapeutic approach to complement or 
even replace conventional therapies in the treatment of diseases of oncological origin, 
several parameters to take into account to guarantee better efficiency and efficacy, as well 
as some of the families of N-heterocyclic-bearing dyes and the structural modifications or 
their formulation strategies that have been recently carried out to create new light-
absorbing potential drugs with photodynamic interest (Figure 1). 

 
Figure 1. Flowchart hierarchy of the photosensitizer classes currently studied. The categories and 
respective sub-categories whose box limits are in dashed lines are related to dyes with N-
heterocyclic units in their basic structure. 

2. Photodynamic Therapy 
2.1. A Piece of Photodynamic Therapy’s Origin and History 

Dating back to 1550 B.C., the Ebers papyrus is the oldest medical document that 
reports the use of sunlight as a treatment, using powder from various plants such as 
bishop’s flower (Ammi majus), wild parsnip (Pastinaca sativa), parsley (Petroselinum 
crispum), and St. John’s wort (Hypericum perforatum) for the application and treatment of 
depigmented skin lesions [16]. Also in Egyptian culture, pharaohs called for the 
construction of roofless temples dedicated to the Aton god of the sun for body light 

Figure 1. Flowchart hierarchy of the photosensitizer classes currently studied. The categories and
respective sub-categories whose box limits are in dashed lines are related to dyes with N-heterocyclic
units in their basic structure.

2. Photodynamic Therapy
2.1. A Piece of Photodynamic Therapy’s Origin and History

Dating back to 1550 B.C., the Ebers papyrus is the oldest medical document that
reports the use of sunlight as a treatment, using powder from various plants such as
bishop’s flower (Ammi majus), wild parsnip (Pastinaca sativa), parsley (Petroselinum crispum),
and St. John’s wort (Hypericum perforatum) for the application and treatment of depigmented
skin lesions [16]. Also in Egyptian culture, pharaohs called for the construction of roofless
temples dedicated to the Aton god of the sun for body light exposure and to benefit
from its healing powers, and the use of Ammi majus plant extracts was common in the
treatment of diseases of a dermatological nature [17]. Indian medical literature dated
1400 BC, the Atharva Veda, reports treating vitiliginous skin with babchi (Psoralea corylifolia)
extracts, a plant from which it is now known that 8-methoxypsoralen is the furan-containing
coumarin-based molecule that induced the photodynamic effect [16,18]. Even today, this
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core of photosensitizing molecules is widely studied for its potential phototherapeutic
use [19,20]. Also, in Greek, Chinese, and Roman civilizations, there is evidence of the use
of energy from the sun as a remedy for the treatment of various diseases.

Arnold Rikli, a Swiss healer and physician, reintroduced the use of the powers of
sunlight during the late 1800s and early 1900s. A believer that nature was the basis for
treating many of the complications related to human health (mentioning his famous phrase,
“Water is good; air is better and light is the best of all”), Rikli trusted in the power of
light in therapy, introducing “sunbathing” as a therapy for chronic diseases and functional
disorders in an attempt to apply the knowledge that had been known for hundreds of years
but had been forgotten [16,21].

Until then, the effectiveness of using sunlight to treat various diseases had been proven,
namely for vitiligo, lupus, acne, pulmonary tuberculosis, and rickets, using (or not) extracts
and powders from plant species administered topically or orally. However, it was only in
1900 that the concept of a “photosensitizing molecule” emerged, with the potential use of
dyes in this therapy having been recognized: Oscar Raab, a medical student, reported that
the light factor was lethal for species of Paramecium caudatum in the presence of the acridine
dye and that these two elements, individually, did not cause any consequences to this
unicellular organism [22]. Taking advantage of these discoveries, von Tappeiner continued
Raab’s research with the dermatologist Jesionek, who published works detailing clinical
trials using dyes such as eosin, fluorescein, and sodium dichloroanthracene disulfonate in
the treatment of topical disorders, including skin cancer [23,24]. At the same time, they also
reported data on the possible use of eosin in facial basal cell carcinoma after sun exposure
or using light from arc lamps. Von Tappeiner was the first to speculate about the need for
triplet molecular oxygen, introducing the term “photodynamic therapy” [16].

Despite the significant findings of Raab and von Tappeiner, Niels Finsen, a Danish
physician, is considered by many to be the pioneer of modern clinical PDT. Finsen owned a
medical institute in Copenhagen, to which he attached a “sun garden” to allow his patients
to benefit from the healing powers of sunlight. Later, he abandoned the sunlight to start
using artificial lights and noticed that exposure to red or ultraviolet light could have thera-
peutic effects since red light prevented the formation of pustules in patients with smallpox
and that ultraviolet light allowed the treatment of cutaneous tuberculosis [16,23,25]. Due
to the impact of his discoveries, Finsen was awarded the Medicine Nobel Prize in 1903.

A noteworthy milestone demonstrating the acceptance of PDT as a therapeutic modal-
ity was the approval of Photofrin in 1993 for treating bladder tumors in Canada and later
in the United States, Japan, and some European countries [26,27]. Today, the Photofrin
oligomer is used worldwide in treating oesophageal, endobronchial, and lung cancer, in
addition to being used in Japan for gastric cancer. Since its discovery, new molecules have
been clinically approved, namely 5-aminolevulinic acid and methyl 5-aminolevulinate
(Levulan and Metvix, respectively), precursors of porphyrins, in the treatment of basal
cell carcinoma and squamous cell carcinoma; in Japan, Talaporfin chlorin (also known
as Laserphyrin) in the treatment of glioblastoma and lung cancer; in Russia, the chlorin
mixture Radachlorin in basal cell carcinoma and the sulfonated phthalocyanine Photosens
for lung, liver, breast, skin and gastrointestinal cancer; and in the European Union, Foscan
chlorin and Redaporfin bacteriochlorin have gained a role in the therapy of head and neck
cancer, and Tookad bacteriochlorin in prostate cancer [28].

However, from then on, there was a growing need to synthesize new molecules with
greater efficacy and fewer side effects, giving rise to new “second- and third-generation
PSs” [29,30].

These and other milestones in the history and progress of PDT to date are highlighted
in the timeline in Figure 2.
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evolution up to the present day.

2.2. Principles of Photodynamic Therapy

Clinically, the PS is administered through the most convenient route, depending on its
pharmacokinetic and pharmacodynamic properties and the location of the target tissue.
When administered intravenously, the photosensitizing agent is distributed throughout the
body, ideally directing and accumulating selectively in the tissue to be treated. At the time
of administration, the patient must be deprived of any light source to avoid premature
activation. Retained by the target tissue and before being eliminated from the body, the
same tissue is irradiated using a suitable light source, preferably emitting where radiation
permeates tissues more efficiently, at wavelengths coincident with the molecule absorption,
and with sufficient energy for its activation. Activation of the compound culminates in cell
death and consequent ablation of the target tissue [3,31,32].

According to how the photosensitizing molecule acts, in general, it can produce
reactive oxygen species (ROS) [33] that, despite being essential for the normal functioning
of the cell [34,35], in high concentrations, become cytotoxic [34]. Thus, this therapeutic
approach results from combining three individually innocuous components that are lethal
when combined: the PS, light, and triplet state oxygen molecules.

The Perrin-Jablonski energy diagram explains photophysically and photochemically
the activity of PS compounds (Figure 3). This diagram elucidates that these molecules,
in their ground state, are in the lowest possible energy configuration with opposite spins.
When appropriate radiation is applied, an electron is transferred to a higher energy state,
transiting the PS to the excited singlet state, a highly unstable energy configuration that
easily returns to its fundamental state, emitting a photon in the form of fluorescence. The
ground state PS does not result in therapeutic activity; however, the ability of dyes to
fluoresce can be harnessed to create diagnostic or even theranostic techniques. Only if
the PS transitions from the excited singlet state to the excited triplet state by intersystem
crossing (ISC), that is, the inversion of the excited electron spin, is the drug capable of
carrying out photodynamic reactions (of type I or type II). The loss of energy resulting

166



Molecules 2023, 28, 5092

from the transition of the PS from the triplet state to the ground state occurs through
phosphorescence emission [1,31].
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Figure 3. Photodynamic therapy-customized Perrin–Jablonski energy diagram. After cellular uptake
of the photosensitizer (PS) and irradiation with light emitting a specific wavelength, this radiation is
absorbed by the PS in the ground state (PS S0), which transitions to the first or second excited singlet
state (PS S1 and PS S2, respectively). Variations between PS S1 and PS S2 or between the various
energy levels of the same state occur by internal conversion. Radiative (fluorescence and consequent
return to S0) or nonradiative (intersystem crossing to the PS T1) processes can occur in the PS S1.
The PS T1 can interact with biological substrates, forming reactive oxygen species (ROS), such as
hydrogen peroxide (H2O2), hydroxyl radical (•OH), or superoxide anion (•O2

−), by type I reactions,
or singlet oxygen (1O2) by type II reactions. In high concentrations, these ROS led to cell damage in
essential structures for normal cell functioning, culminating in cell death.

Type I reactions are characterized by the interaction of the triplet excited state PS with
cellular substrates and the consequent formation of free radicals through the transfer of
electrons or protons to form anion or cation substrates, respectively [36,37]. An electron
transfer from these radical substrates to molecular oxygen in the triplet state results in
superoxide anions, which can produce hydrogen peroxide when reacting with water. If the
production of hydrogen peroxide and superoxide anions is exacerbated, highly cytotoxic
hydroxyl radicals may be formed through the Haber–Weiss reaction. Hydroxyl radicals
can also be produced in the presence of, for example, iron or copper metal ions by the well-
known Fenton reaction. The production of these radicals is desirable for photodynamic
activity due to their distinct reactivity and ability to oxidize any molecule of biological
interest [38,39].
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Type II reactions are responsible for forming singlet oxygen through direct energy
transfer between the triplet state PS and the triplet state molecular oxygen. Despite its high
cytotoxicity, singlet oxygen has a minimal lifetime, so its action is mainly limited to the
place of its generation [40]. Type I and type II reactions can coexist, and the prevalence of
one type over the other is mainly related to the intrinsic properties of the PS [41]. Other
conditioning factors are how the PS is distributed in the cellular environment, its proximity
to biological substrates, and the triplet molecular oxygen concentration around it.

Photosensitizing molecules capable of tissue destruction through mechanisms inde-
pendent of the presence of molecular oxygen in the triplet state (type III reactions) have
also been reported. These type III PSs have the intrinsic property of specific targeting for
biomolecules, such as proteins and nucleic acids, among other biomacromolecules. As a
result, these target biological elements are efficiently destroyed when irradiated, compro-
mising normal functioning and survival [42]. Recently, new type III N-heterocyclic dyes
called “NBEX” were reported, which, after self-assembling and forming NBEX nanoparti-
cles, bind specifically to ribonucleic acid (RNA) molecules, destroying them after irradiation
and inhibiting the normal synthesis of proteins essential for vital cellular processes [43]
(Figure 4).
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Figure 4. Photodynamic action mechanism of ribonucleic acid (RNA)-targeting self-assembling NBEX
dyes type III-photosensitizer prepared by Yao et al. [43]. Nanoparticles were prepared in an aqueous
medium by self-assembly of NBEX dyes. After administration, distribution, and accumulation in
the target tissue, it was irradiated using a light source at 670 nm. At that moment, the NBEX, found
linked to RNA molecules of interest for normal cell functioning and maintenance, were destroyed by
the photosensitizer in the triplet state, regardless of the coexistence of molecular oxygen. As no RNA
molecules are available for the regular production of proteins essential to cell integrity, the death
process is triggered, resulting in the eradication of the tumor.
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2.3. Photodynamic Therapy Clinical Applications

The clinical application of PDT began in dermatology. In this medical specialty, its
purpose is much easier since drugs and their formulations can be administered topically,
and access to the lesion is facilitated [44]. In addition, given the restricted penetration
of light into biological tissues and the difficulty in delivering the energy required for PS
activation to deeper tissues [45], the cutaneous surface is an organ of excellence concerning
phototherapeutics. Photodynamic treatments in dermatology have shown promising
results, with aesthetic improvements and similar therapeutic outcomes to surgery or
radiotherapy in treating actinic keratosis, Bowen’s disease, and basal cell carcinoma [46].
This reinforces the need to expand PDT into other areas of medicine.

As such, strategies were gradually created for treating diseases of various medical
natures, such as in the field of ophthalmology, in the fight against age-related macular
degeneration, pachychoroid disease, and oncological disorders such as choroidal heman-
gioma, and retinal hemangioblastoma [47,48]; urology, in the treatment of bladder, prostate,
urethra, ureter, penis and kidney malignancies [49,50]; otorhinolaryngology, in the control
of tumors in the head and neck [51,52], including carcinomas of the mouth, pharynx, larynx
and ear; gynecology, in the treatment of carcinoma of the cervix, vulva and vagina [53–55];
and being applied to tissues of the gastrointestinal tract, such as in the therapy of high-grade
Barrett’s esophagus and esophageal cancer [56–58].

Despite being recognized worldwide for their comparative promise with conventional
strategies, all potential drugs, before being clinically applied, must undergo clinical trials
that prove their safety, effectiveness, and possible side effects in the short and long term.
For PDT, clinical approval is difficult, as it is necessary to consider not only the therapeutic
properties of the PS but also its combination with an energy radiation application system
and its light dosimetry.

2.4. Photodynamic Therapy Advantages and Disadvantages Compared to Other Strategies

Chemotherapy, a therapeutic strategy based on the systemic administration of a
cytotoxic product, despite allowing it to reach tumor cells in different parts of the body
and efficiently eradicate them, has the most significant disadvantage of causing damage
to healthy cells [59]. Furthermore, numerous side effects have been observed depending
on the chemotherapeutic agent used, such as nephrotoxicity, hepatotoxicity, ototoxicity,
neurotoxicity, cytopenia (leukopenia, neutropenia, anemia, and thrombocytopenia), nausea,
vomiting, and alopecia [60]. Similarly, radiotherapy, in addition to the numerous adverse
effects it causes in patients (fatigue, hair loss, damage to the epidermal layer, swelling, loss
of memory and tenderness, fertility issues, and cardiovascular complications) [61], is unable
to induce death in tumor cells that cannot be seen in imaging exams [62], is ineffective in
the treatment of tumors with little blood supply [63], and needs to be administered for a
continuous period of 1 to 2 months for best results [64].

To improve these negative features, research has been guided toward searching for
more viable, safer, and more successful alternatives for treating cancer. Photodynamic
therapy has precisely this objective, offering advantages such as:

• Minimal invasiveness: The PS administration is carried out intravenously, intratu-
morally, or topically, followed by irradiation to the surface or light delivery performed
through endoscopy techniques, avoiding surgical strategies [3,65];

• Double selectivity: It is spatially selective, as the light beam is focused on the precise
location of the target tissue, and, as the PS preferentially accumulates and retains at
the site to be treated, systemic toxicity is minimized [66]. Furthermore, as the half-life
of the ROS produced, such as singlet oxygen and hydroxyl radicals, is less than a
microsecond, reactions of an oxidative nature hardly occur in adjacent healthy tissues;

• Combinable with other therapies: If PDT does not produce the desired effect, it can
be used in combination with other therapeutic modalities, such as chemotherapy,
radiotherapy, surgery, and immunotherapy, among other more invasive means, since
drug interactions do not occur as therapeutic targets are different from those of PDT,
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and irradiation treatment does not interfere with the activity of other antineoplas-
tics [67,68]. Therapeutic targets differ, making their combination non-competitive and
capable of producing improved effects compared to single treatments;

• Fewer adverse effects: Compared to conventional therapeutic strategies, which cause
intensive wear and tear on the patient, PDT has some adverse effects at the cutaneous
level, such as pain, burns, erythema, edema, itching, desquamation, and pustular
formation [67,69];

• High effectiveness: At an early stage and for localized solid tumors, PDT can be a very
effective treatment. In the case of patients in a palliative state, this therapeutic modality
can be an alternative to the conventional ones since it can significantly improve the
quality of life [70,71];

• Reduced recovery time [72];
• Repeatable in case of tumor recurrence: Photodynamic treatment can be repeated

in the event of the appearance of a new primary tumor in a previously treated area
without risk of damage to surrounding normal tissues or development of resistance to
therapy, mechanisms recurrently observed and reported in the literature regarding
conventional medicines, which limit their effectiveness [66,73,74];

• Lead to better aesthetic results: Especially in cases of skin cancer, good aesthetic results
are observed compared to surgical methods [75]. Photodynamic treatment should
not cause an increase in the temperature of the tissues, causing no destruction of the
connective tissue and allowing the anatomical and functional integrity of the tissues
to be maintained [76].

On the other hand, and like any therapeutic approach, PDT has several limitations
that condition it clinically:

• Few commercially available PSs: Not many PS molecules are approved for clinical
use. Furthermore, most PS currently applied are derived from porphyrins, a family of
molecules whose molar absorptivity at higher wavelengths, in the regions of the electro-
magnetic spectrum where tissues are more transparent to light, is relatively low [77];

• Reduced penetration of light into tissues: The wavelengths used in therapy can induce
cell death within a maximum radius of 10 mm from the illuminated area, which is
often insufficient for eradicating a larger tumor mass [78,79];

• Dependence on the presence of triplet molecular oxygen: PSs whose mechanisms of
action are type I and type II reactions depend on triplet molecular oxygen since this
is necessary for forming reactive species that induce cell death [80]. Developing new
type III PSs could circumvent this limitation [43];

• Absence of contact with light sources for significant periods: Depending on the
pharmacokinetic and pharmacodynamic properties of the PS, the time it takes to reach
and accumulate preferentially in the target tissue is variable. However, during this
period, designated by many as the “drug-light interval”, the patient cannot be exposed
to any light, as this would activate the compound prematurely [26,81];

• Persistent cutaneous photosensitivity: Even after photodynamic treatment, the patient
should not be exposed directly to light sources since the PS takes some time to be
eliminated from the body. From light incidence until the patient can be exposed to
radiation, it depends mainly on the photosensitizing molecule. Early exposure results
in skin photosensitivity, an effect that may last over time [82];

• Dosimetry is difficult to prescribe because several parameters must be optimized
before applying therapy. The PS dose to be administered, the “drug-light interval”,
as well as the light source to be used, the irradiation area, and the dose of light to be
applied must be determined considering factors such as the size and location of the
tumor and the level of oxygenation of the tissues to be eliminated [83].
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3. The “Three Elements” of Photodynamic Therapy
3.1. Light Source

Illumination is a critical element of PDT, as its clinical effectiveness depends on the
accuracy of light delivery at an appropriate dose [84]. Thanks to technological advances,
delivering light accurately and in adequate amounts to a large part of the human body
is possible. Therefore, this therapeutic approach can be applied to a wide range of dis-
eases [78]. The choice of radiation source (Table 1) should depend on the location of the
tumor and its depth. However, its dosimetry is still difficult to estimate, including the time
of radiation exposure, the fluence of light, and the mode of light delivery (whether continu-
ous or fractionated). Nevertheless, dosimetry is crucial for therapeutic success, knowing
that delivering a high dose of light in a short period of time can lead to a rapid depletion of
triplet molecular oxygen, compromising the destruction of the target tissue [31,85]. There
is evidence that the most viable methodology is to carry out prolonged photodynamic
treatments using lower irradiation energies [86,87].

Table 1. Comparison of various light sources used in photodynamic therapy and their main advan-
tages and disadvantages.

Light Source Description References

Sun light

The use of sunlight as a treatment for dermatological conditions such as actinic
keratosis is a cost-free and less painful option that can be easily performed at home.

However, it is highly dependent on the weather conditions of the region, and there is
no way to regulate the amount of energy emitted.

[88,89]

Lamp lights

Lamp lights are cheap, portable, easy to use, and emit at a wide range of wavelengths.
In addition, filters eliminate radiation emitted without interest in the excitation of the
photosensitizer, namely at short wavelengths. However, they have the disadvantage
of losing energy in the form of heat, which is why they emit low-intensity light and

are mainly limited to treating dermatological diseases.

[84]

Light-emitting
diodes (LEDs)

LEDs are light sources with high power stability, capable of irradiating large areas,
thermally non-destructive, inexpensive, small in size, and easily transportable.

Combining lamps emitting at different wavelengths to excite several photosensitizers
is possible with the same equipment. The light is incoherent and polychromatic,

emitting in a narrow region of the electromagnetic spectrum.

[90,91]

Lasers

Lasers are currently the most commonly used clinically and produce high-intensity,
coherent monochromatic light. The coherence contributes to the precise control of the
fluence applied to the target tissue, which is more difficult to assess using incoherent
sources. They can be coupled to optical fibers to deliver light to highly inaccessible

tissues. It is the most expensive light source compared to those above.
Comparative studies show comparable photodynamic efficacy using lasers or LEDs.

[78,84,92,93]

More recently, alternatives to conventional light sources have been studied to create
a therapeutic strategy independent of external light that overcomes the fact that light
cannot permeate tissues as efficiently as desired [94]. An example of these alternatives
is chemiluminescence-mediated PDT (CL-PDT), based on the joint use of the PS and a
chemiluminescent molecule [95] (Figure 5). These chemiluminescent molecules can emit
energy in the form of radiation directly or indirectly: directly when the chemiluminescent
molecule is activated by oxidation, forming a high-energy intermediate that dissipates
energy by emitting photons until it returns to the ground state, and indirectly when these
intermediates release energy that is subsequently absorbed by nearby fluorophores [96].
Luminol and its derivatives are direct chemiluminescent compounds that emit energy in
the presence of oxidizing agents [97]. They were already studied for potential application
in PDT [98]. To ensure that luminol irradiates the photosensitizing molecule, unique
molecules resulting from the conjugation by covalent bonds of the chemiluminescent agent
and PS were recently reported [99].
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Figure 5. Basic principles of chemiluminescence-mediated photodynamic therapy as an alternative
to treatment using external light sources. While in direct chemiluminescence, the excited material
(CL) itself is capable of emitting light, during the process of indirect chemiluminescence, the energy
is passed from the chemiexcited molecule (the intermediate (INT)) to another molecule (known as
the acceptor or fluorophore (FL)) which becomes further excited. The emitted energy is absorbed by
the photosensitizer (PS), activating it.

In addition to visible light, there are several alternatives for activating PSs [100],
including microwaves, near-infrared (NIR) and infrared light, x-rays, and ultrasounds [101].

3.2. Triplet Molecular Oxygen

Triplet molecular oxygen plays a significant role in the PDT process, and its avail-
ability in the target tissue critically affects the treatment outcome when using PSs whose
mechanism of action concerns mainly type I or type II reactions.

Since triplet molecular oxygen is essential for therapeutic success, hypoxia condi-
tions can considerably jeopardize the effectiveness of the treatment [102]. One of the
consequences inherent to PDT is tumor hypoxia itself since this strategy is based on the
consumption of oxygen present in the tissues for its destruction and, in several cases, the
vasculature that irrigates it [103]. Furthermore, tissue molecular oxygen concentration
can vary significantly between tumors and regions of the same tumor, depending on the
density of the vasculature that irrigates it and the rates of diffusion and consumption of
oxygen [104]. Thus, irradiation with high-power light sources can be disadvantageous as it
leads to total oxygen consumption [86,105].

Monitoring the concentration of oxygen in the tissues is a remarkable tool that allows
the adjustment of the power of the incident light so that, ideally, the amount of oxygen
consumed is equivalent to that diffused to the tumor tissue to guarantee the continued
production of ROS during the period of irradiation without depletion of the component
from which they are produced [106,107]. In addition, in tumors of a hypoxic nature, it is
predictable that there will be evidence of resistance to therapy when type I or type II PSs are
administered [108,109], so the use of PSs that produce type III reactions is desirable in this
circumstance [43]. Alternatively, PDT experiments carried out with patients in hyperbaric
chambers significantly improves the efficiency of the treatment of tissue ablation [110,111].
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3.3. Photosensitizer

Thousands of compounds, dyes, and pigments with photosensitizing capacity have al-
ready been identified, either of natural [112], synthetic [113], or hemi-synthetic origin [114].
Porphyrins are the most widely studied of the various classes of PSs reported in the litera-
ture. However, due to several limitations that these dyes have, such as the low absorption
in the red and NIR regions and higher absorption in blue and green, where tissues are less
transparent to light, new alternatives have been sought to improve them [115].

Proof that efficient photoreactive molecules are present in nature is that insects
that fed on the green fungus Cortinarius austrovenetus, after exposure to solar radiation,
ended up dying, revealing the presence of compounds with photocytotoxic activity. It
was discovered that this is a fungus-specific mechanism: damaged tissues of the green
mushroom become violet due to the oxidation of the pigment austrovenetin in hyper-
icin [116,117], one of the most studied PSs today [118]. Nowadays, it is known that, in addi-
tion to Cortinarius austrovenetus, a greater diversity of plants, such as Matricaria chamomilla,
Spinacia oleracea, and Aloe vera, have similar defense strategies [116]. With advances in
analytical technology, photosensitizing substances are becoming more easily discovered in
natural extracts. As the identification of these “biophotoactive” molecules continues to in-
crease, it is expected that many more will be found in the coming years [119,120]. Therefore,
using PSs derived from plants can be considered an eco-friendly method of PDT [120].

Because families of natural compounds exhibit desirable properties for their pho-
totherapeutic application, structural modifications have been carried out to enhance them,
make them more biologically active, or give them more attractive photophysicochemical
properties [121,122]. In addition to the porphyrins themselves, widely found in nature in
a wide variety of organisms, synthetic analogs of pyranoanthocyanines, dyes that form
during the maturation of red wine, have also been explored for their photobiological effects
with promising results [122].

Regardless of their natural or synthetic nature, the photosensitizing candidate must
exhibit specific properties for their phototherapeutic applicability. Table 2 presents the
characteristics of an ideal PS for PDT, on which research has focused when looking for new
candidates to be applied in this therapeutic strategy. However, it is crucial to remember that
finding a PS with all these qualities is difficult. Furthermore, depending on the application,
the most efficient PSs will likely compromise these properties.

Table 2. Ideal properties of a photosensitizer (PS) for photodynamic therapy (PDT).

Property Description References

Easy synthesis Optimizing PS synthesis is crucial for high yields and purity, affecting production scale
and cost.

[3,113]Absorption in the
visible and

near-infrared regions

Low-energy radiation reduces harm to healthy tissues and increases light permeability
in biological tissues for deeper activation of PS.

Amphiphilicity
Amphiphilic compounds are water-soluble and can easily cross the lipid membranes of

cells, ensuring their availability and distribution, allowing the PS to target and
accumulate in abnormal tissues more efficiently.

[123]

Various routes of
administration

The PS or its formulation must allow safe and painless administration, whether
performed orally, topically, or intravenously. In addition, several administration routes

will enable the use of the same molecule in a broader range of diseases.
[124]

Selective tumor
accumulation

It should be able to reach the neoplasia in a short time as well as selectively accumulate
in tumor cells. [125]

Harmless in the
absence of light

Molecules that intrinsically have cytotoxicity should not be studied as potential PSs. To
be applied in PDT, photosensitizing candidates must exhibit zero to low toxicity in the

dark and significant cytotoxicity only when irradiated.
[123,126]
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Table 2. Cont.

Property Description References

Resistance to
photobleaching

The term “photobleaching” refers to the loss of the ability of the PS to absorb light due
to its degradation during irradiation. Resistance to this phenomenon allows the use of
higher energy light sources, which may result in deeper tissue penetration and greater

therapeutic efficacy.

[127,128]

Long-term
triplet state lifetime

The triplet state PS reacts with triplet molecular oxygen to produce ROS for type I and II
PSs. Long-term triplet state lifetime enables a prolonged generation of cytotoxic species,

which is crucial for the death of target cells.
[129]

Rapid clearance from
the body

A rapidly cleared PS from the organism significantly decreases the duration of its
presence in the body, thereby minimizing the risk of toxicity to healthy tissue and

reducing the risk of side effects such as skin photosensitivity.
[126]

4. N-Heterocyclic-Bearing Dyes as Photodynamic Therapy Photosensitizers

In an endless search for molecule structures that combine the most significant number
of properties inherent to those of an ideal PS, several dyes have been described in the
literature, namely N-heterocyclic-bearing dyes (Figure 6). These dyes have the characteristic
of having at least one heterocyclic unit in their molecular structure, that is, at least one
cyclic structure with at least two different elements, in this case, carbon and nitrogen. Thus,
this nucleus of dyes comprises a wide variety of families of compounds of porphyrin-
and non-porphyrin nature. Several structural modifications and formulations, including
their encapsulation in nanoparticles, have been studied to understand and make known to
the scientific community how advantageous they are for their potential phototherapeutic
applicability and to create diagnostic or therapeutic approaches.
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4.1. Most Recent Studies Regarding Photosensitizing Candidates’ Discovery
4.1.1. Porphyrin-Based Photosensitizers
Porphyrins

Porphyrins are a class of organic compounds whose chemical structure is composed
of a ring formed by four N-heterocyclic pyrrole-type units connected by four methine
bridges [130]. Its presence in nature and its role in various biological processes are well
documented [131,132]. Generally, these dyes family can efficiently absorb visible light,
preferentially in the blue and green regions, and produce singlet oxygen and free radicals
proficiently [113,133]. However, due to their low solubility in water, short circulation time,
and lack of specificity for tumors, traditional porphyrins have limited effectiveness as
PDT PSs and diagnostic tools [134–136]. To address these shortcomings, scientists have
developed various methods to improve the efficiency of porphyrins through chemical
modification and nanofunctionalization techniques [137].

Concerning structural modifications carried out in porphyrins, the research focus has
been directed to the functionalization of methine protons in the meso position by groups of
diverse natures and the coordination of free base protons by metallic ions. Additionally,
since it is the oldest known class of PSs and given that structure-activity effects are already
relatively well known, the preparation of nanoparticles that incorporate these compounds
and allow improving specific gaps in these candidates for PSs has been highly reported in
recent literature.

The preparation of metalloporphyrins can significantly improve the phototherapeutic
effects of analogous free-base porphyrins. For example, very recently, in the study by
Hou et al. [138], the activity of water-soluble porphyrins coordinated with zinc and copper
was compared with that of uncoordinated porphyrins, and it was verified that the one
bearing zinc exhibited increased singlet oxygen and peroxide formation. Contrary to zinc,
the copper coordinate did not reveal any therapeutic effect.

In addition, several investigators have studied biological effect variations for por-
phyrins coordinated with other metals such as palladium, manganese, and nickel [139–143].
According to these studies, coordination with palladium was not as advantageous as
with platinum [139], and for porphyrin dyes complexed with copper, nickel, and zinc
ions, the copper derivative showed the worst photodynamic effects [140]. In contrast to
most research involving metalloporphyrins, Frant et al. [142] conclude in their work that
manganese-metalized porphyrin is, by itself, cytotoxic, while its free-base analog induces
effects only when irradiated on colorectal cancer cells. N-heterocyclic carbene, gold, meso-
functionalized zinc, and palladium coordinated porphyrins prepared by Scoditti et al. [143]
showed no cumulative impact on the ISC rate, revealing that the introduction of metals at
different porphyrin positions does not induce a synergistic effect.

Regarding the modifications made to the meso porphyrin position, several functional
groups have been reported, depending mainly on the therapeutic or functional aim:

• Inferring the functioning of specific cell receptors, Manathanath et al. [144] synthe-
sized a series of tetrahydroxiphenyl-derived porphyrins (THPP) appended with the
4,6-diamino-1,3,5-triazine group. This moiety was introduced since triazines are
known for their attractive bioactivity due to their kinase receptor inhibitory nature,
particularly their ability to inhibit the epidermal growth factor receptor-tyrosine kinase,
overexpressed in tumor cells, which is involved in tumor proliferation, metastasis,
and angiogenesis processes [145,146];

• Responsiveness to elements overexpressed in the tumor environment: Huang et al. [147]
designed a “dual response” porphyrin-based PS capable of responding to the typical
increase in glutathione (GSH) and hydrogen sulfide concentration in tumor cells.
For this purpose, they prepared a reversible derivative of the already known THPP
esterified with 2,4-dinitrobenzosulfonyl chloride, which presented low to moderate
toxicity and zero formation of singlet oxygen. Furthermore, the investigators testified
that only in the presence of GSH and hydrogen sulfide occurs the photosensitizing
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agent activation by the quenching group departure, stating that it has a high clinical
potential in reducing the effect of cutaneous photosensitivity;

• Improvement of functional properties of this family of PSs: Certain functional groups
can significantly contribute to refining physiological and chemical stability and bio-
compatibility [148]. The introduction of polyethylene glycol (PEG) moieties into por-
phyrin cores, for example, has been reported several times in the literature [149–151].
Lazewski et al. [151] demonstrated that, irrespective of the coordinated metal, short-
PEGylated porphyrins reveal reduced dark cytotoxicity, increased ability to produce
singlet oxygen, and that the structural location where the polymer is introduced can
result in the variation of the biological effects;

• As an interface between single-PSs and nano-PSs, Li et al. [152] demonstrate that the
chain conjugation of PEG-bearing porphyrins with perylene diimide units resulted, by
self-assembly, in a kind of nanoparticle with attractive properties: (i) high biocompati-
bility; (ii) intense absorption in the visible and NIR regions; (iii) therapeutic efficiency
in vitro and in vivo with reduced side effects; (iv) potential use as a theranostic agent
by obtaining second near-infrared (NIR-II) fluorescence images.

The incorporation of porphyrins in nanostructures is also recurrently reported in the
literature to improve these first- and second-generation PSs, which, due to their several
shortcomings that make their therapeutic efficacy unfeasible in their single form, when
encapsulated, improve many properties related to their phototherapeutic effects.

As an example of a nanosystem that incorporates porphyrins, Shang et al. [153] re-
ported a new theranostic nanomaterial targeting mitochondria called “PTPF-MitP”, by
combining three functional groups: a lipocationic selective peptide as a mitochondrial
targeting unit (MitP), meso-tetra(4-carboxyphenyl)porphyrin (TCPP) as a NIR fluorescent
signaling unit, and platinum nanoparticles functionalized with polydopamine and TCPP
as photothermal and PDT agents, respectively. In A549 human lung adenocarcinoma cells,
the nanomaterial was in the mitochondria, proving the usefulness of the MitP unit in its
targeting. In addition, the authors showed that this targeting was essential for the best
therapeutic activity since nanomaterials not functionalized with MitP saw their photocyto-
toxicity reduced by half under 650 nm laser irradiation. Thus, its improved cytotoxicity, the
fact that the death pathway adopted after photodynamic treatment is apoptotic given the
release of cytochrome C, the increase in temperature observed after irradiation, and its vi-
sualization in real-time by imaging encourage the use of this “nanomissile” as a theranostic
agent for lung adenocarcinoma.

The conception of porphyrin-containing nanoparticles may also contribute, for ex-
ample, to better cell permeation and increased efficiency in a tumor environment poor
in triplet molecular oxygen. This is proof of the study by Jiao et al. [154], in which they
couple porphyrin metallacages capable of concentrating triplet molecular oxygen to prote-
olytic enzymes to break down hyaluronic acid (HA) moieties in an amphiphilic polymeric
nanostructure 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy-polyethylene
glycol)-2000 (DSPE-PEG2000; Figure 7). In this way, the incorporation of proteases allowed
better permeation of the drug in cancer tissues since HA is overexpressed in tumor cells and
is one of the main components of the extracellular matrix [155]; after irradiation at 660 nm,
porphyrin was capable of producing singlet oxygen more proficiently than porphyrin in
the free state, and the assembly of amphiphilic molecules made it possible to overcome the
hydrophobicity of the PS candidate.

Dozens of other highly innovative strategies have been recently reported within the
scope of porphyrin encapsulation, such as the design of triple action nanostructures (PDT,
chemotherapy, and immunotherapy) [156], the combination of graphene quantum dots
given their recognized photostability, biocompatibility, and minimal toxicity [157], as
well as a vast array of techniques that make it possible to complement the therapeutic
branch with prevention and diagnosis in the design of new and increasingly attractive
porphyrin-based theranostic methods [158–160].
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Figure 7. Formulation and mechanism of action of porphyrin metallacages nanoparticles containing
hyaluronidase against hypoxic tumors reported by Jiao et al. [154]. The nanocarrier was prepared by
combining a porphyrin metallacage, in which cavities are concentrated with triplet molecular oxygen,
and the enzyme hyaluronidase, coated with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(methoxy-polyethylene glycol)-2000 (DSPE-PEG2000). Hyaluronidase allowed the degradation of the
extracellular matrix, resulting in greater formulation accumulation inside tumor cells. Molecular
oxygen release from metallacages combined with hypoxia relieved by angiogenesis suppresses
the expression of hypoxia-inducible factor-1α (HIF-1α) and consequent tumor growth inhibition.
Irradiation with a laser emitting at 660 nm activates porphyrin, which, once activated, produces
singlet oxygen, culminating in cell death.

Porphyrazines

Porphyrazines are synthetic derivatives of the porphyrin class, which, instead of the
typical methine carbons, have nitrogen atoms in their structural places. Although less
known than porphyrins in their phototherapeutic application, these derivatives already
have well-defined synthesis pathways and a wide range of structures associated with this
family of dyes [161,162]. Like porphyrins, porphyrazines also have the ability to absorb
light at specific wavelengths and generate ROS after light activation, which can lead to the
destruction of cancer cells [163].

The cellular location of new photosensitizing molecules is usually one of the focuses
of investigation since they should accumulate in organelles of high significance for cellular
integrity and maintenance, guaranteeing the occurrence of cell death after light activa-
tion. The most desired target is usually the mitochondria, since this is crucial for the
cell’s energy metabolism, and variations in the permeability of its membrane can trigger
the release of cytochrome C and the consequent occurrence of the apoptotic death mech-
anism [164,165]. Despite this, studies prove that other organelles, including the Golgi
apparatus, lysosomes, peroxisomes, and the cytosol, can be sites where photosensitization
successfully occurs [166,167]. Additionally, demonstrating that mitochondrial uptake is not
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necessary for photodynamic success, in 2021, Tasso et al. [168] synthesized a series of five
magnesium porphyrazine complexes in which photobleaching inside cellular plasmatic
membranes occurs through an electron abstraction of the lipid double bond, resulting in
irreversible damage to the membrane. Interestingly, they observed that the higher the PS
photobleaching rate, the faster the membrane leakage was induced. This research also
challenges the commonly held belief that photostability is a crucial requirement when
developing new PSs and suggests that a defined photobleaching rate can be beneficial for
developing dosimetry in hypoxic target regions and drug elimination.

A particularly studied subclass of porphyrazines is the cyanoarylporphyrazines,
whose researchers have been introducing different aryl groups and complexing them
with various metals, as is the example of the study by Yuzhakova et al. [169]. They prepared
two cyanoporphyrazines complexed with gadolinium, differing in the side chains: one
functionalized with fluorobenzene and the other with (benzyloxy)benzene. In vivo, both
dyes showed intense fluorescence in tumor regions compared to healthy tissues, indicating
selective accumulation. The authors also showed that these porphyrazines have promise
as contrast agents and can be used in magnetic resonance imaging. Despite being inter-
esting from a diagnostic point of view, only the (benzyloxy)benzene derivative caused
moderate tumor growth inhibition. Complexation with iron of other analogs of tetra-
cyanoporphyrazines [170], this time functionalized with naphthyl groups, despite seeing
their cellular uptake reduced, proves to have distinct photodynamic interest since much
higher photodynamic indices were observed for the metal-complexed dye. In addition to
their interest as potential PSs, the authors show that they may serve as possible fluorescent
probes for determining the viscosity of solutions [171]. Other recent studies report other
aryl groups that potentiate this subclass of porphyrazines [166,172].

The encapsulation of porphyrazines has also been the subject of study [173,174], one
of the most attractive studies recently reported being that of Mlynarczyk et al. [175]. These
authors report the synthesis of a seco-porphyrazine, a derivative possessing one of the
pyrrole units opened by oxidative processes. These derivatives are little studied due to
their complex synthesis and isolation, as well as their high chemical instability. How-
ever, once obtained with high purity, it was studied for its potential in PDT in CAL27
and HSC-3 oral squamous cell carcinoma cells and HeLa cervical epithelial adenocarci-
noma cells. With distinct phototherapeutic activity in its free form, it was encapsulated
in different liposomes made up of four types of lipids: phosphatidylcholine (POPC),
dioleoylphosphatidylethanolamine (DOPE), phosphatidylglycerol (PG), and 1,2-dioleoyl-3-
trimethylammonium-propane chloride (DOTAP). Mixtures of DOTAP:POPC or PG:DOPE
lipids showed more attractive effects than PG:POPC or DOTAP:DOPE, with researchers
demonstrating that the lipid constitution of these nanostructures can condition the pho-
toactivity of the compounds internalized in them.

Assigning a particular favorable characteristic to the phototherapeutic application
can be challenging, generally requiring a large set of molecules so that it can be con-
fidently stated that the introduction of a specific functional group confers a particular
property. Yagodin et al. [176], in their recent study and based on all their knowledge about
porphyrin-based molecules, have prepared a tetraquinoxalineporphyrazine that has attrac-
tive photodynamic properties: maximum absorption at wavelengths around 760–770 nm,
improved stability compared to other derivatives, and a high relative singlet oxygen quan-
tum yield. The authors explain that the bathochromic shift is justified by the π-extension
of the quinoxaline group directly linked to the porphyrazinic ring, that light stability is
conferred particularly by pyrazine, and that the eight anionic carboxylate substituents
explain its increased water solubility. Based on the well-known Warburg effect, which
describes the efficient uptake of glucose by tumor tissues to produce energy via glycolysis,
several authors, including Klein and Ziegler [163], prepared candidates for glycoconjugate
PSs to increase the uptake of these molecules by the tumor cells, “deceiving” them. Despite
exhibiting appealing properties, their biological activity has not been evaluated.
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Chlorins

Chlorins, also known as dihydroporphyrins, are porphyrinic dyes with attractive
photophysical characteristics, namely improved absorption in the red region compared
to traditional porphyrins [177]. The preparation of these molecules is usually initiated by
derivatizing porphyrins; however, their purification is hampered by the fact that they are
critically unstable, either because of the ease of retro-oxidation in porphyrins or because
they are not very stable to light, as well as because, generally, multi-step synthesis is
necessary, making their preparation even more challenging [178].

Clinically, chlorins already play a role, some of the most important being Temoporfin,
Verteporfin, and Radachlorin. These commercial molecules are still a source of inspiration
for creating new chlorins with improved properties and developing formulations that can
improve them therapeutically or promote their theranostic application. Chlorophyll itself,
a photosynthetic pigment present in the chloroplasts of plants and some algae, is used as a
starting point for the synthesis of various chlorins [179,180], namely the well-known and
recognized chlorin-e6 [181].

An example of this inspiration is, for example, the study by Qin et al. [182], where
the researchers present a derivative of chlorin-e6, a PS whose hydrophobic nature and
reduced activity in hypoxic environments strongly compromise its therapeutic action. Thus,
based on these two shortcomings, Qin had two challenges that resulted in the prepara-
tion of a nanoplatform of undoubted significance: functionalizing structural chlorin with
amphiphilic D-α-tocopherol polyethylene glycol 1000 succinate (TPGS) to modulate its hy-
drophobicity and, additionally, to induce the production of ROS by the interaction of TPGS
with mitochondrial complex II, as well as its assembly into α-cyano-4-hydroxycinnamate
units for the formulation of nanostructures capable of intervening in the regulation of
lactate metabolism and therefore saving intracellular molecular oxygen (Figure 8). An-
other example that shows the relevance of working on already known PSs is the study
by Kawasaki et al. [183], in which, through chlorin-e6 self-assembly in polymeric polysac-
charides from maltotriose units, they prepared a PS system 780 times more potent than
Photofrin. However, a disadvantage of chlorins, and most classes of PSs, is their poor
targeting. As such, in a study of extreme significance, Yang et al. [184] developed chlorin-
e6-loaded silica nanoparticles and, to specifically target gastric cancer cells, covered them
with a cell membrane derived from cells of the same disease, obtaining excellent results
both in vitro and in vivo. Other strategies have been adopted, such as integrating chlorins
in maltotriose-functionalized nanoparticles [185] and HA-based carbon nanotubes [186].

The conjugation of dyes with molecules used as chemotherapeutic agents in a fusion
approach of PDT with chemotherapy is a therapeutic strategy called chemophotodynamic
therapy (chemoPDT). As an example, one of the most recent studies addressing this subject
is that of Yang et al. [187], in which chondroitin sulfate-based nanoparticles co-charged with
chlorin-e6 and paclitaxel are prepared. These nanosystems showed efficient photodynamic
and chemotherapeutic synergy in vivo, releasing paclitaxel after the destruction of the
nanostructure by laser irradiation for chlorin activation.

Structurally, several adaptations in the core of chlorins have been carried out, from the
preparation of new pyrazolopyridine-bearing diphenyl chlorins designed from molecules
with very relevant theranostic properties [178,188], their functionalization with fatty acids
such as myristic acid to increase their cellular permeability [189], the introduction of groups
with sulfur atoms such as thiophenes in order to improve their ability to form singlet
oxygen [190], to their structural conjugation with sugar molecules and other compounds of
biological interest [191,192].
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Figure 8. Preparation and mechanism of action of the lactate-aerobic respiration-inhibiting photody-
namic therapy strategy suggested by Qin et al. [182]. The nanostructure was prepared by chemically
conjugating chlorin-e6 with D-α-tocopherol polyethylene glycol 1000 succinate (TPGS) and, by hy-
drophobic π–π stacking interactions, α-cyano-4-hydroxycinnamate (CHC) units were co-assembled.
Each of these elements was important for the therapeutic activity of the nanoparticle: CHC allowed
the inhibition of lactate aerobic respiration, allowing the saving of triplet molecular oxygen required
for the improved photodynamic activity of chlorin-e6, as well as TPGS, which, interacting with the
mitochondrial complex II, induces reactive oxygen species (ROS) formation. These ROS, conjugated
to singlet oxygen produced by chlorin-e6 activated after irradiation, culminate in cell death.

Bacteriochlorins

Plant photosynthesis mainly involves chlorophylls, which have been extensively
studied due to their spectroscopic and photophysical properties [193–195]. However, bacte-
riochlorophylls, natural bacteriochlorins found in some photosynthetic bacteria species, are
also relevant in understanding fundamental processes and potential applications [196,197].
Structurally, bacteriochlorins differ from chlorins as they present two reduced pyrroles on
opposite sides of the porphyrin-derived macrocycle (Figure 6).

Bacterichlorins can absorb electronic radiation in the visible to NIR region of 700 to
900 nm, penetrating deep into tissues [198]. While naturally occurring metal complexes de-
rived from bacteriochlorophylls are unstable and have limited use, there are now synthetic
compounds recently described that belong to the bacteriochlorin family and are highly
photostable [199,200]. Therefore, two significant issues with bacteriochlorophylls must be
addressed for their phototherapeutic application: firstly, they are prone to instability, which
can lead to unintended dehydrogenation and subsequently the formation of a chlorin;
and secondly, the rigidity of their macrocycle makes it challenging to perform synthetic
transformations [198,201,202].

In the recent literature, one of the most reported strategies is the functionalization
of bacteriochlorins with naphthalimides since these last molecules have an excellent
ability to fluoresce, are endowed with good light stability, and have high Stokes shifts.
Morozova et al. [203] showed that this conjugation resulted in the selective accumulation
of malignant cells from murine tumor cells of S37 sarcoma, that excitation at the maximum
wavelengths of the bacteriochlorin unit resulted in activity as high as that of individual
bacterio-chlorin, and that the additional excitation of the naphthalamide unit results in
increased therapeutic efficiency due to the transfer of energy from the fluorophore to the
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PS. In addition, the fluorescence properties of the fluorophore unit enhance the use of
these molecules for theranostics. Other similar studies based on naphtalimide-bearing
bacteriochlorins are also reported in recent original articles [202,204,205].

Current research is focused on developing new therapeutic strategies using Reda-
porfin and understanding its mechanism of action. Studies by Lobo et al. have shown
that low doses of light-activated PS can destroy the primary tumor and reduce the for-
mation of metastases while also triggering antitumor immune responses in mice with
CT26 tumors [206]. In addition, Karwicka et al. found that depriving the tumor of blood
supply using this PS molecule led to a highly effective antineoplastic response in vivo,
with tumors not reappearing in 67% of mice after more than a year [207]. Lastly, Mendes
and Arnaut explored the potential of combining Redaporfin with glycolysis inhibitors
3-bromopyruvate and 2-deoxyglucose [208] (Figure 9). The authors explain that glucose
transporters serve cells to absorb glucose and 2-deoxyglucose, which is analogous to glu-
cose but cannot be metabolized. 2-Deoxyglucose acts as an inhibitor of hexokinase and
phosphoglucose isomerase. Meanwhile, 3-bromopiruvato is taken up by cells through
monocarboxylate transporters, which are overexpressed in tumor cells, inhibiting hexoki-
nase and glyceraldehyde-3-phosphate dehydrogenase, crucial enzymes in the glycolytic
pathway. The combined action, particularly of 3-bromopyruvate, with the excellent pho-
tobiological properties of the PS, studied in mice with large subcutaneous CT26 tumors,
showed cure rates that were 22% higher than using Redaporfin alone and 33% higher than
using only the glycolysis inhibitor.
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Figure 9. Role of glycolysis inhibitors combined with the photodynamic activity of Redaporfin in
developing an efficient antitumor strategy proposed by Mendes and Arnaut [208]. 2-Deoxyglucose
acts as an inhibitor of hexokinase and phosphoglucose isomerase, while 3-bromopiruvato is uptaken
by cells through monocarboxylate transporters, which are overexpressed in tumor cells, targeting
hexokinase and glyceraldehyde-3-phosphate dehydrogenase enzymes, both of which are decisive for
the glycolytic pathway’s regulation. The energy imbalance due to the glycolysis blockade, mainly
triggered by 3-bromopyruvate conjugated with the photosensitizer’s production of singlet oxygen,
led to cell death.
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Conjugation with chemotherapeutics such as erlotinib [209], the introduction of groups
that allow improvements in their biocompatibility through hydrophilicity enhancement
(e.g., Trizma and spermine groups [210,211]), and the functionalization of bacteriochlorins
of natural origin or the design of new bioinspired bacteriochlorins [199,212], are other
approaches described in recent works that deserve the scientific community’s attention.

In the field of oncology, and among the previously mentioned works, the study by
Cheruku et al. is one of the most attractive. The authors prepared a series of chlorophyll-a
and bacteriochlorophyll-a derivatives structurally conjugated with the erlotinib chemother-
apeutic agent in different positions of the macrocycles through linking groups of different
nature, having concluded that these two latter factors interestingly conditioned in a signifi-
cant way their in vivo tumor selectivity and therapeutic effects.

Phthalocyanines

Phthalocyanines (Pcs) are porphyrin-based dyes composed of four isoindole nuclei
joined by four nitrogen atoms. Among the porphyrinic PSs, Pcs may have been most
recently studied due to their superior photochemical and photophysical properties [213].
Compared to conventional porphyrins such as Photofrin and Foscan, for which treatments
are typically associated with skin photosensitivity, the fact that Pcs exhibit strong and
sharp absorption wavelengths in the range of 650 to 800 nm causes this to be minimized,
allowing for better light penetration into tissues and consequently the treatment of deeper
pathologies [214]. Highlighting this class as potential PSs, several Pcs and their formulations
are in clinical trials, namely the aluminum-complexed Photosens [215] and the liposome-
loaded ZnPc “CGP55847” formulation [216].

Photosens sees an improvement compared to most Pcs in its biocompatibility. Struc-
turally, this property is explained by the sulfonic groups, which indicated neurotoxicity
in in vivo studies for tetrasubstituted dyes. Interestingly, the sulfonic groups’ number
reduction contributed to filling this gap, with those disubstituted with sulfonic groups in
opposite positions showing greater effectiveness. Phthalocyanines with sulfonyl groups
are still studied nowadays [217].

Summarizing several examples of the structural changes made over the last few years,
Table 3 gives a general overview of their influence on the therapeutic potential of Pcs.

Table 3. Summary of the main structural modifications made to phthalocyanines (Pcs) in recent years,
main aspects and conclusions that can be drawn from their photobiological effects.

Structural Variation Specification Main Aspects and Conclusions References

Metal coordination

Zn, In and GaPcs
Various metals were introduced into benzimidazole

tetrasubstituted Pcs. The In-complexed one showed highly
efficient singlet oxygen generation and in vitro phototoxicity.

[218]

RuPcs

Ruthenium complexation can create effective Pcs for PDT, known
for its medicinal properties. In addition, loading NO+ and NO2

−

units onto metal allows the release of nitric oxide, boosting light
toxicity and causing selective effects seen in vitro.

[219,220]

Presence of
chalcogen atoms O, S, Se

Bathochromic shifts were observed for S and Se-bearing Pcs. The
Se proved beneficial in increasing absorptivity and singlet oxygen
production. PDT effects were observed for both derivatives, but

the first derivative showed greater efficiency in vitro.

[221]

Charges number 0, 4 or 8
positive charges

Improved properties (singlet oxygen production, water solubility,
and cellular uptake) were perceived for cationic compounds
compared to neutral ones, and lower half-maximal inhibitory

values were observed for eight times positively charged
compounds for MCF-7 cells.

[222]
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Table 3. Cont.

Structural Variation Specification Main Aspects and Conclusions References

Functionalization
with biomolecules

Sugar units

Ruthenium-complexed Pcs were functionalized with glucose,
galactose, and mannose. Adding sugar did not enhance cellular

uptake, but one-bearing mannose proved better for PDT use.
[223]

Lactose Si-complexed Pcs proved to be biocompatible, stable in
aqueous media, and efficient in ROS generation, showing in vitro
high photocytotoxicity and selective tumor accumulation in vivo.

[224]

Biotin

Biotin-PEG-bearing SiPc has been shown to selectively
accumulate in tumor tissue and reduce biotin

receptor-overexpressed tumor growth progression in vivo. In
addition, PEG units made the potential PS more soluble in water

and less prone to aggregation.

[225]

It was perceived that self-assembled biotin-amine SiPc of
different sizes (10, 20, 40, and 90 nm), depending on the

percentage of surfactant, exhibited targeting and improved
photoactivity in vivo, especially for the 20 nm particles after

avidin-presence disassembly.

[226]

Glycyrrhetinic acid

The interest in conjugating glycyrrhetinic acid to SiPc is due to its
overexpressed receptors in liver cancer. The PS candidate was
shown to effectively destroy the liver tumor tissue via necrosis

and apoptosis. Side effects have not been observed in vivo.

[227]

Chalcones

Chalcone-bearing cationic Zn- and In-complexed Pcs saw, for
MCF-7 breast adenocarcinoma cells, half-maximal inhibitory

concentration values reduced to less than half after irradiation.
Despite its promise, mechanisms of action still need to be studied.

[228]

The mediation of the therapeutic activity of PSs by other molecules of biological
interest is also reported in the literature as an approach that significantly increases their
cytotoxicity. Two of the most recent examples in the literature involve biomolecules,
such as catechins [229] and cannabidiol [230], and chemotherapeutic agents, for example,
doxorubicin [231] and dacarbazine [232].

Within the scope of the use of biomolecules, Nkune et al. [230] report the synthesis
of a tetra 2-mercaptoacetate, ZnPc, that accumulates into the lysosome and mitochondria
of A375 human metastatic melanoma cells, which, combined with cannabidiol, proved
to be lethal for the cells under investigation, reducing cell viability by about 20%. This
value becomes interesting since the photosensitizing agent, by itself, when irradiated, like
cannabidiol, decreases only 50% of cell viability under the same experimental conditions.

Concerning chemoPDT, Doustvandi et al. [231] demonstrated that by combining
doxorubicin and ZnPc and applying low doses of radiation, synergistic effects occur: death
by autophagy and apoptosis, cell cycle arrest in G2/M, and a significant reduction in
cell migration capacity were some of the phenomena observed with a higher incidence
compared to treatments with a PS or chemotherapeutic agent separately.

Researchers have also focused on the encapsulation of Pcs in drug delivery systems,
such as micelles [233], liposomes [234], nanocapsules [235], nanoemulsions [236], and,
interestingly, in “nanodiamonds” [237,238].

These so-called “nanodiamonds”, as they contain several functional groups on the
surface, such as amine-, amide-, hydroxyl-, carbonyl-, and carboxyl-groups, some of which
are not present in ordinary graphene quantum dots, facilitate the binding of potential PSs.
In 2019, Matshitse et al. [237] published a study involving nanodiamonds covalently bonded
to boron-dipyrromethenes (BODIPYs) by amide bonds and stacked on a ZnPc derivative.
This nanodiamond structure saw a very significant increase in its singlet oxygen quantum
yield compared to individual molecules. Evaluated against MCF-7 cells, the nanodiamond
bearing both PSs showed harmlessness in the dark and high photocytotoxicity. However,
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modest differences from nanodiamonds functionalized exclusively with BODIPYs or ZnPc
were witnessed. Three years later, the same investigation group presented a new study
evaluating benzothiazole-substituted ZnPcs with zero, three, or four positive charges
linked or not covalently to the nanodiamonds [238]. The asymmetry and cationic character
resulted in superior PDT activity.

Finally, another strategy of sublime significance that has been used to improve target-
ing is the loading of nanostructures with specific biomolecules, such as lipid carriers [239]
and titanium dioxide nanoparticles [240], with folic acid, explained by the difference
in expression of its receptors between normal cells and tumor cells, in which they are
overexpressed, namely in prostate, breast, and ovarian tumors.

4.1.2. Cyanine-Based Photosensitizers

Cyanines are a class of photosensitizing dyes consisting of two heterocyclic rings con-
taining carbon atoms and at least one nitrogen atom, which are connected by a polymethine
chain comprising an odd number of carbon atoms necessary for the resonance of the lone
pair of electrons between the two nitrogen atoms of heterocyclic rings [241,242].

Although they are structurally simpler than molecules derived from porphyrin-based
dyes, a wide range of molecules can be built from their skeleton. In their design, there
are several constraints to consider for them to perform a potential phototherapeutic
activity, namely:

• Polymethine chain length: The number of carbons present in the polymethine chain is
the property that defines which class cyanines belong to. Cyanine-based compounds
with a single carbon in the methine chain are called monomethine cyanines (Cy1),
with three trimethines (Cy3), five pentamethines (Cy5), and seven heptamethine
cyanines (Cy7). Cy5 and Cy7 are the most noted in the literature in the study of
their photobiology properties since they efficiently absorb at higher wavelengths:
while Cy1 absorbs at around 400 nm, Cy7 sees its maximum absorption peaks around
800 nm [243];

• Heterocycle units: For PDT purposes, the preparation of cyanines bearing heterocycles
derived from indolenine, benzoindole, benzothiazole, benzoselenazole, benzoxazole,
and quinolines is the most common. Among those mentioned above, indolenine and
benz[e]indole derivatives are the most highlighted in the recent literature. Furthermore,
anthracene units serving as heterocyclic units have been reported [244,245]. The nature
of the heterocycles may condition the biological activity of cyanines, varying, for
example, the stability of dyes to light [246];

• Central ring: The introduction of cyclic structures in the center of cyanines is a strategy
that allows for improving the rigidity and chemical stability of this class of molecules.
It is especially common in the case of Cy5, where there are rings with four or five
members (squaraine and croconaine dyes, respectively [247,248]) and, in the case of
Cy7, cyclohexane rings or their derivatives (for example, a boron fluoride complex
within the core structure [128]). The functionalization of Cy7’s cyclohexane ring with
halogenated atoms such as bromine and chloride is common [249], which serve as
excellent leaving groups for functionalization with other groups of interest [250–252];

• N-alkyl chains: Since cyanines are intrinsically lipophilic compounds, this character-
istic can be modulated by increasing or decreasing the length of N-aliphatic chains.
This modulation of biocompatibility is also carried out, for example, by introducing
sulfonic groups [249,252], carboxylic acids [253,254], pyridines [255], or even more
attractively, by functionalizing them with PEG chains [253] or HA units [256]. The
conjugation of cyanines with porphyrin-based dyes, adding them via N-alkyl chains,
is another recently reported strategy to formulate new promising PSs [257]. A further
attractive approach is the dimerization of these dyes, building molecules with two
covalently linked cyanine nuclei, these chains serving as bridges between units [258].
The targeting of these compounds can also be enhanced, for example, by introducing
specific antibodies to these chains [259];
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• Halogenation and the so-called “heavy atom effect”: The introduction of halogens and
other heavy atoms, such as selenium [260,261], contributes above all to more efficient
anticancer activity and, by increasing the lifetime of these dyes in the triplet state, to
the improvement of their singlet oxygen production. The presence of iodine atoms
is highlighted as the form of halogenation that most actively increases therapeutic
activity [249,254,262]. Interestingly, Semenova et al. provide evidence that, effectively,
there is no linearity between the therapeutic effects and the number of iodine atoms
introduced, reporting that the “ideal” number for the Cy7 they prepared is two iodine
atoms [263]. Despite this, for indolenine-based Cy5, bromination proved to be more
advantageous [264]. However, for benz[e]indole-based brominated Cy5, the same
research group shows that there is no advantage in these halogenated ones compared to
non-halogenated ones, indicating that the heterocycle may play a role [265]. Intending
to improve its bioavailability, Shi et al. introduce the trifluoromethyl group into the
Cy7 N-alkyl chains, stating that this structural modification can improve the cellular
uptake of the dye [266].

Concerning cyanines, two very recent works should be highlighted: the first in which
the authors take advantage of the fact that the prepared Cy3 forms J-aggregates in a strategy
that serves to enhance therapeutic efficacy [267], and the second in which analogous
iodinated and non-iodinated cyanines with an antibody covalently joined to them through
an amide linker are synthesized to develop a methodology that also allows simultaneous
treatment and monitoring of tumors (Figure 10) [259].

Molecules 2023, 28, x FOR PEER REVIEW 24 of 44 
 

 

proved to be more advantageous [264]. However, for benz[e]indole-based bromin-
ated Cy5, the same research group shows that there is no advantage in these halo-
genated ones compared to non-halogenated ones, indicating that the heterocycle may 
play a role [265]. Intending to improve its bioavailability, Shi et al. introduce the tri-
fluoromethyl group into the Cy7 N-alkyl chains, stating that this structural modifica-
tion can improve the cellular uptake of the dye [266]. 
Concerning cyanines, two very recent works should be highlighted: the first in which 

the authors take advantage of the fact that the prepared Cy3 forms J-aggregates in a strat-
egy that serves to enhance therapeutic efficacy [267], and the second in which analogous 
iodinated and non-iodinated cyanines with an antibody covalently joined to them through 
an amide linker are synthesized to develop a methodology that also allows simultaneous 
treatment and monitoring of tumors (Figure 10) [259]. 

 
Figure 10. Trastuzumab antibody-functionalized iodinated and non-iodinated heptacyanines pre-
pared by Kobzev et al. [259] for photoimmunotherapy. The structural combination with the antibody 
(pink) contributed to the immunotherapeutic activity of the dyes; the sulfonyl groups (green) made 
the cyanines more biocompatible; and the iodine atoms (red) allowed an increase in the production 
of singlet oxygen. 

In the first work, Li et al. [267] prepared an iodo-indolenine- and quinoline-based 
Cy3, which, in its free form, has maximum absorption at 630 nm. However, as soon as it 
is administered intravenously, the dye aggregates under the control of anions with maxi-
mum absorption at 700 nm and is directed towards the tumor via the enhanced permea-
bility and retention (EPR) effect, a mechanism in which macromolecular compounds can 
accumulate progressively in the vascularized cancer area. In an intracellular environment, 
RNA molecules constituted the negatively charged microenvironment for reconstructing 
these aggregates, accumulating preferentially and gradually in the nucleoli of tumor cells. 
The authors predict that this “smart J-aggregation” can be used in future studies since it 
integrates the ability of tumor targeting and improves the therapeutic efficacy of the po-
tential PS molecule. 

In the second study, Kobzev et al. [259] combine PDT with immunotherapy through 
the design of new photoimmunotherapeutic agents resulting from the conjugation of 
Cy7s, iodinated and non-iodinated, with the antibody trastuzumab (Figure 10). The io-
dinated conjugate demonstrates a greater capacity to produce singlet oxygen, as expected 
according to the effect of the heavy atom. The non-iodinated conjugate did not show sig-
nificant phototoxicity under 730 nm light-emitting diode (LED) irradiation, acting only as 
an immunotherapeutic agent. In contrast, the iodinated one, in addition to exhibiting in-
tense fluorescence signals that allow monitoring of the conjugate’s distribution in the 
body, suppresses tumor growth about five times. The immunotherapeutic effect is 
demonstrated when comparing tumor suppression with the dye without antibody 

Figure 10. Trastuzumab antibody-functionalized iodinated and non-iodinated heptacyanines pre-
pared by Kobzev et al. [259] for photoimmunotherapy. The structural combination with the antibody
(pink) contributed to the immunotherapeutic activity of the dyes; the sulfonyl groups (green) made
the cyanines more biocompatible; and the iodine atoms (red) allowed an increase in the production
of singlet oxygen.

In the first work, Li et al. [267] prepared an iodo-indolenine- and quinoline-based Cy3,
which, in its free form, has maximum absorption at 630 nm. However, as soon as it is
administered intravenously, the dye aggregates under the control of anions with maximum
absorption at 700 nm and is directed towards the tumor via the enhanced permeability
and retention (EPR) effect, a mechanism in which macromolecular compounds can ac-
cumulate progressively in the vascularized cancer area. In an intracellular environment,
RNA molecules constituted the negatively charged microenvironment for reconstructing
these aggregates, accumulating preferentially and gradually in the nucleoli of tumor cells.
The authors predict that this “smart J-aggregation” can be used in future studies since
it integrates the ability of tumor targeting and improves the therapeutic efficacy of the
potential PS molecule.

In the second study, Kobzev et al. [259] combine PDT with immunotherapy through
the design of new photoimmunotherapeutic agents resulting from the conjugation of Cy7s,
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iodinated and non-iodinated, with the antibody trastuzumab (Figure 10). The iodinated
conjugate demonstrates a greater capacity to produce singlet oxygen, as expected according
to the effect of the heavy atom. The non-iodinated conjugate did not show significant
phototoxicity under 730 nm light-emitting diode (LED) irradiation, acting only as an
immunotherapeutic agent. In contrast, the iodinated one, in addition to exhibiting intense
fluorescence signals that allow monitoring of the conjugate’s distribution in the body,
suppresses tumor growth about five times. The immunotherapeutic effect is demonstrated
when comparing tumor suppression with the dye without antibody conjugation, which
only suppresses about 1.4 times. With such impressive results, the researchers believe that
PS-antibody conjugation could be a tool further explored in other cyanine-based PSs.

Incorporating central rings in Cy5 is also common in preparing squaraine dyes, with a
four-membered central ring derived from squaric acid, and croconaine dyes, with a five-
membered ring derivative from croconic acid. Between these two sub-classes, squaraines
are the most discussed in the recent literature, showing interesting photoproperties. Fur-
thermore, compared to Cy5 with conventional methine chains, these structures, as they
contain carbon rings, are known to be more chemically stable.

Regarding the photodynamic activity of squaraines, our last review focuses on the
effect of the various structural modifications carried out on them on their biological activ-
ity [247]. Nonetheless, it should be noted that the main structural changes carried out more
recently in these molecules are mostly the replacement of one of the oxygen atoms of the
four-membered central ring by amines (for example, ethanolamines, picolylamines, and
sulfonamides) [268–270] and the functionalization of that same ring with barbituric acid
derivatives [271].

Since their debut in 1970, croconaine dyes have been mentioned in the scientific
and patent literature [248]. However, the level of research conducted on croconaine dyes
has not matched that of squaraines. Croconaines can absorb in the NIR region at higher
wavelengths than squaraines and exhibit enhanced fluorescence properties, making them
outstanding for biomedical applications [272]. As such, they are described in the recent
literature as extraordinary molecules with potential use in diagnostic techniques (for
example, brain tumors [273]), as well as in PDT approaches and photothermal [274,275]
and, consequently, as theranostic agents [272].

An example of work that validates the theranostic potential of croconaines by ad-
dressing their photodynamic activity is that of Sun et al. [276] (Figure 11). Because there
are few amphiphilic PSs with absorption capacity in the NIR range and pH-responsive
NIR-II fluorescence, the researchers combined all these properties in a croconaine dye.
The dye was coordinated with ferric ions, resulting in its absorption loss, fluorescence
ability, and photocytotoxicity. It was subsequently encapsulated with a pH-responsive
polymer connected to the glypican-3 (GPC-3) receptor-specific peptide GP2633. By EPR,
croconaine-containing nanoparticles were routed to the target tissue and endocytosed
by GPC-3 receptors. Given the acidic pH characteristic of the tumor microenvironment,
the polymer was degraded and the coordination bonds were broken, causing its NIR-II
fluorescence activation. After 808 nm laser irradiation, the croconaine showed singlet
oxygen generation ability. The released ferric cations induce ferroptosis as, in addition
to being used for nuclear magnetic resonance imaging, they are reduced to ferrous by
the consumption of GSH, inhibiting tumor growth, and through Fenton’s reaction, the
production of cytotoxic hydroxyl radicals is promoted.
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Figure 11. Synthesis and mechanism of action of the “on/off” croconaine-containing nanoparticle
reported by Sun et al. [276]. They created a croconaine dye that exhibits absorption capacity in
the near-infrared range and pH-responsive NIR-II fluorescence (“on”) that complexed with ferric
ions and conducted its absorption loss, fluorescence ability, and photocytotoxicity (“off”). The
dye-ferric complex (“off”) was then encapsulated with a pH-responsive polymer connected to the
GP2633 glypican-3 (GPC-3) receptor-specific peptide. Through the “enhanced permeability and
retention” effect (EPR), the nanoparticles were endocytosed by GPC-3 receptors. The proton-rich
microenvironment led both the polymer degradation and the ferric-dye coordination bonds to break,
activating its second near-infrared fluorescence (“on”). Singlet oxygen was generated after exposing
the croconaine dye to 808 nm laser irradiation. The ferric cations released induced ferroptosis, were
reduced to ferrous by consuming glutathione (GSH), and consequently inhibited tumor growth.
Ferrous ions promote the production of cytotoxic hydroxyl radicals through Fenton’s reaction.

4.1.3. Phenothiazine-Based Photosensitizers

Phenothiazines are dyes with a central thiazine core and two benzene rings con-
densed to the thiazine ring. Given their biological, photochemical, and photophysical
qualities [277,278], these dyes have recently been studied as PSs, more focused on the
inactivation of bacterial, viral, and parasite strains [279–282]. Two of the best-known phe-
nothiazines are methylene blue and toluidine blue O, with methylene blue recurrently
reported in clinical cases in medical approaches to the treatment of bacterial infections,
including for dental diseases, proving to be effective, safe, and with interesting aesthetic
results [280,283]. In addition, derivatives of methylene blue, that is, 3,7-disubstituted
dyes of the phenothiazine nucleus, have been synthesized, functionalizing these positions
with several amines to be studied for photobiological and optoelectronic applications
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(for example, as sensitizers of organic solar cells and for the construction of dye-based
lasers) [278]. Inspired by these molecules’ core, sonodynamic therapy agents have been
investigated [284].

Although less common than its antibacterial activity, some molecules derived from
phenothiazines are still created within the scope of their application in cancer PDT. One of
the most attractive examples is that of Yang et al. [285], where they conjugate methylene blue
with camptothecin through an activatable linker that contains a disulfide bond susceptible
to breakage by GSH. Administered in vivo, the authors did not observe physiological
toxicity, suggesting safety and biocompatibility, making them believe that they created a
molecule capable of overcoming the limitations of methylene blue and camptothecin in
their individuality.

4.1.4. Boron-Dipyrromethene-Based Photosensitizers

In recent years, research has significantly increased on the 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene dyes, boron-dipyrromethenes, or BODIPYs. This has resulted in a notable
rise in publications related to this chromophore core, showing its high versatility concerning
its technological [286,287] and biomedical applications [99,288–290]. Within the scope of
its phototherapeutic application, it is important to emphasize that BODIPYs offer a viable
alternative to porphyrin-based compounds, owing to their flexibility in synthesis and
photochemical properties [291], and consequently exhibit unique properties when modified
and functionalized (Table 4).

Table 4. Strategies recently reported on how to structurally improve or enhance certain aspects of
boron-dipyrromethene (BODIPY)-based photosensitizers (PSs).

Aim How? Main Aspects and Conclusions References

Long-wavelength
absorption

Conjugated
double bonds

and heavy atom
introduction

The length of π-conjugate bonds influences the ability to absorb at
redshifted lengths, which is why authors have invested in the synthesis

of thiophene- and phenyl-fused BODIPYs, in the introduction of
pyrrole rings, and, alternatively, in heavy atoms.

[292–294]

Improve singlet
oxygen

production ability

Halogenation

The inefficient intersystem crossing (ISC) of BODIPYs limits their
usefulness in PDT. As for most PS classes, halogenation is a way to

improve this photophysical property. Introducing iodine atoms helps
the ISC in a more pronounced way than bromination.

[295–297]

Organic metal
complexes

Aksakal et al. examined new ruthenium and iridium BODIPY
complexes. They discovered that singlet oxygen generation increased

by twenty times with ruthenium. Meanwhile, Jana et al. achieved
quantum yields of 67% for a cobalt-complexed dye. These and other

findings suggest a connection between these complexes and the singlet
oxygen production ability.

[298–300]

Anthracene,
pyrene,

and fullerene
conjugation

Callaghan et al. studied several BODIPY dyes with diverse anthracenes
and the pyrene group, all showing greater ISC than the phenyl group
bearing one. Fullerene derivatives are also effective PSs, producing

ROS efficiently with good biocompatibility and easy body clearance.

[301,302]

Sulfur core-fusion

Thiophene-fused BODIPYs have shown improved singlet oxygen
quantum yields (from 4% to 85%). Oscillations in its ability to carry out
type II reactions were due to different functional groups introduced in

its meso position.

[292]

BODIPY dimers
and trimers

Combining several BODIPY units covalently linked in the same
structure can influence properties, namely the increase in the

production capacity of singlet oxygen. This effect is shown by Lu et al.
for dimeric dyes and by Prieto-Castañeda et al., whose molecular

geometry of analogous trimers is also shown to influence this
photophysical property.

[303,304]
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Table 4. Cont.

Aim How? Main Aspects and Conclusions References

Targeting specific
organelles

Cationic character

Cationic BODIPYs can become more hydrophilic and gain the ability to
target mitochondria. They are attracted to the negatively charged inner
mitochondrial membrane, accumulating in the mitochondrial matrix

through a concentration gradient.

[305–307]

Morpholine group
introduction

The introduction of the morpholine into the core of BODIPYs induces
their directing to the lysosome organelle. This finding was observed by
several research groups in BODIPY dyes, as this group was introduced

to the dyes through a linker.

[308–310]

Amphiphilicity
and biomolecule

mimetize

Wang et al. have designed a phospholipid-mimetizing BODIPY-based
fluorescent surfactant with two hydrophobic chains for cell membrane

imaging and PDT. Concerning the latter, its effect is induced by
damaging the tumor cells’ cytoplasmic membrane.

[311]

Enhance
biocompatibility

Aminoacid
functionalization

Amino acid conjugation is a practical approach to improving aqueous
solubility and ameliorating their biocompatibility and photobiological
efficacy. For example, the aspartic acid-modified BODIPY reported by

Yu et al. exhibited enhanced aqueous solubility, singlet oxygen
generation ability, and a good phototoxicity ratio.

[312]

Polymer-junction
self-assembly

To enhance the biocompatibility of BODIPYs, these molecules can be
modified by attaching PEG derivatives or other hydrophilic polymers.

This modification helps to reduce non-specific interactions with
biomolecules and improves the stability of self-assembled

BODIPY-based polymer-conjugated nanoparticles.

[306,313]

Enhance tumor
targeting

Polyamine chain
introduction

Tumor cells require amine growth factors and regularly exhibit
polyamine transporter overexpression. This makes it possible for

BODIPY-polyamine molecules to be transported to cancerous cells,
which can improve the effectiveness of these tumor-targeting drugs. In

addition, these transporters tolerate the uptake of diverse amines,
making them a valuable tool for drug delivery.

[314]

Sugar-conjugate
structures

Recent research has revealed that galactose-containing macromolecules
can successfully target various types of cancer.

Combining lactose with BODIPYs efficiently targets and impacts tumor
cells through enhanced recognition and interaction with overexpressed

specific receptors.

[315,316]

Glucose Transporter 1 is often overexpressed in cancer cells, increasing
glucose intake and metabolism. As a result, glycosylated BODIPY
triangular skeletons were designed by Durán-Sampedro et al. to

promote cellular uptake through the Warburg effect.

[317]

Polysaccharide-
conjugate
structures

For example, hyaluronic acid (HA) is commonly used as a
polysaccharide-based drug carrier since it is water-soluble, has

excellent biocompatibility, and is harmless. Chen et al. prepared an
HA-BODIPY through an azide linker group that only triggered
phototherapeutics inside tumor cells. This behavior is due to its

self-assembled form in the extracellular environment; therefore, ROS
production is inhibited.

[318]

One of the most attractive and vaguely reported approaches is the creation of structures
made up of BODIPY PS units designed by self-assembly directed by the coordination
of metallic ions, such as platinum and ruthenium, called supramolecular coordination
complexes. These complexes can exhibit various shapes, including prisms, rectangles,
hexagons, and triangles, among others, with the geometry they adopt highly influencing
their photodynamic success [319,320]. Furthermore, the fact that they are coordinated
prevents their aggregation and, consequently, their more efficient generation of ROS, and
given the metal “heavy atom effect”, singlet oxygen production is also augmented [321].
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Additionally, coordinating metals can also serve as chemotherapeutic agents, this being a
chemoPDT modality [320].

There is nothing more thoughtful than taking the chemical and biological differences
between tumor and healthy cells and, from these, building systems that allow their accu-
mulation and activation only at the target site. Although not exclusive to BODIPYs, many
“on/off” strategies, such as the one previously detailed on croconaines (Figure 11), have
been extensively reported for this class of dyes [322,323]: the development of polymers,
nanoparticles, or pH-responsive PSs that are only activated in acidic media character-
istic of the tumor microenvironment [324,325]; the creation of GSH-cleavable quencher
moieties containing PSs since the concentration of GSH in tumors is exacerbated higher
than in normal cells [326,327]; and the design of systems that undergo activation by enzy-
matic degradation [328,329].

On the last topic, and by way of example, Juang et al. [329] took advantage of the
fact that the level of tyrosinase, the enzyme that regulates melanin production through
melanogenesis, is closely associated with melanoma severity by functionalizing a BODIPY
dye with its inhibitor phenylthiourea to improve therapeutic efficacy against a tyrosinase-
positive melanoma cell line. The authors verified an increase in its cellular uptake compared
to a phenylthiourea-free compound, as well as the ability to produce ROS and significant
effects on cell viability when irradiated. These results denote that this is a successful method
and could be used to create even more efficient PSs for treating melanoma in the future.

5. Conclusions and Future Perspectives

Photodynamic therapy is a therapeutic strategy that, in recent years, has been growing
exponentially in the most diverse areas that concern it to create new approaches that allow
solving problems in today’s society, such as diseases of oncological origin. In this review,
the authors intended to show how multidisciplinary PDT is, depending on knowledge
about several scientific subjects, and whose combination is essential to its development and
progression. Thus, based on this knowledge, we present the PDT basic principles from a
clinical and photophysical-chemical point of view, showing how, theoretically, PS molecules
act on the target tissue and what mechanisms they can adopt to produce cytotoxicity, the
role of the three essential elements to improve phototherapeutic results, as well as the
progression and alternatives that have been explored in recent years for the conception of
improved therapeutic modalities to overcome the PDT weaknesses.

Regarding PSs, we emphasize that the slow progression of PDT is mainly due to the
lack of clinically approved molecules, so the need to design new compounds that potentially
exhibit properties inherent to those of an ideal PS is highly pertinent. As such, the concerns
of current research in the preparation of new PSs are related to photophysical properties
such as singlet oxygen production and absorption capacity at red and NIR wavelengths,
modulation of lipophilicity inherent to most of the nuclei of these classes of compounds,
as well as their direction to the precise location to be treated. To this end, approaches
of high scientific interest have been created, with desirable results and elucidating how
prominent the progress in oncology and medicine can be, especially when chemistry and
nanotechnology subjects are merged.

Thus, given the colossal range of results that reinforce the proficiency of this therapeu-
tic approach, there is a need to make “leads” the most relevant and best-founded based on
encouraging results to be applied clinically soon. Furthermore, the development of new PS
classes as well as the analysis of the therapeutic effects of the hitherto less explored ones,
the creation of new delivery systems, and new targeting methods are equally desired since
a more extensive and comprehensive spectrum of treatment methodologies will allow for a
more successful fight against this very heterogeneous disease.
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Abstract: 1,3-butadiynamides—the ethynylogous variants of ynamides—receive considerable at-
tention as precursors of complex molecular scaffolds for organic and heterocyclic chemistry. The
synthetic potential of these C4-building blocks reveals itself in sophisticated transition-metal cat-
alyzed annulation reactions and in metal-free or silver-mediated HDDA (Hexa-dehydro-Diels–Alder)
cycloadditions. 1,3-Butadiynamides also gain significance as optoelectronic materials and in less
explored views on their unique helical twisted frontier molecular orbitals (Hel-FMOs). The present
account summarizes different methodologies for the synthesis of 1,3-butadiynamides followed by
the description of their molecular structure and electronic properties. Finally, the surprisingly rich
chemistry of 1,3-butadiynamides as versatile C4-building blocks in heterocyclic chemistry is reviewed
by compiling their exciting reactivity, specificity and opportunities for organic synthesis. Besides
chemical transformations and use in synthesis, a focus is set on the mechanistic understanding of the
chemistry of 1,3-butadiynamides—suggesting that 1,3-butadiynamides are not just simple alkynes.
These ethynylogous variants of ynamides have their own molecular character and chemical reactivity
and reflect a new class of remarkably useful compounds.

Keywords: 1,3-diynamides; ynamides; alkynes; homogeneous catalysis; heterocycles; annulation
reactions; cycloaddition cascade reactions; helical twisted frontier molecular orbitals (Hel-FMO);
Hexa-dehydro-Diels–Alder (HDDA) reaction; quinolines; indoles; carbazoles

1. Introduction

Since the disclosure of a first reliable and widely applicable synthesis of ynamides
(N-alkynylamides) in 1998 [1], these functionalized acetylenes combining the diverse
reactivity of a carbon–carbon triple bond with one of the most important functional groups
of organic chemistry—the amino function—found widespread interest within the chemical
community. Ynamides distinguish from their long-time known electron-rich variants—the
ynamines (N-alkynylamines)—by having at least one electron-withdrawing group (EWG)
attached to the nitrogen heteroatom. This EWG is capable of serving as a protective group
in further chemical manipulations—but most importantly—it guarantees a decent chemical
stability of the otherwise electron-rich acetylenic unit by lowering its HOMO. As such,
the nitrogen bound EWG decreases the electron density of the adjacent alkyne moiety by
inducing a more or less—but significantly—polarized carbon–carbon triple bond (Figure 1).
Consequently, this results in tuning reactivity and selectivity. Ynamides are habitually
bench-stable functionalized acetylenes that withstand an aqueous work-up procedure as
well as purification by column chromatography on silica gel—both important features that
are required for being useful molecular building blocks in organic synthesis. Over the
years, the chemistry of ynamides became well-recognized. Ynamides nowadays serve as
multipurpose substrates in organic synthesis including transition metal, ionic, radical and
photoredox-mediated processes leading to N-heterocyclic compounds, natural products
and other molecular targets for life and material sciences. Their exceptional rich and diverse
chemistry covers several review articles [2–16].
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More recently, the ethynylogous variants of ynamides—the 1,3-butadiynamides—
likewise received considerable attention in organic and heterocyclic chemistry. They found
interesting use in transition metal-catalyzed annulation reactions, like the Hexa-dehydro-
Diels–Alder (HDDA) reaction [17–21], and as optoelectronic materials due to their un-
derlying push–pull character. Notably, the intrinsic polarization of ynamides is not only
preserved in 1,3-butadiynamides. It is furthermore extendable via the ethynylogous princi-
ple from a 1,2- to a formal 1,4-polarization. Therefore, 1,3-butadiynamides are appealing
for nitrogen-functionalized C4-building blocks for the construction of complex structural
motifs. As both triple bonds can be simultaneously or consecutively functionalized via
an electrophilic and/or nucleophilic reaction step, the selective introduction of more than
one substituent might be achievable selectively. Other important features of molecular
1,3-butadiynamide scaffolds are their facile synthesis and their often superb stability. This
not only accounts for 1,4-diynamides, but also for the higher conjugated oligoynamides.
Some chemistry associated with 1,3-butadiynamides has been briefly mentioned in reviews
covering synthesis and use of ynamines and ynamides [3–5,12–16]. However, there is
so far no comprehensive article focusing on the ethynylogous variant of ynamides—the
1,3-butadiynamides. Highlighting the chemistry of 1,3-butadiynamides and compiling their
reactivity, specificity and miscellaneous synthetic potential is the purpose of our present
review.

2. Synthesis of 1,3-Butadiynamides

The majority of described 1,3-butadiynamides are derived from arylsulfonamides
(EWG = Toluenesulfonyl (Ts), Methanesulfonyl (Ms), etc.), and only a few examples rely on
carbamates (EWG = CO2Me) or oxazolidinones. Syntheses of 1,3-butadiynamides follow
the basic three retrosynthesis disconnections [a–c] as shortlisted in Scheme 1.
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2.1. Disconnection [a]: Cu-Catalyzed Cross-Coupling Reactions

Disconnection [a] to 1,3-butadiynamides follows common strategies for the assembly
of 1,3-bisacetylenes starting from various terminal acetylenes (Glaser–Hay coupling) or
cross-couplings of terminal acetylenes with 1-bromoalkynes (Cadiot–Chodkiewicz reaction).
The use of terminal ynamides in copper-catalyzed cross-coupling reactions is the major
strategy to access both symmetrical and unsymmetrical 1,3-butadiynamides. The required
terminal ynamides are readily available by rendering the synthetic strategies outlined in
Scheme 1 [13].

Application of the Glaser–Hay reaction to terminal ynamides proceeds readily afford-
ing various sets of symmetrical substituted 1,3-butadiynamides 2a–e (Scheme 2) [22,23].
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Scheme 2. Symmetrical substituted 1,3-diynamides via oxidative Glaser–Hay coupling.

The oxidative homocoupling of terminal ynamides is usually carried out in acetone at
room temperature with CuI-TMEDA (tetramethylethylenediamine) as the catalyst and by
exposure to atmospheric oxygen. It is also applicable to chiral amino acid-derived terminal
ynamides to deliver 1,3-diynamide 2e [24].

Unsymmetrical 1,3-butadiynamides 3a–h are available via the Cadiot–Chodkiewicz
cross-coupling between terminal ynamides and 1-bromoalkynes (Scheme 3) [25,26]. Re-
actions are usually performed in methanol at 40 ◦C and require copper(I) iodide as the
catalyst, n-butylamine as the base and sub-stoichiometric quantities of hydroxylamine
hydrochloride. The use of the latter is crucial to avoid ynamide homocoupling by reducing
any copper(II) salts present in the reaction medium. Notably, the complementary approach
utilizing bromine- or iodine-terminated ynamides with terminal acetylenes was unsuccess-
ful so far. This is reasoned by the fact that bromine- or iodine-terminated ynamides are
difficult to obtain and are quite unstable [27].
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The Cadiot–Chodkiewicz reaction with N-ethynylated oxazolidine-2-one 4 is also suit-
able for the synthesis of oxazolidine-2-one-derived 1,3-butadiynamides, which, for example,
delivers the chiral push–pull 1,3-butadiynamides 5 in high yields (Scheme 4, (1)) [25].
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Furthermore, but limited in scope, the palladium-mediated cross-coupling of ynamide 6
with 1-bromohexyne in (i-Pr)2NH/toluene (2:1 (v/v)) gives the corresponding 1,3-butadiynamide
7 via a Sonogashira type reaction (Scheme 4, (2)) [28].

2.2. Disconnection [b]: Amide N-Alkynylations

In analogy to related ynamide approaches, the synthesis of 1,3-butadiynamides
via a copper-mediated C-N bond formation between suitable amides and 1-bromo-1,3-
butadiynes was described, though only a few examples have been realized so far. Here, the
stabilization of the acting copper amide complex prior to the coupling with the 1-bromo-
1,3-diyne is mandatory. This is necessary to overpower the quite facile homocoupling
of 1-bromodiynes (Scheme 5) [29,30]. C-N bond formation takes place at room temper-
ature, but the drawbacks of requiring stoichiometric amounts of copper iodide and the
need of high-quality pyridine should be taken into consideration. Indeed, the use of dry
pyridine, freshly distilled over CaH2 under inert atmosphere, is required. The reaction
conditions are also suitable for and were applied in the synthesis of the N-methanesulfonyl
1,3-butadiynamide 9c (EWG = Ms) [31].
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Ynamide syntheses relying on sub-stoichiometric amounts of copper sulfate/1,10-
phenanthroline as the catalyst in toluene at 60–95 ◦C [32] were extended to gain access
to 1,3-butadiynamides. Efficiency, however, is lower compared to the protocol leading
to carbamate-derived 1,3-butadiyne 9a via stoichiometric amounts of copper salt (36 vs.
80% yield) [29]. Notably, N-alkyl N-tosylamides are better substrates, and the synthesis
of N-tosyl-1,3-butadiynamide 9d proceeds with high yields under copper-catalyzed cross-
coupling conditions (Scheme 6, (1)) [33].

It is worth noting that the synthesis of N-aryl N-toluenesulfonyl ynamides (R1 = Ar)
via copper-catalyzed C-N bond-forming protocols with 1-bromo alkynes does not pro-
ceed at all, or proceeds in very low yields after several days of heating [34]. Probably,
this is due to the weaker nucleophilicity of N-aryl N-toluenesulfonylamides. Therefore,
the Cadiot–Chodkiewicz reaction with terminal ynamides remains the state of the art
to obtain 1,3-diynamides having an N-aryl group. However, more recently, a copper-
catalyzed electrophilic N-1,3-diynylation with triisopropylsilyl 1,3-diynyl benziodoxolone
(10) was described to give straightforward TIPS protected 1,3-butadiynamides 11 including
examples with N-aryl tosylamides (Scheme 6, (2)) [35].
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2.3. Disconnection [c]: Functional Group Interconversion (FGI) at the C-Terminus

Chemical modifications of ynamides without affecting the triple bond have been
scarcely explored until recently [13]. In the case of 1,3-butadiynamides, examples of
modifications of the C-terminus are even fewer.

The synthesis of a terminal 1,3-butadiynamide through desilylation of the corre-
sponding trimethylsilyl protected precursor with tributylammonium fluoride (TBAF) at
−78 ◦C in dry THF proceeds in high yield (Scheme 7, (1)) [36]. Alternatively, access to
terminal 1,3-butadiynamides is provided under basic conditions starting from the parent
1,3-butadiynamide terminated by the acetone adduct (Scheme 7, (2)) [25].

Molecules 2023, 28, x FOR PEER REVIEW 5 of 48 
 

 

Ynamide syntheses relying on sub-stoichiometric amounts of copper sulfate/1,10-
phenanthroline as the catalyst in toluene at 60–95 °C [32] were extended to gain access to 
1,3-butadiynamides. Efficiency, however, is lower compared to the protocol leading to 
carbamate-derived 1,3-butadiyne 9a via stoichiometric amounts of copper salt (36 vs. 80% 
yield) [29]. Notably, N-alkyl N-tosylamides are better substrates, and the synthesis of N-
tosyl-1,3-butadiynamide 9d proceeds with high yields under copper-catalyzed cross-cou-
pling conditions (Scheme 6, (1)) [33]. 

 
Scheme 6. Copper-catalyzed synthesis of 1,3-butadiynamides. 

It is worth noting that the synthesis of N-aryl N-toluenesulfonyl ynamides (R1 = Ar) 
via copper-catalyzed C-N bond-forming protocols with 1-bromo alkynes does not proceed 
at all, or proceeds in very low yields after several days of heating [34]. Probably, this is 
due to the weaker nucleophilicity of N-aryl N-toluenesulfonylamides. Therefore, the Ca-
diot–Chodkiewicz reaction with terminal ynamides remains the state of the art to obtain 
1,3-diynamides having an N-aryl group. However, more recently, a copper-catalyzed elec-
trophilic N-1,3-diynylation with triisopropylsilyl 1,3-diynyl benziodoxolone (10) was de-
scribed to give straightforward TIPS protected 1,3-butadiynamides 11 including examples 
with N-aryl tosylamides (Scheme 6, (2)) [35]. 

2.3. Disconnection [c]: Functional Group Interconversion (FGI) at the C-Terminus. 
Chemical modifications of ynamides without affecting the triple bond have been 

scarcely explored until recently [13]. In the case of 1,3-butadiynamides, examples of mod-
ifications of the C-terminus are even fewer. 

The synthesis of a terminal 1,3-butadiynamide through desilylation of the corre-
sponding trimethylsilyl protected precursor with tributylammonium fluoride (TBAF) at 
−78 °C in dry THF proceeds in high yield (Scheme 7, (1)) [36]. Alternatively, access to ter-
minal 1,3-butadiynamides is provided under basic conditions starting from the parent 1,3-
butadiynamide terminated by the acetone adduct (Scheme 7, (2)) [25]. 

 
Scheme 7. Modification of the 1,3-butadiynamide C-terminus. Scheme 7. Modification of the 1,3-butadiynamide C-terminus.

1,3-Butadiynamide synthesis followed by transformation to a terminal 1,3-butadiynamide
via protective group strategies allows for the development of iterative Cadiot–Chodkiewicz
couplings to higher order ethynylogous ynamides. Such iterative cross-couplings offer
a straightforward entry to conjugated tri- and tetraynamides 13 and 14 using as cou-
pling partners diynamide 12e and a 1-bromoalkyne or a 1-bromo-1,3-diyne, respectively
(Scheme 7, (3) and (4)) [25].

3. Molecular Structure and Electronic Properties

1,3-Butadiynamides and their higher homologues not only gain interest as molecular
building blocks in organic synthesis, but they also receive considerable attention for their
unique conformation on basis of principal helical twisted molecular orbitals delocalized
over the entire conjugated carbon rod, with their optoelectronic properties including NLO
performance, and their possible function as molecular wire or as monomer in solid-state
topo-chemical polymerizations.

Whilst axial chirality in certain odd numbered cumulenes like allenes is well-documented,
the understanding of chirality based on helical twisted frontier molecular orbitals (Hel-
FMO) and its impact on chemical, optical and physical properties is still in its early infancy.
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Markedly, it is mainly limited to the theoretical and computational description of conju-
gated cumulenes [37,38], spiroconjugated systems [39] and suitable extended conjugated
oligoynes (ECOs) [40–43]. The latter favor a twisted near orthogonal conformation caused
by the combination of repulsive interactions between the terminating functional groups and
the constructive orbital overlap upon twisting. Nitrogen atom-terminated oligoynes are
predicted of being important members of the ECO family because of both being stable and
having helical molecular orbitals delocalized over the entire conjugated polyyne carbon
rod (Figure 2).
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groups and the constructive orbital overlap upon twisting. Nitrogen atom-terminated ol-
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For example, the high-level density functional theory (DFT) calculation of the still
unknown—but synthetically feasible—diynamide 15 predict helical twisted molecular fron-
tier orbitals with axial chiral geometry [41]. For the 1,3-diynamide 15, a torsion angle (TA)
of TA = 66.74◦ was calculated together with a right-handed helical HOMO (Figure 2). No-
tably, similar values of TAs can be found in the single crystal structure data of the ynamine
16 (TA = 78.5◦) [44], the 1,3-diynamines 17a (TA = 60.2◦) [45] and 17b (TA = 85.2◦) [46], the
1,3-diynamide 2d (TA = 76.6◦) [23] and the 1,3,5-triynamide 14 (TA = 65.8◦) [25]. Although
these data are taken from solid-state structures, and conformational changes due to crystal
structure-packing effects cannot be neglected, all TAs are of similar magnitudes and un-
derline the influence of helical twisted molecular orbitals on the conformational output of
1,3-diynamides and their higher homologues.

A set of donor-π-spacer-acceptor “push–pull” ynamides end-capped with nitrogen
donor and 4-nitro or 4-cyanophenyl acceptor units was investigated by the electro-optical
absorption method (EOAM). The aim of the study was to examine their intramolecular
charge transfer (ICT) properties in relation to the extent of the spacing-conjugated oligoyne
units [25]. Dipole moments in solution of the ground (µg), the Franck–Condon excited
state (µεFC) and their respective change of dipole moment (∆aµ) were obtained. Values of
dipole moments for measurements in 1,4-dioxane of selected para-nitro-phenyl substituted
ynamide derivatives are compiled in Table 1. The observed very high values for the
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change of dipole moments after transition from the ground to the Franck–Condon excited
state show effective ICTs and consequently potential non-linear optical properties for
these electronically tunable, extended, conjugated oligoynamides. Notably, the increase
of change of dipole moments reaches a maximum for push–pull 1,3-diynamides with two
spacing-conjugated alkyne units. Elongation of the conjugated alkyne units from one to
two triple bonds results in an increase of the ∆aµ values, while the ground-state dipole
moments µg are almost unaffected. Increasing to three conjugated alkyne units, however,
leads to a decrease of ∆aµ (Figure 3).

Table 1. Electrooptical absorption measurement (EOAM) of selected “push–pull” ynamides end-
capped with a nitrogen donor and a 4-nitro-phenyl acceptor unit [25].

Ynamide µg ∆aµ µa
FC

[10−30 Cm] in 1,4-dioxane
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Figure 3. Correlation of the number of alkyne units in ynamides with the magnitude of change of
dipole moment from ground to Franck–Condon excited state ∆aµ.

Topochemical solid-state polymerization of 1,3-diacetylenes in single crystals gives
conjugated polymers that have attracted attention on their physical properties such as con-
ductivity, optical nonlinearity and mechanical strength. Consequently, 1,3-butadiynamides
that are often crystalline materials were also investigated in topochemical polymeriza-
tions [23,47,48].

4. Addition, Cycloaddition and Oxidation Reactions

Non-symmetrical 1,3-butadiynamides—unlike their symmetrical counterparts—often
act as internal ynamides. In many examples of addition and cycloaddition reactions,
the 1,2-activation of the 1,3-diyne is superior to the 1,4-activation, and the second triple
bond remains unaffected in the underlying transformation. However, in view of the
richness of acetylene chemistry, the obtained products can often undergo further chemical
transformations, broadening the array of available molecular and heterocyclic structures.

4.1. Addition Reactions

Stereodefined 1,3-dienes bearing N-substituents are important building blocks in
organic synthesis. Simple access to versatile 1,4-dihalogenated E,E-1,4-dienamides was
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achieved from readily available symmetrical 1,3-butadiynamides 2a–b in regio- and stere-
oselective hydrohalogenations (Scheme 8, (1)) [49].
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perfect syn-addition of H-X (X = Cl, Br) across the ynamide triple bond occurs. The hydro-
bromination of non-symmetrical 1,3-butadiynamides 3f,j ensues only on the triple bond 
linked to the nitrogen atom, i.e., the more electron-rich carbon-carbon triple bond, afford-
ing the 1-en-3-ynamides 19a–b (Scheme 8, (2)). Notably, the hydrobromination of 1,4-di-
phenyl-butadiyne does not occur under similar reaction conditions. Germylzincation of 
1,3-butadiynamide 20 was achieved with excellent regio- and stereoselectivity using a 
combination of hydrogermanes and ZnEt2 (Scheme 9) [50]. 

Scheme 8. Regio- and stereoselective hydrohalogenation of 1,3-butadiynamide.

Hydrogen halides are generated in situ from halotrimethylsilane (Br, I) and water–or
chlorotrimethylsilane and saturated ammonium chloride. Under these conditions, the
perfect syn-addition of H-X (X = Cl, Br) across the ynamide triple bond occurs. The
hydrobromination of non-symmetrical 1,3-butadiynamides 3f,j ensues only on the triple
bond linked to the nitrogen atom, i.e., the more electron-rich carbon-carbon triple bond,
affording the 1-en-3-ynamides 19a–b (Scheme 8, (2)). Notably, the hydrobromination of
1,4-diphenyl-butadiyne does not occur under similar reaction conditions. Germylzincation
of 1,3-butadiynamide 20 was achieved with excellent regio- and stereoselectivity using a
combination of hydrogermanes and ZnEt2 (Scheme 9) [50].
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Moreover, the 1,2,5-trisubstituted pyrrole 25 is accessible by using phenylhydrazine 
as the hydroamination reagent. In this case, thermal activation is required, as well as the 
use of the more reactive Echavarren’s gold catalyst derived from the bulky and electron-
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Scheme 11. Gold-catalyzed synthesis of a 1,2,5-trisubstituted pyrrole with phenylhydrazine. 

Scheme 9. Radical germylzincation towards stereodefined ynenamides.

Addition of germanium did not occur in the absence of Et2Zn. The proposed mech-
anism involves the addition of a germanium-centered radical across the triple bond
on β-position to the N-atom in agreement with the underlying polarization of the 1,3-
butadiynamide. The resulting α-heteroatom-substituted vinyl radical undergoes ethylzinc
group transfer to give the β-zincated vinylgermane 21 along with an ethyl radical keeping
the radical chain propagation. The (E)-form of the vinylgermane radical is favored. Re-
tention of the double bond geometry of the vinylzinc intermediate 21 is observed upon
hydrolysis or Cu(I)-mediated C-C bond formation with 1-bromophenylacetylene. The
resulting stereodefined tri- and tetrasubstituted ynenamides 22a–b and 23 can be further
functionalized through displacement of germanium. Vinylgermanes gain increasing atten-
tion as alternatives to vinylsilanes and vinylstannanes for the preparation of stereodefined
alkenes because of their low toxicity, increased stability towards protonolysis and facile
transformation into vinyl halides.

Gold-catalyzed double hydroaminations of symmetrical substituted 1,3-butadiynamides
2a,c,f with anilines readily proceed at room temperature and deliver the corresponding
2,5-diamido-N-arylpyrroles 24a–d (Scheme 10) [51].
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Moreover, the 1,2,5-trisubstituted pyrrole 25 is accessible by using phenylhydrazine as
the hydroamination reagent. In this case, thermal activation is required, as well as the use
of the more reactive Echavarren’s gold catalyst derived from the bulky and electron-rich
di-t-butylphosphinobiphenyl ligand (Scheme 11) [51].
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Copper catalysis in the presence of a zinc additive is also effective in the pyrrole series
and proceeds with excellent functional group tolerance [52]. In comparison to the gold-
catalyzed protocol, the scope of 2,5-diamidopyrroles available from 1,3-butadiynamides is
considerably broadened as primary aliphatic amines, and sterically hindered anilines are
now suitable hydroamination reagents (Scheme 12).
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Interestingly, the copper-catalyzed reaction of 1,3-butadiynamide 26 with 2-amino 
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pines 28a–f are formed via a formal [4+3] annulation sequence (Scheme 13) [52]. 
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ter yield using a copper(II) catalyst in the presence of a zinc additive (Scheme 14, (2)) [52]. 
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Interestingly, the copper-catalyzed reaction of 1,3-butadiynamide 26 with 2-amino
(benzo)thiazoles as nucleophiles does not deliver pyrrole derivatives. Now, fused di-
azepines 28a–f are formed via a formal [4+3] annulation sequence (Scheme 13) [52].
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Symmetrical substituted 1,3-butadiynamides also serve as substrates in gold catalyzed
hydration leading to the 2,5-diamidofurans 29a–c (Scheme 14, (1)) [51]. Interestingly, the
dimethanesulfonyl analogue of 29b—the 2,5-diamidofuran 30—was obtained in a better
yield using a copper(II) catalyst in the presence of a zinc additive (Scheme 14, (2)) [52].
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The metal-catalyst-free synthesis of 2,5-diamido-thiophenes 31a–d using
1,3-butadiynamides 2a–d and Na2S•9H2O as the sulfur-providing source proceeds un-
der very mild conditions (Scheme 15, Conditions A) [26]. Both symmetrical as well as
the non-symmetrical 1,3-diynamides undergo a formal 1,4-functionalization of the parent
1,3-diyne unit. In the case of diynamide 2a (R1 = Ph), whose electrophilicity is enhanced
by conjugation of the ynamide unit with the N-phenyl group, these reaction conditions
were not suitable. This is probably because of side reactions resulting from the addition
of ethanol across the triple bond. Switching to acetonitrile as the solvent was the key for
success (Conditions B). Now, the corresponding thiophene 31a is obtained in 62% yield.
Importantly, the method is likewise effective with unsymmetrical 1,3-butadiynamides
3a–c,e–h giving a straightforward entry to variously functionalized 2-amidothiophenes
32a–g (Scheme 15).

This new approach to 2-amido- or 2,5-diamidothiophenes is extendable to the synthesis
of terthiophenes (Scheme 16). The required tetrayne 33 bearing two linked 1,3-diynamide
units is accessible via a double Cadiot–Chodkiewicz coupling between a terminal ynamide
and bis(bromoalkynyl)thiophene. Application of the developed reaction conditions to sub-
strate 33 delivers the diamido-capped terthiophene 34 having a string of N,S heteroatoms
embedded in a highly π-conjugated molecular scaffold. Electron-rich terthiophenes are
interesting as active materials in organic electronics such as organic transistors or organic
photovoltaic cells.
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4.2. Cycloaddition Reactions

Intramolecular [4+2] cycloadditions of 1,3-butadiynamides 35a–d tethered to an enyne
moiety furnish functionalized 7-alkynyl indolines 37a–d (Scheme 17) [53]. Yields improve
in the presence of BHT, which not only suppresses the polymerization of enyne substrates,
but also facilitates the isomerization of the cyclic allene intermediate 36 into indoline 37 via
proton/hydrogen atom transfer. As alkyl-substituted ynamides with only one C–C triple
bond give low yields in related [4+2] cycloadditions, the hydrogenation of the triple bond of
indolines 37a–d is an alternative and offers a valuable entry to the parent alkyl-substituted
indolines. In these Didehydro–Diels–Alder (DHDA) reactions the 1,3-butadiynamide
serves as the formal dienophile. Notably, this has to be distinguished from its use in
Hexa-Dehydro-Diels–Alder (HDDA) reactions that will be discussed in Chapter 6, where
the 1,3-butadiynamide unit functions as the formal 4π cycloaddition partner.
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Azide-alkyne [3+2] cycloadditions of 1,3-butadiynamide 3c using rhodium catalysis
afford 4-alkynyl 5-amino-triazole 38 [54], whereas the copper-catalyzed addition of azides
to terminal 1,3-butadiynamides provide alternative ynamide-derived azide-alkyne click-
products 39 (Scheme 18) [35]. Click reactions with 1,3-diynamides are exclusively chemo-
and regioselective with stoichiometric amounts of azides. The exclusion of air and moisture
is unnecessary in the case of the rhodium catalysis, whereas high yields in copper-mediated
azide-alkyne [3+2] cycloadditions are obtained only under strict anhydrous conditions.

Molecules 2023, 28, x FOR PEER REVIEW 12 of 48 
 

 

the triple bond of indolines 37a–d is an alternative and offers a valuable entry to the parent 
alkyl-substituted indolines. In these Didehydro–Diels–Alder (DHDA) reactions the 1,3-
butadiynamide serves as the formal dienophile. Notably, this has to be distinguished from 
its use in Hexa-Dehydro-Diels–Alder (HDDA) reactions that will be discussed in Chapter 
6, where the 1,3-butadiynamide unit functions as the formal 4π cycloaddition partner. 

 
Scheme 17. Intramolecular [4+2] cycloaddition with 1,3-butadiynamides to give 7-alkynyl indolines 
via DHDA reaction. 

Azide-alkyne [3+2] cycloadditions of 1,3-butadiynamide 3c using rhodium catalysis 
afford 4-alkynyl 5-amino-triazole 38 [54], whereas the copper-catalyzed addition of azides 
to terminal 1,3-butadiynamides provide alternative ynamide-derived azide-alkyne click-
products 39 (Scheme 18) [35]. Click reactions with 1,3-diynamides are exclusively chemo- 
and regioselective with stoichiometric amounts of azides. The exclusion of air and mois-
ture is unnecessary in the case of the rhodium catalysis, whereas high yields in copper-
mediated azide-alkyne [3+2] cycloadditions are obtained only under strict anhydrous con-
ditions. 

 
Scheme 18. Intermolecular azide-alkyne [3+2] cycloaddition with 1,3-butadiynamides to give 4-al-
kynyl triazoles. 

The gold-catalyzed cycloaddition of 1,3-butadiynamide 3k with aminide 40 as N-acyl 
nitrene equivalent gives 5-alkynyloxazole 41 as a single regioisomer in 83% yield (Scheme 
19) [55]. This formal [3 + 2] cycloaddition is based on the use of the robust and air-stable 
dichloro(pyridine-2-carboxylato)gold(III) complex as a pre-catalyst. 

  

Scheme 18. Intermolecular azide-alkyne [3+2] cycloaddition with 1,3-butadiynamides to give 4-
alkynyl triazoles.

The gold-catalyzed cycloaddition of 1,3-butadiynamide 3k with aminide 40 as N-
acyl nitrene equivalent gives 5-alkynyloxazole 41 as a single regioisomer in 83% yield
(Scheme 19) [55]. This formal [3+2] cycloaddition is based on the use of the robust and
air-stable dichloro(pyridine-2-carboxylato)gold(III) complex as a pre-catalyst.
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Scheme 20. Au(I)-catalyzed 1,4-oxidation of 1,3-butadiynamides. 

In agreement with other gold-catalyzed oxidations of ynamides with pyridine N-ox-
ides, a striking chemoselectivity for C(1) oxidations is observed leading to the α-carbonyl 
gold carbene intermediate 44, which, in the case of the ethynylogous ynamide, undergoes 
a 1,3-carbene migration affording intermediate 45 [57]. The 1,3-migration tautomer 45 is 
then further oxidized to give the double oxidation products 46. Finally, this oxidative pro-
cess results in a 1,4-functionalization of the 1,3-diynamide moiety. 

Interestingly, a different chemical outcome is observed with 5-hydroxy-1,3-butadiy-
namides 47a–b, which refrain from C(1) oxidation. Here, an atypical C(3) oxidation and a 
further gold-mediated oxidative cyclization lead to either furan-3-ones 48a–e or to pyran-
4-ones 49a–e with AuCl3 and CyJohnPhosAuCl/AgSbF6, respectively (Scheme 21) [56]. The 
formation of pyran-4-ones 49 from the less basic N-phenyl N-toluenesulfonylamide-de-
rived substrates 47 (R1 = Ph) is more efficient with 8-iso-propylquinoline oxide, which is 
illustrated in the synthesis of product 49b with 78 vs. 33% yield. Importantly no exchange 
between the two cyclic ketones occurs in the presence of the gold catalysts. 
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5-alkynyloxazole 41.

4.3. Oxidation Reactions

The catalytic oxidation of aryl 1,3-butadiynamides 42 with 8-methylquinoline oxide
(43) using a cationic gold catalyst in the presence of a silver salt delivers the 1,4-oxidation
products 46 (Scheme 20) [56].

In agreement with other gold-catalyzed oxidations of ynamides with pyridine N-
oxides, a striking chemoselectivity for C(1) oxidations is observed leading to the α-carbonyl
gold carbene intermediate 44, which, in the case of the ethynylogous ynamide, undergoes a
1,3-carbene migration affording intermediate 45 [57]. The 1,3-migration tautomer 45 is then
further oxidized to give the double oxidation products 46. Finally, this oxidative process
results in a 1,4-functionalization of the 1,3-diynamide moiety.

Interestingly, a different chemical outcome is observed with 5-hydroxy-1,3-butadiynamides
47a–b, which refrain from C(1) oxidation. Here, an atypical C(3) oxidation and a further
gold-mediated oxidative cyclization lead to either furan-3-ones 48a–e or to pyran-4-ones
49a–e with AuCl3 and CyJohnPhosAuCl/AgSbF6, respectively (Scheme 21) [56]. The for-
mation of pyran-4-ones 49 from the less basic N-phenyl N-toluenesulfonylamide-derived
substrates 47 (R1 = Ph) is more efficient with 8-iso-propylquinoline oxide, which is illus-
trated in the synthesis of product 49b with 78 vs. 33% yield. Importantly no exchange
between the two cyclic ketones occurs in the presence of the gold catalysts.
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DFT calculations support a mechanism for the chemoselective conversion of 47a
(R1 = Ph, R2 = H) into cyclic ketones 48b or 49b (Scheme 22).
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The gold π-complexed alkynes 50 and 51 in Scheme 22 are interconvertible. The 1,4-
functionalization through the oxidation at C(3) relies on an energetically favored complex 51
in comparison to 50 because the energy barrier of the oxidation of 51 with 8-methylquinoline
oxide (43) is calculated as lower. The resulting α-oxo gold carbene 52 undergoes 1,2-hydride
migration leading to intermediate 53, which evolves to the 3-oxo-5-enol intermediate 54 by

217



Molecules 2023, 28, 4564

releasing a gold species. Complexation of the triple bond of 54 with less alkynophilic (more
Lewis acidic) Au(III)Cl3 induces an intramolecular carbonyl addition to the alkyne moiety
via a 5-exo-dig cyclization. The latter affords intermediate 56, whereas the formation
of a keteniminium species 57 in the case of the cationic gold catalyst facilitates 6-endo-
dig cyclization to give intermediate 58. A mechanism for the transformation of the 1,3-
diynamide 47b bearing an aryl-substituted hydroxy moiety was unfortunately not provided
by the authors. The structure of the corresponding products 48c–e and 49c–e, however,
suggests that a less often observed 1,2-aryl migration takes place [58]. This might also
explain the net result with substrate 47 bearing an alkyl-substituted hydroxy moiety. The
migratory aptitude of an alkyl group to an electron deficient center typically follows the
order H > Ph > alkyl.

5. Metal-Catalyzed Cascade-Type Cyclization and Annulation Reactions
5.1. Intramolecular Processes

The activation of 1,3-butadiynamides with transition metal π-acids to form keteni-
minium ions provide superb opportunities of cascade-type cyclization and annulation
reactions. For intramolecular processes, only gold catalysts have been used so far [59]. The
involved gold catalysts often vary according to the 1,3-butadiynamides or to the reaction
conditions applied.

1,3-Butadiynamides 59 that are linked via the ynamide nitrogen by a two carbon
tether to electron-rich benzenes or electron excess heteroaromatics readily undergo a gold-
catalyzed cascade reaction with IPrAuNTf2 (IPr = 1,3-bis(diisopropylphenyl)imidazole-2-
ylidene), leading to sulfone-containing pyrrolo[2,1-a]tetrahydroisoquinolines 60a–g
(Scheme 23) [60]. The cationic nature of the gold catalyst is crucial. The counter an-
ion NTf2

− acts as a proton transfer shuttle and facilitates the overall process, which notably
involves a formal 1,4-sulfonyl migration. No reaction takes place in the absence of an
electron-donating group on the phenyl ring (see 60h). This stands for the electrophilic aro-
matic substitution step within the reaction cascade. Further functional groups susceptible
to react with the gold catalyst, such as alkyne, hydroxy or acetate groups, are tolerated (see
60e–g). Remarkably, other structural motifs are also accessible through this process, such
as the pyrrolo-azepine 61 or the heterocyclic systems 62 and 63.

Scheme 23. Gold-catalyzed synthesis of sulfone-containing pyrrolo[2,1-a]tetrahydroisoquinolines.

The main intermediates involved in this cascade reaction find support from DFT
calculations (Scheme 24). The gold keteniminium species 64 resulting from a regioselec-
tive attack of the electrophilic gold catalyst to the 1,3-diynamide moiety undergoes an
intramolecular arylation (Vilsmeier–Haack-type reaction) followed by re-aromatization
through a 1,3-H shift mediated by the counter anion NTf2

− to deliver intermediate 66.
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The isomerization of cis-66 to trans-67 required for the second annulation process is the
proposed rate-determining step. This second cyclization takes place via a concerted C-N
bond formation and includes a 1,2-methanesulfonyl-(Ms) migration to give intermediate
68. A second 1,2-Ms shift followed by a 1,2-H shift, which is greatly facilitated by the
counter anion NTf2

−, delivers intermediate 70, which finally furnishes product 60a after
demetallation.
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C-terminal-functionalized 1,3-butadiynamides 74 linked to a terminal alkyne and an 
allylic ether were used in a reaction cascade involving a dual gold-catalyzed process. The 
reaction cascade includes an intramolecular carboalkoxylation and a subsequent charge-
accelerated [3,3] sigmatropic rearrangement to deliver carbazoles 75 as the major products 
(Scheme 26) [62]. Compound 76, resulting from a [1,3] sigmatropic rearrangement, was 
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Scheme 24. Proposed mechanism for the gold-catalyzed transformation of 1,3-butadiynamides into
sulfone-containing pyrrolo[2,1-a]tetrahydroisoquinolines.

A related gold(I)-catalyzed para-toluenesulfonic acid (PTSA) promoted cycloisomer-
ization of 1,3-diynamides 71 gives access to α,β-unsaturated ketones 72 together with
minor amounts of the 1,3-diynamide hydration product 73 (Scheme 25) [61]. The studied
transformation was limited to 1,3-diynamides terminated with a phenyl group, and the
other substitution pattern was incompatible mismatched with the desired reactivity.
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Scheme 25. Gold(I)-catalyzed para-toluenesulfonic acid (PTSA) promoted the cycloisomerization of
1,3-diynamides to α,β-unsaturated ketones.

C-terminal-functionalized 1,3-butadiynamides 74 linked to a terminal alkyne and an
allylic ether were used in a reaction cascade involving a dual gold-catalyzed process. The
reaction cascade includes an intramolecular carboalkoxylation and a subsequent charge-
accelerated [3,3] sigmatropic rearrangement to deliver carbazoles 75 as the major products
(Scheme 26) [62]. Compound 76, resulting from a [1,3] sigmatropic rearrangement, was
formed as the minor side product in most cases. However, reversal of regioselectivity took
place when the latter process was electronically favored (see 76h).
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catalyzed transformations of 1,3-butadiynamides 83a–f with ortho-substituted anilines 84 
bearing electron-donating substituents give 2-amidoquinolines 85a–h (Scheme 28) [63]. 
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mation of quinoline over pyrrole-derived products. One purpose of the electron-donating 
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Scheme 26. Gold-catalyzed formal HDDA/carboalkoxylation reaction cascade.

Triynes bearing an internal instead of a terminal alkyne moiety are unsuitable for this
reaction cascade in agreement with the proposed mechanism that is being initiated by a
σ,π dual activation of triyne 74a to give intermediate 77 (Scheme 27). The latter undergoes
a 5-exo-dig cyclization to give the gold vinylidene carbenoid 78, which then cyclizes to
furnish the ortho-Au phenyl cation 79. The gold-complexed aryne 79 is trapped by the
ether group leading to the oxonium species 80. A charge-accelerated [3,3] sigmatropic
rearrangement of 80 gives intermediate 81 followed by re-aromatization delivering 82 along
the release of the gold ion. The final step of the proposed mechanism is the protodeauration
of 82 to furnish product 75a by releasing the active gold catalyst.
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5.2. Intermolecular Processes

As highlighted in chapter 4, the metal-catalyzed double hydroaminations of symmet-
rical 1,3-butadiynamides with anilines gives 2,5-diamido-N-arylpyrroles. Surprisingly, in
related transformations, ortho-substituted anilines as hydroamination reagent trigger a
cationic driven reaction cascade after the first hydroamination step. For example, silver(I)-
catalyzed transformations of 1,3-butadiynamides 83a–f with ortho-substituted anilines 84
bearing electron-donating substituents give 2-amidoquinolines 85a–h (Scheme 28) [63]. The
combination of steric and electronic factors is crucial to gain preference for the formation of
quinoline over pyrrole-derived products. One purpose of the electron-donating group in
ortho position of the aniline is to facilitate the sequential electrophilic aromatic substitution
step that rationalizes product formation. Symmetrical substituted 1,3-butadiynamides are
also suitable substrates as shown in the example of bis-amido quinoline 85g (96% yield).
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Scheme 28. Ag(I)-catalyzed synthesis of 2-amidoquinolines.

The proposed mechanism is depicted in Scheme 29. Silver-catalyzed intermolecular
hydroamination of 1,3-butadiynamide 83 with aniline 84 delivers the enyne intermediate
86, which, after proton transfer and protodeargentation, leads to 87. Silver complexation of
the remaining triple bond in 87 facilitates intramolecular hydroarylation via an electrophilic
aromatic substitution process to give 89. Subsequent proton transfer and re-aromatization
results in the final quinoline 85.
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The synthesis of 2-aminopyrrolo[1,2-b]pyridazines 92a–g from non-symmetrical 1,3-
butadiynamides 83a–f and 1-aminopyroles 91 via a related strategy is also reported
(Scheme 30) [64]. The overall reaction cascade proceeds through Au(I)/Ag(I)-mediated C-
N/C-C bond formations to end up with readily substituted 2-aminopyrrolo[1,2-b]pyridazines 92.
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The reaction of symmetrical substituted 1,3-butadiynamides 93a–c with ortho-cyano
anilines 94 provides aryl-fused 1H-pyrrolo[3,2-c]quinolines 95a–g within a single step via a
dual catalyst process (Scheme 31) [65]. Heteroaryl-fused 1H-pyrrolo[3,2-c]quinolines 96a–b
are also accessible using 2-amino-3-cyano thiophenes as nucleophiles. Both catalysts—
copper(II) acetate and zinc(II) triflate—are necessary for the cascade reaction to be effective.
Finally, the overall sequence realizes the formation of one C-C and two new C-N bonds.
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Activation of 1,3-butadiynamides via metal–π coordination of a π-acidic copper(II)-
species to form the metal keteniminium 97 is the initiating step of the proposed mechanism
(Scheme 32). This facilitates the intermolecular hydroamination to give enamine 98 fol-
lowed by activation of the cyano group in 98 through coordination with the Zn catalyst.
The resulting Zn-complexed 99 can undergo a 6-exo-dig cyclization via intramolecular
nucleophilic attack of the enamine moiety producing 100. Activation of the remaining
carbon–carbon triple bond by Cu(II) facilitates a 5-endo-dig cyclization providing 101, which
upon protodemetallation leads to the 1H-pyrrolo [3,2-c]quinoline product 95. In the case of
non-symmetrical 1,3-butadiynamides 102 (R = Ph), tautomerization of intermediate 100
leads to the monocyclization product 103, which is a major side product in the reaction.
Quinoline 103 is unable to provide 104 through a second annulation sequence, as shown in
a separate control experiment. Therefore, an equimolar mixture of products 103 and 104
resulting from both pathways is observed starting from 1,3-butadiynamide 102 even after
prolongation of the reaction time. Notably, diphenyl-1,3-diacetylene did not undergo any
reaction under these reaction conditions. This one more time underlines the differences in
reactivity between 1,3-diynamides and other 1,3-butadiynes.

The outcome of gold-catalyzed reactions of 1,3-butadiynamides 102 with anthranils
105 is substrate-dependent, preferentially affording the formal [5+2] annulation products
106 in the case of 1,3-butadiynamides bearing an electron-deficient N-aryl group, while in
contrast, [3+2] annulation products 107 are preferentially formed with more electron-rich
N-alkyl 1,3-butadiynamides (Scheme 33) [66].

DFT calculations rationalize the observed chemoselectivity. Gold activation of the
1,3-butadiynamide followed by N-attack of anthranils leads to intermediate 109, which
evolves into the energetically more favorable α-imino gold carbene 110 (Scheme 34). The
latter undergoes carbonyl addition to give 111 bearing a seven-membered cycle (path a).
Although intermediate 111 is higher in energy than intermediate 112, resulting from carbene
arylation (path b), the free energy barrier for the formation of 111 is smaller than the one
of 112. Moreover, the conversion of 111 into quinoline oxide 106 is highly exothermic
and expected to be almost barrierless. The preference for path a relies on the presence of
the alkynyl substituent, which brings favorable steric and electronic effects to facilitate
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the formation of seven-membered ring intermediate 111. These results are specific to
1,3-butadiynamides [67].
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Gold-catalyzed oxidative cascade reactions of (het)aryl-tethered 1,3-butadiynamides,
using pyridine N-oxide as the oxidant, encompass efficient protocols to access complex
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polycyclic heteroaromatics within a single step. Here, the active gold species is an α-
carbonyl gold carbene, whose obviously faster reaction with the proximal electron-rich
aromatic group overrides the otherwise typical 1,4-dicarbonyl formation (Section 4.3,
Scheme 20).

The reaction of 3-methoxyphenyl-tethered 1,3-butadiynamides 113a–b with pyridine
N-oxide (114), using catalytic amounts of IPrAuCl in the presence of NaBArF

4, leads to furo
[2,3-c]isoquinolines 115a–h (Scheme 35) [68]. The nature of the substituent at the terminal
1,3-diynamide end—alkyl or phenyl—for the outcome of the reaction cascade is negligible,
but the presence of the 3-methoxy group on the tethered aryl ring is mandatory for the
reaction cascade to occur. In the absence of the 3-methoxy group, in the case of substrates
N-benzyl 1,3-butadiynamide 120 (Ar = Ph, Scheme 36), the double oxidation product 122 is
the only product formed under the reaction conditions (Path b, Scheme 36).
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Scheme 36. Proposed mechanism for the synthesis of furo[2,3-c]isoquinolines.

According to the proposed mechanism, the gold-activated 1,3-butadiynamide 113 is
oxidized by pyridine N-oxide (114) to give α-carbonyl gold carbenoid 116, which is in
situ trapped by the aryl group through CH insertion delivering intermediate 117 (path a,
Scheme 36). Carbonyl addition on the activated second triple bond of 117 leads to the fused
tricyclic intermediate 118, which undergoes protodeauration to 119. The transformation of
intermediate 119 into the final polycyclic heteroaromatic product 115 via release of sulfonic
acid is highly favorable and might be the driving force of the total transformation according
to the authors. The involvement of 119a (R2 = Ph) was evidenced by conducting the
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reaction at room temperature that provided 119a (25% isolated yield) along with unreacted
1,3-butadiynamide 113a. Full conversion of 119a into product 115a was achieved upon
heating at 80 ◦C.

Accordingly, as extension, the assembly of fused tetracyclic heteroaromatics 125a–g
was achieved via the same strategy using N-methyl indolyl-tethered 1,3-butadiynamides
123 as the substrates and 2-chloropyridine N-oxide (124) as the oxidant (Scheme 37).
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Scheme 37. Gold-catalyzed synthesis of 6H-furo[3′,2′:5,6]pyrido[3,4-b]indoles.

Strikingly, the outcome of the gold-catalyzed oxidative cascade cyclization of
methoxyphenyl-tethered 1,3-butadiynamides is tunable by modifying the position of the
methoxy group [69]. Indeed, the gold-catalyzed reaction of 2-methoxyphenyl-tethered
1,3-butadiynamides 126 with pyridine N-oxide (114) selectively delivers the polycyclic
compounds 127a–i with a barbalan-type carbon skeleton along with the byproduct 128,
resulting from hydrolysis and saponification of 126 (Scheme 38).
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A different set of polycycles now having an eight-membered ring moiety is available 
through a related gold-catalyzed dearomatization/cycloisomerization process by placing 
an additional methoxy group and varying the substitution pattern of dimethoxyphenyl-
tethered 1,3-butadiynamides substrates. For example, 2,4-dimethoxyphenyl-tethered 1,3-
butadiynamides 132 are selectively converted into the polycyclic products 133a–f upon 
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Scheme 38. Gold-catalyzed synthesis of polycyclic product 127.

Arene CH insertion from in situ generated α-carbonyl gold carbenoids is not involved
here in comparison to the case of the parent α-carbonyl gold carbenoid 116 depicted in
Scheme 36. The preferential mechanistic path now is the intramolecular cyclopropanation of
the arene unit by the carbenoid 129 to give norcaradiene 130 (Scheme 39). [3,3] Sigmatropic
enyne cycloisomerization between the vinyl methoxy ether and the gold-activated alkynyl
moiety leads to the formation of oxocarbenium ion 131, which after hydrolysis delivers the
polycycle 127.
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Scheme 39. Proposed mechanism for the synthesis of 127.

A different set of polycycles now having an eight-membered ring moiety is available
through a related gold-catalyzed dearomatization/cycloisomerization process by placing
an additional methoxy group and varying the substitution pattern of dimethoxyphenyl-
tethered 1,3-butadiynamides substrates. For example, 2,4-dimethoxyphenyl-tethered 1,3-
butadiynamides 132 are selectively converted into the polycyclic products 133a–f upon
reaction with pyridine N-oxide (114) using Cy3AuCl/AgF as the catalyst (Scheme 40). In
this case, the 2-methoxy group remains intact, whereas the additional 4-methoxy group is
involved in the formal [3,3] sigmatropic enyne rearrangement.
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Scheme 40. Au(I)-catalyzed reaction of 2,4-dimethoxyphenyl-tethered 1,3-butadiynamide 132 with
pyridine N-oxide (114).

Using 2,5-dimethoxyphenyl-tethered 1,3-butadiynamides 136 as substrates makes the
two fused N-heterocyclic structures 137a–d and 138a–d available, depending on whether
the reaction is carried out in the presence of water or under anhydrous conditions, respec-
tively (Scheme 41).
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Scheme 41. Au(I)-catalyzed reaction of 2,5-dimethoxyphenyl-tethered 1,3-butadiynamides 136 with
pyridine N-oxide (114).

The proposed mechanism involves the generation of a reactive α-carbonyl gold car-
bene species 139, which undergoes a formal [2+1] cycloaddition with the adjacent arene
moiety to give norcaradiene intermediate 140 (Scheme 42). The methoxy-substituted cyclo-
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propane unit facilitates norcaradiene to cycloheptatriene ring expansion, leading to 141.
Subsequent intramolecular enyne cycloisomerization delivers intermediate 142, whose
hydrolysis furnishes the tricyclic products 137. Under anhydrous conditions, intermediate
142 converts into product 143 via deprotonation and protodeauration. Acidic treatment
of 143 induces the cleavage of one carbocycle, delivering the bicyclic compounds 138.
Importantly, such a pathway is supported by the isolation of compound 143a (R2 = Ph) and
its conversion into the corresponding product 138a by treatment with PTSA.
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Scheme 42. Proposed mechanism for the Au(I)-catalyzed reaction of 2,5-dimethoxyphenyl-tethered
1,3-butadiynamides 136 with pyridine N-oxide (114).

Whereas the majority of the so far reviewed transformations of 1,3-butadiynamides
rely on activation of one or two of its carbon–carbon triple bonds by either Brønsted
or Lewis acids, or by transition metal catalysts acting both as π-acid and Lewis acid,
or Au catalysts transforming 1,3-diynamides into metal carbenoid intermediates, other
principles of ynamide activation might result from transforming 1,3-butadiynamides into
[4]cumulenimines or related highly unsaturated π-conjugated molecular scaffolds.

Recently, divergent palladium-catalyzed reaction cascades for the selective synthesis
of either 2-amino-3-alkynyl-indoles 145a–d or 2-amino-4-alkenylquinolines 146a–f from 1,3-
butadiynamides 144 and primary or secondary amines were established (Scheme 43) [70].
Starting from identical or similar substrates, the outcome of the reaction giving either indole
or quinoline motifs is switchable, respectively, by the absence of presence of TBAF.

Under similar reaction conditions than those applied for the synthesis of 2-aminoindoles
through Pd-catalyzed heteroannulation reaction from N-alkynyl-2-haloanilides [71], the
1,3-butadiynamides 144 behave like internal ynamides. The second triple bond remains un-
affected through the transformation, whose key intermediate is the σ,π-chelated palladium
species 147 (Scheme 44, path a). The latter results from the initial oxidative addition of the
Pd(0) catalyst to the iodophenyl moiety of 1,3-butadiynamides 144. Metal–π complexation
of the ynamide triple bond in 147 facilitates intermolecular amine addition delivering the
3-alkynyl indoles 145 selectively. Strikingly, in the presence of TBAF, both triple bonds
are engaged to convert 1,3-butadiynamides 144 in 2-aminoquinolines 146a–f in one pot
(Scheme 44, path b). The combination TBAF/KOH is believed to induce cleavage of the
tosyl group either as the first step or after the oxidative addition of the palladium catalyst
to the iodophenyl moiety. Now, the key intermediate is the palladium-chelated [4]cumu-
lenimine 148. The intermolecular amine addition to 148 selectively occurs at the α-carbon
delivering the allene-derived intermediate 149. Subsequent intramolecular Heck-type reac-
tion furnishes the annulated π-allyl palladium species 150, which undergoes β-hydrogen
elimination to produce 4-alkenyl quinolines 146.

The [4]cumulenimine structure in 148 is unprecedented. However, the deuterium
labeling experiment shows the selective deuterium incorporation into the C3 and C11
positions of the quinoline products 146 in agreement with the formation of the transient
species 148.
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6. HDDA Cascade Reactions

The hexa-dehydro-Diels–Alder (HDDA) reaction of 1,3-diynamides tethered to 1,3-
butadiynes delivers highly reactive arynes (dehydrobenzenes) after a formal intramolecular
[4π + 2π] cycloaddition process [17]. They are subsequently trapped by in situ intra-
or inter-molecular additions to the dehydrobenzene carbon–carbon triple bond, leading
to a variety of new heterocyclic structures and useful products. The HDDA reaction
itself was discovered in 1997 [72,73] and further developed. However, since 2012, it
has received considerable attention, and the underlying process was coined with the
term HDDA [18]. The field of HDDA reactions is rapidly expanding, including substrate
variations and development of new aryne-trapping modes. The latter takes vast advantage
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of the fact that typical reagents necessary for generating arynes are absent and therefore
cannot interfere [19–21]. Studies have shown that reagent-free HDDA reactions proceed
through a stepwise mechanism via diradical intermediates. Significant acceleration of the
process is observed when the formal 2π cycloaddition partner in the underlying [4π + 2π]
cycloaddition process bears an alkynyl substituent (1,3-butadiynyl unit) [33,74]. This is
why tetraynes rather than triynes are frequently used in HDDA cascade reactions.

1,3-Butadiynamides tethered to monoalkynes or 1,3-butadiyne moieties are priv-
ileged substrates for HDDA reactions because aryne formation proceeds chemo- and
regioselectively due to the intrinsic polarization of the 1,3-diynamide unit. Notably, in-
tramolecular HDDA reactions with 1,3-diynamides belong to transformations relying on
a 1,4-functionalization of 1,3-diynamides, although the underlying process is step-wise.
The follow-up reaction of those 1,3-diynamide-originated arynes continues being highly
regioselective, i.e., for the addition of nucleophiles to the aryne. For example, the thermal
reaction of tetrayne 152 with triethylamine or trifluoroethanol regioselectively furnishes
indolines 153 and 154, respectively (Scheme 45, (1)) [75]. A novel entry to functionalized
carbazoles 157a–d from triyne substrates 155 is accessible through perfectly regioselective
nucleophilic addition to HDDA-generated carbazolynes 156 (Scheme 45, (2)) [76].
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The discriminating reactivity of HDDA-generated arynes from 1,3-butadiynamides
was further highlighted by chemo- and regioselective transformations using structurally
complex multifunctionalized “aryne-trapping agents” taken from the nature pool. For
example, the reaction of tetrayne 158 with the cinchona alkaloid quinidine, which displays
several potential reacting sites and/or reacting modes, delivers the single indoline product
159 (Scheme 46) [77].

Experimental results of intramolecular HDDA reactions with 1,3-diynamide were
rationalized by DFT calculations (Scheme 47) [78]. Amongst possible diradical inter-
mediates formed in the principal first step of the HDDA reaction of tetrayne 158, the
aza-cycloheptynes 163 and 164 can be ruled out, because they are higher in energy by
35.9 and 41.7 kcal/mol, respectively, compared to the pyrrolidine species 160. This largely
originates from the twofold propynyl stabilization inherent in biradical 160 and the high
triple bond strain energy in arynes 163 and 164. The formation of intermediate 160 is the
rate-determining step. Steric factors govern the selective formation of aryne 161 in the
second step. The activation barrier to aryne 161 and 162 is 4.3 and 6.6 kcal/mol, respec-
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tively, and relates to differences in product stability. Aryne 162 is less stable than 161 by
3.4 kcal/mol because of the steric hindrance between the methanesulfonyl group and the
propynyl moiety.
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Computational studies, moreover, explain why nucleophilic additions to indoline
aryne 161 take place selectively on the C-6 rather than the C-7 position (Scheme 47) [79].
Transition state distortion energies determine regioselectivity. In other words, the aryne
161 displays unsymmetrical bending distortion, and the nucleophilic addition occurs at its
flatter and more electropositive end.

The silver-catalyzed HDDA reaction is an interesting alternative to the sole thermal
version, eventually affording different reaction outcomes [80]. Ag(I) complexation of the
aryne allows for its stabilization while retaining high reactivity. The reactive intermediate
resulting from the interaction of aryne with silver salts is described as the silver-bound aryl
cations 165, 166 or by its mesomeric 1,2-carbene-silver carbenoid 167 (Scheme 48).
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6.1. Sole Thermally Induced HDDA Cascade Reactions

Aryne trapping via C-C bond formation: The HDDA-generated benzyne 161 reacts
selectively with phenols and delivers 2-hydroxybiaryl compounds 169a–f, and not the
expected diaryl ethers, which are archetypal products of arynes generated by elimination
reactions (Scheme 49, (1)) [81]. Indeed, sole thermal HDDA reactions proceed under neutral
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conditions, without the presence of any base or metal reagent, in contrast to classical
methods of benzyne generation. The biaryl junction occurs at the ortho-position to the
hydroxyl group via a “concerted phenol-ene-type” reaction. On the other hand, in the
presence of cesium carbonate, the thermal reaction of tetrayne 158 with 4-methoxyphenol
gives diaryl ether 170 as a single product (Scheme 49, (2)) [81].
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Scheme 49. Biaryl vs. diaryl ether synthesis through aryne reactions with phenols.

Inter- and intramolecular Alder-ene reactions with HDDA-generated arynes lead to
a variety of differently substituted indolines. The reaction between 1,3-butadiynamides
171a–c with methyl methacrylate regioselectively delivers the ortho-isomers of indolines
ortho-172a–c (Scheme 50) [82].

However, the steric bulk of the R2 substituent has an influence on the Alder-ene
reaction outcome. The conversion of 1,3-butadiynamide 171c substituted with a bulky silyl
group (R2 = SiEt3) preferentially gives indoline meta-173 with 2-methyl-hepten-3-one.

Intramolecular HDDA reactions followed by intramolecular Alder-ene sequences
were realized with 1,3-diynamides 174a–d to deliver the linear annulated indolines 176a–d
(Scheme 51, (1)) [83]. The chemoselective formation of aryne 175 makes the Alder-ene
reaction the most favorable pathway amongst all other possible aryne reacting modes.
Extending the tether from three to four atoms delivers eight-membered ring products
like compound 176d. Tetrayne 177 bearing a shorter two-atom tether with a methyl-
substituted alkene also undergoes an Alder-ene reaction to deliver tricyclic compound 178
(Scheme 51, (2)) [84]. Isoprenyl-tethered tetrayne 179a displaying an even shorter one-atom
link fails to produce the corresponding Alder-ene product 181a (R1 = 1-hexynyl) even
under more drastic conditions [85]. However, increase of steric pressure with the rather
bulky isopropanol group in triyne 179b (R1 = C(Me)2OH) facilitates the formation of the
corresponding benzocyclobutene 181b (Scheme 51, (3)).

Thermal HDDA reactions of allene-tethered 1,3-butadiynamides 182 deliver the cor-
responding aryne intermediates 183, whose reactivity and selectivity are divergent. The
outcome of the intramolecular reaction of the allene with the aryne moiety depends on
the substitution pattern of the allene and on the length of the tether (Scheme 52) [86]. The
Alder-ene reaction involving an allylic C-H bond is favored with trisubstituted allenes
(path a) leading to the eight-membered ring containing product 184. In contrast, the allenic
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C-H bond is preferentially involved with mono- and 1,3-disubstituted allenes affording
the seven-membered Alder-ene product 185 (path b). Finally, [2+2] cycloaddition is the
preferred path of intramolecular aryne reactions with a 1,1-disubstituted terminal allene
furnishing the tetracyclic compound 186 (path c).
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The sole thermal reaction of N-arenesulfonyl 1,3-butadiynamides 187, spacing a ter-
minal alkene moiety by a two-atom tether, leads to the pentacyclic structures 189 or 190
via an unprecedented aryne-mediated dearomatization of the phenyl connected to the
sulfonyl moiety (Scheme 53) [84]. This transformation reveals the 1,2-dicarbene character
of HDDA-generated arynes (intermediate 188). The efficiency of the reaction increases with
cation-stabilizing substituents on the alkene (R2) and electron-withdrawing substituents
on the arenesulfonyl group (R3). Interestingly, compounds 189a–c, bearing a haloalkene
moiety (R2 = halogen), do not undergo subsequent acetic acid elimination to give the
corresponding aromatization products 190. It is also worth noting that a ketone-containing
triyne is a suitable substrate delivering the corresponding pentacyclic product 191 at a
slightly higher reaction temperature of 120 ◦C.

A plausible mechanism, underlined by DFT calculations carried out on the simplified
aryne structure 192, is given in Scheme 54. Alkene cyclopropanation is feasible due to
the 1,2-dicarbene character of the HDDA-generated aryne and gives carbene 193. The
latter undergoes nucleophilic addition onto the electron-deficient phenylsulfonyl moiety
delivering 1,3-zwittterion 194. Subsequent ring expansion of the cyclopropane generates the
1,6-zwitterion 195, which leads to the final product 196 via intramolecular proton transfer.

Acenes with indolylnaphthalene or indolylanthracene units are accessible through
iterative intramolecular HDDA reaction cascades starting from 1,3-butadiynamide 197
(Scheme 55) [87]. A first intramolecular HDDA cycloaddition gives aryne 198 consecutively
undergoing a second intramolecular HDDA reaction to provide the new aryne 199 as the
reactive intermediate. The latter is trapped either by [4+2] cycloaddition with α-pyrone to
give indolylanthracene 200 or by dichlorination with dilithium tetrachlorocuprate, leading
to indolylnaphthalene 201, respectively, as the sole products.

Aryne trapping via C-N bond formation: In situ trapping of HDDA-generated aryne
202 with simple tertiary amines such as triethylamine leads to the zwitterionic species
203, which delivers the same product 204 as being provided from 152 with diethylamine.
Disproportionation of the zwitterion 203 by release of ethylene delivers the final product
204 (Scheme 56, (1)) [75]. This olefin elimination sequence was confirmed in the case of
tertiary amines bearing activated β-protons such as β-aminoester 205 (Scheme 56, (2)) [88].
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However, in protic solvents, the preferential pathway does not involve intra- but
intermolecular protonation of the zwitterionic species (209 → 210). Now, a quaternary
ammonium center is formed following ring opening by a nucleophile in the case of cyclic
tertiary amines (210→ 211) [88]. This reaction sequence also delivers poly-heterocyclic
structures 211a–d based on three-component reactions (TCR) with HDDA-generated arynes
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209 (Scheme 57) [31]. The addition of the amine onto benzyne 209 must be faster than that
of the protic nucleophile. In some cases, such as acetic acid, the expected TCR product 211b
(54%) was formed along with the direct benzyne–acetate addition product (27%). Thus, a
two-step sequence based on the addition of triflic acid to generate ammonium triflates and
their subsequent nucleophilic ring opening by nucleophilic displacement of the triflate in
the second step broadens the scope of suitable nucleophiles.
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Scheme 57. Three-component reactions of HDDA-generated benzynes with (bi)cyclic tertiary amines
and protic nucleophiles.

The TCR strategy is applicable to six-membered N-heteroaromatics as the nitrogen
nucleophile. For instance, the reaction of 1,3-butadiynamide 158 with quinoline in chlo-
roform provides the addition product 213 via betaine 212 (Scheme 58, (1)) [89]. Catching
the aryne generated from 158 with triflic acid and N-heteroaromatics like quinoline or
quinazolines delivers isolable N-arylinium triflates 214a–b, which undergo nucleophilic
addition of Grignard reagents in a second reaction to give the heterocyclic products 215a–b
(Scheme 58, (2)).

The reaction of HDDA-generated benzyne starting from 1,3-butadiynamide 158 and
diaziridines 216a–b delivers N-arylhydrazones 217a–b (Scheme 59, (1)) [90]. The more
nucleophilic but also more hindered N-benzyl nitrogen atom in 216a–b adds to the aryne
moiety. This reasons the formation of meta-isomer of 217a–b along with the expected major
ortho-isomer.
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Scheme 59. Trapping of HDDA-generated benzynes with (1) diaziridines and (2) arylhydrazines.

Arylhydrazines are ambident nucleophiles, but in the case of para-nitro-phenylhydrazine
219, only the β-nitrogen atom (NH2) engages in the trapping of arynes thermally generated
from tetraynes 158 (EWG = Ms) or 218 (EWG = Ts) (Scheme 59, (2)) [91]. The reaction
is highly regioselective and subsequent oxidation of the resulting 1,2-diarylhydrazines
220a–b with MnO2 delivers azoarene products 221a–b.

The reaction of HDDA-generated arynes with C,N-diarylimine 222 proceeds efficiently,
whereas this reaction is known to be poor yielding with o-benzynes generated by classical
methods, i.e., by ortho-elimination of arene compounds (Scheme 60) [92]. Aromatization
of the resulting dihydroacridine 223 by oxidation with MnO2 gives acridine 224. The
conversion of 158 to 223 probably involves a formal [2+2] cycloaddition of an imine to a
highly reactive aryne species. Initial imine addition on benzyne 161 provides betaine 225,
which cyclizes to benzazetidine intermediate 226 to provide azo-quinomethide 227 after
electrocyclic ring opening. Finally, a 6π electrocyclization followed by a proton shift gives
dihydroacridine 223.
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Scheme 60. Trapping of HDDA-generated benzynes with a C,N-diarylimine.

Aryne trapping via C-O bond formation: Intramolecular HDDA reactions generated
with 1,3-butadiynamide 228, linked via two carbons to a silyl ether unit, result in fully
substituted benzene derivatives via formal aryne insertion into the O-silicon bond. For ex-
ample, furanyl-annulated indoline 229 and carbazole 230 are products from aryne reactions
involving C-O bond formation (Scheme 61) [18,76].
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Scheme 61. Intramolecular reaction of HDDA-generated benzynes from 1,3-butadiynamides tethered
with a silyl ether.

Intermolecular trapping of HDDA-generated benzynes from tetrayne 158 with hydroxy-
containing cyclic ethers such as glycidol 231a is also possible (Scheme 62, (1)) [93]. The
reaction preferentially proceeds via the addition of the cyclic ether oxygen to the aryne.
The resulting betaine 232 is protonated followed by ring opening of the cyclic oxonium ion
delivering aryl ether 233a. Addition of the alcohol hydroxy of 231a to the aryne becomes
a competitive pathway when a large excess of glycidol (100 equiv) is used. In the case of
trisubstituted epoxide 231b, another concurrent pathway based on C–C-bond cleavage and
aldehyde liberation is observed leading to aryl enol derivative 234 (Scheme 62, (2)). The use
of the cyclopropanol derivative 236 as the nucleophile readily delivered the cyclobutanone
compound 238 via a cationic-driven cyclopropanol to the cyclobutanone ring-enlargement
reaction (Scheme 62, (3)).

HDDA reaction-generated arynes trapped by 3,3-disubstituted enals 240 offer a new
entry to benzopyran motifs, in particular to the pyranocarbazole skeleton, as found in
the products 241a–b (Scheme 63) [76]. Betaine 242 is the primary addition product and
undergoes a formal [2+2] cycloaddition to the benzoxetene 243. Subsequent 4π-electrocyclic
ring opening gives (Z)-dienone 244, which finally undergoes 6π-electrocyclic ring closure
to restore the aromaticity and gives the pyran moiety. The use of exocyclic conjugated enals
delivered a variety of fused spirocyclic benzopyran structures like 241c [94].

With di(4-methoxy)phenyl sulfoxide (246) as an aryne-trapping agent, dimeric diben-
zofuran S-shaped helicene 247 is obtained as major product along with carbazoles 248 and
249 starting from triyne 245 (Scheme 64) [95]. Remarkably, five new fused rings assemble
within a single step under sole thermal activation.
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Mechanistically, the reaction of HDDA-generated benzyne 250 with sulfoxide 246 first
leads to adduct 251 (Scheme 65). The latter interacts with a second benzyne molecule 250
to give tetracarbo-ligated σ-sulfurane 252. The hypervalent S(IV) species 252 is the key
intermediate of this novel process. Reductive elimination of diarylsulfide 253 delivers the
helicene product 247. The 1:1 adduct carbazole 248 is the SNAr reaction product of 251 via
the Meisenheimer intermediate 254 (Scheme 65).

Aryne trapping via C-S bond formation: HDDA reactions of tetrayne 218 with its 1,3-
butadiynamide moiety in the presence of either thiirane (255a) or tetrahydrothiophene
255b both furnish vinyl sulfide 258 (Scheme 66, (1)) [96]. The initial formation of a betaine
256 (o-sulfonium/arylcarbanion) is followed by intramolecular proton transfer leading to
a more stable S-aryl sulfur ylide 257, which undergoes ring cleavage. Moreover, in the
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presence of a protic nucleophile, a three-component reaction takes place (Scheme 66, (2)).
This becomes possible when the sulfide reacts faster with the aryne than the protic nucle-
ophile. Intermolecular protonation of the resulting aryl carbanion leads to sulfonium 259.
Subsequent ring opening by nucleophile addition affords the final products 260a–c. It is
worthy of note that thiirane (255a) is not a suitable component for such a process because
fragmentation to the vinyl sulfide is faster than nucleophile addition.
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The HDDA reaction of tetraynes 158 (EWG = Ms) or 218 (EWG = Ts) with aryl
thioamides 261 affords the dihydrobenzothiazine-derived molecules 262a–c in a regio-
and diastereoselective fashion (Scheme 67) [97]. Notably, these are the first examples of the
use of thioamides as aryne-trapping agents. The proposed mechanism involves the forma-
tion of benzothietene 263 and its ring opening to give intermediate 264 or its resonance
form o-thiolatoaryliminium 265. Intramolecular 1,3-hydrogen atom migration delivers
the iminium zwitterion 267, whose cyclization leads to products 262a–c. The analogous
product 268 was also obtained using a thiourea as reaction partner.

Aryne trapping via C-B bond formation: The hydroboration of the aryne that was gen-
erated by an HDDA reaction with tetrayne 269, with the N-heterocyclic carbene borane
(NHC-borane) 270, provides the highly functionalized arylborane compound 271 as a
single isomer (Scheme 68) [98]. The feasibility of the reaction relies on the fact that NHC-
boranes are deactivated and do not hydroborate the starting tetrayne unlike most other
borane reagents.
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6.2. Silver-Catalyzed HDDA Reactions

Ag(I)-bound aryne trapping via C-C bond formation: Alkane C-H bonds can be acti-
vated by 1,3-butadiyne-HDDA-reaction generated arynes in the presence of silver(I) salts
(Scheme 69) [99]. Importantly, under Ag(I)-free reaction conditions, the alkane C-H in-
sertion fails to appear. According to mechanistic studies, the C(sp3)-H bond-breaking
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and C(sp2)-H bond-forming processes are concerted and induced via the silver-carbenoid
intermediate 273.
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Scheme 69. Reaction of HDDA-generated aryne via silver-catalyzed alkane C-H insertion.

The fact that Ag(I) salts drive the character of the aryne reactivity from an alkyne
towards a carbene character was nicely shown with the silyl-substituted substrates 275
bearing a primary C-H bond (Scheme 70, (1)) [100]. In the presence of a secondary or
tertiary C-H bond on the β-carbon of the silyl group, hydride transfer occurs instead of C-H
insertion (Scheme 70, (2)). This result is plausible considering a favorable hyperconjugation
of the β-silicon stabilized carbocation 280, whose reaction with water delivers the formal
aryne hydrogenation products 281a–b.
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Scheme 70. Intramolecular trapping of HDDA-generated aryne from silyl-substituted substrates.

Silver-catalyzed reactions of non-activated benzenes 283 with 1,3-butadiynamide-282–
HDDA reaction-generated arynes lead to the hydroarylation products 284a–c (Scheme 71) [101].
Diels–Alder reaction products of arynes with arenes, as usually found with “free arynes”,
stay out and are not formed. The chemical outcome of this transformation is rational-
ized by an electrophilic aromatic substitution through the formation of a Wheland-type
intermediate 286 (arenium ion) and subsequent water-catalyzed proton transfer.
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Scheme 71. Intermolecular hydroarylation of silver-complexed HDDA-generated arynes.

Ag(I)-bound aryne trapping via C-N bond formation: Nitriles are too weak nucleophiles
to react with arynes. However, in the presence of a silver catalyst, the trapping of HDDA-
generated aryne is taking place with nitriles readily via the formation of nitrilium ion
intermediates 291a–b. The latter can react with water or with acetic acid under anhydrous
conditions to give indolinyl amide 292 or imide 293, respectively, starting from tetrayne
288 (Scheme 72, (1)) [102].
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Scheme 72. Reaction of silver-complexed HDDA-generated arynes with nitriles.

Under anhydrous conditions and in the absence of carboxylic acids, tetrayne 288 con-
verts into quinazoline 296 by incorporation of two benzonitrile molecules (289c)
(Scheme 72, (2)) [103]. Now, the nitrilium ion 291c interacts with a second nitrile molecule
to give the resonance-stabilized complex 294. Transformation of 294 into bis-nitrile adduct
295 and the subsequent ring closure finally delivers quinazoline 296.

Ag(I)-bound aryne trapping via C-O bond formation: Water, unlike alcohols or carboxylic
acids, is a less suitable aryne-trapping agent to deliver subsequent phenols. This is prob-
ably because of the immiscibility of water in organic solvents where transient arynes are
generated. Silver trifluoroacetate (AgO2CCF3) turned out to be a suitable water surrogate
to obtain phenol-related compounds [75,104]. Indeed, the reaction of 1,3-butadiynes 152
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or 297 with AgO2CCF3 leads via transient HDDA reaction-generated arynes 298 to trifluo-
roacetoxy organosilver arenes 299, whose hydrolysis on silica gel furnishes the phenolic
compounds 300a–b (Scheme 73).
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Scheme 73. Synthesis of phenolic compounds from HDDA-generated arynes.

Ag(I)-bound aryne trapping with fluorine-containing reagents: Fluorination, tri-
fluoromethylation and trifluoromethylthiolation of HDDA-generated arynes from 1,3-
butadiynes 301 were successfully achieved by using AgBF4, AgCF3 (in situ generated from
AgF and TMSCF3) and AgSCF3 in stoichiometric quantities, respectively (Scheme 74) [105].
The trifluoromethylation reaction is not proceeding with terminal (R = H) or tertiary alkyl-
substituted 1,3-butadiynamides as starting materials (see 303b, 303d). A catalytic protocol
for aryne fluorination appeared. It relies on the use of AgBF4 (10 mol%) as the catalyst and
the BF4•pyridinium salt (1.5 equiv) as the fluoride source. Importantly, fluorination fails in
the absence of silver salts.
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6.3. HDDA Reactions Catalyzed by Other Metals Than Silver

The hydrohalogenative aromatization of ynamide-derived tetraynes 305 readily pro-
ceeds in halogenated hydrocarbons CH2X2 (X = Cl, Br, I) as the solvent in the presence of
Grubbs-type ruthenium alkylidene complex 306 and delivers novel halogenated indoline
derivatives 308a–e (Scheme 75) [106]. The proposed mechanism involves the activation
of CH2 × 2 by the ruthenium catalyst for the HX transfer to ruthenium-complexed aryne
intermediate 307.

The addition of 1-bromoalkynes 309 or terminal alkynes 311 to 1,3-butadiyne-218-
HDDA-reaction generated aryne proceeds efficiently under copper catalysis (Scheme 76) [107].
Interestingly, the insertion of the alkynyl moiety into the aryne carbon–carbon triple bond to
give either indolines 310a–e or 312a–e, respectively, takes place at complementary positions.

Two different catalytic cycles A and B are proposed to rationalize the outcome of
these reactions (Scheme 77). In the case of the bromoalkynylation, CuBr adds to in situ
generated aryne 313 (from 1,3-diynamide 218) to give aryl copper (I) species 314. Oxidative
addition of this Cu(I) species to 1-bromoalkyne 309 gives the aryl copper(III) intermediate
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315. Subsequent reductive elimination produces the 4,7-diethynyldihydroindole 310 and
regenerates the copper(I) catalyst. In the case of the catalytic hydroalkynylation reaction
(catalytic cycle B), aryne 313 undergoes carbocupration with in situ generated copper
acetylide 316 from terminal alkyne 311, providing aryl copper species 317. Proton exchange
with terminal alkyne 311 delivers compound 312 and closes the catalytic cycle.
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Scheme 76. Copper-catalyzed bromo- and hydroalkynylation of HDDA-generated arynes.

The catalytic reaction of tetrayne 218 with homopropargyl alcohol (318) selectively
gives the hydroalkynylation product 319, whereas compound 320 resulting from the addi-
tion of the alcohol moiety on the transient aryne 313 is the major compound in the absence
of copper catalyst (Scheme 78).
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7. Conclusions and Perspectives

The present review covers the synthesis, molecular properties and use of
1,3-butadiynamides in heterocyclic chemistry. Based on this comprehensive summary
and its compiled reactions, which not only focused on applications in organic synthesis,
but also on mechanistic aspects, it becomes obvious that 1,3-butadiynamides—the ethynyl-
ogous variant of ynamides—are more than just simple alkynes: they should be considered
as a new class of compounds showing its own specific reactivity.

Their potential as building blocks for the construction of complex molecular scaffolds
has emerged only recently, although the synthesis of symmetrical and unsymmetrical
1,3-butadiynamides was described more than 15 years ago. Terminal ynamides are useful
precursors of 1,3-butadiynamides for their use in the Glaser–Hay coupling reaction or the
Cadiot–Chodkiewicz cross-coupling reaction with 1-bromoalkynes. The latter emerged to a
broadly used and indispensable synthetic method to access various highly functionalized
non-symmetrical 1,3-butadiynamides. Alternative protocols based on the direct N-buta-1,3-
diynylation of amides appeared just recently and will find further attention.

The extended conjugation and polarized character of 1,3-butadiynamides facilitate
their use in addition and cycloaddition reactions with predictable regioselectivity. Many
of them involve gold catalysis along with the successful use of other metal salts (Pd, Ag,
Cu/Zn). Moreover, 1,3-butadiynamides are easily derivatized by introducing judicious
functional groups tethered to the N-atom and/or to the C-terminal of the 1,3-diynyl moi-
ety. Such diversely functionalized 1,3-butadiynamides serve as highly useful molecular
scaffolds in the development of new reaction cascades.

Intensive studies have been dedicated to thermal or metal-catalyzed reactions with 1,3-
butadiynamides tethered to a monoalkyne or 1,3-butadiyne moiety. These tetra- or triynes
having a 1,3-butadiynamide unit are privileged substrates for the HDDA reaction because
they lead to the in situ formation of a single aryne isomer, and its intermolecular trapping
takes place regioselectively. Reagent-free, highly chemo- and regioselective aryne formation
with regioselective follow-up reactions by inter- or intramolecular aryne trapping not only
enhanced the chemistry of 1,3-butadiynamides, but also boosted the understanding of
different reaction channels available for in situ generated aryne species. HDDA reactions
with 1,3-butadiynamide units can be performed solely thermally or in the presence of
sub-stoichiometric amounts of Ag(I)-salts. The latter often changes the mode of reactivity
towards a more carbenoid character of the aryne intermediate and opens new alternative
reaction channels.

Most described 1,3-butadiynamides are derived from sulfonamides. It is conceivable
that the synthesis of carbamate- or oxazolidinone-related 1,3-butadiynamides will be further
explored and that new reaction sequences will be discovered, as the strength of the nitrogen
bound EWG group will alter the 1,3-butadiynamide reactivity.

The more classical activation of 1,3-butadiynamides relies on the in situ generation
of a keteniminium species to accelerate follow-up transformations. Recently, a new reac-
tion mode—the in situ liberation of [4]cumulenenimines from 1,3-butadiynamides—was
revealed. This finding will probably initiate the development of novel reaction cascades
and broaden the array of available structurally complex molecules.
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Finally, the examples of optically active 1,3-butadiynamides are scarce, and the possibil-
ity of chirality transfer during reaction cascades has not been investigated yet. Asymmetric
or enantioselective synthesis relying on the transformation of 1,3-butadiynamides will
certainly be a future topic to gain access to the chiral world of heterocycles. Surely, the
chemistry of 1,3-butadiynamides is still at its infancy and more new reactions and more
sophisticated applications, especially in the field of heterocyclic chemistry, will appear in
near future.
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Abstract: Recent advances in the environmentally benign synthesis of aromatic N-heterocycles are
reviewed, focusing primarily on the application of catalytic methods and non-traditional activation.
This account features two main parts: the preparation of single ring N-heterocycles, and their
condensed analogs. Both groups include compounds with one, two and more N-atoms. Due to the
large number of protocols, this account focuses on providing representative examples to feature the
available methods.

Keywords: sustainable synthesis; aromatic N-heterocycles; solid acids; nanoparticles; microwaves;
ultrasounds; visible light activation; high hydrostatic pressure; electrochemistry; biomass

1. Introduction

Heterocycles are a broad variety of compounds including aromatic and non-aromatic
compounds with various heteroatoms, most commonly N, O and S. Many of them are
natural compounds and a large majority are biologically active. They are used in large
quantities in the pharmaceutical, agrochemical, dyestuff or polymer industries. Accord-
ingly, the preparation and functionalization of heterocycles have attracted overwhelming
interest [1–3]. The high-volume industrial production of heterocycles, however, brings
about a serious environmental issue; the traditional processes yield large amounts of toxic
waste and often represent hazardous conditions. Both must be avoided if at all possible,
leading recent synthesis development efforts into the realm of green chemistry. These
methods are effective, and at the same time they also comply with contemporary guidelines
for safety and environmental sustainability [4,5]. Due to the extremely high activity in this
field, the advances toward the sustainable production of heterocycles have been reported in
thousands of papers. In this work we will survey the green synthesis of nitrogen-containing
heterocycles focusing on representative example protocols that apply either solid cata-
lysts [6–8] and/or non-traditional activation methods [9] that significantly decrease the
amount of waste as well as the energy need of these processes. We mostly focused on
the last five years from 2017–2023. However, occasionally representative examples were
cited from earlier periods. Given that a large majority of the derivatives of aromatic N-
heterocycles are biologically active, the question of chirality arose naturally. Due to the
aromaticity of these heterocycles, there were no examples where the ring itself had any
chiral center. Hence we could not include such examples. There are many papers that
report chiral derivatives of N-heterocycles. However, all of them were prepared by the
functionalization of the core heterocycles, and functionalization was beyond the scope of
this work.

2. Five-Membered Rings
2.1. One-Nitrogen-Containing Heterocycles: Pyrroles

The Paal–Knorr reaction [10,11], is one of the most well-known preparation methods
to obtain pyrroles. Although effective in producing the desired pyrrole derivatives, the use

Molecules 2023, 28, 4153. https://doi.org/10.3390/molecules28104153 https://www.mdpi.com/journal/molecules251



Molecules 2023, 28, 4153

of mineral acid catalysis renders it obsolete. There have been several attempts to make this
reaction more environmentally benign [12]. A summary of representative green protocols
is depicted in Scheme 1.

Scheme 1. Representative green protocols for the synthesis of pyrroles.

The greenest examples describe acid and solvent-free protocols that produce the
pyrroles in high yields using 1,4-diketones and amines or aq. NH4OH. One process even
occurs at room temperature, although the required reaction times are quite long (up to 24 h)
(Scheme 1a) [13]. A recent protocol, applying similar starting materials at ambient tempera-
ture and using high hydrostatic pressure as an activation method, significantly reduced
the reaction time to 5 s–45 min, while maintaining quantitative yields (Scheme 1b) [14].
A similar acid-free method utilized water as a solvent, which is abundant and non-toxic,
though its recycling has a high energy demand [15]. Another green solvent (MeOH) was
applied in the catalyst-free coupling of nitroolefins with enaminoesters, producing multi-
substituted pyrroles in good yields [16]. Other reports include solid-acid catalysis by
K-10 montmorillonite (Scheme 1c) [17] and even extend the scope to monosubstituted
N-alkylpyrroles and N-sulfonyl-pyrroles using 2,5-dimethoxy- tetrahydrofuran to replace
the diketones [18,19]. Most of the solid-acid-catalyzed protocols use microwave irradiation
as activation [20,21]. Other heterogeneous catalytic methods used carbon-supported copper
(Cu/C) to promote a hetero Diels–Alder reaction of nitroso dienophiles and 1,3-dienes in
good yields (Scheme 1d) [22]. 2,5-Dimethoxy- tetrahydrofuran can also undergo cyclization
with amines in deep eutectic solvents (DES) (Scheme 1e) [23]. The DES also acted as an
organocatalyst and provided stable yields in five consecutive reactions. Similarly to DES,
ionic liquids [24] can also catalyze the reaction. Anilines, acetylenedicarboxylic acid esters
and glyoxal underwent a multicomponent cyclization catalyzed by β-cyclodextrin to afford
pyrroles (Scheme 1f) [25]. β-Cyclodextrin, which is well-known for forming inclusion
complexes [26] provides an appropriate nonpolar space in its cavity while the highly polar
external wall keeps the catalyst–substrate complex stable in the aqueous medium. Es-
sentially, β-cyclodextrin acted as a phase transfer catalyst and remained reusable in four
subsequent reactions. The biomass-product furan alcohols reacted efficiently with nitroben-
zenes over the surface of a bifunctional catalyst, metal phosphides (Scheme 1g) [27]. The
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catalyst possessed dual active sites namely solid acidic and metallic sites for ring opening,
and the abstraction of H from the starting material and the in situ hydrogenation of the
nitrobenzenes to anilines. The mixed NiCoP appeared to be the best catalyst providing the
N-arylpyrroles in moderate to good yields. Another green example is a biocatalytic process
using transaminases (ATAs) (Scheme 1h) [28]. In this protocol, α-diketones were aminated
in a classical Knorr pyrrole synthesis. The pH of this biocatalytic system must be closely
monitored to avoid the dimerization of the α-amino carbonyl intermediate. An emerging
activation method, visible light LEDs, was applied in the synthesis of pyrroles. In general,
visible-light-LED-assisted processes are widely applied in the synthesis of many heterocy-
cles and are the target of frequent reviews [29–32]. In a photoredox reaction 2-azirines were
combined with internal alkynes to afford pyrroles [33]. The energy from blue light LEDs
utilized the intrinsic strain of 2-azirines to initiate a [3+2] cycloaddition with the alkyne
in the presence of a 9-mesityl-10-methylacridinium perchlorate photocatalyst (Scheme 1i).
The protocol provides a broad scope of pyrroles with moderate to excellent yields.

2.2. Two-Nitrogen-Containing Heterocycles: Pyrazoles and Imidazoles

Pyrazoles are two N-containing five-membered aromatic heterocycles, possessing
widespread biological effects and are crucial building blocks. Thus, their preparation is
at the forefront of synthesis research, focusing on contemporary green and sustainable
approaches that include catalytic, multicomponent and solvent-free protocols [34–37] as
described in several reviews [38–40]. The classic synthesis of pyrazoles relies on the
domino reaction of hydrazines with 1,3-bifunctional substrates often suffering from low
regioselectivity. Representative recent advances are illustrated in Scheme 2.

Scheme 2. Representative green protocols for the synthesis of pyrazoles.

The above-mentioned classic route was modified to a solid-acid-catalyzed process.
The cyclization and aromatization of chalcones and arylhydrazones were catalyzed by
Pd/C and K-10 montmorillonite and afforded the products in excellent yields [41]. The
solid acid K-10 initiated the cyclization and then Pd oxidized the intermediate to pyrazoles
(Scheme 2a). The same setup worked well with alk-3-yn-1-ones as well (Scheme 2b) [42]. In
another catalytic method, cerium ammonium nitrate (CAN) was applied as a catalyst in the
regioselective tandem oxidation and intermolecular ring cyclization of vicinal diols with hy-
drazones to pyrazoles (Scheme 2c) [43]. The products were isolated in moderate to excellent
yields under mild conditions in an aqueous medium. Another hydrazine-based annulation
protocol was also carried out in aqueous medium in a metal-free system (Scheme 2d) [44].
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Molecular iodine was applied as a catalyst in the presence of tert-butylhydroperoxide and
NaHCO3. The reaction occurred through domino C–H sulfonylation and annulation steps
with good functional group tolerance affording the pyrazoles in good to excellent yields.
The thermal cycloaddition of diazo compounds with alkynes occurred in a catalyst- and
reagent-free system with moderate to excellent yields (Scheme 2e). The α-diazocarbonyl
compounds readily formed the pyrazole derivatives in high yields in a simple solvent-
free thermal reaction eliminating work-up or purification steps [45]. An efficient iron-
catalyzed multicomponent synthesis of trisubstituted pyrazoles was developed using
biomass-derived alcohols in an Fe(II)-catalyzed process (Scheme 2f) [46]. This protocol
possessed a broad scope that was achieved by dehydrogenative coupling of alcohols, aryl
hydrazines and secondary alcohols or using alkynes as an alternative to the sec-alcohols.
This protocol eliminated the need for pre-functionalization, toxic noble metal catalysts,
harmful oxidants or other additives. A recent protocol applied a silver-catalyzed [3 + 2]
cycloaddition of aryl diazonium salts and allenes, providing the target pyrazoles in mod-
erate to excellent yields, however, in high selectivity [47]. A similar approach, using aryl
diazonium salts with arylcyclopropanols produced the target pyrazoles by a photocatalytic
cycloaddition [48].

The green synthesis of imidazoles also attracted extensive attention. A few representa-
tive examples are depicted in Scheme 3.

Scheme 3. Representative green protocols for the synthesis of imidazoles.

The visible-light-assisted photochemical processes have also been applied for the
synthesis of imidazoles. The [3+2] cycloaddition-photooxidative aromatization sequence of
glycine derivatives and isocyanides provided moderate to good yields for the synthesis of
trisubstituted imidazoles (Scheme 3a) [49]. The reaction conditions were mild (rt etc.) and
the protocol could be scaled up to a gram scale. A metal-free organocatalytic synthesis of
imidazoles was carried out from amidines and chalcones. A natural product, flavin (with
iodine), was used as a catalyst for the cross-dehydrogenative coupling (Scheme 3b) [50].
The reaction produced tetrasubstituted imidazoles in good yields (60−87%) in an atom eco-
nomic design, consuming one equivalent of O2 and producing water as the only byproduct
in an otherwise waste-free protocol. A heterogeneous catalytic synthesis of imidazoles
was designed by using the Cr2O3 nanoparticle-catalyzed reaction of aromatic aldehydes
with ammonium acetate and benzil under microwave-assisted conditions in water as
solvent (Scheme 3c) [51]. The protocol offers operational simplicity, short reaction times
and excellent yields. Another heterogeneous catalytic method applied nanoarchitectonics
of LDH/polymer (layered double hydroxide) composite, and LDH/polymer nanocom-
posites (LDH–APS–PEI–DTPA). The polymer portion of the catalysts was prepared from
diethylenetriaminepentaacetic acid (DTPA), polyethylenimine and used LDH to form a
nanocomposite with high thermal stability. The product nanocomposite is an active and re-
cyclable (five times) heterogeneous catalyst for the synthesis of imidazoles (Scheme 3d) [52].
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2.3. Three-Nitrogen-Containing Heterocycles: Triazoles

Triazoles are five-membered heterocycles with three nitrogen atoms and two double
bonds. Depending on the position of the nitrogens and the double bonds, four triazole
isomers can be distinguished (Figure 1). All triazole isomers are planar and aromatic.

Figure 1. Various isomeric forms of triazole.

Many of the 1,2,3- and 1,2,4-triazole derivatives show extensive pharmacological ac-
tivities such as antifungal (fluconazole), herbicide (propiconazole), anticancer (carboxyami-
dotriazole) and antibacterial (cefatrizine), just to mention a few [53–57]. Not only are they
good pharmacophores, but they have a wide range of applications in polymer and paint
production [58–60]. The physiological and industrial significance of nitrogen-containing
heterocycles, including triazoles, can be explained by their unique electronic and coordi-
nation properties, not to mention their H-bonding affinity due to which they can form
many weak non-bonded or secondary interactions. One of the most widely applied syn-
thesis methods to generate triazole and other heterocyclic derivatives is ‘click chemistry’.
These are easy-to-perform, high-yielding stereospecific chemical transformations with
wide substrate scope creating only innocuous by-products that can be removed without
chromatography. These reactions in most cases are conducted in benign solvents, preferably
in water and result in only one product. As we can see, the principles of click and green
chemistry overlap in many ways [61]. Several known reactions meet these criteria such as
addition reactions to C-C double or triple bonds, hydrazone formation and cycloaddition
reactions. The predominant synthesis protocol for triazole synthesis has been, and still is,
the use of organic azides and terminal alkynes as building blocks in a cycloaddition reac-
tion, such as the classic 1,3-dipolar cycloaddition [62]. Unfortunately, this reaction requires
elevated temperature and at the end of the reaction a mixture of the 1,4-substituted and the
1,5-substituted regioisomers is generated. The reaction was improved by adding a Cu(I)
salt to the system, which accelerated it to 107–108 times the original rate and was selective
in favor of the 1,4- isomer [63]. Later Fokin and Jia introduced the use of Ru-based catalysts
in cycloaddition reactions which selectively leads to the 1,5-disubstituted 1,2,3-triazole
isomer [64]. Recently Hong et al. also described a highly selective 1,5-disubstituted triazole
synthesis using Cp2Ni/Xantphos catalytic system [65]. Herein we present the latest trends
and innovations of sustainable synthesis of relevant triazoles. Representative examples are
shown in Scheme 4.

Most of the listed reactions (Scheme 4a,b,e,f,i) are carried out in water under transi-
tion metal-free conditions. For example, Joshi et al. used TBAHS phase transfer catalyst
in a [3+2]-cycloaddition to generate 1,4-diaryl-5-alkyl-1,2,3-triazole derivatives in up to
95% yields and excellent regioselectivity (Scheme 4i) [66]. To reach these good results,
elevated temperature and the presence of strong base (KOH) were necessary. The use of
triazole-based linkage is also significant in bioconjugation for labeling of biomolecules in-
side the living cells. The pioneer of bioorthogonal chemistry, Bertozzi, was awarded the
Nobel Prize in Chemistry (2023) along with Meldal and Sharpless (click chemistry) [67].
Following the biorthogonal concept, Li et al. have recently described a metal-free, open-
air multicomponent reaction of α-CF3 carbonyls, NaN3 and amines to generate 5-amino
NH-1,2,3-triazole derivatives selectively (Scheme 4h) [68]. It was also shown how the
resulting products are converted into their N-2 alkylated derivatives. Bubyrev et al. also
introduced two three-component synthetic strategies without using any catalyst or chem-
ical promoter [69]. First, they observed the formation of 1,5-di-substituted-1,2,3-triazoles
by mixing N-methyl, N-phenyl α-acetyl- α-diazomethane sulfonamide, primary amines
and aldehydes.
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Scheme 4. Representative green strategies for synthesis of triazoles.

The reaction occurred in a two-step fashion, and elevated temperature was needed
to eliminate sulfur(IV) oxide and N-methyl aniline and obtain the desired triazoles. To
avoid thermal promotion, the authors developed a second one-step, single purification
protocol as well, where the reaction was conducted at room temperature for 18 h, in the
presence of 4 Å molecular sieves (Scheme 4g). A further example of metal and organic
solvent free synthesis of triazoles was presented by Wan et al. (Scheme 4f) [70]. Readily
available β-thioenaminones and tosyl azide building blocks were used in the presence of
TMEDA (N,N,N′,N′-tetramethyl- ethylenediamine) base promoter. No additional catalyst
or reagent was needed to achieve the formation of several 5-thiolated 1,2,3-triazoles in good
to excellent yields. There are also examples of building alternative, greener metal catalytic
systems. Tajbakhsh and Naimi-Jamal described a classic azide-alkyne cycloaddition (AAC)
reaction in aqueous media using a Cu@TSC-β-CD (immobilized Cu(I) in thiosemicarbazide-
functionalized β-cyclodextrin) nanocatalyst (Scheme 4e) [71]. In the presence of the water
soluble and stable catalyst, the desired 1,4-disubstituted-1,2,3-triazoles were obtained in
up to 98% yield. The catalyst was reused seven times without significant leaching of Cu(I)
and its recovery only required anti-solvent precipitation and filtration. However, the use
of copper is often cited as a negative feature of click reactions, due to its cytotoxic effect.
Pan and co-workers presented a photocatalytic and metal-free alternative and synthesized
various 1,4-disubstituted 1,2,3-triazoles under mild conditions (Scheme 4d) [72]. In the pres-
ence of TPPT-Cl (2,4,6-tris(4-chloro-phenyl)pyrylium tetrafluoroborate) photocatalyst, with
visible light activation, the corresponding 1,4-disubstituted 1,2,3-triazoles were obtained
in moderate yield. The presented protocol shows promising results, but at the same time
it still requires further development to match the efficiency of transition metal catalysts.
In addition to photochemistry, other non-traditional activation methods have also been
adopted to synthesize triazoles [73–76]. Rodríguez et al. have introduced a microwave-
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assisted, one-pot multicomponent copper-catalyzed azide-alkyne cycloaddition (CuAAC)
followed by a hydrolysis reaction to obtain the corresponding triazoles (Scheme 4c) [77].
As a catalyst, they used copper-based nanoparticles in biorenewable solvents (H2O and
methanol). Another example of implementing sonochemical activation in cycloaddition
reactions has described a catalyst-free synthesis protocol to generate 4-acyl-1,2,3-triazoles
and 1,5-disubstituted-1,2,3-triazoles using ultrasound irradiation in an aqueous medium
(Scheme 4b) [78]. The protocol is characterized by excellent regioselectivity, scalability,
short reaction time and broad substrate scope. Another group has developed a similar
water-based ultrasonic method with the exception that a catalyst (1 mol%) was added to
the reaction mixture (Scheme 4a) [79]. The multicomponent click reaction, mediated by
a Cu(I) complex, afforded 1,4-disubstituted 1,2,3-triazoles in yields up to 93%. In similar
approaches, a novel hybrid nano catalyst, silica-tethered cuprous acetophenone thiosemi-
carbazone (STCATSC) [80] or a silica gel-immobilized [Cu(cdsalMeen)] [81], were used
respectively, to promote the synthesis of new 1,2,3-triazoles.

2.4. Four-Nitrogen-Containing Heterocycles: Tetrazoles

Tetrazoles are five-membered heterocycles with four nitrogen atoms in the aromatic
ring. They are not natural products; they can only be produced synthetically. Based on
how many substituents are attached to the ring, we can distinguish un-, mono-, di- and
trisubstituted tetrazoles. The 5-substituted tetrazole is of particular interest because of
its similar physical chemical properties to carboxylic acids (mobile H, comparable pKa,
similar size) which suggests similar receptor ligand interactions as well. At the same time,
they typically have better ADME properties. There are two tautomeric forms of the mono
5-substituted tetrazoles (Scheme 5). Interestingly, while the 2H-tautomer is more stable in
gas phase, the 1H-tautomer is prevalent in solution.

Scheme 5. The tautomers of tetrazole derivatives.

The occurrence of tetrazole moiety in industrially relevant compounds is extensive
and has increased dramatically in the last decade. It can be found in photography, imaging
chemicals and military applications [82,83], not to mention its significance in medicine and
thus the pharmaceutical industry [84,85]. Amongst others, it is the building block of several
antibiotics (Cefotiam, Cefmetazole), antihypertensive (Valsartan, Losartan) and antiallergic
agents (Pemirolast). Accordingly, there is still a great demand for the development of
efficient and sustainable synthesis procedures.

Heterogeneous synthesis methods have been prominent in the last few years among
sustainable protocols for tetrazole synthesis. Scheme 6 illustrates a few highly efficient and
selective nanoparticle-based catalyst systems.

Tebyanian and his coworkers have demonstrated a combination ultrasound/nanoparticle
catalytic system in regioselective synthesis of 1-aryl-5-amino-1H-tetrazoles (Scheme 6a) [86].
The authors tested the CuO–NiO–ZnO mixed metal oxide catalyst in a traditional as well as
in an ultrasound-assisted system. Better yield and selectivity were achieved with ultrasounds.
The improvement was explained by a probable synergistic effect between the ultrasound
irradiation and the nanocatalyst.
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Scheme 6. Heterogeneous catalytic tetrazole synthesis protocols.

In another example, Ghadermazi et al. have developed a CoFe2O4@amino gly-
col/Gd nanocomposite to catalyze the oxidation of sulfides and to generate 5-substituted
1H-tetrazoles under benign conditions (Scheme 6b) [87]. The corresponding products
were obtained in good to excellent yields, and the optimized conditions were tested for
broad substrate tolerance. Due to its magnetic nature, the catalyst could be easily removed
with the help of an external magnet. Magnetic nanoparticles in general are known to
have many favorable properties, such as low toxicity, high surface-to-volume ratio, good
thermal stability and high activity, and can be easily modified and dispersed. Another
group, Akbari and Naimi-Jamal, have developed an environmentally friendly procedure
for cascade condensation and concerted 1,3-cycloaddition reactions catalyzed by magnetic
Fe3O4@PMO–ICS–ZnO nanomaterial (Scheme 6c) [88]. The catalyst retained its activity
in five consecutive runs in a water/EtOH mixture under reflux. The 5-substituted-1H-
tetrazole derivatives were obtained in high to quantitative yields. Lastly, Soroush et al.
have demonstrated a new metal organic framework (MOF)-based heterogeneous catalytic
system for the multicomponent synthesis of tetrazole derivatives (Scheme 6d) [89]. The
hydrothermal technique proved to be the best for preparing the catalyst. In the presence of
HKUST-1 MOF, two-, three- and four-component reactions were carried out under mild
reaction conditions, using PEG-600, water or solvent-free media. All reactions yielded the
desired products with good to excellent yield. Other heterogeneous catalytic protocols
include a [3+2] cycloaddition of alkyl nitriles and sodium azide using a silica-anchored
copper bis(diacetylcurcumin) 1,2-diamino benzene Schiff base complex with ascorbic acid
in a water/i-PrOH (50:50, V/V) medium [90].

In addition to heterogeneous catalysis, homogeneous processes have also been applied
in recent years as shown in Scheme 7.

An example of using amides as one of the starting materials was illustrated by Kappe’s
group in a continuous flow system (Scheme 7a) [91]. The amide was activated by POCl3 to
imidoyl chloride which in the following step reacts with the azide (TMSN3). The reaction
reaches full conversion in 10 min and the products were obtained in good yield (77–86%)
after recrystallization. No further purification was necessary. Gholizadeh and coworkers
have developed a novel protocol for a [2+3] cycloaddition reaction catalyzed by an ionic
liquid system to synthesize 5-substituted 1H-tetrazole derivatives (Scheme 7b) [92]. Ionic
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liquids are considered as easily available, non-volatile and non-flammable materials with
good thermal and chemical stability.

Scheme 7. Environmentally benign synthesis methods for tetrazole derivatives.

They are also generally well miscible with both inorganic and organic solvents and
reagents. In a short reaction time, the desired products were obtained in very good yields
(92–99%) with a wide range of substrates. Ishihara et al. have developed a tetrazole
synthesis, starting from amides and working with an alternative azide source [93]. To
convert the amides, the authors used diphenyl phosphorazidate (DPPA, (C6H5O)2P(O)N3))
or bis(p-nitrophenyl) phosphorazidate (p-NO2DPPA, (p-NO2C6H4O)2P(O)N3)) in the pres-
ence of aromatic bases (Scheme 7c). Both DPPA and p-NO2-DPPA act as an activator of
amide-oxygen for elimination and thus an azide source. Mechanistically, what makes this
reaction safer compared to the conventional click protocol is that the phosphorus atom
stabilizes the azide. This practical and simple protocol is a great example of how toxic and
explosive reagents in click reactions can be replaced by safer alternatives. Using water in
organic reactions often causes difficulties in terms of solubility. To overcome this challenge,
Abdessalam and his coworkers presented a micelle-based Ugi-azide four-component syn-
thesis of 1,5-disubstituted tetrazoles (Scheme 7d) [94]. As starting material, the authors
used aldehyde, various amines, isocyanides and trimethylazides in the presence of tetrade-
cyltrimethylammonium bromide (TTAB) with a load of 10 mol% in an aqueous medium.
Broad substrate scope was investigated and the corresponding tetrazole derivatives were
obtained in moderate yield (43–56%).

3. Six-Membered Rings
3.1. One-Nitrogen-Containing Heterocycles: Pyridines

Pyridines are six-membered heterocycles with one N atom in their ring. They are
biologically active compounds, and the pyridine scaffold is often used as part of drugs.
Thus, they are common building blocks. Their practical utility generated significant interest
in their synthesis [95]. Some representative environmentally benign methods are depicted
in Scheme 8.

The Rh-catalyzed [2+2+2] cycloaddition of diynes with oximes affords the forma-
tion of pyridine derivatives in low to excellent yields (Scheme 8a) [96]. The reaction can
be carried out by the preformed oxime or as a multicomponent reaction. Ketoxime ac-
etates also appeared to work in this reaction with aldehydes. FeCl3 was used as a water
tolerant Lewis acid [97]. These protocols have demonstrated good functional group tol-
erance and scalability. Similar three- and four component reactions of aryl aldehydes,
malonitrile and thiophenols and ammonium acetate yielded a broad variety of substituted
pyridines (Scheme 8b) [98]. The reactions were carried out in PEG-400 or methanol as
solvent with K2CO3 on NH4OAc as a base catalyst [99]. Solvent-free conditions combined
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with microwave activation appeared to work sufficiently as well [100,101]. In an enhanced
microwave-assisted effort, symmetrically substituted pyridines were prepared by a bifunc-
tional metal–solid acid catalyst via a domino cyclization–aromatization approach [102].
The solid acid catalyzed the cyclization to dihydropyridine and the added Pd promoted
the dehydrogenation to pyridines resulting in the aromatic products in moderate to high
yields (Scheme 8c). Tetrasubstituted pyridines were prepared by Wang and Chiba using a
synthetically diverse approach. The authors used a Mn(III)-assisted addition of vinyl azides
and cyclopropanols in a green solvent, methanol at room temperature (Scheme 8d) [103],
although the yields showed a great variety from 11–82%. A water tolerant Brønsted acid,
triflic acid, was used as a catalyst in a one-pot protocol for the synthesis of pyridines, with-
out the need of harmful oxidizing reagents (Scheme 8e) [104]. The reaction occurred via a
tandem reverse aldol reaction/condensation/cyclization /aromatization sequence with
enones and primary amines. The excellent functional group tolerance, air as a naturally
abundant and green oxidant and the water tolerant acid catalyst are the major green advan-
tages of the procedure. Finally, visible-light-promoted processes have also found use in
the synthesis of pyridines. A blue LED irradiation-initiated [2+2+2] cyclization of alkynes
and nitriles led to the successful synthesis of a broad variety of pyridines (Scheme 8e) [105].
The process was catalyzed by a photoredox catalyst and occurred with excellent functional
group tolerance in moderate to good yields.

Scheme 8. Representative examples of environmentally benign synthesis methods for the preparation
of pyridines.

3.2. Two-Nitrogen-Containing Heterocycles: Pyrimidines, Pyrazines

Pyrimidines are six membered ring heterocyclic compounds containing two nitrogen
atoms. They make up an important group of compounds and have thus attracted significant
attention, and their synthesis development is still at the forefront of organic synthesis [106–108].

Well-known and widely available starting materials such as chalcones with urea and
thiourea were used for the preparation of pyrimidines (Scheme 9a) [109]. Microwave
irradiation was used to activate the process that provided the substituted pyrimidines in
good yields under green conditions e.g., using ethanol, a sustainable and green solvent.
Other similar applications include the use of guanidine nitrate instead of urea deriva-
tives [110], or a CuI and base-catalyzed protocol [111]. The synthesis of pyrimidines was
also accomplished by a three-component reaction that was catalyzed by a silica-bound
S-sulfonic acid (SBSSA) (Scheme 9b) [112]. The microwave-assisted protocol involved a
solvent-free reaction, in <1 min reaction times. Urea could be used to replace ammonium
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acetate; however, the major limitation of the reaction is the moderate yield (43%) and
that the non-aromatic tetrahydropyrimidines were isolated. Condensed pyrimidines were
prepared by a visible-light-LED-initiated cyclization of primary amines and aldehydes
in moderate to excellent yields under mild conditions (Scheme 9c) [113]. The reaction
was catalyzed by 0.5% of Rose Bengal as a photocatalyst and was carried out in air at
ambient temperature. Using DMF as a solvent somewhat decreases the green synthetic
value of the protocol. The water tolerant triflic acid has been applied as a catalyst for the
synthesis of pyrimidines as well. The regioselective combination of alkynes and nitriles
was catalyzed by Brønsted superacid, TfOH providing the pyrimidines with high yield
and selectivity (Scheme 9d) [114]. An extensive list of diverse and readily available nitriles
was applied in the cycloaddition under a simple protocol and mild conditions, although
the use of dichloromethane is not desirable. Pyrazines contain their two nitrogen atoms in
a 1,4-position. Their synthesis is highly attractive due to their broad-spectrum biological
activity. Among the several examples we highlight an electrochemical process and a cat-
alytic process. The electrochemical dehydrogenative [4+2] annulation of a broad variety
of commercially available ketones and diamines resulted in the formation of pyrazines in
moderate to high yields (Scheme 10a) [115]. The electrochemical oxidation combined with
Brønsted acid catalysis led to the target products. In another example, a Ru-pincer complex
was used as a catalyst in the synthesis of pyrazines from diols. The oxidative coupling
of 1,2-diols and ammonia as the nitrogen source resulted in the formation of pyrazines in
nearly quantitative yields (Scheme 10b) [116]. Although the protocol has some drawbacks
(using toluene, and long reaction time at high temperature) the use of NH3, the catalyst,
the high atom economy and low amount of nontoxic waste are clear green benefits.

Scheme 9. Representative examples of environmentally benign synthesis methods for the preparation
of pyrimidines.

Scheme 10. Representative examples for the environmentally benign synthesis of pyrazines by an
electrochemical and a catalytic method.
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3.3. Three- and Four- Nitrogen-Containing Heterocycles: Triazines and Tetrazines

Both triazine and tetrazine molecular scaffolds are widely used in biorthogonal chem-
istry as cell labeling, diagnostic, coordination, drug release or live cell imaging agents. Due
to their broad application, they attracted extensive attention in the last few years [117–120].
The Pinner reaction is considered the classic tetrazine synthesis when the reaction of ac-
tivated nitriles with hydrazines occurs followed by an oxidation step. There are highly
efficient transition metal-based tetrazine synthesis protocols, mostly for biorthogonal chem-
istry applications [121,122].

Recently, the replacement of old synthetic methods with sustainable processes has
been gaining ground. Fang et al., have presented a [3+3] addition reaction starting from
gem-difluoroalkenes to synthesize both symmetric and asymmetric 3,6-disubstituted 1,2,4,5-
tetrazine derivatives under benign conditions (Scheme 11a) [123]. The reaction was carried
out in an aqueous medium at room temperature under air, which also serves as an oxidant
replacing the commonly used toxic nitric acid. The gram scale of the reaction was presented,
and the corresponding products were obtained with a moderate to good yield (61–91%).
Another green synthesis protocol was developed to generate secondary explosive materials,
3,6-bis[2-(4,6-diazido-1,3,5-triazin-2-yl) -hydrazinyl]-1,2,4,5-tetrazine and 3,6-bis-[2-(4,6-
diazido-1,3,5-triazin-2-ly)-diazenyl]- 1,2,4,5-tetrazine (Scheme 11b) [124]. The major goal
was to replace Pb(N3)2 and generate a metal-free alternative. Due to their high nitrogen
content, tetrazines often serve as building blocks for the preparation of high-energy, low-
sensitivity explosives.

Scheme 11. Environmentally benign protocols to synthesize 1,2,4,5-tetrazoles.

Triazines are six-membered aromatic heterocyclic compounds containing three ni-
trogen atoms. One of the most common isomers is 1,3,5-triazine, which exhibits several
biological activities, such as antimalarial and anti-HIV activity. A novel graphene oxide-
based catalyst was developed for the synthesis of triazines (Scheme 12a) [125]. The catalyst
was used at moderate loading (10 mol%) and proved to be reusable in six runs without
significant loss of activity. At the end of the reaction, the desired products were obtained
in moderate to good yields up to 91%. In another example, Poly et al. demonstrated the
use of primary alcohols and amidines as molecular building blocks for triazine synthesis
by applying alumina-supported Pt (Pt/Al2O3) nanoparticle catalyst (Scheme 12b) [126].
The acceptorless dehydrogenative coupling reaction was carried out in one pot with high
atom economy and good yields of up to 93%. Separation of the catalyst was easy after
reuse and no extra oxidants were needed to complete the reaction. Biomolecules have also
been reported to catalyze the synthesis of triazines. Wang et al. introduced an efficient
asymmetric synthesis of 1,3,5-triazines in the presence of hemoglobin (heme concentra-
tion: 0.05 mol%) and tert-butyl hydroperoxide (TBHP), using isothiocyanate, amidines
and 1,1,3,3-tetramethylguanidine [127]. The presented procedure resulted in high yields
(81–96%) in a short reaction time at room temperature (Scheme 12c).

Like most heterocycles, the triazines are often present in fused ring systems. Purine is
one of the most biologically relevant fused heterocycles as one of the fundamental building
blocks of DNA and RNA. Therefore, the synthesis of its isosteres is of great interest due
to their therapeutic potential. Scheme 13 shows two examples of the synthesis of pharma-
ceutically relevant derivatives. The first example illustrates an open-air dual-diamination
annulation to generate 5-aza-9-deazapurine derivatives (Scheme 13a) [128]. Commercially
available aromatic aldehydes and aminoazoles afforded N-azolo amidines in the first step
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which then reacted with ammonium iodide to yield the corresponding fused triazines
in good yield, up to 92%. No catalyst or further additives were required. As another
example, a novel efficient synthesis of 5-aza-7-deaza-adenine scaffold was developed using
a catalyst-free, microwave-assisted multicomponent reaction of triethyl orthoformate and
cyanamide (Scheme 13b) [129]. The protocol afforded the desired 4-aminoimidazo[1,2-
a][1,3,5]triazine derivatives in good yield and selectivity, in short reactions with good
scalability and reproducibility.

Scheme 12. Sustainable, green protocols to synthesize 1,3,5 triazine derivatives.

Scheme 13. Green protocols for the synthesis of purine isosteres.

4. One-Nitrogen-Containing Condensed Heterocycles

Condensed heterocycles contain multiple rings and commonly serve as the backbone
of natural products such as alkaloids, amino acids or nucleic acids. Their structures
inspired extensive synthetic efforts to build bioactive compounds that could be applied
as drug candidates. Several strategies outlined above already involved the preparation of
condensed heterocycles; however, here the emphasis will be on these specific structures.

4.1. Indoles

Indoles are one of the most frequently used and synthesized condensed heterocycles.
Representative, environmentally benign, synthesis protocols are depicted in Scheme 14.

Pyrroles readily formed indoles in a reaction with 1,4-dicarbonyl compounds.
The solvent-free microwave-assisted reaction was catalyzed by K-10 montmorillonite
(Scheme 14a) [17]. K-10 is a solid acid that is also an effective microwave absorber, serv-
ing as the medium for the process. The protocol has many green advantages: recyclable
solid catalyst, solvent-free conditions, microwave heating, high atom economy and
excellent yields, short reactions and a small amount of nontoxic waste (water). Another
report described a microwave-assisted catalytic method for the synthesis of indole
derivatives from anilines, arylglyoxal monohydrates and cyclic 1,3-dicarbonyl com-
pounds (Scheme 14b) [17]. The reactions occurred in short times in green solvents with
high yields and regioselectivity. A simple CuSO4-catalyzed carbanion-radical redox
relay was reported by Shan et al. for the synthesis of N-H indoles (Scheme 14c) [130].
This process could be applied in large-scale preparations as it applies inexpensive
reagents. The indole core can also be synthesized by a novel addition/cyclization
of 2-(2-aminoaryl)acetonitriles with arylboronic acids catalyzed by a Pd complex
(Scheme 14d) [131]. This protocol tolerates a broad range of functional groups and
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occurs with high selectivity. Ionic liquids (ILs), proposed green solvents, have been
used for the preparation of indoles via a modified Fischer indole synthesis providing
excellent yields (Scheme 14e) [132,133]. The IL-based methodology occurs without
additional solvents and the ILs are generally reusable without any loss in their activity.
The emerging, visible-light-promoted activation was also applied for the synthesis
of indoles. Using different photoredox catalysts, Eosin Y or 9,10-phenanthrequinone,
indoles were synthesized by the vicinal thioamination of alkynes or an intramolecular
cyclization of alkynes with alkenes in moderate to good yields under mild conditions
(Scheme 14f) [134,135].

Scheme 14. Representative green protocols for the synthesis of indoles.

4.2. Indolizines

Indolizines, a group of indole analogs, have the N atom positioned to the annulation
position between the two rings [136]. Their synthesis can be carried out by cycloadditions
of 4,4′-bipyridine, halide derivatives and ethyl propiolate using a biocatalytic method [137].
The enzyme Candida antarctica lipase (CAL) showed the best performance in the reaction.
(Scheme 15a). The protocol carries many green advantages: it is biocatalytic, the products
form in good yields and high purity and it occurs in water under mild conditions. Another
multicomponent reaction using similar starting materials, such as 2-(pyridin-2-yl) acetates,
ynals and alcohols or thiols was catalyzed by pivalic acid under mild and solvent-free
conditions (Scheme 15b) [138]. A similar organocatalytic process was also reported for the
synthesis of a broad variety of indolizines (Scheme 15d) [139]. Electrochemical activation
was also found to be effective for the preparation of indolizines from 2-methylpyridines,
α-bromoketones and diselenides (Scheme 15c) [140], without the use of transition metal
catalyst or external oxidant.
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Scheme 15. Representative green protocols for the synthesis of indolizines.

4.3. Quinolines, Isoquinolines

The quinoline and isoquinoline skeletons are frequent core units in many bioactive
natural products, most prominently alkaloids. Thus, the development of green synthetic
protocols is at the forefront of organic synthesis research. A representative group of
environmentally benign processes for the synthesis of quinolines are depicted in Scheme 16.

Scheme 16. Representative green protocols for the synthesis of quinolines.

Gold has gained significant attention as a catalytic material [141]. A gold catalyst has
been applied in a modified Friedländer synthesis [142] of quinolines, to make the old proto-
col comply with current safety and environmental standards. The Au (III)-based catalyst
promoted the condensation/annulation pathway under mild conditions using 2-amino
acetophenones and 1,3-dicarbonyl compounds (Scheme 16a) [143]. In a heterogeneous cat-
alytic approach Ru-grafted hydrotalcite (HT) [144] catalyzed the reaction of 2-aminobenzyl
alcohol with carbonyl compounds (Scheme 16b) [145]. Ru-HT was described as a bifunc-
tional catalyst, the basic HT catalyzed the aldol reaction and Ru promoted the oxidative
aromatization. Ionic liquids have also been applied for the synthesis of quinolones. The
reusable SO3H-functionalized alkyl-imidazole, a water tolerant acid, efficiently catalyzed
the cyclization of 2-aminoaryl ketones and β-ketoesters/ketones in an aqueous medium
in high yields (Scheme 16c) [146]. As a green feature, the products precipitated from the
medium and were isolated by a simple filtration thus avoiding solvent demanding purifica-
tion. In another solid-acid-catalyzed procedure, the recyclable K-10 montmorillonite, was
applied in a microwave-assisted solid phase multicomponent reaction (MCR). The reaction
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of anilines, benzaldehydes and terminal phenylacetylenes yielded 2,4-disubstituted quino-
lines (Scheme 16d) [147]. K-10 also catalyzed another MCR to provide quinolines [148]. A
bifunctional metal–solid acid catalyst, Ir/TiO2-NCs (nanoclusters), catalyzed the reaction of
nitroarenes and aliphatic alcohols. The reduction–condensation–dehydrogenation pathway
provided the quinolines in moderate to excellent yields (Scheme 16e) [149]. As described
above the visible-light-promoted photoredox catalysis is attracting much attention in green
synthesis. The Eosin Y-catalyzed, green LEDs irradiation-promoted reaction of N-propargyl
aryl amines, diaryliodonium salts and sulfur dioxide was carried out at room temperature
providing the quinolines in moderate to good yields (Scheme 16f) [150].

Similar protocols have been explored for the synthesis of isoquinolines as well. The
water-tolerant Brønsted superacid, triflic acid (TfOH), efficiently catalyzed the regioselec-
tive intermolecular cycloaddition of ynamides-alkynes and nitriles (Scheme 17a) [103]. The
protocol affords high yields to synthesize a broad variety of isoquinolines from readily
available nitriles as the C–N sources. The high atom economy, microwave activation, short
reaction times and the water tolerant acid catalyst are all green advantages, although
dichloromethane is an undesirable solvent. Another report described the catalyst-free
synthesis of benzimidazo[2,1-a]isoquinolines by the coupling of 2-ethynylbenzaldehyde
with ortho-phenylenediamines. The reactions occurred in ethanol, a not only green but
renewable solvent at room temperature (Scheme 17b) [151] generating high yields and
minimal environmental impact. Similarly to 4.3.1.f, eosin Y was found to be an efficient pho-
toredox catalyst for the cyclization of O-2,4-dinitrophenyloximes to produce isoquinolines
as well (Scheme 17c) [152].

Scheme 17. Synthesis of isoquinolines by environmentally benign processes.

4.4. Carbazoles

Carbazoles are indole derivatives having an additional aromatic ring on both sides of
the central pyrrole. Similarly to the above applications, K-10 montmorillonite was found to
be effective for the synthesis of substituted carbazoles as well [153]. The microwave-assisted
heterogeneous catalytic method resulted in high yields and excellent selectivities under
very short reaction times (Scheme 18a). The protocol has high atom economy combined
with excellent yields. It is a solvent-free reaction with a solid catalyst and minimal energy
consumption, and it is nearly waste-free, producing water as a byproduct. The Pd-catalyzed
oxidative intramolecular coupling of diarylamines also led to the formation of carbazoles.
The process was catalyzed by a ZrO2-supported Pd(OH)2 (Pd(OH)2/ZrO2) with air as the
oxidant (Scheme 18b) [154,155]. The synthesis of carbazoles was achieved in a catalyst-free
reaction from cyclohexanones and arylhydrazine hydrochlorides in moderate to good yield
(Scheme 18c) [156]. The catalyst-free nature and the use of molecular oxygen as an oxidant
are the main green advantages of the protocol. A visible-light-activated process successfully
cyclized 2-azidobiphenyls to carbazoles in high to excellent yields (Scheme 18d) [157]. This
high atom economy/high yielding process occurs in water and produces nitrogen as the
only byproduct.
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Scheme 18. Synthesis of carbazoles by green processes (NMP-N-methyl-pyrrolidone).

4.5. N and Other Heteroatom

When designing the synthesis of fused heteroarenes, one of the first things to decide
is which ring should be formed first. Baran et al. gave the following guidelines in an
extensive literature review [158]. In essence, it always leaves the easier synthesis for later.
For example, if there is a five and a six membered ring fused together, one should start
with the six membered ring as a building block and then annulate the five membered one,
mainly because in most cases the substitution of the six-membered ring system is easier,
as is the synthesis of the five-membered rings. Therefore, it is recommended to first place
the necessary functional groups on the six-membered ring for the sequential synthesis of
the five-membered ring. Furthermore, if one of the rings in the fused ring system contains
multiple heteroatoms, that ring should be synthesized later. It is rooted in the general
observation that the synthesis of heteroarenes containing more heteroatoms is easier than
the synthesis of heteroarenes with fewer. If each ring contains several heteroatoms, the
position of the heteroatoms is decisive. Retrosynthetically, one should first cleave the ring
with successive heteroatoms.

Here, our goal is to give a representative account of recent developments in green and
environmentally benign procedures for synthesis of condensed heterocycles containing
one nitrogen atom and another heteroatom (e.g., O, S or Se). The examples were grouped
based on the extra heteroatom atom and their position relative to the nitrogen atom. The
first group illustrates the oxygen-containing condensed heterocycles (Figure 2).

Figure 2. Oxygen-containing N-heterocycle isomers.

Huang et al. presented a one-pot synthesis of substituted furopyridines. (Scheme 19a) [159].
Simple enaminone amides underwent an iodine-mediated and metal-free oxidative tandem
cyclization reaction to generate the corresponding furopyridine derivatives in moderate to
good yield (35–87%). Furopyridines show biological activity against HIV protease inhibitor,
therefore their green and benign synthesis is of great interest. Another synthesis protocol was
presented by Katz et al. for generating furo[2,3-b]pyridine derivatives (Scheme 19b) [160].
Reacting the electrophilic 2- fluorophenylacetylene with sodium hydroxide in an aqueous
medium gave the desired furopyridine derivative with an excellent yield (94–97%), but it should
be noted that excessive substrate tolerance was not investigated. Further acetylene-activated
SNAr/intramolecular cyclizations in the synthesis of indole and benzofuran derivatives were
also discussed.

267



Molecules 2023, 28, 4153

Scheme 19. A tandem metal-free cyclization of enaminones in the presence of iodine. Reaction of
electrophilic 2-fluorophenylacetylene and sodium hydroxide in an aqueous medium.

Benzoxazole is one of the most widely used isomers of N-containing condensed
heterocycles. Over the years several procedures have been demonstrated for its synthesis
(Scheme 20a) [161]. Recently, Han and Ke have presented a highly efficient, nitrogen-
doped manganese dioxide (N-MnO2)-catalyzed controllable reaction of 2-amino-phenols
and carboxylic acid derivatives for generating benzoxazoles (Scheme 20b) [162–165]. The
procedure was carried out at room temperature, and the benzoxazole was obtained with
>99% yield and up to >87% for additional benzoxazole derivatives. No significant decay
in catalytic activity was observed during 10 catalytic cycles. The introduction of nitrogen
into the defect and the coordinatively unsaturated Mn sites proved to be crucial for the
catalytic activity. Sharghi et al. presented a one-pot multicomponent reaction for the
synthesis of benzoxazole in the presence of Fe(III)-salen complex (Scheme 20b) [166].
The use of catechols, ammonium acetate and aldehydes as starting materials under mild
reaction conditions resulted in the desired benzoxazole derivatives in a short time and with
moderate to excellent yield (30–97%). Although the catalysts of both reactions contained
metal, the processes yielded the desired product with excellent results, and the catalysts
were easily separated at the end of the process.

Scheme 20. Traditional and novel, environmentally friendly synthetic protocols for generating
benzo[d]oxazole derivatives.

After the oxygen-containing condensed 1N containing heterocycles, we continue with
the discussion of the synthesis of sulfur containing heterocycles (Figure 3).

Figure 3. Sulfur-containing N-heterocycles.

As part of the development of a green gram-scale sildenafil protocol, Laha’s group
introduced a new synthetic strategy for constructing the 2-arylbenzo[d]thiazole fused ring
system. (Scheme 21a) [167]. The innovation of the procedure is the use of arylacetic acid
as an acyl source in the formation of the key pyrrazolo[4,3-d]pyrimidin-7-one ring. In
addition, the organic solvent was replaced by an aqueous medium. In the presence of the
oxidant K2S2O8, a number of additional 2-arylbenzo[d]thiazoles were synthesized using
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the same protocol in moderate to good yield (58–78%). An Agios Pharmaceuticals patent
illustrated a new family of compounds with synthesis procedures that activate pyruvate
kinase, making it a potential therapeutic agent for a disease related to PKR function and/or
PKM2 function, such as certain cancers, diabetes or obesity (Scheme 21b) [168]. Although
the described two-step process did not require the use of metal, toluene as a solvent
does not fully comply with the principles of green chemistry. Nossier and Anwar have
presented a practical synthesis protocol on how to build a thieno[2,3-b]pyridine scaffold
(Scheme 21c) [169]. Thiophene and thiazole often exert a strong antiproliferative effect
against various human cell lines, so the development of an efficient and benign synthesis
of these compounds and their derivatives is very important. Another environmentally
benign synthesis protocol for thieno[2,3-b]pyridine derivatives was reported by Mekky
and coworkers (Scheme 21c) [170]. Pyridine-2(1H)-thiones were used as key intermediates
to convert into thieno[2,3-b]pyridine derivatives. Excellent yields (90–96%) were achieved
in a reaction of pyridine-2(1H)-thiones and α-halo compounds containing acidic C-H bond
using eco-friendly piperazine as catalyst with ultrasonic activation. In addition to thienopy-
ridines, this protocol was applied to produce nicotinonitrile derivatives, also with excellent
results. Both groups of compounds showed a strong antibacterial effect. The last example of
thienopyridine synthesis was presented by He et al. (Scheme 21d) [171]. In this metal-free
highly selective cascade thiolation and cyclization reaction, EtOCS2K was used as a sulfur
source in the presence of molecular iodine. Direct C-H functionalization of alkynylpyri-
dine (and alkynylquinoline) derivatives resulted in the formation of thienopyridines (and
thienoquinolines) in good yields of up to 88% and showed broad substrate tolerance.

Scheme 21. Environmentally friendly synthetic protocols for generating benzothiazole, benzoisothia-
zole and thieno[2,3-b]pyridine derivatives.

Finally, some protocols are presented that can be either used for the synthesis of fused 1N-
heterocycles containing another nitrogen, oxygen or sulfur. For example, Chai et al. designed
and synthesized a WSE2 nanomesh material that showed excellent photocatalytic activity in
the oxidative coupling reaction of dibenzylamine and 2-amino/hydroxy/mercaptoaniline to
produce benzimidazoles, benzoxazoles and benzothiazoles (Scheme 22a) [172]. The products
were obtained in excellent yields (91–99%) under benign conditions, using only water as
solvent and oxygen as an oxidizing agent, in the presence of visible light. The catalyst showed
excellent stability over several catalytic cycles. A highly efficient catalyst-free green procedure
was also developed to generate various N-containing benzoheterocycles in the presence of
CO2 (Scheme 22b) [173]. The reaction conditions are decisive in terms of selectivity, such as
the solvent, CO2 pressure, time, temperature and the hydrosilane quantity. Finally, Rong et al.
presented a synthetic protocol for the annulation reaction of ketoxime acetates and acetoac-
etanilide in the presence of a copper catalyst (Scheme 22c) [174]. The simple, inexpensive
synthetic strategy resulted in the desired benzofuro- and benzothieno[2.3-c]pyridines in good
yields and with good substrate tolerance. Overall, all three processes are great examples of
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environmentally friendly methods to produce the therapeutically significant benzimidazole,
benzoxazole and benzothiazole moiety.

Scheme 22. Environmentally benign synthesis protocols to generate benzimidazoles, benzoxazoles
and benzothiazoles.

5. Two-Nitrogen-Containing-Condensed Heterocycles with Multiple N Atoms
5.1. Benzimidazoles and Indazoles

Benzimidazole and its derivatives are explicitly acknowledged as important skeletons
which possess various biological activities such as anticancer activity [175], antihyper-
tensive [176], anti-inflammatory [177], antimicrobial [178], antioxidant activity [179] and
anticoagulant activity [180]. Due to its significant role in drug applications, extensive efforts
were devoted to the green synthesis of benzimidazoles.

Raja et al. [181] developed an oxidative cyclization strategy by using the efficient C1
synthon D-glucose for the synthesis of benzimidazoles with yields 22–90% from
o-phenylenediamines (Scheme 23a). This protocol possesses many advantages including
short reaction time, broad functional group tolerance, metal-free, using environmentally
benign solvent, water and bio-renewable methine sources. Hypercrosslinked polymers
(HCPs) are of great interest due to their lightweight properties and high surface areas which
makes them promising materials for catalysis [182]. An et al. successfully constructed a ver-
satile photocatalyst TZ-HCP1D through Friedel–Crafts alkylation reaction (82–99% yield)
(Scheme 23b) [183]. TZ-HCP1D was proved to be efficient in photocatalytic benzimidazole
synthesis in EtOH. The heterogeneous system is considered green because of avoiding
the use of metals, strong oxidants, acid and high temperature. In 2000, an unexpected
rearrangement was discovered by Kalinin et al., when they mixed o-phenylenediamine with
3-benzoylquinoxalin-2(1H)one in boiling acetic acid [184] and obtained a benzimidazole
derivative. Based on this finding, many valuable studies have been carried out. Among
them, Li et al. explored a simple and environmentally friendly protocol to synthesize benz-
imidazoles [185]. A series of substituted products were obtained in moderate to good yields
27–78% with the only requirement of the solvent AcOH at room temperature (Scheme 23c).
Since the clinically available benzimidazole-based drug is crucial, a rapid, cheap, clean and
environmentally sustainable method for its synthesis has been reported. 1,2-disubstituted
benzimidazoles (85–99% yield) were synthesized under microwave-assisted conditions
without solvents, but 1% Er(OTf)3 was required as an efficient and environmentally mild
catalyst (Scheme 23d) [186]. In recent years, dehydrogenative cross-coupling reactions
under electrochemical oxidative conditions have gained significant attention [187,188]. An
efficient and sustainable method that utilized electricity as a green reagent was developed
for the synthesis of benzimidazoles (14–89% yield) through dehydrogenative cyclization
of N-aryl amidines (Scheme 23e) [189]. The tandem cyclization was conducted without
catalysts, oxidants or additives, generating H2 as the only byproduct. Another catalyst-free
room temperature synthesis of isoquinoline-fused benzimidazoles was recently reported
using 2-alkynylbenzalde- hydes and o-phenylenediamines in good to excellent yields in a
green solvent, EtOH [190].
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Scheme 23. Green synthesis of benzimidazoles via non-traditional activation methods.

Substantial efforts have been made toward designing facile and efficient synthetic
methods to access indazoles due to their biological and pharmaceutical applications [191].
1H-indazole and its tautomer 2H-indazole have been known as crucial units in many phar-
maceuticals [192,193]. A catalyst-free and chemical oxidant-free electrochemical synthesis of
1H-indazoles (7–86% yield) was demonstrated by Wan and co-workers (Scheme 24a) [194].
This indazole formation involves electrochemical oxidative radical Csp2–H/N–H cycliza-
tion of arylhydrazones. Cyclic voltammetry indicates that DCM/HFIP is essential in which
the substrate has the lowest oxidation potential. Pt anode and nBu4NBF4 electrolyte were
the most effective for the activation of arylhydrazones.

Scheme 24. Facile and efficient synthetic methods to access 1H-indazole and 2H-indazole.

Zhang et al. [195] reported another metal- and oxidant-free electrochemical protocol for
the synthesis of 1H-indazoles from easily available hydrazones. This series of reactions was
carried out in an undivided cell which was equipped with a carbon anode, a Pt cathode and
nBu4NBF4 electrolytes (49–88% yield) (Scheme 24b). It is worth noting that a wide range of
functional groups are tolerated, and gram-scale reactions were accomplished under mild con-
ditions. 2H-indazoles are important scaffolds in medicinal chemistry, exhibiting a broad range
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of pharmacological and biological activities such as antimicrobial and anti-inflammatory [196].
In particular, 2-aryl-2H-indazoles are crucial scaffolds found in various biologically active
molecules. Additionally, its derivatives display attractive fluorophoric properties for cellular
imaging [197]. Jin et al. synthesized several fluorescent and bioactive 2H-indazoles molecules
via base-catalyzed benzylic C–H deprotonation and cyclization without using transition-metal
catalysts (Scheme 24c) [198]. This synthetic strategy employs inexpensive CH3OK as the base
and has good tolerance for halogen, electron-neutral methyl, electron-donating or electron-
withdrawing groups, and provides the products in good to excellent yields, 49–98%. Liu
et al. [199] reported a green and sustainable method to access 2H-indazole-3-carboxamides in
moderate to excellent yields (68–96%) (Scheme 24d). Inspired by the Davis–Beirut reaction
for the conversion of aromatic nitro compounds to N-aryl 2H-indazoles [200], a visible-light-
driven N–N coupling of aryl azides to 2H-indazole-3-carboxamides has been developed
without the presence of a photocatalyst and external additive addition. These reactions were
carried out at room temperature under air, possessing additional advantages such as the broad
substrate scope, excellent functional group compatibility and environment friendliness.

5.2. Carbolines

Carbolines are three-ring heterocycles with two N-atoms one in the middle ring and
another in either side rings, β-carbolines being the most common [201]. These compounds
exhibit multiple types of biological activities, such as being multifunctional anti AD com-
pounds [202], anticancer agents [203] or angiogenesis inhibitors [204]. A combined hetero-
geneous catalytic microwave-assisted synthesis was developed by using a Pd/C and K-10
montmorillonite-containing bifunctional catalyst. Tryptamines and carbonyl compounds
were reacted to form β-carbolines in a green Pictet–Spengler cyclization in a three-step
domino sequence affording the products in good to excellent yields (Scheme 25a) [205].
Another method used In(OTf)3 catalysis in a multicomponent reaction, using the Groebke–
Blackburn–Bienayme (GBB) reaction [206]. The method provided good yields for the
products and possessed several green advantages, such as operational simplicity, high
atom economy, structural diversity, easy purification and the use of EtOH, a green solvent
(Scheme 25b).

Scheme 25. Catalytic syntheses of β–carbolines and derivatives.

5.3. Quinazoline, Quinoxaline, Cinnoline

Quinazolines are important nitrogen-containing heterocycles many of them are bioac-
tive natural and synthetic products of pharmaceutical interest with diverse properties such
as antimicrobial [207], antiviral [208], antimalarial [209], antituberculosis [210], etc.

Chan et al. [211] constructed substituted quinazolines from functionalized 2-amino-
benzophenones and aromatic aldehydes (Scheme 26a,b). This efficient and mild protocol
employed TMSOTf/hexamethyldisilazane (HMDS) catalytic system under neat, metal-
free and microwave-assisted conditions. Notably, HMDS served as N sources and the
reaction was catalyzed by TMSOTf, generating gaseous ammonia in situ. Most protocols for
C–H functionalization/C–H annulation use transition metal catalysts under conventional
thermal conditions. Owing to its common drawbacks, Charpe et al. [212] reported the
visible light-initiated copper-catalyzed oxidative Csp2–H annulation of amidines with
terminal alkynes to form 2,4-disubstituted quinazolines using molecular O2 as an oxidant
at room temperature (48–78%; Scheme 26c). These reactions were carried out under mild
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conditions, which did not require any expensive, toxic external photocatalysts or organic
oxidants. Water is the only byproduct of the reactions. In terms of green chemistry
metrics, the E-factor is ~1.9 times better than that of the reported thermal method. Another
transition metal catalyst- and additive-free quinazoline synthesis has been described by
Yang et al. [213]. In this study, visible-light catalysis was applied as a green and clean
way to access the coupling, decarboxylation and cyclization of 2-aminobenzylamine and
α-ketoacids under room temperature in air (48–88% yield; Scheme 26d).

Scheme 26. Green synthesis of functionalized quinazolines under microwave- (a,b) and visible light
(c,d) activation.

Quinoxalines and their derivatives have gained a great deal of attention in medicinal
chemistry due to their diverse biological activities [214]. Additionally, quinoxaline deriva-
tives have been reported for applications in fields such as organic semiconductors [215],
dyes [216], organic photovoltaics [217] etc.

Li et al. [218] designed an efficient dual-protein (lipase and hemoglobin) system which
successfully catalyzed the regioselective synthesis of quinoxalines in water. This system
represents an environmentally benign, efficient and regioselective synthesis of quinoxalines.
In this green and efficient protocol, lipase was used to access the in situ generations of
diazodicarbonyls by a diazo transfer reaction to 1,3-dicarbonyl compounds with sulfonyl
azides (Scheme 27a). The obtained α-diazo carbonyl compounds and 1,2-diamines were
catalyzed by hemoglobin to afford the condensed quinoxaline products in excellent yield
(81–95%). It is worth noting that this method can be easily scaled up, maintaining moderate
regioselectivity.

Natural deep eutectic solvents (NADESs) are considered functional liquid media which
can dissolve natural or synthetic chemicals of low water solubility. Owing to the special prop-
erties such as high biodegradability and biocompatibility, NADESs can serve as alternative
candidates for organic solvents and ionic liquids [219]. Lupidi et al. [220] reported a sustain-
able and rapid method for the synthesis of functionalized quinoxalines, via the condensation
of 1,2-dicarbonyls with 1,2-diamino compounds in a ChCl/water NADES in 5 min at room
temperature (46–97%) (Scheme 27b). The involvement of NADESs enabled the fast activation
of reactants, providing pure enough products to avoid further purification. Based on universal
sustainable development goals, reusable biomass-based resources for organic synthesis are
encouraged to develop cleaner, sustainable and safer chemistry [221]. The water extract of
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pomegranate peel ash (WEPA) was applied to catalyze a condensation–cyclization–oxidation
process between α-hydroxy ketones and 1,2-diamines, affording quinoxalines with excellent
yield (82–99%) at 80 ◦C in air (Scheme 27c). This sustainable protocol has many advantages,
such as deploying oxygen from air, using recrystallization for purification in an aqueous
medium and the ability to be scaled up. Bains et al. [222] investigated a bis(azophenolate)
nickel complex in quinoxaline synthesis. The inexpensive, air-stable nickel catalyst success-
fully yielded quinoxalines (69–92%) under aerobic atmosphere at a mild reaction temperature
of 80 ◦C via double dehydrogenative coupling of diamine and diol (Scheme 27d). A similar,
but even more environmentally benign process provided quinoxalines in nearly quantitative
yields in a catalyst and solvent-free process [223].

Scheme 27. Environmentally benign and sustainable method for the synthesis of functionalized
quinoxalines.

Cinnolines are vital building blocks that are present in many compounds with con-
siderable pharmaceutical properties such as antibacterial, antifungal, antimalarial, anti-
inflammatory, analgesic, anxiolytic and antitumor activities [224], creating considerable inter-
est in their preparation. Cai et al. [225] introduced a straightforward synthesis of cinnoline
derivatives through aerobic electrochemical oxidation–cyclization and migration under metal-
free conditions. This methodology utilized electrochemistry to promote a one-pot two-step
cascade cyclization of ortho-alkynyl acetophenones and sulfonyl hydrazides (Scheme 28a,b).
Moreover, this strategy has many benefits such as good to excellent yield 54–79%, broad
functional group tolerance, good step economy and green reaction conditions.

A transition-metal-free intramolecular redox cyclization reaction [226] was developed
for the straightforward synthesis of cinnolines from 2-nitrobenzyl alcohol and benzy-
lamine by a simple treatment with CSOH·H2O in EtOH/H2O (45–81% yield; Scheme 28c).
This method involves the formation of intermediate 2-nitrosobenzaldehyde and (E)-2-(2-
benzylidenehydrazinyl) benzaldehyde which play an important role in the intramolecular
redox cyclization. A rhodium-catalyzed [4+2] cyclization of readily available pyrazolidi-
nones and iodonium ylides [227] was applied to synthesize cinnolines (Scheme 28d). The
reactions were carried out in HFIP with 2,4,6-trimethylbenzoic acid additive. Moderate to
excellent yields (40–95%) and broad scope were achieved under mild reaction conditions.
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Scheme 28. Straightforward access to cinnolines under mild reaction conditions.

5.4. N and Other Heteroatoms

Heterocyclic compounds having isothiazole moiety exhibit analgesic, anorectic
and antidepressant activities. Traditional methods for the synthesis of isothiazolo[5,4-
b]pyridines, however, require high temperatures (250 ◦C) [228]. To address such issues,
Cabrera-Afonso et al. [229] disclosed a sustainable synthesis of isothiazoles from α-
imino-oxy acids. This efficient method applied an organo-photoredox generation of
iminyl radicals by oxidative single-electron transfer (SET) to the formation of N–S
bonds (up to 86%). The reactions were carried out under air and 450 nm single LED at
room temperature without transition metals or stoichiometric oxidants (Scheme 29a).
Wang et al. [230] used elemental sulfur and ammonium sulfate as heteroatom compo-
nents to synthesize isothiazolo[5,4-b]pyridines via a three-component reaction under
transition metal-free conditions (Scheme 29b). Elemental sulfur has the advantages
of being inexpensive, industrially available, stable, non-volatile, easily stored, non-
hygroscopic and non-toxic in nature compared to other sulfur sources such as KSCN,
thiadiazole, etc. These reactions are moisture and oxygen tolerant and can easily be
scaled up, providing products in good to excellent yields 51–97%. Jemili et al. [231]
described a new laser-assisted synthesis of phenylthiazolo[5,4-b]pyridine derivatives
(Scheme 29c). This rapid and straightforward approach benefits from the absence of
solvent, yielding 61–92% product. It was also noted that increasing laser energy input
increased the yields. Moreover, the conditions are solvent-, metal- and base-free.
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Scheme 29. Sustainable synthesis of isothiazolo[5,4-b]pyridines (a,b) and phenylthiazolo[5,4-
b]pyridines (c).

6. Three- and Four-N-containing Condensed Heterocycles
Purine, 3H-imidazo[4,5-b]pyridine, Imidazo[1,2-c]pyrimidine

Polyethylene glycol-based dicationic ionic liquid [232] has been applied in a green
protocol to synthesize 3H-imidazo[4,5-b]pyridine. Fe(III)-based PEG1000 dicationic im-
idazolium ionic liquid ([PEG1000mim2][FeCl4]2)/toluene biphasic system served as a
medium and catalyst as well to promote the reaction effectively providing 78% yield
(Scheme 30) [233]. As a further green advantage the solvent could be recycled and main-
tained good catalytic activity after seven runs.

Scheme 30. Synthesis of 3H-imidazo[4,5-b]pyridine from aryldiamines with formaldehyde.

Chakraborty et al. reported a sustainable nickel-catalyzed methodology for the syn-
thesis of various purines via dehydrogenative functionalization with benzyl alcohols [234].
The bench stable catalyst was easily prepared and could catalyze the selective formation of
8-substituted (56–70% yield) and 8,9-disubstituted (47–54% yield) purine derivatives under
different reaction conditions. Moreover, 8-substituted purine derivatives were obtained via
using toluene as a solvent at 100 ◦C under air, while 8,9-disubstituted purine derivatives
were obtained with xylene as a solvent at 120 ◦C under argon atmosphere (Scheme 31).

Scheme 31. Synthesis of various purines via acceptorless dehydrogenative coupling.
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Guo et al. [235] reported an efficient synthesis of pyrazolo[1,5-a][1,3,5]triazine-2,4-
diamines via a visible-light-enhanced annulation of 1H-pyrazol-3-amines and isothio-
cyanates [236]. This strategy generated in situ pyrazolthiourea intermediates in the first step,
which then underwent a formal [4+2] annulation with 1,1,3,3-tetramethylguanidines(TMG)
to give the corresponding products in 36–84% yield (Scheme 32). This method featured
green advantages such as the use of a photocatalyst-, metal-, oxidant-, ligand-, base-free
and broad substrate scope.

Scheme 32. Visible-light-enhanced annulation approach to pyrazolo[1,5-a][1,3,5]triazine-2,4-diamines.

Additionally, this protocol can be applied to synthesize a potential biologically active
product (61% yield) when using 2H-tetrazol-5-amine as the substrate (Scheme 33).

Scheme 33. Synthesis of a potential biologically active compound under visible light activation.

7. Summary and Conclusions

As described above, the preparation of N-heterocycles is still at the forefront of organic
synthesis research, although the focus has shifted toward the application of contemporary
synthetic methods that comply with the major principles of green chemistry and engineer-
ing. In this work the highlight was placed on the use of catalytic methods and energy
efficient activations by nontraditional methods, such as microwaves, ultrasounds, photo-
and electrochemistry and high hydrostatic pressure. The protocols listed in this account are
representative examples of the new developments illustrating the synthesis of the target
compounds through a green and sustainable perspective.
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20. Daştan, A.; Kulkarni, A.; Török, B. Environmentally Benign Synthesis of Heterocyclic Compounds by Combined Microwave-

Assisted Heterogeneous Catalytic Approaches. Green Chem. 2012, 14, 17–37. [CrossRef]
21. Kokel, A.; Schäfer, C.; Török, B. Application of microwave-assisted heterogeneous catalysis in sustainable synthesis design. Green

Chem. 2017, 19, 3729–3751. [CrossRef]
22. Yasukawa, N.; Kuwata, M.; Imai, T.; Monguchi, Y.; Sajiki, H.; Sawama, Y. Copper-catalyzed pyrrole synthesis from 3,6-dihydro-

1,2-oxazines. Green Chem. 2018, 20, 4409–4413. [CrossRef]
23. Wang, P.; Ma, F.-P.; Zhang, Z.-H. L-(+)-Tartaric acid and choline chloride based deep eutectic solvent: An efficient and reusable

medium for synthesis of N-substituted pyrroles via Clauson-Kaas reaction. J. Mol. Liq. 2014, 198, 259–262. [CrossRef]
24. Naeimi, H.; Dadaei, M. Efficient and Green Synthesis of N-aryl Pyrroles Catalyzed by Ionic Liquid [H-NMP][HSO4] in Water at

Room Temperature. J. Chin. Chem. Soc. 2014, 61, 1127–1132. [CrossRef]
25. Singh, S.B.; Verma, P.K.; Tiwari, K.; Srivastava, M.; Ankit, P.; Singh, M.; Singh, J.; Tiwari, K.P. Supramolecular catalysis in the

synthesis of polyfunctionalised pyrroles. Supramol. Chem. 2014, 26, 882–889. [CrossRef]
26. Mhadgut, S.C.; Palaniappan, K.; Thimmaiah, M.; Hackney, S.A.; Török, B.; Liu, J. A Metal Nanoparticle-Based Supramolecular

Approach for Aqueous Biphasic Reactions. Chem. Commun. 2005, 3207–3209. [CrossRef]
27. Li, X.; Zhang, L.; Wu, Z.; Chen, S.; Wang, J.; Zeng, Z.; Zou, J.-J.; Deng, S.; Deng, Q. Breaking binary competitive adsorption in the

domino synthesis of pyrroles from furan alcohols and nitroarenes over metal phosphide. Appl. Catal. B Environ. 2022, 316, 21665.
[CrossRef]

28. Xu, J.; Green, A.P.; Turner, N.J. Chemo-Enzymatic Synthesis of Pyrazines and Pyrroles. Angew. Chem. Int. Ed. 2018, 57,
16760–16763. [CrossRef]

29. Chen, J.-R.; Hu, X.-Q.; Lu, L.-Q.; Xiao, W.-J. Exploration of Visible-Light Photocatalysis in Heterocycle Synthesis and Functional-
ization: Reaction Design and Beyond. Acc. Chem. Res. 2016, 49, 1911–1923. [CrossRef] [PubMed]

30. Cao, H.; Tang, X.; Tang, H.; Yuan, Y.; Wu, J. Photoinduced intermolecular hydrogen atom transfer reactions in organic synthesis.
Chem. Catal. 2021, 1, 523–598. [CrossRef]

278



Molecules 2023, 28, 4153

31. Lenardon, G.V.A.; Nicchio, L.; Fagnoni, M. Photogenerated electrophilic radicals for the umpolung of enolate chemistry. J.
Photochem. Photobiol. C Photochem. Rev. 2021, 46, 100387. [CrossRef]

32. Pawlowski, R.; Stanek, F.; Stodulski, M. Recent Advances on Metal-Free, Visible-Light-Induced Catalysis for Assembling Nitrogen-
and Oxygen-Based Heterocyclic Scaffolds. Molecules 2019, 24, 1533. [CrossRef]

33. Xuan, J.; Xia, X.-D.; Zeng, T.-T.; Feng, Z.-J.; Chen, J.-R.; Lu, L.-Q.; Xiao, W.-J. Visible-Light-Induced Formal [3 + 2] Cycloaddition
for Pyrrole Synthesis under Metal-Free Conditions. Angew. Chem. Int. Ed. 2014, 53, 5653–5656. [CrossRef]

34. Li, X.T.; Liu, Y.H.; Liu, X.; Zhang, Z.H. Meglumine Catalyzed One-Pot, Three-Component Combinatorial Synthesis of Pyrazoles
Bearing a Coumarin Unit. RSC Adv. 2015, 5, 25625–25633. [CrossRef]

35. Schmitt, D.C.; Taylor, A.P.; Flick, A.C.; Kyne, R.E. Synthesis of Pyrazoles from 1,3-Diols via Hydrogen Transfer Catalysis. Org. Lett.
2015, 17, 1405–1408. [CrossRef]

36. Matcha, K.; Antonchick, A.P. Cascade Multicomponent Synthesis of Indoles, Pyrazoles and Pyridazinones by Functionalization
of Alkenes. Agnew. Chem. Int. Ed. 2014, 53, 11960–11964. [CrossRef] [PubMed]

37. Rostami, H.; Shiri, L.; Khani, Z. Recent advances in the synthesis of pyrazole scaffolds via nanoparticles: A review. Tetrahedron
2022, 110, 132688. [CrossRef]

38. Dias, D.; Pacheco, B.S.; Cunico, W.; Pizzuti, L.; Pereira, C.M.P. Recent Advances on the Green Synthesis and Antioxidant Activities
of Pyrazoles. Mini-Rev. Med. Chem. 2014, 14, 1078–1092. [CrossRef]

39. Fustero, S.; Sanchez-Rosello, M.; Barrio, P.; Simon-Fuentes, A. From 2000 to Mid-2010: A Fruitful Decade for the Synthesis of
Pyrazoles. Chem. Rev. 2011, 111, 6984–7034. [CrossRef] [PubMed]

40. Ilamanova, M.; Mastyugin, M.; Schäfer, C.; Kokel, A.; Török, B. Heterogeneous Metal Catalysis for the Environmentally Benign
Synthesis of Medicinally Important Scaffolds, Intermediates and Building Blocks. Curr. Org. Chem. 2021, 25, 2304–2330. [CrossRef]

41. Landge, S.M.; Schmidt, A.; Outerbridge, V.; Török, B. Synthesis of Pyrazoles by a One-Pot Tandem Cyclization-Dehydrogenation
Approach on Pd/C/K-10 Catalyst. Synlett 2007, 1600–1604. [CrossRef]

42. Borkin, D.A.; Puscau, M.; Carlson, A.; Solan, A.; Wheeler, K.A.; Török, B.; Dembinski, R. Synthesis of diversely 1,3,5-trisubstituted
pyrazoles via 5-exo-dig cyclization. Org. Biomol. Chem. 2012, 10, 4505–4508. [CrossRef] [PubMed]

43. Kumar Pal, C.; Kumar Jena, A. Ce-catalyzed regioselective synthesis of pyrazoles from 1,2-diols via tandem oxidation and
C–C/C–N bond formation. Org. Biomol. Chem. 2023, 21, 59–64.

44. Guo, Y.; Wang, G.; Wei, L.; Wan, J.-P. Domino C-H Sulfonylation and Pyrazole Annulation for Fully Substituted Pyrazole Synthesis
in Water Using Hydrophilic Enaminones. J. Org. Chem. 2019, 84, 2984–2990. [CrossRef]

45. Vuluga, D.; Legros, J.; Crousse, B.; Bonnet-Delpon, D. Synthesis of Pyrazoles through Catalyst-Free Cycloaddition of Diazo
Compounds to Alkynes. Green Chem. 2009, 11, 156–159. [CrossRef]

46. Mondal, R.; Kumar Guin, A.; Pal, S.; Mondal, S.; Paul, N.D. Sustainable synthesis of pyrazoles using alcohols as the primary
feedstock by an iron catalyzed tandem C–C and C–N coupling approach. Org. Chem. Front. 2022, 9, 5246–5258. [CrossRef]

47. Peng, X.; Zheng, M.-M.; Qin, P.; Xue, X.-S.; Zhang, F.-G.; Ma, J.-A. Silver-catalysed [3+2] annulation reaction of aryldiazonium
salts with allenes enabled by boronate direction. Org. Chem. Front. 2023, 10, 74–82. [CrossRef]

48. Cardinale, L.; Neumeier, M.; Majek, M.; von Wangelin, A.J. Aryl Pyrazoles from Photocatalytic Cycloadditions of Arenediazonium.
Org. Lett. 2020, 22, 7219–7224. [CrossRef]

49. Deng, Q.-H.; Zou, Y.-Q.; Lu, L.-Q.; Tang, Z.-L.; Chen, J.-R.; Xiao, W.-J. De Novo Synthesis of Imidazoles by Visible-Light-Induced
Photocatalytic Aerobic Oxidation/[3+2] Cycloaddition/Aromatization Cascade. Chem. Asian J. 2014, 9, 2432–2435. [CrossRef]

50. Takeda, A.; Okai, H.; Watabe, K.; Iida, H. Metal-Free Atom-Economical Synthesis of Tetra-Substituted Imidazoles via Flavin-Iodine
Catalyzed Aerobic Cross-Dehydrogenative Coupling of Amidines and Chalcones. J. Org. Chem. 2022, 87, 10372–10376. [CrossRef]

51. Kafi-Ahmadi, L.; Khademinia, S.; Poursattar, A.; Nozad, M.; Nozad, E. Microwave-assisted preparation of polysubstituted
imidazoles using Zingiber extract synthesized green Cr2O3 nanoparticles. Sci. Rep. 2022, 12, 19942. [CrossRef]

52. Ghanbari, N.; Ghafuri, H. Design and preparation of nanoarchitectonics of LDH/polymer composite with particularmorphology
as catalyst for greensynthesis of imidazole derivatives. Sci. Rep. 2022, 12, 11288. [CrossRef]

53. Kumar, S.; Khokra, S.L.; Yadav, A. Triazole analogues as potential pharmacological agents: A brief review. Future J. Pharm. Sci.
2021, 7, 106. [CrossRef] [PubMed]

54. Kazeminejad, Z.; Marzi, M.; Shiroudi, A.; Kouhpayeh, S.A.; Farjam, M.; Zarenezhad, E. Novel 1, 2, 4-Triazoles as Antifungal
Agents. BioMed Res. Int. 2022, 2022, 4584846. [CrossRef] [PubMed]

55. Tratrat, C. 1,2,4-Triazole: A Privileged Scaffold for the Development of Potent Antifungal Agents—A Brief Review. Curr. Top.
Med. Chem. 2020, 20, 2235–2258. [CrossRef] [PubMed]

56. Xu, Z.; Zhao, S.-J.; Liu, Y. 1,2,3-Triazole-containing hybrids as potential anticancer agents: Current developments, action
mechanisms and structure-activity relationships. Eur. J. Med. Chem. 2019, 183, 111700. [CrossRef]

57. Matin, M.M.; Matin, P.; Rahman, M.; Hadda, T.B.; Almalk, F.A.; Mahmud, S.; Ghoneim, M.M.; Alruwaily, M.; Alshehri, S. Triazoles
and Their Derivatives: Chemistry, Synthesis, and Therapeutic Applications. Front. Mol. Biosci. 2020, 9, 864286. [CrossRef]

58. Brunel, D.; Dumur, F. Recent advances in organic dyes and fluorophores comprising a 1,2,3-triazole moiety. New J. Chem. 2020, 44,
3546–3561. [CrossRef]
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Abstract: The trifluoromethyl group is widely recognized for its significant role in the fields of
medicinal chemistry and material science due to its unique electronic and steric properties that
can alter various physiochemical properties of the parent molecule, such as lipophilicity, acidity,
and hydrogen bonding capabilities. Compared to the well-established C-trifluoromethylation, N-
trifluoromethylation has received lesser attention. Considering the extensive contribution of nitrogen
to drug molecules, it is predicted that constructing N-trifluoromethyl (N-CF3) motifs will be of great
significance in pharmaceutical and agrochemical industries. This review is mainly concerned with
the synthesis of heterocycles containing this motif. In three-membered heterocycles containing the
N-CF3 motif, the existing literature mostly demonstrated the synthetic strategy, as it does for four-
and larger-membered heterocycles. Certain structures, such as oxaziridines, could serve as an oxidant
or building blocks in organic synthesis. In five-membered heterocycles, it has been reported that
N-CF3 azoles showed a higher lipophilicity and a latent increased metabolic stability and Caco-2-
permeability compared with their N-CH3 counterparts, illustrating the potential of the N-CF3 motif.
Various N-CF3 analogues of drugs or bioactive molecules, such as sildenafil analogue, have been
obtained. In general, the N-CF3 motif is developing and has great potential in bioactive molecules
or materials. Give the recent development in this motif, it is foreseeable that its synthesis methods
and applications will become more and more extensive. In this paper, we present an overview of the
synthesis of N-CF3 heterocycles, categorized on the basis of the number of rings (three-, four-, five-,
six- and larger-membered heterocycles), and focus on the five-membered heterocycles containing the
N-CF3 group.

Keywords: N-trifluoromethyl group; heterocycles

1. Introduction

Organic fluorine chemistry, as a prominent research area, has garnered significant
attention for several decades and has also become essential to the evolution of many
different but interconnected research fields [1]. The introduction of the fluorine group,
especially the trifluoromethyl group, into organic compounds has become known as one of
the most efficient methods for modulating molecular properties, for example, lipophilicity
and metabolic stability [2]. Due to its potential utility, many methods have been studied
extensively [3,4]. However, in contrast to the well-developed C-trifluoromethylations,
the N-trifluoromethyl (N-CF3) motif has rarely been investigated to date. Considering
the widespread dissemination of nitrogen (especially nitrogen-containing heterocycles) in
drug molecules [5–7], constructing the N-CF3 motif in molecules is of great significance
in pharmaceutical and agrochemical industries. Drug analogues and potential agents
containing the N-CF3 motif are partially shown in Figure 1 [8–13].
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Figure 1. Drug analogues containing N-trifluoromethyl motif.

Despite the great potential of the N-CF3 motif, the synthesis of this moiety and its
relative chemistry have been rarely explored. The limited use of N-CF3 compounds is
primarily due to the absence of scalable methods for their preparation [14–16]. Recently,
thanks to the new reagents and methods, this motif has increasingly been featured in
the literature.

In terms of constructing the N-CF3 motif in heterocycles, there are two main ap-
proaches. The first involves utilizing starting materials containing the N-CF3 motif to
generate heterocycles directly, while the second strategy entails introducing the CF3 group
via trifluoromethylation or fluorination of nitrogen-containing species. In this paper we
review the construction of N-CF3 heterocycles on the basis of the size of the cycles, involv-
ing three-, four-, five-, six- and larger-membered heterocycles. This article covers as much
literature as possible, from the 1960s to early 2023. The structures mentioned in this paper
are shown in Figure 2.
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2. Three-Membered Heterocycles

In previous reports, the synthesis of three-membered N-CF3 heterocycles mainly re-
lied on starting materials containing the N-CF3 motif. In 1964, Logothetis reported the
aziridination of N-CF3 imines 1a in the presence of diazomethane, which obtained aziri-
dine 2a in the yield of 64% (Scheme 1a) [17]. Subsequently, Coe et al. investigated the
substructure scope of imines [18]. Unfortunately, poor selectivity was exhibited when R
was replaced with iC3F7 (perfluoroisopropyl) or CF=CHCF3. When R = iC3F7, a mixture of
three components in the ratio of 2b:2b′′:2b′ = 6:9:1 was obtained and when R = CF=CHCF3,
a mixture of two products was obtained in the ratio of 2d:2d′ = 71:29 by F shift and further
CH insertion into a C-F bond. Kaupp et al. synthesized some stable triaziridines 4 which
could be purified by fractional distillation by the irradiation of azimines 3 at room tempera-
ture (Scheme 1b) [19]. However, not much attention has been paid to N-CF3 triaziridine.
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Compared to the structures mentioned above, diaziridine attracted more attention, and
its synthesis could be divided into two strategies: Mitsch et al., while studying the reductive
defluorination-cyclization of organic fluoronitrogens, found that diaziridine 6 could be
generated from 1,1-bis(difluoramino)perfluoro-2-azapropan 5 in the presence of ferrocene
(Scheme 1c) [20]. Later DesMarteau et al. obtained another diaziridine 6 by nucleophilic
cyclization when studying perfluoroalkanamine ions (Scheme 1d) [21]. In the presence of
CsF, CF2=NX (when X = F) yielded perfluoroalkanamine ion (CF3NF−), which underwent
further reaction with another CF2=NX to form perfluoro-1-methylformamidine 8. On the
basis of previous work, DesMarteau group achieved synthesis of other diaziridines (when X
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= Br, Cl) through perfIuoroalkanamine ions [22,23]. Meanwhile, other electrophilic species,
such as N-CF3 imine 1a, could also be attacked by CF3NF−, leading to 3,3-difluoro-1,2-
bis(trifluoromethyl)diaziridine [24].

Furthermore, perfluorinated oxaziridine 9 has drawn wide attention and its structure,
synthesis and applications have been studied. Petrov and Resnati have already summarized
the synthesis and reactivity of perfluorinated oxaziridines, in which N-CF3 oxaziridines are
included [25]. In previous reports, the most common methods of synthesis were oxidative
cyclization. In 1976, DesMarteau et al. reported that oxaziridine was obtained by the
oxidation of a N-CF3 imines 1a by CF3OOH [26]. This reaction was performed in two
steps: addition, and further cyclization mediated by NaF. Later, different metal fluorides
were investigated by the authors of [27] and KHF2 was found to be the most suitable
reagent for the yield of oxaziridine 7 (the yield was up to 92%). This method was difficult
and the starting materials were potentially explosive. In order to make the reaction safer
and more convenient, different oxidants, such as hydrogen peroxide [28] and chlorine
gas in the presence of metal carbonate [29], etc., have been developed, but these methods
were still difficult. Finally, using meta-chloroperbenzoic acid (mCPBA) as the oxidant was
determined to be a safer and more attractive choice (Scheme 2) [30,31].
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To date, N-CF3 aziridine, triaziridine and diaziridine have still gained less attention
and their properties and applications are less-developed. On the other hand, there have
been studies into the structure, properties, and applications of oxaziridine [25] (shown in
Scheme 2), such as its reaction with nucleophiles [32,33] and its use as an oxidant [34] or as
building blocks. These studies are included in Section 4.2 of this paper.

3. Four-Membered Heterocycles

Similarly, the synthesis of four-membered N-CF3 heterocycles was based on starting
materials containing the N-CF3 motif.
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The predominant approach to oxazetidine was [2+2] cycloaddition reaction. Tri-
fluoronitrosomethane (CF3NO) was the most common starting material. In the 1950s,
Barr and Haszeldine reported that CF3NO reacted with tetrafluoroethylene 10a to give
two products: an oxazetidine 11a and a copolymer (consisting of two monomers in
a 1:1 ratio) [35,36]. The oxazetidine predominated in this reaction at a high tempera-
ture (ca. 100 ◦C) and the copolymer at room temperature (Scheme 3a). Since then, several
halogenated tetrafluoroethylenes (CF2=CXY) have been investigated (Scheme 3b) [37,38].
It was found that the formation of an oxazetidine and the copolymer from CF3NO oc-
curred most readily with the olefins CF2=CF2, CF2=CHF (adducts were a 99:1 mixture
of 3,3,4-trifluoro-2-trifluoromethyl-1,2-oxazetidine and 3,4,4-trifluoro-2-trifluoromethyl-
1,2-oxazetidine), CF2=CFCl, and CF2=CCl2, and less readily with perfluoro-olefins con-
taining more than two carbon atoms, or with ethylenes containing two or more vinylic
hydrogens [38].
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Meanwhile, it was reported that an attack on the substituted allene by CF3NO led
to another form of oxazetidine. Banks et al. found that tetrafluoroallene 12 reacted with
CF3NO to yield a complex mixture of oxazetidine 13 and 14 [39]. By adjusting the reaction
conditions, the highest yields of oxazetidine 13 and 14 can reach 43% and 42%, respectively.
They also found that compound 14 could be obtained (82% yield) when heating oxazetidine
13 with CF3NO. Later, Haszeldine et al. synthesized a series of oxazedines 16 with limited
regioselectivity and stereoselectivity through the reaction of N, N-bistrifluoromethylamino-
substituted allenes 15 with CF3NO (Scheme 3b) [40,41].

In addition to CF3NO, there were other reagents used in [2+2] cycloaddition. For
example, in 1986, Sundermeyer and co-workers found that CF3N=S=O could react with
ketene to generate thiazetidin 17 (Scheme 4a) [42]. Burger et al. reported that the reaction
of CF3N=C=O and boranamine led to diazaboretidin 18 (Scheme 4b) [43].
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4. Five-Membered Heterocycles

The literature on three- and four-membered N-CF3 heterocycles was more focused
on their synthesis, with limited exploration of their properties and potential applications.
However, in contrast, five- and six-membered heterocycles featuring the N-CF3 motif have
recently been receiving more and more attention [8,44–46]. Their synthesis methods, as
well as biological activities and derivatization, are gradually being studied.

To evaluate the suitability of the N-CF3 motif on amines and azoles in drug design,
Schiesser et al. synthesized a series of N-CF3 amines and azoles (shown in Figure 3), and
determined their stability in aqueous media and other properties [45]. For example, the
stability of N-CF3 analogues of known bioactive compounds (sulfamethoxazole derivative
19a, tetracaine derivative 20a, inhibitors of hedgehog pathway 21a [47,48], inhibitors of
methionine aminopeptidase 22a [49], inhibitors of interleukin-1 receptor associated kinase
4 (IRAK4) 23a [50], and sildenafil analogue 24a) were studied and are shown in Table 1.
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additional key in vitro properties.

Table 1. Half-life of N-CF3 compounds 19a–24a [a].

Structure pH 1.0
[d]

pH 7.4
[d]

pH 10.0
[d]

19a 0.2 0.4 0.3
20a <0.6 <0.6 <0.6
21a >72 >72 >72
22a >72 >72 >72
23a >72 >72 71
24a <1.3 <0.8 <0.5

[a] The experiment was carried out at 25 ◦C in 0.1 M HCl solution (pH 1.0), 20 mM sodium phosphate buffer (pH
7.4), and 20 mM carbonate buffer (pH 10.0).

Two anilines 19a and 20a, as well as piperazine 24a, showed fast hydrolysis at all
three pH values investigated, with half-lives of less than 1.5 days at 25 ◦C (Table 1). It
should to be noted that for 20a, the corresponding carbamoyl fluoride 20b was the main
product at pH 1.0, with a small amount of product where both the carbamoyl fluoride
had been further hydrolyzed to the secondary amine and the ester bond had been cleaved.
The latter compound was also the main product at pH 7.4 and pH 10.0. In contrast to the
N-CF3 anilines and piperazine, for all the N-CF3 azoles they investigated no corresponding
carbamoyl fluoride of free azole was detected in aqueous media at any of the three pH
values studied.

Moreover, they then compared the key in vitro properties in medicinal chemistry (log
D, experimentally determined polar surface area (ePSA) [51,52], permeability in human
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epithelial colorectal adenocarcinoma cells (Caco-2), and metabolic stability for the N-CF3
compounds 19a–24a and their N-CH3 counterparts (Table 2).

Table 2. Overview of the change in key in vitro properties when exchanging N-CH3 and N-CF3
[f].

Structure Number Log D7.4
[a] Chrom-

log D7.4
[a]

ePSA [b]

[Å2]
Caco-2 Papp

[c]

[10−6 cm/s]
HLM [d]

[L/min/mg]
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19a
R = CF3
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23a
R = CF3

2.2 (0.1) 2.2 (0.0) 92 (1) 12 (8) <3.0
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0.6 (0.1) <0.0 98 (0) 2.4 (0.9) <3.0
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24a
R = CF3

>4.0 >5.3 67 (1) nd [e] nd [e]

24b
R = CH3

2.7 (0.1) 3.3 (0.1) 73 (0) nd [e] nd [e]

[a] Due to limitations in the determination of log D7.4 using the shake-flask method, exact values for measured
log D7.4 > 4 are given as >4.0. [b] Experimentally determined polar surface area. [c] Apical to basolateral
passive permeability across the Caco-2 cell monolayer in the presence of inhibitors against the three major efflux
transporters: P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and multidrug-associated protein
2 (MRP2). [d] Metabolic stability of the compound measured as the disappearance of the parent compound over
time when incubated with human liver microsomes. [e] Due to the low stability of compounds 19a, 20a, and 24a
in an aqueous environment, which would interfere with the proper determination of their metabolic stability or
Caco-2 permeability, no metabolic stability or Caco-2 permeability was determined for these compounds or for
their N-methyl analogues. [f] Each experimental value is the mean of at least three independent replicates. The
standard deviation is given in brackets.

In the compounds investigated, the exchange of a methyl for trifluoromethyl led to
the expected higher lipophilicity as proven by an increased log D7.4 and chromlog D7.4 and
a decreased ePSA. Log D7.4 increases by on average 1.1 log units and chromlog D7.4 by
1.6 log units. However, the extent of this change can vary significantly and was dependent
on both the individual compound and type of log D7.4 analysis used. Changes in permeabil-
ity and metabolic stability were less consistent.Stability to human liver microsomes (HLMs)
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can be significantly increased for the trifluoromethyl analogue as seen for 22a (p = 0.004) or
decreased as for 21a. The decreased metabolic stability of the latter two compounds could
be due to an increased lipophilicity, rendering the potential metabolic soft spots (benzylic
methyl group in 21a) more susceptible to metabolism.

According to Schiesser’s research [45], N-CF3 amines were prone to hydrolysis,
whereas N-CF3 azoles have excellent aqueous stability. Compared to N-CH3 analogues,
N-CF3 azoles showed a higher lipophilicity and a latent increase in metabolic stability
and Caco-2-permeability, which illustrated the value and potentiality of N-CF3 diazole in
medicinal chemistry.

In terms of synthesizing these five-membered N-CF3 structures, both types of con-
structing N-CF3 were included. In this section, the synthesis of five-membered heterocycles
would be divided into the three parts: nucleophilic fluorination, cyclization based on N-CF3
starting materials, and electrophilic trifluoromethylation.

4.1. Nucleophilic Fluorination
4.1.1. Fluorine/Halogen Exchange

Fluorine/halogen exchange was one of the first reactions to obtain the trifluoromethyl
group on the nitrogen atom (Scheme 5) [16]. Yagupolskii et al. achieved fluorine/halogen
exchange with N-trichloromethyl derivatives in the presence of HF or Me4NF [53]. This
strategy was also capable of generating N-CF3 pyrazoles [54,55] and N-CF3 1,2,4-triazoles [55].
However, highly toxic or environmentally unfriendly reagents (such as CF2Br2, a known
ozone-depleting reagent [56]) would be used in this method for fluorine/halogen exchange
or in the preparation of the precursors (such as 26) for fluorine/halogen exchange, which
limited its use.
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halogen exchange.

4.1.2. Oxidative Desulfurization and Fluorination

Compared to fluorine/halogen exchange, this method has been much more thoroughly
studied. This method allowed people to replace C-S bonds with C-F bods under extremely
mild conditions compared to the fluorination of formamides [57] or fluorination induced
by SF4 [58].

Hiyama et al. reported conversion from methyl dithiocarbamates to trifluoromethy-
lamines in the presence of readily available fluoride ions (Scheme 6a) [59]. The reaction
conditions were applicable to a wide range of disubstituted nitrogen, with substituents
including phenyl, heteroaromatic or alkyl. Recently, Schindler et al. applied chlorodithio-
phenylformiate as an electrophile and successfully obtained phenyl aminodithioate 30 [60].
Then trifluoromethylamines 31 were generated after the desulfurization and fluorination.
Additionally, Hagooly et al. used BrF3 for desulfurization and fluorination and obtained
2-(trifluoromethyl)isoindoline-1,3-dione and 1-(trifluoromethyl)azepan-2-one [61].
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Scheme 6. Synthesis of N-trifluoromethyl amines from (a) methyl dithiocarbamate or (b) phenyl
dithiocarbamate.

Furthermore, Schoenebeck et al. reported that amines and SCF3
- source (Me4N)SCF3

could generate the highly electrophilic thiocarbomoyl fluoride 32 followed by a reaction
with AgF to yield trifluoromethyl amines 31 [62]. Furthermore, there were other ap-
proaches to the intermediate 32. Lin and Xiao et al. [63] generated this intermediate from
difluorocarbene and sulfur (S8), while Jiang and Yi et al. [64] reported a method using
CF3SO2Na (Scheme 7). These strategies have been used to synthesize interesting analogues
of biologically active compounds (examples are shown in Section 5.1).
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4.1.3. Cyclization Induced by Fluoride Ion

Fluoro-olefins containing terminal double bonds have been shown to isomerize in
the presence of fluoride ion (Scheme 8) [65]. There is a considerable amount of literature
on the transformation of perfluoro-2,5-diazahexa-2,4-diene (CF2=NCF2CF2N=CF2, 36a)
and its precursor CCl2=NCCl2CCl2N=CCl2, 35. In 1967, Ogden and Mitsch reported that
isomerization of perfluoro-, -diazomethines with CsF could form a cyclic five-membered
N-CF3 heterocycle as a minor product (34, 30% yield) [66].

Scholl et al. synthesized 36a from 35 via two steps, and found that 36a could cyclize to
form two isomers (37a and 37b) in the presence of fluoride ion [67]. Both isomers could
form nitrogen anion 37c in the presence of fluoride ion. 37c could also react with 37b to
generate substituted N-CF3 imidazolidine 38. Subsequently, the same group found another
transformation of 35 and obtained 39 in two steps [68]. In the presence of fluoride ion,
another nitrogen anion 40 could be generated, which subsequently reacted with another
39 to obtain imidazolidine 41.
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Later in 1984, Banks et al. [69] investigated in some detail the effect of temperature
and metal fluoride on the systems used by Scholl. The product composition depends on the
reactivity of the fluoride source and the reaction conditions, i.e., the product may be under
kinetic or equilibrium control. In addition to the substances reported earlier by Scholl, they
detected others. Later, Chambers et al. [70,71] reacted the nitrogen anion 37c with different
trapping agents including haloalkane, perfluoro azaarene, perfluoro cyclobutene, etc., and
obtained diverse heterocycles 38.

Meanwhile, Pawelke et al. [72] investigated the transformation of 35 or its derivative
in the presence of fluoride source. Cyclization of compound 35 led to the perfluorinated
1H-imidazole 42, whose chlorine atom could be further substituted by OPh or NEt2.

4.2. Cyclization Based on N-CF3 Starting Materials
4.2.1. [3+2] Cycloaddition

Utilization of starting materials containing the N-CF3 motif is a commonly employed
strategy for achieving the target heterocyclic compounds. As mentioned in Section 2, per-
fluorinated oxaziridine 9a could serve as building blocks in organic chemistry. DesMarteau
et al. reported that some cycloaddition of oxaziridine 9a with electron-rich alkenes and
ketones resulted in oxazolidines or dioxazolidines (Scheme 9) [73,74]. However, perfluori-
nated oxaziridine 9a also had certain limitations as a building block: attempts to achieve the
cycloaddition of 9a with CH2=CH2, CFCl=CFCl, perfluorocyclopentene, acrylonitrile, and
acetylene have failed. Additionally, the reaction could not occur with fluorinated ketones
such as hexafluoroacetone.

In recent decades [3+2] cycloaddition between azide and alkyne has attracted sig-
nificant attention, and copper-catalyzed azide-alkyne cycloaddition is one of the most
widely used forms of this technique [75]. In 2017, Beier et al. reported the synthesis of
azidoperfluoroalkanes 43 which could be synthesized from perfluoroalkyl trimethylsi-
lane (TMSRF) with p-toluenesulfonyl azide (TsN3) in the presence of CsF, or synthesized
from (perfluoroethyl)lithium (RF = C2F5) with TsN3 [76]. These azidoperfluoroalkanes
could undergo [3+2] cycloaddition with alkynes catalyzed by copper to access diverse
N-perfluoroalkyl 1,2,3-triazoles 44 (Scheme 10). Later in 2018, Beier et al. reported a mild
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and efficient and synthesis of highly functionalized 1-perfluoroalkyl-1H-1,2,3-triazoles
45 via in situ generated enamines in azide-ketone [3+2] cycloaddition (Scheme 10) [77].
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Scheme 10. (a) Synthesis of perfluoroalkyl azides; (b) cycloaddition of trifluoromethyl azides with
alkynes or ketones; (c) mechanism of the cycloaddition of trifluoromethyl azides with ketones.

In the same year, the Beier group developed a highly efficient method for the synthe-
sis of a broad range of previously unreported N-fluoroalkyl-substituted five-membered
heterocycles with microwave heating-assisted rhodium-catalyzed transannulation of N-
fluoroalkyl-substituted 1,2,3-triazoles 44 [78]. Subsequently, the same group expanded
this approach to acetylene substrates and successfully generated N-fluoroalkyl pyrrole
(Scheme 11) [79]. The mechanism proposed by authors is shown in Scheme 12.
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Xu, Guan, and Wang et al. [80] reported an alternative and scalable cyclization strategy
based on N-CF3-containing synthons for constructing diverse N-CF3 azoles, including
N-CF3 tetrazoles, N-CF3 imidazoles, and N-CF3 1,2,3-triazoles (Scheme 13). This method
involved using a hypervalent iodine reagent for trifluoromethylation in combination with
a base to efficiently carry out the reaction. Furthermore, estrone analogue 54 could be gen-
erated in two steps in a total of 74% yield. Subsequently, the authors’ group developed the
reaction of the N-CF3 nitrilium ions 51 with N-, O-, and S-nucleophiles, resulting in various
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N-CF3 amidines, imidates, and Thioimidates [81]. Very recently, they utilized hypervalent
iodine reagent for the trifluoromethylation of 4-alkylamino-pyridine to generate N-CF3
pyridinium salt which could be further translated to 2-functionlized nicotinaldehydes [82].
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iodine reagent with nitriles.

4.2.2. Other Cyclization

In addition to [3+2] cycloaddition, other cyclization pathways have been explored for
the synthesis of N-CF3-containing five-membered heterocycles. For instance, Sundermeyer
and co-workers reported access to the preparation of imidazolidinedione
55 through the reaction of trifluoromethyl isocyanate with trimethylsilyl cyanide, fol-
lowed by hydrolysis [83]. In 1977, Rudiger Mews synthesized dioxazolidine 56 from
CF3NO and bis(trifluoromethyl)diazomethane [84]. Lentz reported that trifluoromethyl
isocyanide reacted with hexafluoroacetone to yield compound 57 [85]. Later, the same
group reacted trifluoromethyl isocyanide with diphosphene, leading to the formation
of azaphospholidine 58 [86]. In addition, Crousse et al. developed a direct approach to
obtaining N-CF3 hydrazines from CF3SO2Na. Among the family of N-CF3 hydrazines,
hydrazides 59 showed hydrolysis in the presence of HCl and reacted further with diketone,
leading to N-CF3-1H-pyrazoles 60 in 44% yield totally (Scheme 14d) [87].

In 2019, Schoenebeck et al. reported straight access to N-CF3 amides, carbamates,
thiocarbamates or ureas via N-CF3 carbomoyl building blocks 61 [88]. After that, the
same group developed the transformation of the building blocks and generated non-
cyclic or heterocyclic N-CF3 compounds as shown in Scheme 15 [89–92]. Additionally,
antihistamine derivative oxatomide analogue 64a could be generated in 62% in two steps
by N-H functionalization of 64.

Meanwhile, Huang and Xu et al. reported the design and synthesis of novel N-
CF3 hydroxylamine reagents 66 as well as their applications in preparation of N-CF3
compounds [93]. Some oxazolidinones 67 and 67′ could be generated from trifluoromethy-
lamination/cyclization of styrenes or vinyl ether (Scheme 16a). For example, estrone
analogue 67a, could be generated in 71% yield. Furthermore, ynamide 68 could be
generated from reagent 66, which could further form heterocycles 69 via Pd-catalyzed
cyclization (Scheme 16d). Subsequently, the same group employed reagent 66′ and
trimethylsilyl cyanide to convert 1,3-enynes to trifluoromethylaminated allenes under
a photoredox/copper-catalyzed 1,4-difunctionalization, in which allenes 70 could further
yield oxazolidinones 71 in the presence of N-bromosuccinimide (NBS) or N-iodosuccinimide
(NIS) (Scheme 16e) [94].
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Scheme 16. (a) Synthesis of N-trifluoromethyl oxazolidinones through trifluoromethylamina-
tion/cyclization of styrenes or vinyl; (b) Proposed reaction mechanism; (c) estrone analogue 65a;
(d) Synthesis of N-trifluoromethyl oxazolidinones through trifluoromethylamination of vinyl acetate
66 and further cyclization; (e) Synthesis of oxazolidinones through cyclization of allenes.

4.3. Electrophilic Trifluoromethylation

In 2006, Togni et al. developed two new trifluoromethylation reagents (72 and 73)
based on hypervalent iodine [95,96]. Subsequently, in 2011, the same group reported
a Ritter-type direct electrophilic trifluoromethylation at nitrogen atoms using hypervalent
iodine reagent 72 and obtained N-CF3 benzotriazole 74 as a side product (Scheme 17a) [97].
Subsequently, they further refined the method and successfully conducted the trifluo-
romethylation of a variety of heterocycles (Scheme 17b) [98].

Meanwhile, Umemoto developed diverse derivatives of (trifluoromethyl)dibenzofura-
nylium that could generate CF3

+ anion at a low temperature, which facilitated the elec-
trophilic trifluoromethylation of primary, secondary, or aromatic amines (Scheme 17c) [99].
For example, 1-(trifluoromethyl)indoline could be generated in 68% yield.
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Scheme 17. (a) Togni’s reagents and trifluoromethylation of benzotriazole; (b) Synthesis of various
five-membered N-trifluoromethyl heterocycles through Togni’s reagent; (c) Synthesis of trifluo-
romethyl amines through Umemoto’s reagents.

5. Six-Membered Heterocycles

From the existing literature, the synthetic methodologies of six-membered heterocycles
were similar to the five-membered heterocycles containing the N-CF3 motif. Therefore, in
this section, some examples are shown briefly.

5.1. Nucleophilic Trifluoromethylation

Similarly, oxidative desulfurization and subsequent fluorination was also an effi-
cient way to achieve six-membered heterocycles containing the N-CF3 motif, such as
piperazines and piperidines. For example, Tlili et al. [100] used carbon disulfide and
(diethylamino)sulfur trifluoride (DAST) to generate thiocarbomoyl fluoride intermediate
32, and then synthesized a series of N-CF3 piperazines. Borbas et al. employed DAST
and NBS to generate N-CF3 morpholine while studying N-fluoroalkylated nucleoside
analogues [101]. In addition to AgF, pyridinium poly(hydrogen fluoride [8] could also be
employed for oxidative desulfurization and fluorination to give the product 31c which
exhibited antibacterial activity. These methods allowed the introduction of the CF3 group
into the nitrogen of pharmaceuticals or their analogues, demonstrating the potential of
bioactive molecule modification (Scheme 18) [8,62,64].
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5.2. [4+2] Cycloaddition

As described in Section 3, CF3NO could serve as building blocks in cycloaddition. The
application of CF3NO in [4+2] cycloaddition has been investigated [39,102–107], yielding
various adducts 75 (Scheme 19a). Carson et al. have studied the nucleophilic displace-
ments of fluorine atoms in perfluoro-1,2-oxazines, in particular amino-defluorination reac-
tions [107]. It was established that perfluoro-(3,6-dihydro-2-methyl-2H-1,2-oxazine) reacted
with ammonia at room temperature to give a mixture of 4- and 5-amino derivatives, while
when reacted with disubstituted amines in diethyl ester at −78 ◦C it only gave 5-amino
compounds. Furthermore, other starting materials featuring N-CF3 were utilized in [4+2]
cycloaddition, as shown in Scheme 19b,c [108,109].
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Scheme 19. Synthesis of six-membered N-trifluoromethyl heterocycles through [2+2] cycloaddition:
(a) trifluoronitrosomethane with substituted diene; (b) N-trifluoromethyl imines with cyclopentadi-
ene; (c) Trifluoromethyl-substituted N-sulfinylamine with diene and further oxidation.

5.3. Other Approaches

In 1976, Haszeldine et al. reported the formation of triazine via unsymmetrical car-
bodiimide intermediate, which was subsequently dimerized, trimerized or intramolecular
cyclized (Scheme 20a) [110]. Similarly, Mews et al. reported that RFN=S=O reacted with
SO3, leading to the formation of sulfonimide [111]. The degree of oligomer depended on
the size of the substituent, and at what time RF = CF3, dimer and trimer were formed in the
ratio of 3:1 (Scheme 20b).
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Scheme 20. Synthesis of diverse six-membered heterocycles: (a) Dimerization or trimerization of
N-trifluoromethyl carbodiimide; (b) Dimerization or trimerization of trifluoromethyl-substituted
N-sulfinylamine; (c) direct fluorination of N, N-dimethyl piperidine.
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Direct fluorination of hydrocarbons by fluorine gas was indeed also a method used to
synthesize the corresponding fluorous compounds. Lagow et al. reported the synthesis
of perfluoro highly-branched heterocyclic fluorine compounds by direct fluorination, and
also reported that 1,4-bis(trifluoromethyl)piperazine 79 was highly generated in 85% yield
(Scheme 20c) [112].

6. Seven- and Larger-Membered Heterocycles

Perfluoro-2,5-diazahexane-2,5-dioxyl 80 could readily attack nitric oxide and hydrogen-
atom donors, giving adducts, such as its monofunctional analogue, bis-trifluoromethyl
nitroxide ((CF3)2NO) [113,114], which could readily react with fluoro-olefins. In some cases,
the reaction of bis-trifluoromethyl nitroxide with a variable valence element compound led
to an increase in the oxidation state of that element.

Banks et al. reported that an attack by dioxyl 80 on tetrafluoroethylene or hexaflu-
oropropene led mainly to the formation of copolymers in, and also to a smaller number
of adducts (81a, 81b) [115]. It should be noted that the yield of 81b could rise to 63% if
the reactants were mixed at room temperature and at ca. 25 mmHg pressure. In addi-
tion, Banks et al. pointed out that the formation of adducts would require a gas-phase
reaction [113]. Subsequently, Tipping et al. investigated the scope of the cycloadduct for-
mation by using fluoroalkenes and a wide variety of hydrogen-containing alkenes [116].
Their report clearly illustrated the limitations of gas-phase reaction. Such reactions must be
restricted to simple ethenes or halogenated propenes due to the possibility of hydrogen
abstraction occurring.

Later, Tipping et al. synthesized mercurial 84 from dioxyl 80 and investigated the
reaction of mercurial 84 with halogenated alkanes, acid chlorides, and dichlorosilanes [117].
The reaction of mercurial 84 with dichlorodimethylsilane resulted in the formation of
silicon-containing heterocycle in 93% yield, while with l,l-dichlorosilacyclobutane, the
spiro compound was isolated in 64% yield. On the other hand, Booth et al. reported
that the dioxyl 80 could react readily by oxidative addition to [Pt(PPh3)4] or [IrCl(CO)L2]
(L = PPh3, AsPh3, PMePh2) to afford the corresponding metal–nitroso complex containing
a seven-membered chelate ring [118]. The resulting complexes were stable in air for several
days or in N2 atmosphere for several months.

Meanwhile, Smith et al. reported the reaction of SO2 and SF4 with dioxyl 80 and
obtained two heterocycles 82a and 82b (Scheme 21) [119]. In neither case was a copolymer
formed, something which differed from the results from the reaction of dioxyl 80 with
tetrafluoroethene and hexafluoropropene in a previous report [113]. Compound 82a slowly
reacted with PPh3 at room temperature giving deoxidation products 83 and 83′.
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Moreover, in 2018, Beier et al. reported another strategy based on N-perfluoroalkyl
1,2,3-triazoles (Scheme 22) [120]. A series of then-unknown N-perfluoroalkyl azepine
derivatives were obtained via the aza-[4+3]-annulation of triazoles 44 with both (E)-1-
subtituted and 2-substituted dienes. When silyloxy-substituted butadiene was employed,
N-CF3 azepinone 86′ could be prepared.
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Scheme 22. Synthesis of N-trifluoromethyl azepine and azepinone via rhodium-catalyzed annulation
of 1,2,3-triazoles.

7. Other Methods

In addition to the methods mentioned above, various other synthetic routes have been
explored for the generation of heterocycles containing the N-CF3 motif. However, consider-
ing the involvement of multiple cyclic structures in these methods, their classification is
challenging. Therefore, these approaches are described in this section.

In 1971, Ogden [121] reported a route to some perfluoroheterocyclic compounds via
fluoride ion. In his work, tetrafluoroformaldazine 87 reacted with oxalyl fluoride and other
carbonyl fluorides and obtained the heterocycles 88, which could be further photolysis to
smaller heterocycles 89 (Scheme 23).
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Scheme 23. Synthesis of perfluoro heterocycles through reaction of tetrafluoroformaldazine with
oxalyl fluoride or carbonyl fluoride.

In early organic chemistry, pyrolysis was an effective tool used to study the compo-
sition and properties of substances. For example, Banks et al. found that pyrolysis of
perfluoropiperidine or perfluoromorpholine led to the generation of N-CF3 pyrrolidine
90a or N-CF3 oxazolidine 90b, respectively [102,122–124]. The pyrolysis of perfluorooxazi-
nane in platinum at 480 ◦C led to the formation of perfluoro-(1-methylazetidine) 91 in 73%
yield and trace perfluoro-(1-methyl-2-pyrrolidone) 92, while at 580 ◦C/19 mm, the yield of
91 and 92 changed to 48% and 24%, respectively (Scheme 24a).
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Scheme 24. Synthesis of diverse N-trifluoromethyl heterocycles: (a) pyrolysis of perfluoropiperidine,
perfluoromorpholine or perfluorooxazinane; (b) fluorination of 4-methylpyridine in the presence of
caesium tetrafluorocobaltate; (c) electrochemical fluorination of various nitrogen-containing materials.

Tatlow et al. investigated the fluorination of 4-methylpyridine in the presence of
caesium tetrafluorocobaltate (CsCoF4) and obtained perfluoro-(1,3dimethylpyrrolidine)
93 and its analogue, together with a range of (per)fluoro-pyridine bearing CF3, CHF2,
and CH2F groups (Scheme 24b) [125]. Similar to CsCoF4, CoF3 was a useful reagent for
the preparation of a wide array of highly fluorinated organic molecules including open
chain/cyclic aliphatics and aromatics. However, the high reactivity of CoF3 meant that
most of these reactions were relatively unselective with poor functional compatibility [126].

In addition, electrochemical fluorination (ECF) was one of the most commonly used
methods for the fluorination of nitrogen-containing materials [127]. In the past few
decades, many different nitrogen-containing materials [128–133] have been used in the ECF
(Scheme 24c), but the yield was generally unsatisfactory (mostly < 20%) and side products
were inevitable, which limited the scope.

8. Conclusions

Over the last decades, the chemistry of the N-CF3 motif has been weakly developed
because of the limited approaches and an incompatibility with functionalized molecules.
Very recently, some new simpler, safer, and powerful methods of obtaining this motif have
been explored. In general, the existing literature mainly focuses on synthesis, with limited
properties or applications. In three-membered heterocycles containing the N-CF3 motif,
cycloaddition, reductive defluorination-cyclization, nucleophilic cyclization, and oxidative
cyclization can reach the motif. Among them, properties and applications of oxaziridine
were reported (oxidant or building blocks [25,34,73,74]), while other three-membered
heterocycles were not reported. In four-membered heterocycles, cycloaddition was the
predominant approach, while trifluoronitrosomethane was the most common starting
material. Similarly, there were limited reports on the applications of four-membered hete-
rocycles containing the N-CF3 motif. In five-membered heterocycles, Scheiesser et al. [45]
studied, for example, the stability in aqueous media, lipophilicity and metabolic stability of
various N-CF3 amines or azoles, illustrating the potential of the N-CF3 motif in medicinal
chemistry. Generally, five-membered heterocycles containing this motif can be synthesized
from nucleophilic fluorination, cyclization, and electrophilic trifluoromethylation. Fur-
thermore, N-fluoroalkyl 1,2,3-triazoles could serve as the building blocks to access some
other N-fluoroalkyl heterocycles [78,79,120]. In six-membered heterocycles, the synthetic
approaches were similar. In larger-membered heterocycles, the perfluoro-2,5-diazahexane-
2,5-dioxyl showed its potential in coordination chemistry. The dioxyl could react readily
with [Pt(PPh3)4] or [IrCl(CO)L2} to form the corresponding metal–nitroso complex con-
taining a seven-membered chelate ring which was stable in air for several days or in N2
atmosphere for several months [118].

Overall, the literature has concentrated on the synthesis of this motif in recent years,
and research investigating its properties or applications is becoming more frequent. We
believe that the chemistry of the motif will become more and more clear, thereby extending
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its fields of application. We expect that this review will help to inspire the development of
new synthetic strategies or the application of certain structures.
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Abstract: Heterocycles functionalized with pentavalent phosphorus are of great importance since they
include a great variety of biologically active compounds and pharmaceuticals, advanced materials,
and valuable reactive intermediates for organic synthesis. Significant progress in synthesis of P(O)R2-
substituted six-membered heterocycles has been made in the past decade. This review covers the
synthetic strategies towards aromatic monocyclic six-membered N-heterocycles, such as pyridines,
pyridazines, pyrimidines, and pyrazines bearing phosphonates and phosphine oxides, which were
reported from 2012 to 2022.

Keywords: heterocycles; pyridine; pyridazine; pyrimidine; pyrazine; organophosphorus compounds

1. Introduction

Pentavalent phosphorus-substituted heterocycles are organophosphorus compounds
of great importance. In materials chemistry, they are used in design of dyes and poly-
mers with outstanding characteristics [1]. They are of interest as Lewis acids and ligands
in metal-catalyzed organic reactions [2–5]. Moreover, phosphorus(V)-substituted hete-
rocycles exhibit a wide range of biological activities. In particular, pyridines were used
to design anticancer [6–8], antidiabetic [9], and lusitropic agents [10], antioxidants [11],
human glucokinase activators [12], NMDA receptor antagonists [13], and metalloprotein
ligands [14]. Phosphorus-modified pyridazines are promising candidates as antimicro-
bial agents [15] and foliar herbicides [16]. Phosphorus-containing pyrimidines are used
as inhibitors of dihydroorotate dehydrogenase and hepatitis C virus polymerase [17–19].
Pyrazines are of interest as modulators of the human glucagon-like peptide-1 receptor [20]
and cyclin-dependent kinases [21].

A variety of methodologies for synthesis of pentavalent phosphorus-substituted hete-
rocycles and their derivatives have been reported in past years. Meanwhile, development
of novel methodologies is in continuous demand. Of particular interest are methods that
provide a broad substrate scope and provide products with high atom economy, molecular
complexity, and great efficiency under mild conditions. Among them, several eco-friendly
approaches have been developed by us [22,23]. In general, the known methods for syn-
thesis of phosphorus(V)-substituted aromatic heterocycle are classified into two synthetic
strategies: (1) construction of a heterocyclic core using phosphorus-containing reagents
and (2) functionalization of a pre-synthesized heterocyclic core with phosphorus reagents.

Several excellent reviews dealing with synthesis of phosphorus-containing hetero-
cyclic compounds were published in the literature in recent years. A number of reviews
highlighted phosphorylation as the most common approach [24,25] and specifically radi-
cal phosphorylation [26] and metal-catalyzed/promoted C–H bond phosphorylation [27].
Another array of reviews considered use of a specific kind of transformations, includ-
ing photoredox-catalyzed reactions [28], electrocatalytic [29], and radical [30] C–P bond
formation, multicomponent reactions [31], and functionalization of phosphorus-centered
radicals [32]. Some reviews are focused on the type of P-functional groups [33] or type of
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heterocycles [34], e.g., phosphorylindoles [35,36], pyrazoles [37,38], or pyrrolidines [39].
However, systematic reviews of the published data on different methods for synthesis of
most monocyclic phosphorus(V)-substituted six-membered N-heterocycles are lacking.

The main focus of this review is monocyclic six-membered aromatic P(O)R2-substituted
N-heterocycles, including pyridines, pyridazines, pyrimidines, and pyrazines. The review
is an attempt to systematically consider and classify methods for synthesis of corresponding
heterocyclic phosphonates and phosphine oxides. Phosphonic acids are excluded from
consideration since most of them are available by saponification of phosphonates [40–45].
Synthesis of six-membered N-heterocyclic phosphinamides, phosphonamide, and phos-
phonamidate has also not been described in recent years. The review is organized in a
classical way and includes classification according to type of N-heterocycles using the fol-
lowing criteria: (a) the number of nitrogen atoms in heterocycles, (b) the nature of synthetic
precursors, and (c) the type of chemical transformations involving these heterocycles.

The review addresses the scientific advances made over the past decade, in the period
from 2012 up to the end of 2022. However, some earlier pioneering studies are cited where
necessary. In many cases, the reaction mechanisms are briefly discussed in order to more
completely describe the synthetic approaches to phosphorus-substituted N-heterocycles.
In order to avoid overloading of the text with names of semantically similar processes, the
term “phosphorylation” in this review deals with introduction of any P(O)R2 substituent,
not only a phosphoryl moiety, into the heterocyclic core. To enhance the readability of the
schemes, the following color coding of the reagents is used: the source of the nitrogen atom
is shown in blue, the source of the phosphorus atom in red, and the extra components in
green. In the case of intramolecular cyclizations of reagents containing both nitrogen and
phosphorus, the nitrogen atom is marked in blue and the phosphorus moiety in red.

2. Pyridines

Phosphorus(V)-substituted pyridine was first synthesized by Plazek’s research group [46]
in 1936 by a reaction of 2-dimethylaminopyridine with phosphorus trichloride under
oxidative conditions. Later, related compounds were obtained by reactions of meta-
lated pyridines with phosphorus-halogen compounds [47–49], of pyridinediazonium
tetrafluoroborate with phosphorus trichloride [50], of N-alkoxypyridines with sodium
diethyl phosphite and phosphines [51–55], and of N-pyridylpyridines with phosphonic
acid [56], by the Michaelis–Arbuzov reaction [57,58], Pd(II)-catalyzed phosphorylation
of halopyridines [45,59,60], cyclization of phosphorus-containing 3-azatrienes [61], and
the Diels–Alder reaction involving 3-phosphoryl-1-azadienes [62]. This section of the re-
view considers recent examples of synthesis of POR2-substituted pyridines, including the
intramolecular cyclizations of Michael adducts, insertion of carbenoids, formal [2+2+2]-
cycloaddition, and phosphorylation reactions (Figure 1).

2.1. Cyclizations Based on the Michael Reaction

In recent years, synthesis of pyridines via the Michael reaction using phosphoryl-
substituted Michael acceptors and donors has gained significant attention. Allais et al. [63–65]
described three-component condensation of 1,3-dicarbonyl compounds 3 with P(O)Et2-
bearing vinyl ketones 2 and ammonium acetate (1) in the presence of oxygen, leading to
pyridine-2-phosphonates 4 (Scheme 1). The authors suggested that the reaction occurs
through successive addition of compound 3 to Michael acceptors 2, providing ketone 5
followed by enamination of the latter with ammonia (1′) to form intermediate 6, which
undergoes intramolecular cyclization into dihydropyridine 7. Complete oxidation of
intermediate 7 to pyridine 4 was achieved using oxygen in the presence of activated carbon.
The reaction was general with respect to β-oxo esters and β-oxoamides, providing products
in 49–80% yields.
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Hanashalshahaby and Unaleroglue [66] showed that pyridine-3-phosphonates 10 can
be obtained by three-component oxidative coupling of diethyl (2-oxobutyl)phosphonate (8)
with Mannich bases 9 and ammonium acetate (1) in the presence of catalyst K-10 (Scheme 2).
The product yields are reasonable both for aryl- and alkyl-substituted Mannich bases. The
authors hypothesized that β-keto phosphonate 8 reacts with ammonia 1′ generated in
situ from ammonium acetate (1) to form enamine 11, which is accompanied by thermal
decomposition of Mannich base 9, giving α,β-unsaturated carbonyl compound 9′. These
two intermediates are subjected to the Michael addition to form ketoamine 12, which
undergoes intramolecular cyclization to dihydropyridine 13, followed by oxidation of the
latter with atmospheric oxygen to provide final product 10.
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Further, Abdou et al. [67] found that diethyl (2-amino-2-thioxoethyl)phosphonate acts
as an efficient Michael donor in the addition reaction with β-(dimethylamino)vinyl ketone,
thus leading to 2-thioxopyridin-3-ylphosphonate. Liao et al. [68] described one example of
the aza-Michael reaction between diethyl (3-phenyl-3-oxopropyn-1-yl)phosphonate with
methyl 3-aminocrotonate, providing phosphonate-ester-containing pyridine moiety under
mild conditions.

2.2. Carbenoid-Mediated Reactions

Recently, several studies by Park and co-workers demonstrated the prospects of using
metal carbenoids in synthesis of phosphoryl-substituted pyridines. They described [69]
Rh(II)-catalyzed intramolecular cyclization of δ-diazo oximes to pyridines and showed that
this is a facile method for synthesis of pyridine-2-phosphonate 15 (Scheme 3). Rh2(CF3CONH)4
was used as the catalyst of choice. The authors proposed a mechanism that involves reaction
of the diazo group of oxime 14 with Rh(II), providing rhodium carbenoid 16, followed by
insertion of the latter into the N–O bond to form dihydropyridinone 17, which undergoes
aromatization to final pyridine 15 via elimination of methanol.
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In another work by Park and co-workers [70], synthesis of pyridine-2-phosphonate
20 was accomplished using phosphorylated vinyl carbenoid 21 generated in situ from dia-
zophosphonate 19 and dirhodium(II) catalyst Rh2(esp)2 (Scheme 4). Addition of compound
21 to 2H-azirine 18 affords intermediate 22. The latter undergoes three-membered ring
opening accompanied by elimination of the Rh(II) catalyst to provide 3-azahexatriene 23,
followed by cyclization to yield pyridine 20.
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2.3. Formal [2+2+2]-Cycloaddition

An approach towards phosphoryl-substituted pyridines, which is probably one of the
most versatile, is based on the formal [2+2+2]-cycloaddition. Tanaka’s research group [71,72]
described synthesis of annulated pyridine-2-phosphonates 26 based on rhodium(I)/biaryl-
bisphosphine-complex-catalyzed cycloaddition of 1,6- and 1,7-diynes 24 with diethyl phos-
phorocyanidate (25) (Scheme 5). The reaction has a broad scope with respect to diynes
since quaternary carbon-, methylene-, nitrogen-, and oxygen-linked internal 1,6-diynes
and terminal biaryl-linked 1,7-diynes can be involved in the heterocyclization. Steric and
electronic variations in diynes had minimal impact on the efficacy of the reaction, but, in
some cases, using unsymmetrically substituted diynes, the reactions afforded mixtures of
regioisomers. The authors proposed rhodium cyclopentadiene 27 or rhodium azacyclopen-
tadiene 28 as two possible key intermediates in the reaction (Scheme 5). Ring expansion
of both cyclopentadienes can provide seven-membered intermediate 29, and reductive
elimination of Rh(I)+ from the latter accomplishes formation of the final product 26. Based
on the outcome of the enantioselective version of the reaction, the authors were inclined to
believe that the main reaction pathway involves intermediate 28.
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2.4. Phosphorylation of Pyridines

Phosphorylation is definitely the most general route to phosphorus-substituted pyridines.
Due to a wide range of available phosphorylating agents and the possibility of perform-
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ing the reaction in a nucleophilic, electrophilic, or radical manner, phosphorylation has
attracted great attention. Such methods as the Arbuzov reaction, Hirao coupling, palladium-
catalyzed cross-coupling of diethyl phosphonate with halogen-substituted heterocycles,
and C(sp2)H-phosphorylation of heterocycles with diethyl phosphonates promoted by one-
electron oxidants were extensively developed in past decades. Their specific applications
in recent years are discussed in more detail later in the text.

2.4.1. Radical Phosphorylation of Pyridines

P-centered radicals can easily be generated through hydrogen atom transfer or single-
electron transfer using peroxides, metal salts, and photocatalysts. Thus, radical phosphory-
lation has become an efficient strategy for synthesis of structurally diverse phosphorus(V)-
substituted pyridines. Due to environmental friendliness and potential industrial applica-
tion, photocatalytic radical phosphorylation of the pyridine ring received extra attention. In
2018, Yuan et al. [73] reported synthesis of 2- and 3-phosphine oxide-substituted pyridines
31 and 33 (Scheme 6, lines a,b) from 2- and 3-halopyridines 30 and 32 by photocatalytic
functionalization with secondary phosphine oxides in the presence of tBuOK. The reac-
tion occurred under mild conditions using irradiation with a blue-light-emitting diode.
The scope of this transformation is somewhat limited to pyridines with electron-donating
substituents and their analogs with an extended π-system. The plausible reaction mech-
anism involves formation of a complex of halopyridine with potassium tert-butoxide 34,
absorption of a light quantum, transition to an excited state 35, and electron transfer from
tert-butoxide to a pyridine ring to form the tert-butoxy radical and halopyridine radical
anion 37. Elimination of halide from radical anion 36 affords aryl radical 37. Simultane-
ously, the tert-butoxy radical causes the proton abstraction from secondary phosphine to
form a phosphorus-containing radical. Recombination of the latter radical with an aryl
radical affords the final product. Recently, the approach proposed by Yuan et al. was
expanded [74,75], including electron-primed photoredox [76] and visible light-induced
nickel-catalyzed photoredox [77] conditions for radical generation.
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substituted pyridines; (b) Synthesis of 3-phosphine oxide-substituted pyridines.

In 2019, the photocatalytic radical reaction of pyridylazo sulfones 38 with triphenyl
phosphite giving pyridine-3-phosphonates 39 was described by Qiu et al. [78] (Scheme 7).
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The reaction occurred in the presence of water. A variety of substituted pyridines can be
efficiently employed in this reaction. The proposed mechanism for this transformation
involves excitation of arylazo sulfone 38 under visible light to provide radical 40, its decom-
position into sulfonyl and aryl radicals, along with extrusion of a nitrogen molecule. Then,
aryl radical 41 reacts with triphenyl phosphate to form phosphorus-centered radical 42,
followed by its oxidation with the sulfonyl radical and elimination of phenol to provide the
final product 39.
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Independently, in 2019, Kim et al. [79] described site-selective synthesis of pyridines 44
bearing phosphine oxide moieties at C-4 using radical coupling of N-ethoxypyridinium salts
43 with secondary phosphine oxides under photocatalytic conditions (Scheme 8). Further,
3-Diphenylphosphoryl-6-methoxy-1-methyl-2(1H)-quinolinone under blue-light-emitting
diode illumination was used as a photocatalyst and potassium persulfate as an oxidant.
Examination of the reaction scope revealed that a variety of electron-withdrawing and
electron-donating substituted pyridines, as well various aryl-substituted phosphine oxides,
were tolerated. The plausible mechanism of this reaction involves single-electron transfer
from the photocatalyst to N-ethoxypyridinium 43, giving radical 45, which undergoes
decomposition accompanied by elimination of pyridine. The remaining ethoxy radical
abstracts a proton from phosphine, followed by addition of the resulting phosphinyl
radical 46 to N-ethoxypyridinium 43. The subsequent deprotonation of intermediate 47
and elimination of the new ethoxy radical from intermediate 48 afford target product 44.
The origin of reaction chemoselectivity was revealed by DFT calculations, showing that
phosphinoyl radicals are too large for providing an electrostatic attraction between the its
oxo functionality and the pyridine nitrogen crucial for ortho functionalization.

Apart from the approaches based on photocatalytic radical phosphorylation, sev-
eral examples using metal salts for P-radical generation were described. Huang and
co-workers [80] developed a CH-phosphorylation method for synthesis of pyridinyl-2-
phosphonates 50 based on Ag(I)-catalyzed reaction of pyridines 49 with dialkyl phos-
phonates using potassium persulfate as an oxidant (Scheme 9). An interesting feature of
this reaction is that it involves subsequent treatment of the reaction mixture with sodium
thiosulfate, which makes it possible to significantly increase the product yield due to a
reduction of pyridine N-oxide formed as a by-product. In the authors’ opinion, this trans-
formation proceeds through a radical pathway and begins with oxidation of Ag(I) to Ag(II)
with persulfate, followed by oxidation of dialkyl phosphite with Ag(II) to form radical
cation 5. Addition of the latter at 2 position of the pyridine ring provides intermediate 52.
Subsequent abstraction of two protons accompanied by oxidation of radical 52 affords the
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final product. Recently, Kittikool et al. [81] expanded the scope of this phosphorylation
approach to 2-pyridones using Mn(OAc)2 as the catalyst.
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Noteworthy also is a one-pot three-step protocol for synthesis of diphenyl(pyridin-
2-yl)phosphine oxide based on the KOH-promoted oxidative radical phosphorylation of
2-bromopyridine with diphenylphosphine developed by Chen et al. [82].

2.4.2. Nucleophilic Phosphorylation of Pyridines

Studies by Trofimov’s research group [83–85] have contributed to recent progress in
nucleophilic phosphorylation of pyridines at the 4 position. They accomplished synthesis
of 4-phosphine oxide-substituted pyridines 55 by coupling of pyridines 53 with secondary
phosphine oxides using diphenyl ethynyl ketone (54) as the oxidant (Scheme 10). A
variety of substituted aryl and alkyl phosphine oxides can efficiently be employed in
this reaction. The proposed mechanism for this transformation involves aza-Michael
reaction of pyridine 53 with acetylene 54, providing intermediate 56, and deprotonation
of phosphine, resulting in formation of the anion. Subsequent addition of a phosphine
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anion at the 4 position of the activated pyridine ring affords dihydropyridine 57. The
latter undergoes isomerization to intermediate 58, followed by elimination of alkene 59
to form the final product. In this approach, 3-phenyl-2-propynenitrile can also be applied
as an oxidant [84], The reaction can be stopped at the of step of 1,4-dihydropyridines 57
using terminal acylacetylenes [85]. It is interesting that 1,4-dihydropyridines are shown
to be produced through 2-4 migration of the POR2 group in 1,2-dihydro adducts during
vinylation/phosphorylation of pyridines [85]. DFT calculations supported the hypotheses
that 1,4-dihydropyridines are the thermodynamic products while their 1,2-regioisomers
are the kinetic ones [85].
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Direct nucleophilic phosphorylation at the 2 position of the pyridine ring was de-
scribed in 2012 by Oka et al. [86] A series of 2-phosphinate-substituted pyridines 61 were
prepared from N-methoxypyridinium tosylates 60 by reaction with secondary phosphi-
nates (Scheme 11). Presumably, the reaction proceeds via the SNAr mechanism. Further,
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) in acetonitrile at low temperature was found
to be the optimal base for chemoselective transformation. The procedure was general
for thiophosphinate, providing 2-pyridyl thiophosphinate. The 2-pyridyl phosphinate
derivatives produced by this method are P-chiral, and the reaction can be accomplished
with high diastereoselectivity using chiral phosphines.
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Scheme 11. Reaction between N-methoxypyridinium tosylates and secondary phosphines.

In 2014, Wang et al. [87] showed that synthesis of pyridine-2-phosphonates can be
accomplished directly from pyridine N-oxides and dimethyl phosphate over long-term
heating in toluene. Independently, Lee et al. [88] developed an approach to synthesize
diethyl pyridine-2-phosphonates 63 by reaction of pyridine N-oxides 62 with triethyl
phosphite in the presence of ethyl chloroformate (Scheme 12). This reaction presumably
starts with activation of pyridine N-oxide 62 by chloroformate, followed by addition
of triethyl phosphate to the resulting pyridinium salt 64 to form intermediate 65. The
nucleophilic attack of the chloride anion at the ethyl moiety followed by elimination of
ethyl carbonate from 1,2-dihydropyridine 66 affords the final product. This approach
is general for preparation of quinolin-2-ylphosphonates. An apparent limitation of this
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approach is formation of phosphorylated isomeric mixtures in the case of 3-bromopyridine
N-oxide.
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Scheme 12. Reaction of pyridine N-oxides with triethyl phosphite.

Recently, Tsantrizos and co-workers [89] proposed a route to P-chiral 2-phosphine
oxide-substituted pyridines (Scheme 13). Using the reaction of (R)-N-(1-(5-chloro-2-
hydroxyphenyl)ethyl)-4-methylbenzenesulfonamide (67) with Grignard to generate chiral
phosphorylating agent 68, they accomplished enantioselective synthesis of products 70
from 2-fluoropyridines 69.
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2.4.3. Transition-Metal-Catalyzed Phosphorylation of Pyridines

Transition metals are widely used to increase efficiency of conventional non-catalyzed
phosphorylation of heterocycles [27]. In the past decade, significant progress in the field
of phosphorylation of pyridines was made due to application of palladium and nickel
catalysis, which enabled expansion of the range of substrates active in phosphorylation re-
actions to involve halogen-, hydroxyl-, boronic acid-, triflate-, nonaflate-, ester-substituted,
trimethylammonium pyridines, etc. It was also shown that transition-metal-catalyzed phos-
phorylation with phoshine oxides, phosphates, and phosphites could be efficiently used for
construction of functionalized pyridines, including chiral structures. Meanwhile, transition-
metal-catalyzed C–H phosphorylation of pyridines still remains an unsolved challenge.

Halopyridines (Hal = Cl, Br, and I) are efficient precursors for synthesis of 2,3,4-
POR2-substituted pyridines under palladium catalysis conditions. In 2017, Han et al. [90]
reported stereoselective palladium-catalyzed cross-coupling of 2-bromopyridine with chiral
tert-butyl-containing phosphine oxides (Scheme 14). Use of Pd2(dba)3 with the dppp
ligand enabled synthesis of tertiary pyridine-containing phosphine oxides 71 with excellent
selectivity. In 2016, Dziuganowska et al. [13] used the same catalytic system to prepare a
series of phosphonopyridinecarboxylic acid esters from appropriate bromides.
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Scheme 14. Synthesis of chiral tertiary pyridine-containing phosphine oxides.

Mykhailiuk and co-workers [91] expanded the scope of this reaction using the Pd2(dba)3
/Xantphos catalytic system in the reaction of bromo(iodo)pyridines with dimethylphos-
phine oxide (Scheme 15). The scope of this reaction was found to be quite general and
enables facile preparation of 2-, 3-, and 4-dimethylphosphine-oxide-substituted pyridines
72 in up to good yields. A variety of electron-withdrawing and electron-donating aryl-
substituted pyridines successfully participated in the reaction.
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Scheme 15. Cross-coupling of halopyridines with dimethylphosphine oxide.

Borisova and co-workers [92] accomplished synthesis of bis(phosphoryl)pyridines and
2,2′-bipyridines using palladium acetate/dppf-catalyzed cross-coupling of chloropyridines
with secondary phosphine oxides. Ligand-free microwave-assisted Pd(OAc)2-catalyzed
phosphorylation of bromopyridines with diphenylphosphine oxide or diethyl phosphite
was described by Henyecz et al. [93]. Catalyst Pd(OAc)2 in the presence of sodium iodide
as the promoter was also shown to be an effective catalyst for ligand-free coupling of
diphenylphosphine oxide with pyridinium nonaflate [94]. An example of Pd(PPh3)4-
catalyzed coupling of 2-bromo-6-pyrrolylpyridine with diethyl phosphite was recently
reported by Ti et al. [95].

The palladium-catalyzed Hirao coupling of bromopyridines with triethyl phosphite
enables preparation of pyridinephosphonates. Adam et al. [96] used the palladium-
catalyzed cross-coupling of 3-bromopyridines 73 with triethyl phosphite to synthesize
2-aminopyridine-3-phosphonates 74 (Scheme 16). It is worth noting that the reaction was
performed in the absence of the solvent during short-term heating to 160–180 ◦C.
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Apart from halopyridines, pyridine boronic acids and hydroxypyridines were in-
volved in phosphorylation under palladium catalysis. Zou, Wu, and co-workers [97]
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constructed a C–P bond by means of cross-coupling of pyridine boronic acids 75 with
dialkyl phosphonates under PdCl2 catalysis conditions (Scheme 17). The reaction requires
the presence of Ag2O as the oxidant. The method can be used to prepare structurally
diverse pyridine-3- and pyridine-4-phosphonates 76.
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Scheme 17. Cross-coupling of pyridine carboxylic acids with dialkyl phosphites.

Recently, Ding and co-workers [98] described the general palladium-catalyzed one-
pot procedure for synthesis of phosphonates, phosphinates, and phosphine oxides from
phenols mediated by sulfuryl fluoride. The reaction was efficient for functionalization of
2- and 3-hydroxypyridines 77 with diethyl phosphonate (Scheme 18). According to the
proposed mechanism, the fluorosulfates generated in situ are key intermediates in synthesis
of pyridines 78.
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catalyzed by nickel acetate and requires high temperatures (150–170 °C). This approach is 
applicable to synthesis of 2- and 3-phosphine-oxide-substituted pyridines 81, the position 
of the POR2 substituent in the product being defined by the position of the carbonyl 
group in the starting compound. The authors suggested that this transformation initially 
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bonylation of intermediate 83 and reductive elimination from intermediate 84 afford the 
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Scheme 18. Replacement of the OH group of hydroxypyridines mediated by sulfuryl fluoride.

Before these works, in 2012, direct replacement of an OH group of hydroxypyridines
by a diphenylphosphoryl moiety was achieved by Zhao et al. [99] under Ni(II) catalysis. A
C–O bond was activated using bromotripyrrolidinophosphonium hexafluorophosphate.
The activated complex of hydroxypyridine 77 with this salt reacts with diphenylphosphine
oxide in the presence of dichloro[1,3-bis(diphenylphosphino)propane]nickel salts as the
catalyst to produce pyridines 79 (Scheme 19).
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Scheme 19. Replacement of the OH group of hydroxypyridines by the diphenylphosphoryl moiety.

Later, the substrate scope of Ni-catalyzed phosphorylation of pyridines with phos-
phine oxides was expanded to pyridine carboxylic acid phenyl esters [100] and trimethy-
lammonium triflate of pyridine [101]. Cross-coupling of pyridine tosylates [102] and
aryltrimethylammonium tetrafluoroborate [103] with phosphites was also implemented.

A relatively general method was proposed by Yamaguchi’s research group [100]. They
performed cross-coupling of pyridine carboxylic acid phenyl esters 80 with secondary
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phosphine oxides accompanied by decarbonylation (Scheme 20). The reaction is catalyzed
by nickel acetate and requires high temperatures (150–170 ◦C). This approach is applicable
to synthesis of 2- and 3-phosphine-oxide-substituted pyridines 81, the position of the
POR2 substituent in the product being defined by the position of the carbonyl group in
the starting compound. The authors suggested that this transformation initially proceeds
through oxidative insertion of Ni(0) into the C–O bond, providing intermediate 82, and
exchange of the phenoxide ligand by phosphine provides 83. Subsequent decarbonylation
of intermediate 83 and reductive elimination from intermediate 84 afford the final product.
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Scheme 20. Cross-coupling of aryl carboxylic acid esters with phosphine oxides.

Of interest as well is Ni(II)-catalyzed reaction of tosylates 85 with H-phosphonate
diesters proposed by Chun-Jing Li [102] as an approach to 2- and 3-phosphorylpyridines
86; NiCl2(cod)2 was an optimal catalyst for this transformation (Scheme 21).
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3. Pyridazines

Phosphorus(V)-substituted pyridazines are poorly described heterocycles. Therefore,
all known methods for synthesis of these compounds, including isomerization of (dia-
zomethyl)cyclopropenes and bis-azirine, intramolecular cyclization of γ,δ-unsaturated α-
diazo-β-ketone and hydrazone, as well as phosphorylation of the pyridazine ring (Figure 2),
are considered below.

3.1. Isomerization Reactions

Regitz and co-workers [104–107] reported the only method for synthesis of POR2-
containing pyridazines, the general character of which was demonstrated in relation to a
representative series of compounds. The authors showed that (diazomethyl)cyclopropenes
89, derived from cyclopropenylium salts 87 and phosphorus-containing diazomethanes 88,
undergo intramolecular isomerization to 3-P(O)R2-substituted pyridazines 90 (Scheme 22).
When using secondary amino-substituted cyclopropenylium salts as substrates, the reaction
can be performed in a one-pot fashion [107]. The method tolerates substrates containing
phosphine oxide moieties and can be used to synthesize POR2-containg 4,5-diamino-
substituted pyridazines in 16–68% yields. The authors suggested 3,4-diazabenzvalene I,
product of the intramolecular 1,3-dipolar cycloaddition, or bicyclic zwitterions II, formed
via intramolecular 1,5-dipolar cyclization, as two key intermediates in the isomerization
reaction (Scheme 22). The results of the reactions with sterically hindered cyclopropenes
inclined the authors to believe that the main reaction pathway involves intermediate II.
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A single example of thermal rearrangement of phosphorus-substituted bis-azirine 91
into 4,5-bis(phosphine oxide)pyridazine 92 was reported by Banert et al. [108] (Scheme 23).
Formation of pyridazine may be explained by multistep diradical pathways, supported by
DFT calculations. However, this is one of several reaction pathways, and the yield of the
target product was as low as 3%.
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3.2. Intramolecular Cyclizations

Doutheau and co-workers [109] described one example of cyclization of γ,δ-unsaturated
α-diazo-β-keto phosphonate 95 to pyridazine-2-phosphonate 94 (Scheme 24). This com-
pound is generated in situ via diazo transfer from γ,δ-unsaturated β-keto phosphonate
93 in the presence of tosyl azide and immediately undergoes intramolecular electrophilic
cyclization involving a diazo moiety and double bond to form intermediate 96, followed
by rearrangement of the latter into final product.
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Touil and Zantour [110] synthesized pyridazine-3-phosphonate 99 by reaction of phos-
phorylated 1,4-dicarbonyl compound 98 with hydrazine hydrate (97) under oxidative
conditions (Scheme 25). The reaction presumably proceeds through intermediate hydra-
zones 100, which undergo spontaneous intramolecular cyclization to 4,5-dihydropyridazine
101. Oxidative aromatization of the latter with oxygen affords a product in high yield.
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3.3. Phosphorylation of Pyridazines

There are only two known examples of phosphorylation of pyridazines. Thus, the
Michaelis–Arbuzov reaction of 3,6-dichloropyridazine (102) with methoxydiphenylphosphine
was proposed as an approach to synthesis of 3,6-bis(diphenylphosphine oxide)pyridazine
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(103) in the patent by Mrowca [111] (Scheme 26, line a). An example of synthesis of 2-
diphenyl(pyridazin-3-yl)phosphine oxide 105 from N-ethoxypyridazinium 104 and
diphenylphosphine oxide via photocatalysis was presented by Kim et al. [79] (Scheme 26,
line b). This process follows a radical mechanism, which is considered in more detail in
Section 2.4.1 (Scheme 8). Therefore, the known phosphorylation reactions of pyridazines
are limited to functionalization of the 3 and 6 positions of the heterocyclic core.
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4. Pyrimidines

Phosphorus(V)-substituted pyrimidines were first synthesized by Kosolapoff and
Roy [112] in 1961 by reaction of chloropyrimidines with NaP(O)(OEt)2. This method was
also applied in many other studies [111,113]. Further, related compounds were prepared by
reaction of bis-electrophiles with amidines [114–118], reaction of β-keto vinylphosphonates
with amidines [119], reaction of metalated pyrimidines with P-Cl compounds [120], and
palladium-catalyzed phosphorylation [45]. This section deals with recent examples of syn-
thesis of phosphorus-containing pyrimidines, including the reactions of α,β-unsaturated
β-phosphoryl carbonyl compounds with guanidine and phosphorylation of the pyrimidine
core (Figure 3).
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4.1. Cyclizations Using Guanidine and Amidines

In early works, synthesis of pyrimidines was accomplished by heterocyclization of
guanidine and amidines with phosphorus-containing bis-electrophiles, such as 3-(methylthio)
acrylonitriles [114,118], 3-(dimethylamino)propenones [115,116], and acrylonitrile acetal [117].
Recently, Zhu et al. [121] reported one example of the reaction of phosphine oxide-substituted
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ketene dithioacetal 107 with guanidine (106) providing 5-phosphorus(V)-containing pyrimi-
dine 108 (Scheme 27, line a). Liao et al. [68] described synthesis of pyrimidinyl-4-phosphonate
111 by a reaction between diethyl (3-phenyl-3-oxopropyn-1-yl)phosphonate 110 and benza-
midine (109) (Scheme 27, line b).
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In addition, it may be noted that, recently, three-component acidic condensation
of β-keto phosphonates with aldehydes and urea (Biginelli reaction) was shown to be
efficient for synthesis of 1,4-dihydro-2-oxopyrimidine-5-phosphonates [122–124]. In this
regard, it can be assumed that, in the future, a similar approach using amidines can also be
implemented to obtain pentavalent phosphorus-substituted pyrimidines.

4.2. Phosphorylation of Pyrimidines

Due to the significant limitations of synthetic approaches to structurally diverse
phosphorus-substituted pyrimidines from phosphorus-containing precursors, phospho-
rylation of pyrimidines has gained great attention in recent years. Pioneering studies of
nucleophilic and electrophilic phosphorylation of pyrimidines [111–113,120] were com-
pleted by the Michaelis–Arbuzov reaction, radical, and transition-metal-complex-catalyzed
phosphorylation, which are discussed below.

4.2.1. Michaelis–Arbuzov Reaction in Synthesis of Phosphorus-Substituted Pyrimidines

The Michaelis–Arbuzov reaction can probably be considered the most general method
for synthesis of phosphorylpyrimidines known at the moment. Examples of use of the
Michaelis–Arbuzov reaction in synthesis of pyrimidinylphosphonates (Scheme 28) were
described in several studies [125–129]. Pyrimidines 113, 115, 117, and 119 containing the
phosphonate moiety at the 2, 4, 5, or 6 position were obtained by reaction of pyrimidinyl
halides 112, 114, 116, and 118, respectively, with phosphites. Several procedures requiring
either microwave activation (line a) or the presence of a catalyst, such as acidic ion-exchange
resin (line b) or LaCl3 (line c), were developed and shown to be tolerant to electron-
donating and electron-withdrawing substituents on the pyrimidine ring. The chemose-
lective Michaelis–Arbuzov reaction was accomplished by Varalakshmi et al. [129], who
prepared 2,6-dichloropyrimidine-2-phosphonates by coupling of 2,4,6-trichloropyrimidine
using silica-gel-supported BF3 as the catalyst (line d).
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Scheme 28. Michaelis–Arbuzov reaction in synthesis of pyrimidine phosphonates: (a) Jansa et al.,
2012 [125]; (b) Kunda et al., 2011 [126]; Mohan Naidu et al., 2011 [127]; (c) Golla et al., 2014 [128];
(d) Varalakshmi et al., 2015 [129].

A photochemical version of the Arbuzov reaction was shown to be efficient for synthe-
sis of pyrimidine-5-phosphonates 121 from 5-bromopyrimidines 120 and trialkyl phosphites
(Scheme 29) [130,131]. This radical process can be accomplished either directly under mild
UV activation or using the Ru(bpy)3 pyrene dyad irradiated with blue light (455 nm). The
plausible mechanism of this transformation involves formation of pyrimidinyl radical 122
either by action of an excited pyrene molecule or directly upon absorption of a light quan-
tum. This radical attacks trialkyl phosphite, and the resulting radical 123 is decomposed to
form the product accompanied by release of the alkyl radical.

4.2.2. Radical Phosphorylation of Pyrimidines

Radical functionalization of pyrimidines with phosphine oxides and phosphonates
is poorly known. Only the photocatalytic radical reaction of 2-chloropyrimidines 124
with secondary phosphine oxides giving products 125 (Scheme 30) was recently described
by Yuan et al. [73] The mechanism of this transformation is similar to that for chloropy-
ridines and is considered in Section 2.4.1 (Scheme 6). As a distant example of the radical
phosphorylation of pyrimidines, let us mention the work by Zhang et al. [132], who ac-
complished phosphorylation of pyrimidin-4-ones with dimethyl phosphite in the presence
of Mn(OAc)3.
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Scheme 28. Michaelis–Arbuzov reaction in synthesis of pyrimidine phosphonates: (a) Jansa et al., 
2012 [125]; (b) Kunda et al., 2011 [126]; Mohan Naidu et al., 2011 [127]; (c) Golla et al., 2014 [128]; (d) 
Varalakshmi et al., 2015 [129].  
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Scheme 32. Transition-metal-catalyzed cross-coupling of 2-chloropyrimidines with phosphine ox-
ides. 

Bai et al. [137] reported one example of electrochemical phosphorylation of 
5-bromopyrimidine (120′) with diethyl phosphonate in the presence of NiBr2 (Scheme 
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4.2.3. Transition-Metal-Catalyzed Phosphorylation of Pyrimidines

Since the first work on palladium-catalyzed phosphorylation of pyrimidines published
in 2008 by Belabassi et al. [45], transition-metal-catalyzed cross-coupling of halopyrimidines
with secondary phosphine oxides and phosphonates proved to be an efficient route to
phosphorylpyrimidines. Mykhailiuk and co-workers [91] published a procedure for Pd(II)-
catalyzed coupling of halo(Br/I)pyrimidines 126 with dimethylphosphine oxide, showing
remarkable generality (Scheme 31). Synthesis of 2-, 4-, and 6-phosphine-oxide-substituted
pyrimidines 127 bearing electron-donating and electron-withdrawing substituents on the
heterocyclic moiety was accomplished using Pd2(dba)3 in the presence of the Xantphos ligand.
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Individual examples of metal-complex-catalyzed coupling of 2-chloropyrimidines 128
with phosphine oxides were published in studies by Montchamp, Yang, Montel, Zakirova,
and their co-workers (Scheme 32) [133–136]. Catalysis was accomplished using Pd(II),
Pd(0), or Ni(II) salts, providing 2-phosphorylated pyrimidines 129 in good yield.
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Bai et al. [137] reported one example of electrochemical phosphorylation of 5-bromopyrimidine
(120′) with diethyl phosphonate in the presence of NiBr2 (Scheme 33), giving diethylpyrimidine-
5-phosphonate 130. The authors suggested that the reaction proceeds via a radical mecha-
nism accompanied by anodic generation of a phosphorus-centered radical.
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5. Pyrazines

Phosphorus(V)-containing pyrazines are poorly studied six-membered N-heterocycles.
Synthesis of phosphorylpyrazines was described or mentioned in just over a dozen publi-
cations, and, what is more important, most of them are fragmentary in scope. The group of
Palacios in the 2000s [138–140]. made the most significant contribution to the development
of original synthetic approaches to POR2-substituted pyrazines. The authors proposed
self-dimerization of nitrile ylides and 4-dimethylamino-3-phosphoryl-2-azadienes and
the formal [4+2]-cycloaddition of 1,2-diaza-1,3-butadienes with 1,2-diamines, which are
considered below along with works on phosphorylation of the pyrazine ring (Figure 4).
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5.1. Dimerization Reactions

Palacios et al. [138] described synthesis of phosphorus-substituted pyrazines via dimer-
ization of nitrile ylides 133 (Scheme 34), which can be generated in situ from POR2-bearing
2H-azirines 131 (pathway A) or tosylated 2-hydroxyiminophosphonates 132 (pathway B).
According to the proposed mechanism, intermediate 133 undergoes self-dimerization to
dihydropyrazine 134 followed by either oxidation of the latter compound or elimination of
secondary phosphine oxide. An interesting feature of this transformation is that it allows
targeted synthesis of either mono- or bisphosphorus(V)-substituted pyrazines 135 and
136. Thus, synthesis via pathway A at 80 ◦C affords products 136, whereas heating to
110 ◦C yields products 135. The outcome of the reaction via pathway B is determined by
substituents on the phosphorus(V) moiety. Thus, presence of a phenyl group results in
formation of the monophosphorylated product, whereas the bisphosphorylated product is
generated in the presence of the ethoxy group.
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In another study, the same group [139] demonstrated that bis-2,5-phosphorylpyrazine
138 can be obtained via dimerization of aminoaldehyde 139 derived from 4-dimethylamino-
3-phosphoryl-2-azadiene 137 via acid hydrolysis of both enamine and imine groups
(Scheme 35). The reaction was proposed to occur through formation of dihydropyrazine
140, the oxidation of which in the reaction medium provides the final pyrazine.
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5.2. Formal [4+2]-Cycloaddition

In the subsequent study, Palacios and co-workers [140] used the reaction of phosphorus-
containing 1,2-diaza-1,3-butadienes 142 with 1,2-diamines 141 as access to polysubstituted
POR2-modified pyrazines 143 (Scheme 36). This formal [4+2]-cycloaddition is a general
method for synthesis of alkyl- and arylpyrazines bearing phosphine oxides and phos-
phonates substituents. The plausible mechanism of this reaction involves the following
steps: the Michael addition of diamine 141 to diazadiene system 142, giving adduct 144,
intramolecular attack of the second amino group on the C=N double bond of hydrazone,
and elimination of ethyl hydrazinecarboxylate from the resulting piperazine 145 followed
by oxidation of 1,2,3,4-tetrahydropyrazine 146 to pyrazine.
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5.3. Phosphorylation of Pyrazines

Synthesis of 2-phosphorus(V)-substituted pyrazine based on phosphorylation was
first described by Seggio et al. [141] in 2007. They reported an efficient two-step procedure
for preparation of (diphenylphosphino)pyrazine oxide based on deprotonation of pyrazine
with a mixture of ZnCl2‚ TMEDA, and LiTMP followed by treatment of the resulting lithium
complex of di(pyrazin-2-yl)zinc with chlorodiphenylphosphine. Most of the later studies
are scattered and describe single examples of phosphorylation of the pyridazine core via
the Michaelis–Arbuzov reaction, radical, and transition-metal-catalyzed phosphorylation
reactions, which are discussed below.
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5.3.1. Michaelis–Arbuzov Reaction in the Synthesis of Phosphorus-Substituted Pyrazines

Despite more than a century of history, the Michaelis–Arbuzov reaction was relatively
recently applied for phosphorylation of pyridazines. Thus, Golla et al. [128] synthesized
2-phosphorylpyrazine 148 from 2-chloropyrazine (147) and dimethyl phenylphosphonite
using LaCl3•7H2O as the catalyst under neat conditions (Scheme 37, line a). Goddard
and co-workers [131] reported an example of using the photo-Arbuzov reaction to prepare
dimethyl pyrazine-2-phosphonate 150 from 2-bromopyrazine (149) and trimethyl phosphite
under mild UVA irradiation (Scheme 37, line b).
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5.3.2. Radical Phosphorylation of Pyrazines

Recently, Yuan et al. [73] described three examples of photocatalytic radical phospho-
rylation of 2-chloropyrazines 151 with secondary phosphine oxides, giving 2-substituted
pyrazines 152 (Scheme 38, line a). The reaction occurred in the presence of tBuOK under
mild conditions using irradiation with a blue-light-emitting diode. The mechanism of trans-
formation is similar to that discussed for pyridines in Chapter 2.4.1 (Scheme 6). Further,
Berger and Montchamp [142] reported synthesis of single 2-phosphorylated pyrazine 154
by reaction of pyridazine (153) with phosphonite in the presence of MnO2 and Mn(OAc)3
(Scheme 38, line b). The authors suggested that the reaction proceeds through formation of
a phosphorus-centered radical that adds to pyrazine.
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5.3.3. Transition-Metal-Catalyzed Phosphorylation of Pyrazines

It was shown that 2-chloropyrimidines 155 have good synthetic potential as pre-
cursors for synthesis of 2-phosphorus-substituted pyrazines 156 under conditions of
metal-catalyzed phosphorylation (Scheme 39). The Pd(II)-catalyzed phosphorylation
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of chloropyrazine was described in studies by Belabassi, Deal, Nikishin, and their co-
workers [40,45,133,143] (conditions 1–3). The generality of the approach with respect to
phosphine oxides and phosphonates was demonstrated using Pd(dppf)Cl3 as the cata-
lyst (condition 3). Note that Zhao et al. [144] performed this transformation in the pres-
ence of NiCl2(dppp) complexes as the catalyst (condition 4). Further, Yamaguchi and
co-workers [100] described one example of nickel(II)-acetate-catalyzed phosphorylation of
phenyl pyrazine-2-carboxylate with diphenylphosphine oxide accompanied by decarbonylation.
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6. Conclusions

In conclusion, in the past decade, significant progress was made in synthesis of
phosphorus-substituted six-membered aromatic heterocycles. Numerous interesting syn-
thetic approaches were developed based on construction of a heterocyclic core using
phosphoryl-containing reagents, mainly formal cycloaddition and intra(inter)molecular cy-
clization/isomerization, using the Michael reaction, carbenoid intermediates, and classical
nucleophilic–electrophilic interactions. Their apparent advantages are structurally diverse
products and high tolerance to functional groups. Further, phosphorylation represents
the most general route to phosphorus-substituted pyridines, pyridazines, pyrimidines,
and pyrazines. Halogen-substituent in six-membered N-heterocycles has proven to be a
universal leaving group providing phosphorylation, and some functional groups (OH, OTs,
B(OH)2, CO2Ph, N=NSO2Me, etc.) were also efficient in this process. However, the neces-
sity of finding conditions for each particular type of heterocycles, severe reaction conditions
(high temperature, presence of strong bases and acids), and high cost of reagent/catalysts
significantly limit practical application of this approach.

Evidently, development of synthetic methods based on phosphorylation of heterocy-
cles and heterocyclization involving phosphorus-substituted reagents is of fundamental
research interest. In point of fact, pyridines have received a great deal of attention among
monocyclic six-membered N-heterocycles in the past decade, resulting in development of
a number of approaches with good substrate scope and efficiency. Most of the methods
proposed for pyridazines, pyrimidines, and pyrazines are fragmented and sporadic, while
phosphorus-substituted triazines and tetrazines are not described. In this regard, further
development of this research area is associated with the following issues: design of new
versatile multifunctional reagents for various chemical transformations (detailed investigation
of such new reagents would provide the basis for a new area in synthesis of nitrogen-
containing heterocyclic compounds with different combinations of heteroatoms and also
for preparation of new complex heterocyclic systems and assemblies); transition-metal-
catalyzed C–H phosphorylation of six-memebered N-heterocycles (transition-metal-catalyzed
CH phosphorylation is a straightforward and attractive approach to construct C–P bonds;
however, it is difficult to execute this approach in practice because of the strong propensity
of phosphorus reagents to induce catalyst poisoning through coordination); development of
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methods for synthesis of phosphorus-substituted six-memebered N-heterocycles with more than two
nitrogen atoms in the ringe (no representatives of such compounds have been described to
date). Since there are a few examples of synthesis of certain phosphorus(V)-substituted
six-membered heterocycles while synthetic approaches to phosphorylated derivatives of a
wide range of particular N-heterocycles are still absent, further research in this field is a
long-term challenge.
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Abstract: Imidazole was first synthesized by Heinrich Debus in 1858 and was obtained by the reaction
of glyoxal and formaldehyde in ammonia, initially called glyoxaline. The current literature provides
much information about the synthesis, functionalization, physicochemical characteristics and bio-
logical role of imidazole. Imidazole is a structure that, despite being small, has a unique chemical
complexity. It is a nucleus that is very practical and versatile in its construction/functionalization and
can be considered a rich source of chemical diversity. Imidazole acts in extremely important processes
for the maintenance of living organisms, such as catalysis in enzymatic processes. Imidazole-based
compounds with antibacterial, anti-inflammatory, antidiabetic, antiparasitic, antituberculosis, anti-
fungal, antioxidant, antitumor, antimalarial, anticancer, antidepressant and many others make up the
therapeutic arsenal and new bioactive compounds proposed in the most diverse works. The interest
and importance of imidazole-containing analogs in the field of medicinal chemistry is remarkable,
and the understanding from the development of the first blockbuster drug cimetidine explores all
the chemical and biological concepts of imidazole in the context of research and development of
new drugs.

Keywords: imidazole; synthesis; medicinal chemistry; drug discovery

1. The Chemistry of Imidazole

Imidazole 1 (Figure 1) was first synthesized by Heinrich Debus in 1858, but since the
1840s, several imidazole derivatives have been discovered. Its synthesis started from the
use of glyoxal 2 and formaldehyde 3 in ammonia, producing imidazole 1 as a final product,
which was initially called glyoxaline (Figure 2) [1,2]. This synthesis, despite producing
relatively low yields, is still used to create C-substituted imidazoles.
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Figure 2. Scheme of the synthesis of imidazole 1 using glyoxal 2 and formaldehyde 3 in ammonia.

Among the nitrogen-based heterocyclic compounds, imidazole 1 plays an important
role in humans. It is included in chemical sciences, biological sciences and materials science,
and used as a catalyst in compound synthesis and the process of developing new drugs
(Figure 3) [3–6].
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Figure 3. Applications of imidazole 1 in different areas of knowledge.

With a 5-membered planar ring, imidazole 1 exhibits solubility in water and other
polar solvents. Two equivalent tautomeric forms are observed because the hydrogen atom
can be located on either of the two nitrogen atoms [2]. Imidazole 1 is a highly polar
compound, as seen by a calculated dipole of 3.61D, and is completely soluble in water [2,7].
Imidazole 1 is classified as an amphoteric compound, acting as both an acid and a base. The
compound is classified as aromatic due to the presence of a sextet of π electrons, consisting
of a pair of nonbonding electrons from the nitrogen N-1 atom and one from each of the four
remaining ring atoms [2,7].

Imidazole 1 can form stable crystalline salts with strong acids through the protonation
of the sp2 nitrogen (N-3), known as imidazolium salts. Imidazole 1 has a pKaH of 7.1
(Figure 4), acting as a strong base [8]. The basicity of imidazole is above that of pyridine
4 (pKaH of 5.2) due to the amidine-like 5 resonance, which allows both nitrogens to
participate equally in charge accommodation [7–9]. Comparatively, the basicity of imidazole
1 contrasts with the basicity of pyrrole 6 (pKaH of 0.4), which is an extremely weak base,
because when pyrrole 6 is protonated, there is a loss of aromaticity which is built with the
participation of the nonbonding electron pair of N-1 nitrogen [7].
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Imidazole 1 is a good donor and acceptor of hydrogen bond interactions; the sp2

nitrogen (N-3) accepts a hydrogen interaction, while N-1 nitrogen, being relatively acidic,
donates its hydrogen to an interaction (Figure 5A) [8]. This property is fundamental for
the mode of action of several enzymes that use the imidazole ring, such as the histidine 7
amino acid residue, one of the 20 amino acids found in proteins [8]. These important inter-
actions for living organisms are present not only in macromolecules but also in bioactive
small molecules.

A recent study demonstrating this important effect was carried out by Movellan and
collaborators [10], where it was possible to analyze the hydrogen residues in histidine
residues 7 in the M2 tetramer of influenza A, important for the process of endocytosis
and maintenance of the virus life cycle be [1–4,11–15]. Using the M2 conduction domain
construct in lipid bilayers, that the imidazole ring is hydrogen bonded even at a pH of
7.8 in the neutral charge state (Figure 5B). An intermolecular 2hJNN hydrogen bond of
8.9 ± 0.3 Hz was observed between H37 Nε and Nδ. However, this 2hJNN interaction could
not be detected in the sample connected to the drug rimantadine (Rmt), with consequent
modification in the proton chemical shifts value of 3 ppm for histidine residues [10].

Histamine 8 is an example of a small molecule with different actions in living or-
ganisms. It is biosynthesized from histidine 7 itself by the action of the enzyme histidine
decarboxylase (Figure 5B) [16].
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Figure 5. (A) Intermolecular interactions through the hydrogen interactions that imidazole-containing
derivatives can perform. (B) Intermolecular interactions through the hydrogen interactions in
histidine residues. (C) Structure of histidine 7, precursor of histamine 8 biosynthesis.

The presence of the N-1 nitrogen in the imidazole 1 structure makes it tautomer, which
becomes evident in non-symmetrically substituted compounds, such as methyl imidazole
9 (Figure 6) [9]. This curious feature of imidazole chemistry means that simply writing
“4-methylimidazole” would be incorrect, considering the rapid tautomeric equilibrium
with the 5-methylimidazole structure [9,17].
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Despite the existence of the tautomeric effect in imidazole 1, the ratio in terms of
proportion of these tautomers varies according to the substituent added to the ring. The
tautomer ratio observed in the 4(5)-nitroimidazole 10 derivative is approximately 400:1 for
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4-nitroimidazole [9]. Reports in the literature suggest a relationship between tautomers
1.4 and 1.5 in the following proportion: log ([1.4]/[1.5]) = 4 × σm [17,18]. However, for
any substituent, whether electron withdrawing (EWG) or electron donor (EDG), the 1,4
tautomer predominates since the meta substituent constant (σm) is governed by inductive
effects (σm = 0.71, 0.37 and 0.10 for -NO2, -Br and -OCH3, respectively) [17]. The 4(5)-
nitroimidazole 10 derivative has a pKa of 9.30 (different from the pKa of its imidazole
1 precursor, pKa = 14.5) with a predominance of tautomer 1.4 (Figure 7) [19,20]. It is possible
to notice these effects in a quick energy calculation for a geometric equilibrium in water
using the PM3 semiempirical method, using the Spartan 18 v1.2.0 program (Wavefunction,
Inc & Q-Chem, Irvine, California, U.S.A). There is a significant difference in the energy
obtained for tautomer 1.4 (15.21 kJ/mol) in comparison with that of corresponding tautomer
1.5 (25.36 kJ/mol).
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Figure 7. Representation of imidazole 1 and tautomeric forms of 4(5)-nitroimidazole 10, with their
respective pKa values.

Imidazole 1 is an electron-rich heterocycle, as mentioned above. Electrophilic substi-
tution normally occurs at the C-4 or C-5 position; however, as previously mentioned, the
predominance of a given tautomer is relative and follows the factors already discussed,
while nucleophilic substitution usually occurs at C-2 [7]. Calculations in Spartan 18 v1.2.0
help us obtain a better view of these data. Figure 8 shows the electrostatic map with the
values of natural charge for imidazole 1 (−0.290, −0.013, −0.217, −0.194 and −0.092, for
N-1, C-2, N-3, C-4 and C-5 respectively), demonstrating the electronic density for each atom
of the imidazole ring, suggesting the electronegativity (χ) of the structure, as well as the
dipole moment of imidazole 1, which starts from N-1nitrogen toward sp2 nitrogen. With
these results, we can consider the information taken from the literature, where C-4 and C-5
have higher electron densities, making them susceptible to electrophilic reactions, and C-2
has a lower density, making it susceptible to nucleophilic reactions.

Molecules 2023, 28, x FOR PEER REVIEW 4 of 28 
 

 

tautomers 1.4 and 1.5 in the following proportion: log ([1.4]/[1.5]) = 4 × σm [17,18]. How-

ever, for any substituent, whether electron withdrawing (EWG) or electron donor (EDG), 

the 1,4 tautomer predominates since the meta substituent constant (σm) is governed by 

inductive effects (σm = 0.71, 0.37 and 0.10 for -NO2, -Br and -OCH3, respectively) [17]. The 

4(5)-nitroimidazole 10 derivative has a pKa of 9.30 (different from the pKa of its imidazole 

1 precursor, pKa = 14.5) with a predominance of tautomer 1.4 (Figure 7) [19,20]. It is pos-

sible to notice these effects in a quick energy calculation for a geometric equilibrium in 

water using the PM3 semiempirical method, using the Spartan 18 v1.2.0 program (Wave-

function, Inc & Q-Chem, Irvine, California, U.S.A). There is a significant difference in the 

energy obtained for tautomer 1.4 (15.21 kJ/mol) in comparison with that of corresponding 

tautomer 1.5 (25.36 kJ/mol). 

 

Figure 7. Representation of imidazole 1 and tautomeric forms of 4(5)-nitroimidazole 10, with their 

respective pKa values. 

Imidazole 1 is an electron-rich heterocycle, as mentioned above. Electrophilic substi-

tution normally occurs at the C-4 or C-5 position; however, as previously mentioned, the 

predominance of a given tautomer is relative and follows the factors already discussed, 

while nucleophilic substitution usually occurs at C-2 [7]. Calculations in Spartan 18 v1.2.0 

help us obtain a better view of these data. Figure 8 shows the electrostatic map with the 

values of natural charge for imidazole 1 (−0.290, −0.013, −0.217, −0.194 and −0.092, for N-1, 

C-2, N-3, C-4 and C-5 respectively), demonstrating the electronic density for each atom of 

the imidazole ring, suggesting the electronegativity (χ) of the structure, as well as the di-

pole moment of imidazole 1, which starts from N-1nitrogen toward sp2 nitrogen. With 

these results, we can consider the information taken from the literature, where C-4 and C-

5 have higher electron densities, making them susceptible to electrophilic reactions, and 

C-2 has a lower density, making it susceptible to nucleophilic reactions. 

 

Figure 8. Electrostatic map of imidazole 1, showing the natural charges of each atom and the dipole 

moment. 
Figure 8. Electrostatic map of imidazole 1, showing the natural charges of each atom and the dipole
moment.

Although imidazole 1 and pyrrole 6 are π-excessive heterocycles (π donors), imidazoles
do not establish η5(π)-complexes (η being the chemical hardness) with transition metals.
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Imidazole 1 behaves as a π-deficient ligand (π-acceptor) similar to pyridine 4, and its sp2

nitrogen atoms mainly form η1(σ,Npy) complexes (Figure 9), as does pyridine 4 [7].
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Figure 9. Complex with transition metals η5(π) carried out by pyrrole 6 and the complexes η1(σ,Npy)
carried out by imidazole 1 and pyridine 4.

Imidazole 1 has a very exciting physicochemical complexity. This makes it a target
nucleus for the most diverse applications, which employ synthetic methodologies for its
obtention and functionalization.

2. Synthesis and Functionalization of Imidazole

The synthesis of substituted imidazole 1 using heterogeneous catalysis has been widely
exploited. These functionalized structures are useful building blocks for the synthesis of
molecules of biological and pharmaceutical interest.

2.1. Mono-Substituted Derivatives

One-pot reactions using iodobenzene 11 and imidazole 1 in the presence of K3PO4
as the base, CuI as the catalyst and DMF as the solvent at 35–40 ◦C for 40 h, give the
corresponding N-arylimidazoles 12 in quantitative yields (Figure 10) [21].
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Exploring the bifunctionalization of 1,2-disubstituted acetylenes 13 by ruthenium
carbonyl to form cis-enediol diacetates 14, followed by reaction with ammonium carbonate
as a source of nitrogen and methanol for the C-2 carbon, permitted us to obtain monosub-
stituted imidazoles 15, as shown below (Figure 11). In reactions where (R) were aromatic
rings, both substituents, withdrawers (EWG) and donors (EDG) were tolerated under the
applied conditions [22].
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2.2. Disubstituted Derivatives

The work below shows the development of an efficient methodology for the synthesis
of novel 2-aryl-4-benzoyl-imidazoles 16 by structural modification of 2-aryl-imidazole-4-
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carboxylic amide (AICA) 17 and 4-substituted methoxylbenzoyl-aryl-thiazoles (SMART)
18, presenting antiproliferative activity (Figure 12) [23].
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Disubstituted imidazoles 24 could also be synthesized by cyclization ofα-keto-aldehydes
25 obtained from the oxidation of aryl methyl-ketones 26 with selenium dioxide (SeO2) after
treatment with ammonium acetate and ethanol. The synthesized derivatives were used as
fluorogenic sensors for detection, selectivity and sensitivity to Fe3+ ions (Figure 13) [24].
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Another synthetic strategy used to construct disubstituted imidazole derivatives 27
from methyl ketones 28 consisted of exploiting its metal-free acid-catalyzed oxidation and
coupling with aldehydes 29 and 30 in the presence of ammonium acetate (Figure 14) [25].
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Moreover, disubstituted imidazoles presenting a carbomethoxy group 31 at C-4 could
be obtained from the coupling of functionalized amidoximes 32 and methyl propiolate
33 in the presence of a catalytic amount of 1,4-diazabicyclo[2.2]octane (DABCO) under
microwave irradiation (Figure 15) [26].
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Amido-nitrile 34 cyclization mediated by functionalized boronic acids is also able to
produce 2,4-disubstituted imidazoles 35. It was possible to explore a considerable diversity
of substituents, considering the reaction conditions reported below (Figure 16) [27].
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2.3. Trisubstituted Derivatives

On the other hand, 2,4,5-trisubstituted imidazoles 36 could be obtained by using
2,3-dioxo-3-substituted propanoates 37 as precursors after condensation using ammonium
acetate and various aromatic aldehydes 38 in EtOH and AcOH as catalysts at room temper-
ature (Figure 17) [28,29].
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Figure 17. Obtaining 2,4,5-trisubstituted imidazoles 36 from 2,3-dioxo-3-substituted propanoates 37.

2-Aryl-4,5-dicarbonitrile imidazole derivatives 39 could be obtained from the coupling
of substituted aromatic aldehydes 40 and 2,3-diaminomaleonitriles 41 in the presence of a
mixture of cerium (IV) ammonium nitrate/nitric acid (CAN: NA|0.05: 0.4 eq.) at 120 ◦C
for less than 1 h without using solvents (Figure 18) [30].
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as catalysts.

The efficient combination of α-aminoketones 42 with formamide 43 in THF at 180 ◦C
for 8 h is also able to provide 1,4,5-trisubstituted imidazoles 44 [31] (Figure 19).
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Figure 19. Obtaining 1,4,5-trisubstituted imidazoles 44 from the coupling of α-aminoketones 42 with
formamide 43.

Using the Van Leusen method, it was possible to synthesize 1,4,5-trisubstituted imidazoles
containing a trifluoromethyl group 45, exploiting the coupling of N-aryltrifluoroacetimidoyl
chloride 46 and tosyl-methylisocyanate (TosMIC) 47 using sodium hydride as a base in dry
THF at room temperature (Figure 20) [32].
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Figure 20. Obtaining 1,4,5-trisubstituted imidazoles 45 using the Van Leusen method.

Methodologies reported in the literature show the use of substituted 1,2-diphenylethane-
1,2-dione (benzyl) 48, substituted aldehydes 49 and ammonium acetate under various
conditions, with the aim of optimizing the construction of 2,4,5-trisubstituted imidazole
50 with great structural diversity [33–40]. The reactions are simple and fast, as illustrated
in the example below, which uses the system with EtOH and fluorinated graphene oxide
(A-MFGO) as a catalyst at room temperature (Figure 21).

Molecules 2023, 28, x FOR PEER REVIEW 8 of 28 
 

 

 

Figure 18. Obtaining 2-aryl-4,5-dicarbonitrile imidazole derivatives 39 using a mixture of CAN:NA 

as catalysts. 

The efficient combination of α-aminoketones 42 with formamide 43 in THF at 180 °C 

for 8 h is also able to provide 1,4,5-trisubstituted imidazoles 44 [31] (Figure 19). 

 

Figure 19. Obtaining 1,4,5-trisubstituted imidazoles 44 from the coupling of α-aminoketones 42 with 

formamide 43. 

Using the Van Leusen method, it was possible to synthesize 1,4,5-trisubstituted im-

idazoles containing a trifluoromethyl group 45, exploiting the coupling of N-aryltrifluoro-

acetimidoyl chloride 46 and tosyl-methylisocyanate (TosMIC) 47 using sodium hydride 

as a base in dry THF at room temperature (Figure 20) [32]. 

 

Figure 20. Obtaining 1,4,5-trisubstituted imidazoles 45 using the Van Leusen method. 

Methodologies reported in the literature show the use of substituted 1,2-diphe-

nylethane-1,2-dione (benzyl) 48, substituted aldehydes 49 and ammonium acetate under 

various conditions, with the aim of optimizing the construction of 2,4,5-trisubstituted im-

idazole 50 with great structural diversity [33–40]. The reactions are simple and fast, as 

illustrated in the example below, which uses the system with EtOH and fluorinated gra-

phene oxide (A-MFGO) as a catalyst at room temperature (Figure 21). 

 

Figure 21. Obtaining 2,4,5-trisubstituted imidazoles 50 from the coupling of substituted 1,2-diphe-

nylethane-1,2-dione (benzyl) 48, substituted aldehydes 49 and NH4OAc using A-MFGO as a cata-

lyst. 

More complex heterocycles presenting the imidazole ring in their structure are de-

scribed in the literature, such as benzo[d]imidazo[2,1-b]thiazoles 51, which could be syn-

thesized by the condensation of aromatic ketones 52 and 5-(biphenyl-4-yl)-1,3,4-thiadia-

zol-2-amine 53 in the presence of N-bromosuccinimide 54, PEG-400 and water as solvent 

under microwave irradiation at 85 °C in quantitative yields after a few minutes of reaction 

(Figure 22) [41]. 

Figure 21. Obtaining 2,4,5-trisubstituted imidazoles 50 from the coupling of substituted 1,2-
diphenylethane-1,2-dione (benzyl) 48, substituted aldehydes 49 and NH4OAc using A-MFGO as
a catalyst.

More complex heterocycles presenting the imidazole ring in their structure are de-
scribed in the literature, such as benzo[d]imidazo[2,1-b]thiazoles 51, which could be synthe-
sized by the condensation of aromatic ketones 52 and 5-(biphenyl-4-yl)-1,3,4-thiadiazol-
2-amine 53 in the presence of N-bromosuccinimide 54, PEG-400 and water as solvent
under microwave irradiation at 85 ◦C in quantitative yields after a few minutes of reaction
(Figure 22) [41].
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2.4. Tetrasubstituted Derivatives

Using various aldehydes 55, benzyl 56, ammonium acetate and prop-2-ynylamine 57
in the presence of CuFe2O4NPs as a catalyst in H2O:EtOH under reflux for approximately
50 min, it was possible to obtain several tetrasubstituted imidazole derivatives 58 in a
multicomponent synthesis. It was possible to reuse the catalyst for six reactions without
losing its efficiency (Figure 23) [42].
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Figure 23. Tetrasubstituted imidazoles 58 were obtained by the coupling of benzyl 56, functionalized
aldehyde 55, prop-2-ynylamine 57 and ammonium acetate using CuFe2O4NPs as the catalyst.

In the presence of SO4
2−/Y2O3 as a catalyst, the multicomponent condensation of

benzyl 56, aminoethylpiperazine 59, various aldehydes 60 and ammonium acetate in
ethanol at 80 ◦C for 10 h was carried out to form tetrasubstituted 1,2,4,5-imidazole derivative
61. The catalyst was reused up to five times with no significant loss in catalytic efficiency
(Figure 24) [43].
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Figure 24. Tetrasubstituted imidazoles 61 were obtained from the multicomponent condensation of
benzyl 56, aminoethylpiperazine 59, various aldehydes 60 and ammonium acetate using SO4

2−/Y2O3

as a catalyst.

Alternatively, the synthesis of 1,2,4,5-tetrasubstituted imidazole derivatives 62 could
be achieved through the condensation of benzyl 56, aldehydes 63 and anilines 64 in the pres-
ence of ammonium acetate under the solvent-free catalysis of Fe3O4@SiO2/bipyridinium
nanocomposite (Fe3O4@SiO2/BNC) (Figure 25). The catalyst was reused until the fifth
reaction without much change in catalytic efficiency. Methodologies using other catalysts
and even solvents have also been reported [44–47].
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Figure 25. Tetrasubstituted imidazoles 62 were obtained through the condensation of benzyl 56,
aldehydes 63 and anilines 64 in the presence of ammonium acetate using Fe3O4@SiO2/BNC as
a catalyst.

Another methodology used for obtaining hybrid imidazole derivatives was start-
ing with hippuric acid 65 and 2-chloroquinoline-3-carbaldehyde 66 in acetic anhydride,
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and 4-((2-chloroquinolin-3-yl)methylene)-2-phenyloxazol-5(4H)-ones 67 could be obtained
through Perkin condensation in the presence of anhydrous sodium acetate under mi-
crowave irradiation. Subsequently, the previously obtained derivatives were condensed
with N-aminoarylcarboxamides 68 in pyridine under reflux to furnish the final desired aza-
heterocyclic acylhydrazides 69. For some derivatives of this series, antimicrobial properties
were observed (Figure 26) [48].
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Figure 26. Synthesis of N-(4-((2-chloroquinolin-3-yl)methylene)-5-oxo-2-phenyl-4,5-dihydro-1H-
imidazol-1-yl)(aryl)amides 69.

Since its synthesis in 1858, the imidazole 1 ring has been exploited in different contexts,
whether chemical or biological. The examples presented herein illustrate the more recent
ways of obtaining this azaheterocyclic system through the use of a range of methodologies
and chemical reagents, providing great chemical diversity.

3. Imidazole as a Privileged Structure in Medicinal Chemistry

As already mentioned, imidazole 1, in biological systems, is found in the form of the
amino acid histidine 7, presenting an important role in the catalysis promoted by enzy-
matic systems [8]. Furthermore, the neurotransmitter histamine 8 induces immunological
processes [8,16,49–51] and composes the structures of the guanine 70 and adenosine 71
bases of nucleic acids (Figure 27) [52].
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3.1. The Catalytic Potential of Imidazole in Biological Systems

The breakage of the P-O and C-O bonds are biological events of extreme importance
and are estimated to be on the order of 5 to 13 million years [53] in the absence of enzymes
and can reach the order of billions of years for DNA [54]. Imidazole 1 stands out for
constituting numerous enzymatic active sites in the form of the histidine 7 amino acid
residue and acting in catalytic processes, accelerating such unfavorable reactions [55].

The imidazole 1 group in biological systems generally acts in acid–base and nucle-
ophilic catalysis (Figure 28). As an acid catalyst, protonated imidazole 1 acts as an acid
facilitating the exit of the RO- group through hydrogen transfer [56]. In the neutral form,
imidazole 1 can act as a nucleophilic catalyst by attacking the electrophilic center, leading
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to a phosphorylated or acylated intermediate, which is consecutively hydrolyzed, regen-
erating the imidazole 1 group [57]. Therefore, imidazole 1 catalyzes the cleavage of the
X-O bond (for X = C or P). Finally, imidazole 1 can also act as a basic catalyst, assisting
the attack of a nucleophile (Nü-H) on the electrophilic center of a substrate, abstracting a
proton and thus increasing its nucleophilicity [58–61].

Molecules 2023, 28, x FOR PEER REVIEW 11 of 28 
 

 

 

Figure 27. Presence of the imidazole 1 nucleus in several biologically active compounds. 

3.1. The Catalytic Potential of Imidazole in Biological Systems 

The breakage of the P-O and C-O bonds are biological events of extreme importance 

and are estimated to be on the order of 5 to 13 million years [53] in the absence of enzymes 

and can reach the order of billions of years for DNA [54]. Imidazole 1 stands out for con-

stituting numerous enzymatic active sites in the form of the histidine 7 amino acid residue 

and acting in catalytic processes, accelerating such unfavorable reactions [55]. 

The imidazole 1 group in biological systems generally acts in acid–base and nucleo-

philic catalysis (Figure 28). As an acid catalyst, protonated imidazole 1 acts as an acid 

facilitating the exit of the RO- group through hydrogen transfer [56]. In the neutral form, 

imidazole 1 can act as a nucleophilic catalyst by attacking the electrophilic center, leading 

to a phosphorylated or acylated intermediate, which is consecutively hydrolyzed, regen-

erating the imidazole 1 group [57]. Therefore, imidazole 1 catalyzes the cleavage of the X-

O bond (for X = C or P). Finally, imidazole 1 can also act as a basic catalyst, assisting the 

attack of a nucleophile (Nü-H) on the electrophilic center of a substrate, abstracting a pro-

ton and thus increasing its nucleophilicity [58–61]. 

 

Figure 28. Acidic, basic and nucleophilic catalysis promoted by an imidazole 1 subunit. 

The amino acid histidine 7 plays a fundamental role in several enzymatic active sites, 

including ribonucleases, phosphotriesterases, kinases, chymotrypsins and histone 

deacetylases [62–65]. As illustrated in Figure 29, histidine 7 residues (H573/H574) partici-

pate in the catalytic process of deacetylation of the lysine residue by histone deacetylase 

6 (HDAC6). We can also see the residue (H614) acting on the triad of amino acids respon-

sible for sustaining the zinc atom (through the interaction η1(σ,Npy)) present in the cata-

lytic site of the enzyme [7,65]. 

It is interesting to analyze in more detail the kinetic profiles considering the pH for 

an acid, basic, bifunctional acid–base and nucleophilic catalysis for the cases of deacyla-

tion reactions [66,67], but which similarly follow the same profiles in dephosphorylation 

[68,69]. In some pH ranges (considered pH 5-9), imidazole 1 has pronounced activity, with 

prevalence at pH values (considering pH 8-10) above the pKaH, for the neutral imidazole 

1 species. This action makes it a basic and nucleophilic catalyst with similar kinetic profiles 

for both cases, where the rate constant is directly proportional to the increase in pH, capa-

ble of presenting a level where the amount of neutral and reactive species remains con-

stant (pH ~9) (Figure 29) [49]. At the plateau, it is common to observe that the rate constant 

in nucleophilic catalysis is higher than that in basic catalysis, considering that nucleophilic 

processes are faster [55]. For pH values below the pKaH, where protonated imidazole 1 

predominates, the catalysis is preferably acidic. As with basic and nucleophilic catalysis, 

acid catalysis has the same effect at the plateau (pH ~5) (Figure 29) [55]. 

Figure 28. Acidic, basic and nucleophilic catalysis promoted by an imidazole 1 subunit.

The amino acid histidine 7 plays a fundamental role in several enzymatic active sites,
including ribonucleases, phosphotriesterases, kinases, chymotrypsins and histone deacety-
lases [62–65]. As illustrated in Figure 29, histidine 7 residues (H573/H574) participate
in the catalytic process of deacetylation of the lysine residue by histone deacetylase 6
(HDAC6). We can also see the residue (H614) acting on the triad of amino acids responsible
for sustaining the zinc atom (through the interaction η1(σ,Npy)) present in the catalytic site
of the enzyme [7,65].
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It is interesting to analyze in more detail the kinetic profiles considering the pH for an
acid, basic, bifunctional acid–base and nucleophilic catalysis for the cases of deacylation
reactions [66,67], but which similarly follow the same profiles in dephosphorylation [68,69].
In some pH ranges (considered pH 5-9), imidazole 1 has pronounced activity, with preva-
lence at pH values (considering pH 8-10) above the pKaH, for the neutral imidazole
1 species. This action makes it a basic and nucleophilic catalyst with similar kinetic profiles
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for both cases, where the rate constant is directly proportional to the increase in pH, capable
of presenting a level where the amount of neutral and reactive species remains constant
(pH ~9) (Figure 29) [49]. At the plateau, it is common to observe that the rate constant in
nucleophilic catalysis is higher than that in basic catalysis, considering that nucleophilic
processes are faster [55]. For pH values below the pKaH, where protonated imidazole
1 predominates, the catalysis is preferably acidic. As with basic and nucleophilic catalysis,
acid catalysis has the same effect at the plateau (pH ~5) (Figure 29) [55].

Considering the above remarks, we can conclude that histidine 7 residues present in
the active site of HDAC6 participate in catalysis by a combined acid/base mechanism, as
this hydrolyses assists with the aid of the tyrosine residue (Y745) and the metal itself (Zn2+),
which, when complexed with the carbonyl oxygen, further favors the reaction shown,
considering the low reactivity of amide carbonyls (Figure 29).

3.2. Imidazole as a Building Block in the Structure of Bioactive Molecules and Drugs

Imidazole 1 is present in several chemical structures of pharmaceutical interest because
its particular chemical properties could favor molecular recognition by different targets.
Examples of the presence of imidazole 1 in the structure of bioactive substances include
antibacterial [70–73], anti-inflammatory [74–76], antidiabetic [77], antiparasitic [78], antitu-
berculosis [79], antifungal [80–82], antioxidant [83], antitumor [84–86], antimalarial [87,88],
anticancer [89–91], antidepressant [92] and many other compounds (Figure 30).
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Moreover, imidazole 1 is also present in several natural compounds with biological
activity. As an example, pilocarpine 72 is used for the treatment of xerostomia and glau-
coma [93], topsentin 73 shows anticancer activity [94] and isonaamine A 74 also shows
anticancer activity through its action as an inhibitor of the epidermal growth factor receptor
(EGFR) [95] (Figure 31).
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isonaamine A 74.

To date, a great diversity of imidazole-containing compounds with biological activity
is known, whether of natural or synthetic origin. Among the compounds with imidazole-
containing activity, azomycin 75 can be considered the one with the simplest structural
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complexity of all. The antibiotic azomycin was first isolated by Maeda in 1953 from a strain
similar to Mesenteric nocardia [96]. In addition to azomycin 75, we can illustrate the structure
of several more complex compounds that are even well known in current pharmacotherapy
containing the imidazole nucleus, such as dacarbazine 76 [97], nafimidone 77 [98], flumizole
78 [99], cimetidine 79 [100], losartan 80 [101] and ketoconazole 81 [102] (Figure 32).
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Figure 32. Structures of azomycin 75 and other imidazole-containing drugs currently used in
pharmacotherapy.

Imidazole 1 proves to be a very versatile structure for medicinal chemistry, not only
for its ability to act directly as a pharmacophoric group but also for being able to act as a
“guide” to other groups, directing them and favoring correct auxophoric/pharmacophoric
interactions, allowing the exploration of a large number of possible substitutions. Imidazole
1 is considered a bioisostere of a carboxamide unit. Thus, it can be interpreted as a
peptide backbone unit isostere [103]. Depending on the substituents and their substitution
pattern, small mimetic oligopeptides with trans and cis conformations can be evidenced
(Figure 33) [103,104]. The isosteric exchange of amides for imidazole can be considered
a good strategy to overcome problems resulting from metabolic instability promoted by
amidases [105].
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In a more recent work by Heppner and collaborators [106], the importance of the
imidazole nucleus in compounds containing biological activity was highlighted. The aim
of the study was the modulation of the mutated epidermal growth factor receptor (EGFR)
target, in the context of non-small-cell lung cancer, which presents acquired drug resistance.
Compounds with nanomolar potency against EGFR (L858R/T790M/C797S) were obtained
in a reversible binding mechanism [106].

Analysis of the X-ray crystallographic results shows how the imidazole nucleus acts
as a hydrogen bond acceptor for the catalytic residue of lysine (K745) in the “αC-helix out”
inactive state of EGFR. Furthermore, selective N-methylation on the imidazole nucleus
at the hydrogen bond acceptor position drastically reduces the potency, confirming the
importance of the interaction of (K745) with the imidazole nucleus for modulating the
EGFR variant (C797S) [106]. Additionally, it was observed that there is an intramolecular
hydrogen interaction between the N-1 and the phenylacrylamide group 82 (Figure 34) [107].
The covalent bond with (C797) does not significantly change the mode of inhibitory interac-
tion compared to the reversible compounds, indicating that the interaction of imidazole
with (K757) is conserved in both covalent and non-covalent modes.
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Analyzing the activity values for 82, 83 and 84 (Figure 34), it was concluded that
N-1 methylation 83 impacts activity against EGFR (L858R/T790M), indicating that the
intramolecular interaction between imidazole and the phenylacrylamide group is required
for the inhibitory mode of interaction. For N-3 methylation 84, the nitrogen involved in the
interaction with (K745) in the inactive form “αC-helix out” of EGFR, does not significantly
alter the inhibition activity towards EGFR (L858R/T790M), showing that the potency of 82
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does not depend on the interaction with the residue (K745) but more on the covalent bond
with (C797).

Finally, it was observed that, for EGFR (L858R/T790M/C797S), the presence of both
unsubstituted nitrogens in the imidazole nucleus are extremely important for activity
against this mutated form. Confirmed through the data already presented by 83 and 84, as
well as the data for 85 and 86, showing excellent IC50 values with this interaction pattern,
and acting as reversible inhibitors.

This study shows us as an interesting practical example how imidazole may be able
to act as an important auxophoric group and act directing other auxophoric and pharma-
cophoric groups.

Another example of imidazole application was described by Lee et al. [108], where the
activity-based sensing (ABS) strategy for detecting copper in living cells was presented,
which preserves spatial information through a copper-dependent bio-conjugation reaction.
Copper-targeted acyl imidazole dyes were designed that operate through copper-mediated
activation of acyl imidazole electrophiles for subsequent labeling of proximal proteins at
sites of high labile copper to provide a permanent color that resists washing and fixation
(Figure 35).

Labile pools have been characterized using this strategy in three main types of brain
cells: neurons, astrocytes and microglia. Exposure of each of these cell types to physio-
logically relevant stimuli distinct changes in these labile copper pools. Neurons exhibit
translocation of labile copper from somatic cell bodies to peripheral processes after activa-
tion, while astrocytes and microglia exhibit global decreases and increases in intracellular
labile copper pools, respectively, after exposure to inflammatory stimuli [108].

This work provides fundamental information on cell-type-dependent copper home-
ostasis, an essential metal in the brain, as well as a starting point for the design of new
activity-transmitted probes for metals and other signal analytes and dynamic stress in
biology, in the context of poor regulation of copper in inflammation and neurodegenerative
process [109–113]. In Figure 35 the imidazole 1 present in 87 as a metal chelator, in this case
copper, is demonstrated through the η1(σ,Npy) interaction, as previously commented.
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Figure 35. The activity-based sensing (ABS) strategy using acyl imidazole electrophiles 87 for
subsequent labeling of proximal proteins at sites of high labile copper.

In a recent background of compounds containing imidazole for anti-proliferative activ-
ity, a large number of di/triaryl imidazole-based derivatives (Figure 36) have been reported
with p38α MAP and/or BRAF kinase inhibitory activities [114–117]. Considering these
representatives, compound 88 (SB203580) was reported as a p38α MAP kinase inhibitor
with IC50 value of 48 nM [114,115]. Furthermore, compounds 89 and 90 exhibited their
inhibitory activities against p38α at IC50 values of 19 and 41 nM, respectively [116]. Com-
pound 91 diaryl imidazole showed inhibitory activity against BRAF (IC50 = 900 nM) [117].
However, triaryl imidazole exhibited greater inhibitory activity against BRAF. In a series
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of triaryl-substituted imidazole-based derivatives, compound 92 was the most potent in
inhibiting mutant BRAF in vitro [118].
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Figure 36. Di/triaryl imidazole-based derivatives with p38α and/or BRAF inhibitory activity.

More studies about compound 92 show a weak inhibitory activity against mutant
BRAF at the cellular level. Nevertheless, compound 93 showed potent BRAF inhibition
(IC50 = 9 nM) and inhibited the growth of BRAF-dependent WM266.4 cells with GI50 of
0.22 µM [119]. Takle and coworkers [117] reported on SB-590885 94 among a series of
derivatives based on triaryl imidazole with potent and selective inhibitory activity against
BRAF kinase. The compound 94 was prepared to improve water solubility. Furthermore, it
showed increased potency with more than 1000 times greater selectivity for p38α, GSK3-β
and lck kinases compared to BRAF [117]. Recently, compound 95 (Figure 36) was reported
as a derivative based on imidazol-5-yl-pyrimidine with BRAFV600E/p38α dual activity [120].
Compound 95 inhibited BRAFV600E and p38α MAP with IC50 values of 2.49 and 85 nM,
respectively.

The designed compounds 96 and 97 were made by Youssif and collaborators [121]
considering the proposed binding interactions of compound 95 with p38α and BRAFV600E

(Figure 37). Investigation of compound 88’s binding interactions in p38α MAP revealed
the presence of different types of binding interactions, including hydrogen bonding and
hydrophobic interactions [121]. However, an unfavorable donor–donor interaction of the
nitrogen N-1 on the imidazole ring of compound 88 with Lys53 at p38αwas reported. To
avoid this unfavorable interaction, the imidazole N-1 was alquilated with the hexyl group.
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Hexyl groups can also provide hydrophobic interactions with hydrophobic residues on
p38α. The structure of the compounds 96 and 97 was also extended by a four-atom linker
connecting the 1,3-benzodioxolo 96 and 4-methoxybenzyl 97 ring substituents with the
triaryl imidazole scaffold [121]. The ligand includes three hydrogen bond acceptor atoms
(CO-O-N=) and a hydrogen bond donor group (NH2) that can form hydrogen bonds with
amino acids on the phosphate biding region at p38α [121].
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Figure 37. Rational design of compounds 96 and 97.

Among the docking studies, compounds 96 and 97 were able to properly interact with
Lys53 in the imidazole scaffold N-3. In conclusion, we can see that 96 and 97 are promis-
ing lead compounds with high potential for development as new dual p38α/BRAFV600E

inhibitors based on the good activity values.
With these recent examples from the literature, we can see that imidazole presents

itself as a privileged structure, being widely explored as a nucleus capable of efficiently
participating and assisting in the modulation of several molecular targets and acting in
other areas, such as probes for biological assessment.

3.3. The Origin of Cimetidine as an Imidazole-Containing Drug

To the best of our knowledge, there are four types of histamine receptors that belong
to the G-protein-coupled receptor family: histamine H1 receptor, histamine H2 receptor,
histamine H3 receptor and histamine H4 receptor, which could be stimulated by the endoge-
nous messenger histamine 8 without distinction [122,123]. However, properly designed
antagonists must be able to distinguish between them [124]. In the 1960s–1970s, selective
antagonists capable of inhibiting the histamine receptors involved in the allergic process
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(H1 receptors) and antagonists capable of inhibiting histamine receptors responsible for
gastric acid secretion (H2 receptors) were already known [124].

Variations were made in the structure of histamine 8 so that it was recognized by the
receptor. Simultaneously, it was able to act as an antagonist. SAR studies on histamine
analogs revealed that the requirements for histamine 8 to bind to the proposed H1 and
H2 receptors were slightly different (Figure 38) [125]. On the H1 receptors, the essential
requirements are as follows:

The side chain must have a positively charged nitrogen atom with at least one hydro-
gen. Quaternary ammonium salts are not active.

There must be a flexible chain between the cation and the heteroaromatic ring.
The heteroaromatic ring does not have to be imidazole 1 but must have a nitrogen

atom with a pair of electrons adjacent to the side chain.
On the other hand, the requirements for H2 and H1 receptors are the same, except that:
The heteroaromatic ring must have an amidine 5 unit (-HN-CH=N-) acting as a proton

transfer agent.
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Figure 38. SAR for histamine H1 and H2 receptor agonists.

Based on this information, it appears that the terminal amino group being protonated
is involved in an ionic interaction with both types of receptors, while the nitrogen atoms of
the heteroaromatic ring are linked through hydrogen bonds, and for H2 receptors, the ring
participates in an extra interaction through proton transfer (Figure 39) [125].
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Figure 39. Scheme of the spatial arrangement for the interaction of histamine 8 on the H1 and
H2 receptors.

Checking the changes in the structure of histamine 8, it was noted that 4(5)-methylhistamine
98 is a highly selective H2 receptor agonist, showing greater selectivity for H2 than for
H1 [125,126]. 4(5)-Methylhistamine 98, similar to histamine 8, is a highly flexible molecule
due to its side chain, but structural studies show that some of their conformations are less
stable than others (Figure 40) [125,126]. In particular, conformation (A) is disadvantaged
due to the steric interaction between the methyl group and the side ethylamine chain. The
selectivity observed suggests that, for both receptors, 4(5)-methylhistamine 98 has to adopt
two different conformations to bind to these receptors [125,126]. As 4(5)-methylhistamine 98
is more active as an agonist of the H2 receptor, this suggests that the favorable conformation
(B) is required for the interaction with the H2 receptor, while the conformation required for
the H1 receptor would be the sterically unfavorable conformation (A) [125,126].
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Figure 40. Conformations of 4(5)-methylhistamine 98. Energetically unfavorable conformation A and
the more stable conformation B.

In histamine 8, the exocyclic amino group is protonated at physiological pH, exerting
a strong electron-withdrawing effect on the imidazole ring. This effect is more pronounced
for the nitrogen closest to this side chain, so the hydrogen atom in the nitrogen Nπ will
be more acidic than the one bound to the Nτ [125–127]. For this reason, the last tautomer
(Nτ) is more stable than π (Nπ) in histamine 8, given that the favored ionization in the
structure would lead to stabilization of the charge formed (Figure 41). On the other hand,
the thiourea group of burimamide 99 exerts a less pronounced electron-donating effect,
and therefore, the Nπ tautomer is favored [125–127]. Thus, the idea would be to remove
electrons from the burimamide 99 side chain instead of donating electrons through the
introduction of an electron withdrawing atom in this chain. The use of an isosteric group
of the methylene group was proposed [125–127]. The sulfur atom is considered a good
classical isostere of the methylene group, as their van der Waals radii and bond angles
are similar [125–128]. The substitution site was also chosen based on synthetic reasons
(Figure 41).
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The sulfur atom present in the side chain of thiaburimamide 100 carried out the
removal of electrons, favoring the tau tautomer (τ). Furthermore, a hypothesis has been
raised about the possibility of increasing the favoring of this tautomer through the insertion
of a group in position 5 of the imidazole 1 ring [125–127]. In this position, the inductive
effect would have a more pronounced impact on the neighboring nitrogen atom (Nτ). The
methyl group was chosen because it was known that (4)-methylhistamine 98 was highly
selective against the H2 receptor, in addition to influencing the pKa of hydrogen Nτ, with an
electron donating effect [125–127,129]. Metiamide 101 was obtained, showing the highest
antagonistic activity on H2 receptors (Figure 41).

Metiamide 101 was shown to be 10 times more potent than burimamide 99 [130] and
showed great promise as an antiulcer agent. Unfortunately, several patients suffered from
kidney problems and granulocytopenia, a disease that leads to a reduction in leukocytes
and makes patients more susceptible to infection due to the metabolism of thiourea, which
led to metiamide 101 not being approved in stage I clinical trials [131,132].

After the study of metiamide 101, several other studies were carried out with the
objective of modifying the thiourea subunit, a region that is also responsible for important
interactions with the target receptor, giving the compounds the profile of antagonists
(region of binding of the antagonist). Figure 42 summarizes all the work and rationale used
to design the first blockbuster drug cimetidine. Cimetidine, similar to other examples in
the literature, is a drug that has an imidazole nucleus in its structure and is a beautiful and
inspiring example of rational drug design carried out in the mid-1960s–1970s [133].
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Figueiredo and coworkers [134], who described the synthesis of methyl-imidazolyl
N-acylhydrazone (NAH) derivatives showing antinociceptive activity, demonstrated an-
other interesting study on imidazole 1 tautomerism, exploring the idea of cimetidine 79.
Using the AM1 Hamiltonian [135] with unsubstituted derivative 106, the conformational
behavior of the (NAH) motif around C-4 from the imidazole nucleus was investigated.
Figueiredo and coworkers observed that the S-cis-like conformation (A) of the N-4 tau-
tomer from compound 106 was ca. 6.0 kcal/mol more stable than the corresponding S-trans
(A′) conformation (Figure 43) [134]. A five-member-like intramolecular hydrogen bond
involving the hydrogen atom of the N-acylhydrazone moiety and the nitrogen atom N-3 of
the imidazole 1 ring could be the reason for this favored conformation. Hydrogen bonding
was also observed in the N-5 tautomer (B′) (Figure 43); however, in this case, a 3 kcal/mol
decrease in stability was observed [134].

We observed in this study [134] that for structure (A), there are several favorable factors
to maintain the (4)-tautomer, i.e., the withdrawing group (EWG) in the C-4 position and the
methyl group at the C-5 position, in addition to the possible intramolecular interaction due
to the presence of the NAH subunit. Additionally, the methyl group at the C-5 position
may contribute slightly through steric effects to the formation of (A) instead (A′), given the
steric hindrance caused by methyl and the NAH substituent. A similar effect was observed
for 4(5)-methylhistamine 98. Considering all the structures, (B′) demonstrates several
unfavorable requirements to maintain (5)-tautomerism, even presenting an intramolecular
interaction. Given that several of these structural factors play against the pKa value of N-1
present in the imidazole ring, its acidity is increased.
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4. Conclusions

To date, much work has been done on the synthesis, functionalization, description of
physicochemical characteristics and biological application of imidazole heterocycles. This
work highlighted the special interest and importance of imidazole-containing derivatives
in the field of medicinal chemistry and drug discovery.

As demonstrated, imidazole 1 is a structure that, despite being small, presents unique
chemical complexity. It is a nucleus that proves to be very practical and versatile in its con-
struction/functionalization and can be considered a rich source of chemical diversity. The
role and importance of imidazole 1 in processes for the maintenance of living organisms,
such as catalytic participation in enzymatic processes, were also reported. We observed ex-
amples of imidazole-based compounds with antibacterial, anti-inflammatory, antidiabetic,
antiparasitic, antituberculosis, antifungal, antioxidant, antitumor, antimalarial, anticancer,
antidepressant and many other activities in the literature. Finally, the role of imidazole 1
in drug research and development was briefly demonstrated through the discussion of
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the discovery of cimetidine 79. It was possible to explore several chemical and biological
phenomena of this important drug, which certainly served as a rich base for knowledge
and inspiration for several other bioactive imidazole-based drug candidates. This was also
demonstrated in the structure of methyl-imidazolyl N-acylhydrazone derivative 106, which
was produced after cimetidine and presented a nociceptive effect, and those that continue
to currently be developed.
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Abstract: Azomethine ylides are nitrogen-based three-atom components commonly used in [3+2]-
cycloaddition reactions with various unsaturated 2π-electron components. These reactions are highly
regio- and stereoselective and have attracted the attention of organic chemists with respect to the
construction of diverse heterocycles potentially bearing four new contiguous stereogenic centers. This
review article complies the most important [3+2]-cycloaddition reactions of azomethine ylides with
various olefinic, unsaturated 2π-electron components (acyclic, alicyclic, heterocyclic, and exocyclic
ones) reported over the past two decades.

Keywords: cycloaddition; azomethine ylide; pyrrolidine; spiro-compound

1. Introduction

The three-atom component (TAC) is an organic species that is represented by zwitteri-
onic octet structures and undergoes [3+2]-cycloadditions with an unsaturated 2π-electron
component in a one-step reaction, often in an asynchronous and symmetry-conducive fash-
ion, via a thermal six-electron Hückel aromatic transition state. The formal charges are lost
in the [3+2→5] cycloaddition (Figure 1) [1]. Recently, studies based on molecular electron
density theory (MEDT) have suggested that the compounds involved in these reactions
do not have a polar nature but a diradical, pseudoradical, or carbenoid nature. Therefore,
the use of the term “1,3-dipole” is unjustified and should be replaced with “three-atom
component”. It was also recommend that the designation of “dipolarophile” should be
replaced with “unsaturated 2π-electron component”, and “1,3-dipolar cycloaddition” with
“[3+2]-cycloaddition” [2].
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Figure 1. Historical Huisgen’s view on the [3+2]-cycloaddition reaction.

While there is a mechanistic spectrum of this reaction from a synchronous one-step pro-
cess to a stepwise overall transformation (including radical pathways), to avoid mechanistic
digressions that may not have chemical or stereochemical consequences, in this synthetic
review article, we will refer to the azomethine ylide reaction as a pericyclic cycloaddition.
[3+2]-Cycloadditions of azomethine ylide with homomultiple and heteromultiple unsat-
urated 2π-electron components have been extensively used to produce a wide range of
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heterocycles [3]. There are several methods for the formation of azomethine ylides, includ-
ing the thermolysis or photolysis of readily prepared aziridines, the dehydrohalogenation
of immonium salts, and proton abstraction from imine derivatives of α-amino acids [3].
They are often generated in situ because of their high reactivity and/or transient existence;
however, in some cases, stabilized ylides have been isolated and used further [4–6].

The synthesis of five-membered heterocyclic systems through azomethine ylides is one
of the most adopted, efficient, and powerful approaches. Since the first report of successful
the enantioselective [3+2]-cycloaddition of an azomethine ylide in 1991 [7], there has been
tremendous progress in the chemistry regarding azomethine ylides. Azomethine ylides
are extensively used in the synthesis of various heterocyclic systems such as pyrrolidines,
pyrrolizidines, indolizidines, piperidines, oxazolidines, spiroindoles, spiropyrrolidines,
and spiropiperidines, but they are also used for the total synthesis of complex natural
products as well as bioactive compounds [8–15]. In recent years, the [3+2]-cycloaddition
reaction has been extensively studied for the synthesis of heterocycles using different
synthetic strategies [16,17]. In addition, the reaction is also investigated to understand the
related reactivity, reaction conditions, intermediates, etc. [18,19].

This review article deals with the [3+2]-cycloaddition reaction of azomethine ylides
with an unsaturated carbon–carbon bond (in either acyclic, alicyclic, heterocyclic, or exo-
cyclic systems) that leads to the formation of pyrrolidinyl-containing analogs reported in
the last two decades and their biological applications. This review article is intended to be
a critical resource for the researchers involved or interested in azomethine ylides-mediated
heterocyclic synthesis. It is also hoped that this review article will inspire chemists in this
area of research.

2. Acyclic Unsaturated 2π-Electron Components
2.1. Intermolecular Cycloaddition Reaction of Azomethine Ylides to Acyclic Unsaturated
2π-Electron Components (Alkenes)

Unstabilized azomethine ylide 2 derived from benzyl(methoxymethyl)(trimethylsilylmethyl)
amine 1 undergoes a [3+2]-cycloaddition reaction with electron-deficient alkenes 3 under
continuous flow conditions in the presence of catalytic trifluoroacetic acid, thereby affording
the corresponding pyrrolidines 4 (Scheme 1) [20].
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Scheme 1. Synthesis of pyrrolidines 4.

Azomethine ylides generated via the deprotonation of α-imino-esters 5 undergo a
[3+2]-cycloaddition reaction with unsaturated 2π-electron components 6 in the presence
of the eco-friendly supported solid-base catalyst KF/Al2O3 to yield the corresponding
pyrrolidines 7 with high regio- and diastereoselectivity (Scheme 2) [21].
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Belfaitah et al. reported the cycloaddition reaction of azomethine ylides 9 with alkenyl
boronates 8 to obtain the 3-boronic-ester-substituted pyrrolidines 10 (Scheme 3) [22].
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Scheme 3. Synthesis of 3-boronate pyrrolidines 10.

Pyrrolo[2,1-a]isoquinolines 15 were obtained through a sequential one-pot, two-step
tandem reaction of isoquinoline 11, α-halogenated methylenes 12, aromatic aldehydes
13, and cyanoacetoamide 14 in the presence of triethylamine as a basic catalyst and 2,4-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as an oxidizing agent. The transforma-
tion was assumed to take place through [3+2]-cycloaddition of N-substituted carbonyl-
methyleneisoquinolinium bromide (formed via the reaction of isoquinoline 11 and 12)
with arylidene cyanoacetamide (formed via the condensation of cyanoacetamide 14 with
aromatic aldehyde 13) [23]. In the case of the ethyl bromoacetate 16 derivative, the for-
mation of pyrrolo[2,1-a]isoquinolines 17 was observed probably due to DDQ oxidation
(Scheme 4) [23].
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Scheme 4. Synthesis of pyrrolo[2,1-a]isoquinolines 15/17.

Spiro[indoline-3,2′-pyrrolidines] 21 were prepared by the [3+2]-cycloaddition reac-
tion of benzoimidazol-2-yl-3-phenylacrylonitriles 18 with azomethine ylides, which was
generated in situ from the condensation of isatin 19 and sarcosine 20 in refluxing ethanol.
Similarly, spiro[indoline-3,5′-pyrrolo[1,2-c]thiazoles] 23 were formed by using thioproline
22 as a secondary amino acid (Scheme 5) [24].
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The chemistry was extended further to obtain spiro[acenaphthylene-1,2′-pyrrolidines]
26 and spiro[acenaphthylene-1,2′-pyrrolizidines] 28 possessing a cyano group from the
azomethine ylides (generated from acenaphthenequinone 25) with α-amino acids (sarcosine
20 and proline 27) and Knoevenagel adducts 24 (Scheme 6) [25].

Molecules 2023, 28, x FOR PEER REVIEW 5 of 79 
 

 

the azomethine ylides (generated from acenaphthenequinone 25) with α-amino acids (sar-
cosine 20 and proline 27) and Knoevenagel adducts 24 (Scheme 6) [25]. 

 
Scheme 6. Synthesis of spiro[acenaphthylene-1,2′-pyrrolidines] 26 and spiro[acenaphthylene-1,2′-
pyrrolizidines] 28. 

2.2. Nitroalkenes 
Nitroalkenes are reactive, unsaturated 2π-electron components that are intensively 

used in cycloaddition reactions by various researchers [26]. 3-Nitro-4-(trichlorome-
thyl)pyrrolidine 30 was obtained through the cycloaddition of trans-3,3,3-trichloro-1-ni-
troprop-1-ene 29 with azomethine ylide (obtained from the condensation of paraformal-
dehyde and sarcosine in refluxing benzene). Quantum chemical calculations (DFT, 
M062X/6-311G(d)) explained the reaction pathway [27]. Analogously, 3-nitro-4-arylpyr-
rolidine-3-carbonitriles 32 were obtained through the cycloaddition of the azomethine 
ylide with (2E)-3-phenyl-2-nitroprop-2-enenitriles 31 [28] (Scheme 7). 

 
Scheme 7. Synthesis of 3-nitro-4-(trichloromethyl)pyrrolidine 30 and 3-nitro-4-arylpyrrolidine-3-
carbonitriles 32. 

Trans-3-nitropyrrolidine 34 was prepared by reacting trans-1-nitro-2-phenylethylene 
33 with N-(methoxymethyl)-N-[(trimethylsilyl)methyl]benzylamine 1, which is an azome-
thine ylide equivalent, in the presence of trifluoroacetic acid in dichloromethane. Some of 
the synthesized 34 revealed promising inhibitory properties as Na+ channel blockers, 
which are useful in the treatment of ischemic stroke (Scheme 8) [29]. 

 
Scheme 8. Synthesis of trans-3-nitropyrrolidine 34. 
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pyrrolizidines] 28.

2.2. Nitroalkenes

Nitroalkenes are reactive, unsaturated 2π-electron components that are intensively
used in cycloaddition reactions by various researchers [26]. 3-Nitro-4-(trichloromethyl)
pyrrolidine 30 was obtained through the cycloaddition of trans-3,3,3-trichloro-1-nitroprop-
1-ene 29 with azomethine ylide (obtained from the condensation of paraformaldehyde and
sarcosine in refluxing benzene). Quantum chemical calculations (DFT, M062X/6-311G(d))
explained the reaction pathway [27]. Analogously, 3-nitro-4-arylpyrrolidine-3-carbonitriles
32 were obtained through the cycloaddition of the azomethine ylide with (2E)-3-phenyl-2-
nitroprop-2-enenitriles 31 [28] (Scheme 7).
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Scheme 7. Synthesis of 3-nitro-4-(trichloromethyl)pyrrolidine 30 and 3-nitro-4-arylpyrrolidine-3-
carbonitriles 32.

Trans-3-nitropyrrolidine 34 was prepared by reacting trans-1-nitro-2-phenylethylene 33
with N-(methoxymethyl)-N-[(trimethylsilyl)methyl]benzylamine 1, which is an azomethine
ylide equivalent, in the presence of trifluoroacetic acid in dichloromethane. Some of the
synthesized 34 revealed promising inhibitory properties as Na+ channel blockers, which
are useful in the treatment of ischemic stroke (Scheme 8) [29].
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Another set of spiro compounds, spiro[pyrrolidine-2,3′-oxindoles] 37, were regioselec-
tively synthesized by a multicomponent reaction of azomethine ylides, generated in situ
from 3-aminoindoline-2-ones hydrochloride 35, with aldehydes 13 and (E)-nitroalkenes 36
(Scheme 9) [30].
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Scheme 9. Synthesis of spiro[pyrrolidin-2,3′-oxindoles] 37.

It was assumed that, based on the secondary orbital interaction (SOI) of the electron-poor
nitroalkenes 36 with the azomethine ylide, Path A was exclusively followed, as the endo-
transition state in the reaction sequence was more energetically favorable (Scheme 10) [30].
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Scheme 10. Proposed mechanism for the cycloaddition of azomethine ylide (via endo′-transition state).

Spirooxindolo-nitropyrrolizines 38 (major product) and 39 (minor product) were
obtained from the cycloaddition reaction of azomethine ylides, generated in situ from isatin
19, with proline 27 and (E)-ß-nitrostyrene 32 (Scheme 11) [31]. A significant inversion in the
regioselectivity was observed when the polar [3+2]-cycloaddition of the azomethine ylides
was attempted with trans-β-nitrostyrene instead of (E)-1-phenyl-2-nitropropene.
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genic properties useful against Alzheimer’s disease were obtained by the microwave-as-
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Scheme 11. Synthesis of spirooxindolo-nitropyrrolizines 38 and 39.

It was assumed that the reaction proceeds through S-shaped ylide with a cycload-
dition via the endo-transition state (pathway B), yielding cycloadducts 38, and not the
exo-transition state (pathway A). Computational studies (Gaussian 03) of the transition
states (Density Functional Theory (DFT), B3LYP, and 6-31G(d,p) basis set) confirmed these
assumptions (Scheme 12) [31].
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sisted cycloaddition of nitroalkenes 36 and azomethine ylides (generated from isatin 19 
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Scheme 12. Proposed mechanism for the cycloaddition of the azomethine ylides with nitrostyrene.

A series of spiro[indoline-3,3′-pyrrolizin]-2-ones 40 with potential anti-amyloidogenic
properties useful against Alzheimer’s disease were obtained by the microwave-assisted
cycloaddition of nitroalkenes 36 and azomethine ylides (generated from isatin 19 and
L-proline 27) [32]. Analogously, spirooxindole-pyrrolidines 42 were obtained by the re-
action of tyrosine 41 in an ionic liquid [bmim]Br at 100 ◦C. Promising antiproliferation
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properties were observed for some of the synthesized compounds (42) against human A549
(adenocarcinoma basal epithelial) and Jurkat (T-cell lymphoma) cell lines (MTT assay)
using Camptothecin as a positive control; the compounds exhibited a safe response against
the non-cancer cell lines MCF-10 (normal breast) and PCS-130-010 (lung smooth muscle).
Caspase-dependent apoptosis (especially caspase-3) was mentioned as the mode of action
for the observed antiproliferative activity (Scheme 13) [33].
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Ionic liquid chemistry was utilized to prepare 4′-nitrospiro[indeno[1,2-b]quinoxaline-
11,2′-pyrrolidines] 47 by the cycloaddition reaction of nitroalkenes 36 with azomethine
ylide (generated from indenoquinoxalinone 45 and L-phenylalanine 46) in an ionic liquid
[bmim]Br. Some of the synthesized agents revealed antimycobacterial properties (Mycobac-
terium tuberculosis H37Rv) with an efficacy comparable to that of ethambutol (reference
standard) [34]. Similarly, spiro compounds 49 were obtained by using L-histidine 48 in-
stead of L-phenylalanine 46 in this reaction. Some of the synthesized compounds revealed
cholinesterase (acetylcholinesterase and butyrylcholinesterase)-inhibitory properties with
considerable efficiencies relative to Galantamine (Scheme 14) [35].
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Pyrrolidinyl ß-lactams 52 were prepared as single diastereomers by the reaction
of azomethine ylides 51, generated from β-lactam imines of α-amino ester 50, with ni-
trostyrenes 36 in the presence of silver acetate and triethylamine (Scheme 15). This reaction
is an example of [3+2]-cycloaddition reaction via N-metallo azomethine ylide [36].
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3,4-Dihydropyrrolo[2,1-a]isoquinolines 54 were obtained by the [3+2]-cycloaddition
reaction of nitroalkenes 36 with an azomethine ylide that was efficiently generated via the
dirhodium(II)caprolactamate [Rh2(cap)4] catalyzed oxidation of tetrahydroisoquinoline 53
(Scheme 16). Doyle’s oxidative protocol was used to generate azomethine ylides, which
were further trapped in situ via [3+2]-cycloaddition [37].
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2.3. α,β-Unsaturated Polarophiles

Spiro[3H-indole-3,3′-[3H]pyrrolizin]-2-ones 56 were synthesized by the cycloaddition
reaction of (E)-3-aryl-1-(thiophen-2-yl)-prop-2-en-1-ones 55 with azomethine ylide gener-
ated in situ from the condensation of isatin 19 with L-proline 27 (Scheme 17). Some of the
synthesized spiroindoles 56 showed potential antibacterial activity against Staphylococcus
aureus and Salmonella typhi (relative to Streptomycin) and antifungal activity against Candida
albicans (relative to Amphotericin B) [38].
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Spiro[pyrrolidine-2,3′-indolin]-2′-ones 59 were synthesized by the multi-component
cycloaddition reaction of chalcones 58 and an azomethine ylide formed from the con-
densation of isatin 19 and benzylaminemine 57. Few of the synthesized spiro-analogs 59
revealed potent inhibitory advanced glycation end (AGE) product formation in a bovine
serum albumin (BSA)-glucose assay that was higher than that of aminoguanidine (standard
reference). The occurrence of AGE is related to hyperglycemia observed as a complication
of diabetes (Scheme 18) [39].
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Scheme 18. Synthesis of spiro[pyrrolidine-2,3′-indolin]-2′-ones 59.

Taghizadeh et al. reported an efficient and greener multicomponent protocol for the
synthesis of regio-, diastereo-, and enantioselective spiro-oxindolopyrrolizidines 61 from
optically active cinnamoyl oxazolidinone 60 and azomethine ylides that were formed from
the condensation reaction of isatin 19 and S-proline 27 (Scheme 19) [40].
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Scheme 19. Synthesis of the spiro-oxindolopyrrolizidines 61.

Spiro[indoline-3,2′-pyrrolidines] 63 were prepared by the reaction of compound 62
containing an α,β-unsaturated ketone function with azomethine ylides obtained from isatin
19 and sarcosine 20, while spiro[indoline-3,5′-pyrrolo[1,2-c]thiazoles] 64 was obtained from
a similar reaction that involved thioproline 22 instead of sarcosine 20 (Scheme 20). Some
of the synthesized spiro-compounds, 63 and 64, revealed anticancer properties against
the A549 lung cancer cell line (MTT assay) [41,42] and spiro-compound 63 also showed
antimicrobial activity against Gram-positive (Micrococcus luteus, Enterobacter aerogenes,
Staphylococcus aureus and Staphylococcus aureus “MRSA-methicillin resistant”) and Gram-
negative (Salmonella typhimurium, Klebsiella pneumoniae, Proteus vulgaris, and Shigella flexneri)
bacterial strains and fungi (Malassesia pachydermatis, Candida albicans) relative to Strep-
tomycin and Ketoconazole (used as antibacterial and antifungal standard references,
respectively) [42].

Spiropyrrolidine-oxindoles 66 were prepared in appreciable yields by the cycload-
dition reaction of the unsaturated 2π-electron component (E)-2-(1H-indole-3-carbonyl)-3-
phenylacrylonitrile 65 and azomethine ylides obtained from the condensation of isatin 19
and sarcosine 20 (Scheme 21) [43].
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Similarly, spiropyrrolidine–oxindoles 68–70 were obtained from the reaction of enone
67 with azomethine ylides derived from isatin 19 and α-amino acids (sarcosine 20, proline
27 or thioproline 22). Among all the synthesized compounds, some showed antimicrobial
properties against Gram-positive and Gram-negative bacterial as well as fungal strains
using Streptomycin and Ketconazole as standard references (Scheme 22) [44].
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The unsaturated 2π-electron component, 2-[hydroxyl(4-oxo-4H-chromen-3-yl)methyl]
acrylonitrile 71, was synthesized by the Baylis–Hillman reaction of chromene-3-aldehyde,
treated with the azomethine ylides (from isatin 19 and sarcosine 20), which afforded the
corresponding regioselective spiro[pyrrolidine-oxindoles] 72 and 73 as major and minor
products, respectively (Scheme 23) [45].

Molecules 2023, 28, x FOR PEER REVIEW 13 of 79 
 

 

The unsaturated 2π-electron component, 2-[hydroxyl(4-oxo-4H-chromen-3-yl)me-
thyl]acrylonitrile 71, was synthesized by the Baylis–Hillman reaction of chromene-3-alde-
hyde, treated with the azomethine ylides (from isatin 19 and sarcosine 20), which afforded 
the corresponding regioselective spiro[pyrrolidine-oxindoles] 72 and 73 as major and mi-
nor products, respectively (Scheme 23) [45]. 

 
Scheme 23. Synthesis of spiro[pyrrolidine-oxindoles] 73, 74. 

A convenient method for the selective construction of spiroindane-1,3-diones 77 re-
lies upon the generation of unstabilized azomethine ylides from the initial condensation 
between ninhydrin 44 and 1,2,3,4-tetrahydroisoquinoline 74. Subsequent azomethine 
ylide cycloaddition onto the conjugated double bond of chalcone 76 was exploited, giving 
target cycloadducts with good yields (77–94%) and diastereoselectivity (Scheme 24) [46]. 

 
Scheme 24. Synthesis of spiroindane-1,3-diones 77. 

Scheme 23. Synthesis of spiro[pyrrolidine-oxindoles] 73, 74.

383



Molecules 2023, 28, 668

A convenient method for the selective construction of spiroindane-1,3-diones 77 relies
upon the generation of unstabilized azomethine ylides from the initial condensation be-
tween ninhydrin 44 and 1,2,3,4-tetrahydroisoquinoline 74. Subsequent azomethine ylide
cycloaddition onto the conjugated double bond of chalcone 76 was exploited, giving target
cycloadducts with good yields (77–94%) and diastereoselectivity (Scheme 24) [46].
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The reaction of azomethine ylide generated from 5-choloroisatin 19 and L-proline 27 as
well as 1-acryloyl-4-piperidinones 78 yielded the corresponding spirooxindole-pyrrolizines
79 (yield 62–84%). Some of the synthesized cycloadducts 79 displayed cholinesterase-
inhibitory properties (acetylcholinesterase and butyrylcholinestrase) with potency relative
to Galantamine [47]. When the reaction was conducted in a 1:2:2 molar ratio of 1-acryloyl-4-
piperidinones 78, isatin 19, and L-proline 27, respectively, the bisspiropyrrolizines 80 were
formed instead (yield 53–74%). It was found that most of the mono-spiropyrrolizines 79
(obtained using a 1:1:1 molar ratio of the reactants in yields of 73–84%) revealed higher
cholinesterase enzyme (acetylcholinesterase and butyrylcholinestrase)-inhibitory activity
than the bisspiropyrrolizine derivatives 80 (Scheme 25) [48].

The reaction of 3-(3-phenylazetidin-2-yl) acrylates 81 with azomethine ylide formed
by the condensation of ninhydrin 44 and amino acids (sarcosine 20/L-proline 27) af-
forded the corresponding spiroindanopyrrolidines 82 and spiroindanopyrrolizines 83
(Scheme 26). The synthesized cycloadducts 82 and 83 showed antibacterial properties
against Proteus mirabilis, Proteus vulgaris, Salmonella typhi, and Staphylococcusi aureus relative
to Tetracycline (standard reference drug) [49].
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Cycloaddition of cinnamaldehydes 84 with azomethine ylides, generated from another
cinnamaldehyde molecule 84 and L-proline 27, afforded hexahydro-1H-pyrrolizines 85 and
86 in different ratios depending on the heating method (conventional heating, 25–80 ◦C vs.
with microwave technique) and the solvent used (MeCN, DMF, toluene, CH2Cl2, DMSO)
(Scheme 27) [50].
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Pyrrolizidines of type 88 were obtained by reacting β,γ-unsaturated α-keto esters of
type 87 with proline 27 in a 2:1 molar ratio. The reaction was assumed to proceed via
the formation of azomethine ylides by the condensation of the starting unsaturated esters
of type 87 with amino acid 27, which, in turn, interacted with another molecule of 87 to
ultimately yield pyrrolizidines of type 88 (Scheme 28) [51].
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2.4. Acrylates

The reaction of O-acryloylacridinediones 89 with azomethine ylides, generated from
isatin 19 and secondary amino acids (sarcosine 20/proline 27), afforded the corresponding
spiro-pyrrolidines 90 and spiro-pyrrolizidines 91 (Scheme 29) [52].
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Spiropyrrolidines 94–97 were obtained via the reaction of methyl 2-(1H-inden-2-
yl)acrylate 92 with azomethine ylides generated in situ by reacting ketones (isatin 19,
acenaphthenequinone 25, ninhydrin 44, or 11H-indeno[1,2-b]quinoxaline-11-one 93) with
sarcosine 20 (Scheme 30) [53].

The reaction of methyl lactate acrylates of type 98 with azomethine ylides, gener-
ated from imino-esters 5 in the presence of silver acetate and KOH, gave chiral proline
derivatives of type 99 (Scheme 31) [54].
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The reaction of trans arylacrylates 100 with the azomethine ylide, formed from
benzyl-(methoxymethyl)[(trimethylsilyl)methyl]amine 1 in the presence of a catalytic
amount of trifluoroacetic acid, afforded the corresponding trans pyrrolidine derivatives 101
(Scheme 32) [55].
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2.5.1. Acyclicunsaturated 2π-Electron Components Containing Olefinic and
Aldehyde Groups

Azomethine ylides (formed via the reaction of α-amino esters 103 with O-allyl-5-
phenyldiazenylsalicylaldehyde 102) underwent intramolecular [3+2]-cycloaddition under
microwave conditions, affording the 8-phenyldiazenylchromeno[4,3-b]pyrrolidines 104
(Scheme 33). The synthesized compounds showed antibacterial activity against Gram-
positive (Streptococcus pneumoniae, Clostridium tetani, and Bacillus subtilis) and Gram-negative
bacteria (Salmonella typhi, Vibrio cholerae, and Escherichia coli), fungi (Aspergillus fumigatus
and Candida albicans), and mycobacteria (M. Tuberculosis H37RV) relative to the antibacte-
rial (Ampicillin, Norfloxacin, Chloramphenicol, Ciprofloxacin), antifungal (Griseofulvin,
Nystatin), and antimycobacterial (Metronidazole) standard references used [56].
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The intramolecular cycloaddition reaction of azomethine ylides, formed from alkenyl
aldehyde 105 and secondary amino acids (sarcosine 20, L-proline 27, thioproline 22, and
tetrahydroisoquinoline-3-carboxylic acid 106), afforded the corresponding chromenopy-
rrole derivatives 107–109 (Scheme 34). The synthesized compounds showed promising
antibacterial (against S. aureus, B. subtilis “Gram-positive”; S. pneumoniae, E. coli, and
Shigella sp., S. typhi “Gram-negative”) and antifungal (against Trichoderma sp., Aspergillus sp.
and C. albicans) activities against the references Tetracycline and Carbendazim (antibacterial
and antifungal standard references, respectively) [57].
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The intramolecular cycloaddition of O-allyl salicylaldehydes 110 and sarcosine 20
under ultrasonic irradiation in methanol at room temperature yielded the corresponding
chromeno[4,3-b]pyrroles 111 (Scheme 35) [58].
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Chromeno[4,3-b]pyrrolidines 113 were obtained in a highly regio- and stereoselective
manner by the intramolecular cycloaddition of O-allylic salicylaldehydes 112 and sarcosine
20 (Scheme 36) [59].
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Similarly, hexahydrochromeno[4,3-b]pyrroles 116 were obtained via intramolecular
[3+2}-cycloaddition of O-allylic salicylaldehyde 114 and amines 115 under microwave
conditions (Scheme 37) [60].
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Bicyclic pyrrolo[3,4-b]pyrroles 118 were obtained by the intramolecular cyclization
of the generated azomethine ylides from aldehydes 117 and sarcosine 20 under refluxing
conditions in toluene (Scheme 38) [61].
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Octahydropyrrolo[3,4-b]pyrroles 121 with various substituents in their aromatic rings
were synthesized by the intramolecular cycloaddition of azomethine ylides, which was
formed from the reaction of alkenyl aldehyde 119 with N-aryl glycines 120 (Scheme 39) [62].
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The condensation of N-alkenyl aldehydes 122 with α-amino acids (sarcosine 20, thio-
proline 22 and proline 27) generated azomethine ylides, which underwent an intramolecu-
lar cycloaddition reaction yielding the corresponding polycyclic compounds 123 and 124
(Scheme 40) [63].

Similarly, the intramolecular reaction of azomethine ylide obtained from 2-butenylindole-
3-carboxaldehyde 125 with N-methyl glycine ethyl ester hydrochloride 126 gave the indole-
containing alkaloid 127. Whereas its reaction with N-methyl glycine 20 or N-allyl glycine
128 gave the corresponding indole heterocycles of type 129 (Scheme 41) [64].
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Another example of intramolecular cycloaddition was the reaction of (E)-2-{[allyl(benzyl)
amino]methyl} cinnamaldehydes 130 with proline methyl ester hydrochloride 131 under
microwave conditions, which afforded the pyrido[3,4-b]pyrrolizines 132 (Scheme 42) [65].
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By using 1,2-O-cyclohexylidine-3-O-allyl-α-D-xylopentadialdo-1,4-furanose 133 (sugar-
derived aldehyde) in a reaction with sarcosine 20, furopyranopyrrolidine of type 134 was
formed with high diastereoselectivity (Scheme 43) [66].
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The intramolecular [3+2]-cycloaddition of azomethine ylides, generated from 2-
formylphenyl-(E)-2-phenylethenesulfonates 135 and sarcosine 20, afforded the correspond-
ing [1,2]oxathiino[4,3-b]pyrroles 136. However, the reaction of derivative 135 with L-proline
27 gave the corresponding [1,2]oxathiino[3,4-b]pyrrolizines 137 as trans–trans (major) and
cis–trans (minor) isomers (Scheme 44) [67].
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Scheme 45 shows an interesting example of a macrocycle of type 139 formation via
the intramolecular cycloaddition of an azomethine ylide generated from a triazole-linked
glycol-nitroalkenyl aldehyde derivative 138 and sarcosine 20 [68].
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Polycyclic naphtho[2,1-b]pyrano-pyrrolizidine and indolizidine derivatives 141 and
143 were synthesized by the intramolecular [3+2]-cycloaddition of azomethine ylides
generated from naphtho-O-alkenyl aldehydes 140 and α-amino acids (L-proline 27 or
DL-pipecolinic acid 142) (Scheme 46) [69].
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2.5.2. Acyclic Unsaturated 2π-Electron Components Containing Olefinic Linkage
and Azirdine

Scheme 47 shows the thermolysis of aziridines 144 that led to the in situ formation
of azomethine ylides, which underwent intramolecular cycloaddition, thus affording N-
phthalimidopyrrolidine derivatives 145 as a mixture of two diastereoisomers [70].
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Scheme 47. Synthesis of N-phthalimidopyrrolidines 145.

Another bicyclic system of γ-lactone 147 was created by the intramolecular [3+2]-
cycloaddition of azomethine ylide generated via the thermolysis of aziridine derivative 146
in refluxing toluene (Scheme 48) [71].
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Scheme 48. Synthesis of bicyclic γ-lactone 147.

3. Exocyclic, Unsaturated 2π-Electron Components
3.1. Cycloalkanones

The exocyclic olefinic linkage is a reactive, unsaturated 2π-electron component in-
tensively used in [3+2]-cycloaddition reactions forming various heterocycles [72–76]. For
example, the cycloaddition of azomethine ylide (formed from isatin 19 and sarcosine 20)
with 2-arylidene-1-cyclopentanones 148 in the presence of bentonite clay under microwave
conditions afforded dispiropyrrolidinyl-oxindoles 149 (Scheme 49) [77].
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Similarly, dispiro[cyclohexane-1,3′-pyrrolidine-2′,3”-[3H]indoles] 151 and 152 were ob-
tained by the cycloaddition reaction of azomethine ylides (generated from isatin derivative
19 and sarcosine 20) with 2E,6E-bis(arylidene)-1-cyclohexanones 150 (Scheme 50). Some
of the synthesized compounds demonstrated antitumor properties against liver (HEPG2),
cervical (HELA), and prostate (PC3) cancer cell lines while using Doxorubicin as a standard
reference in an SRB assay [78].
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Scheme 50. Synthesis of dispiro[cyclohexane-1,3′-pyrrolidine-2′,3”-[3H]indoles] 151 and 152.

Azomethine ylide formed from the condensation of benzylamine 57 and isatin 19
also underwent a cycloaddition reaction with 2,6-bis(ylidene)cyclohexanones 150 under
solvent-free conditions using microwave irradiation, thereby affording the dispiro-oxindole
153 with high regioselectivity (Scheme 51) [79].
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Scheme 51. Synthesis of dispiro-oxindoles 153.

Azomethine ylides derived from acenaphthenequinone 25 and α-amino acids (sarco-
sine 20, phenylglycine 154, proline 27, or thioproline 22) afforded the corresponding spiro-
cyclohexanones 155–158 upon reaction with 2,6-bis(ylidene)cyclohexanones 150 in refluxing
methanol [80] (Scheme 52). Some of the synthesized spiro compounds revealed activity against
Mycobacterium tuberculosis H37Rv (MTB) relative to Ethambutol and Pyrazinamide [80].
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A one-pot, five-component reaction of azomethine ylide (formed from ninhydrin 44,
o-phenylenediammine 43, and sarcosine 20) with bis(ylidene)cycloalkanones 159 in the
presence of hydrazine hydrate 160 in refluxing methanol regioselectively afforded the
corresponding spiro-indenoquinoxaline-pyrrolidines 161 at a high yield (Scheme 53) [81].
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Scheme 53. Synthesis of spiro-indenoquinoxaline pyrrolidines 161.

Trispiropyrrolidines/thiapyrrolizidines 163 and 164 were synthesized through the re-
action of 7,9-bis[(E)-ylidene]-1,4-dioxa-spiro[4,5]decane-8-ones 162 and azomethine ylides
(formed from isatin 19 and sarcosine 20 or thioproline 22) in 2,2,2-trifluoroethanol (TFE)
(Scheme 54). Some of the products showed anti-fungal properties (against Candida albicans
MTCC 227, Aspergillus niger MTCC 282, and Aspergillus clavatus MTCC 1323) and antimy-
cobacterial properties against M. tuberculosis H37Rv relative to the standard references
Nysyatin, Greseofulvin (antifungal), and Isoniazid (antimycobacterial) [82].
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Scheme 54. Synthesis of trispiropyrrolidines/thiapyrrolizidines 163, 164.

Analogously, dispiro compounds of type 165 were synthesized by the reaction of 2,6-
bis(ylidene)cyclohexanones 150 with azomethine ylide (formed from L-thioproline 22 and
isatin 19) in refluxing methanol. Some of the synthesized derivatives revealed promising
antiproliferative properties (apoptotic mechanism) against the MCF7 (breast) and K562
(leukemia) cell lines (WST-1 assay) relative to 5-Fluorouracil (standard reference drug)
(Scheme 55) [83].
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Scheme 55. Synthetic route towards dispiro[cyclohexane-1,6′-pyrrolo[1,2-c].thiazole-5′,3”-indoline]-
2,2”-diones 165.

3.2. Indanones and Indanediones

A series of dispiro compounds of type 167 were regioselectively synthesized by the
cycloaddition of 2-(ylidene)-1-indanones 166 with azomethine ylides (formed from isatin
derivatives 19 with sarcosine 20) in refluxing ethanol. Promising anti-inflammatory prop-
erties were exhibited by the synthesized compounds (via a rat carrageenan paw edema
assay) relative to Indomethacin (standard reference drug) [84]. Antiproliferative proper-
ties were also revealed by some of the synthesized derivatives against human metastatic
melanoma cells (GaLa, LuPiCi, and LuCa), with a potency relative to that of Doxorubicin
(SRB assay) (Scheme 56) [85]. In an analogous reaction, by using L-thioproline 22 instead of
sarcosine 20, spiro-pyrrolothiazolyloxindole derivatives of type 168 were obtained. Some
of these compounds showed activities against Mycobacterium tuberculosis H37Rv relative to
Ethambutol (standard reference) [86].
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Other dispiropyrrolidines of type 169 were synthesized by the cycloaddition of azome-
thine ylide (formed from ninhydrin 44 and sarcosine 20) with 2-(arylidene)-1-indanones
166 (Scheme 57). When acenaphthenequinone 25 was used instead of ninhydrin 44 in this
reaction, dispiropyrrolidines of type 170 were formed in a highly regio- and stereoselective
manner. Some of the synthesized derivatives—169 and 170 showed antimycobacterial
properties against M. tuberculosis H37Rv and INH resistant M. tuberculosis strains relative
to Isoniazid and Ethambutol (standard reference drugs) [87,88].
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Dispiropyrrolidines 171 and 172 were obtained by the cycloaddition of 2-(ylidene)-1-
indanones 166 with azomethine ylides (obtained through the condensation of L-thioproline
22 with ninhydrin/acenaphthenequinone 44/25) in refluxing methanol. Some of the syn-
thesized compounds showed promising in-vitro antimycobacterial properties against
M. tuberculosis H37RV relative to Cycloserine [89]. Analogously, pyrrolothiazolyloxin-
doles of type 173 were obtained when isatin 19 was used instead of ninhydrin 44 or
acenaphthenequinone 25 in this reaction. Some of the isatin-derived compounds of type
173 exhibited inhibitory properties toward acetylcholinesterase that could be useful for
Alzheimer’s disease therapy (Scheme 58) [90].
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By reacting 5,6-dimethoxy-2-(arylidene)-1-indanone 174 and isatin 19 with sarcosine 20
or phenylglycine 154, spiropyrrolidines 175 and 176, respectively, were obtained (Scheme 59).
Some of these compounds showed inhibitory activities toward acetylcholinesterase [91].
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TiO2–silica was used as an efficient solid-supported catalyst for the cycloaddition
reaction of 2-arylidene-1,3-indanediones 177 with the corresponding azomethine ylides
generated from tetrahydroisoquinoline-3-carboxylic acid 106 and isatin derivative 19 or
acenaphthenequinone 25 to afford the corresponding dispiropyrroloisoquinolines 178 and
179 (Scheme 60) [92].
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Scheme 60. Synthesis of dispiropyrroloisoquinolines 178 and 179.

The four-component reaction of 2-arylidene-1,3-indanediones 177, ninhydrin 44, o-
phenylenediamine 43, and L-proline 27, proceeding via an azomethine intermediate and in
the presence of heteropolyacid H4[Si(W3O10)3]–silica as a catalyst in refluxing acetonitrile,
afforded the dispiroindenoquinoxaline-pyrrolizidines 180 (Scheme 61) [93].
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Dispiro compounds of type 182 were synthesized by the reaction of the generated
azomethine ylides (from isatin 19 and sarcosine 20) with 2-(1,3-dioxo-indan-2-ylidene)
malononitrile 181 (Scheme 62) [43].
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3.3. Fluorenes

The solvent-free reaction of (E)-arylidenefluorenes 183 with isatin 19 and sarcosine 20
or proline 27, under microwave conditions, afforded the corresponding dispiro-oxindoles
184 and 185, respectively (Scheme 63) [94].
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3.4. Acenaphthenes

The reaction of acenaphthenone-2-ylidene ketones of type 186 with azomethine ylides
formed from the condensation of isatin 19 or acenaphthenequinone 25 and secondary
amino acids (sarcosine 20 or L-proline 27) in refluxing methanol afforded the corresponding
spirooxindoles 187–190 (Scheme 64) [95].
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Similarly, 2-oxo-(2H)-acenaphthylen-1-ylidene-malononitrile 191 afforded the corre-
sponding dispiropyrrolidine-oxindoles 192 by its reaction with isatin 19 and sarcosine 20
in refluxing toluene (Scheme 65) [96].
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Scheme 65. Synthesis of dispiropyrrolidine-oxindoles 192.

3.5. Tetralones

Dispiro-oxindolopyrrolidine/pyrrolizidines 194 and 195 were synthesized via the
cycloaddition of (E)-1-naphthylidene-1-tetralone 193 with the corresponding azomethine
ylides generated from isatin 19 and sarcosine 20 or L-proline 27 (Scheme 66) [97].

Further, the cycloaddition of 1,4-bis(3′,4′-dihydro-1′-oxonaphthalen-2′-ylidene)benzene
derivative 196 with azomethine ylides (from isatin 19 and sarcosine 20) in a 1:2 molar ratio
afforded the corresponding tetraspiro-bisoxindolopyrrolidine 198. With a 1:1 ratio of the
reactants, mono derivatives of type 197 were formed, which, in the presence of an excess of
isatin 19 and sarcosine 20, afforded bisoxindolopyrrolidines 198 [98] (Scheme 67).
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3.6. Pyrrolidine-2,5-diones

Dispiropyrrolidines of type 200 were prepared regioselectively by the cycloaddition
of 3-(ylidene)pyrrolidine-2,5-diones 199 with azomethine ylide (formed from condensa-
tion of sarcosine 20 and isatin 19) in refluxing alcohol. Promising cholinesterase (acetyl-
cholinesterase and butyrylcholinesterase) inhibitory properties were observed for some
of the synthesized compounds (relative to Donepezil, used as the standard reference) that
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are of potential importance for fighting Alzheimer’s disease (Scheme 68) [99]. Some of the
synthesized 200 also revealed antibacterial activities against Bacillus subtilis NCIM 2718,
Staphylococcus aureus NCIM5021, Salmonella typhi NCIM2501, Pseudomonas aeruginosa NCIM
5029, and Proteus vulgaris NCIM2813 relative to Ampicillin [100].
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3.7. Lactones

Dispiropyrrolidino/pyrrolizidino-oxindoles 202 and 203 were obtained through the cy-
cloaddition of α,ß-unsaturated-γ-lactone 201 with isatin 19/sarcosine 20 or isatin 19/proline
27 reagent systems (Scheme 69) [101].
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Scheme 69. Synthesis of dispiropyrrolidino/pyrrolizidino-oxindoles 202 and 203.

Glycospiro-2,3-dihydropyrrolo[2,1-a]isoquinolines 206 were synthesized by the reac-
tion of 3-deoxy-3-C-[(Z)-(methoxycarbonyl)methylene]-1,2:5,6-di-O-isopropylidene-α-D-
glucofuranose 205 with isoquinoline-based azomethine ylide formed from isoquinolines 11
and alkyl bromoacetates or 2-bromoacetophenones 204 in the presence of Cu(OTf)2–Et3N
as a catalyst (Scheme 70) [102].
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Scheme 70. Synthesis of glycospiro-2,3-dihydropyrrolo[2,1-a]isoquinolines 206.

3.8. Thiophenones

The reaction of 2-(ylidene)thiophen-3-ones 207 with various azomethine ylides gener-
ated from sarcosine 20 and different ketones (isatin 19, ninhydrin 44 or acenaphthoquinone
25) afforded the corresponding dispiropyrrolidine containing-thiophenones 208–210 in
good yields (Scheme 71) [103].
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3.9. Oxazolones

The reaction of 4-ylidene-5-(4H)-oxazolones 211 with azomethine ylide derived from
cis-4-formyl-2-azetidinone 212 and sarcosine 20 or pyrrolidine 27, in the presence of cam-
phor sulphonic acid (CSA) as a catalyst, afforded the corresponding spiro[3.4′]-(oxazol-
5′-one)-pyrrolidines 213 and spiro[3.4′]-(oxazol-5′-one)-pyrrolizidines 214, respectively
(Scheme 72) [104].
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Scheme 72. Synthesis of spiro[3.4′]-(oxazol-5′-one)-pyrrolidines 213 and spiro[3.4′]-(oxazol-5′-one)-
pyrrolizidines 214.

Spiro-compounds of types 216–219 were obtained via the cycloaddition reaction of
4-ylidene-5-oxazolones 211 and azomethine ylides (generated from isatin 19 and the appro-
priate α-amino acids). Some of the synthesized compounds showed considerable antitumor
properties against breast cancer (MCF7, MDA-MB-231, and MDA-MB-468) and hepato-
cellular (HepG2, HCCC-9810, and HuH7) cell lines (MTT assay) relative to Gefitinib and
Sorafenib (standard references) (Scheme 73) [105].

3.10. Indoles

The azomethine ylide (formed from isatin 19 and sarcosine 20) underwent cycload-
dition with 3-aroylmethyleneindol-2-ones 220 under green chemistry conditions in an
ionic liquid ([bmim]PF6, 1-butyl-3-methylimidazolium hexafluorophosphate) to afford the
corresponding dispiropyrrolidine-bisoxindoles 221 [106]. TiO2–silica was also used as a
solid-supported catalyst under microwave conditions for the synthesis of dispiropyrroloiso-
quinolines 222 via the three-atom component cycloaddition reaction of azomethine ylide
(generated from tetrahydroisoquinoline-3-carboxylic acid 106 and isatin 19) with 220 [92]
(Scheme 74).
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Scheme 73. Synthetic route towards spiro-compounds 216–219. 

3.10. Indoles 
The azomethine ylide (formed from isatin 19 and sarcosine 20) underwent cycload-

dition with 3-aroylmethyleneindol-2-ones 220 under green chemistry conditions in an 
ionic liquid ([bmim]PF6, 1-butyl-3-methylimidazolium hexafluorophosphate) to afford the 
corresponding dispiropyrrolidine-bisoxindoles 221 [106]. TiO2–silica was also used as a 
solid-supported catalyst under microwave conditions for the synthesis of dispiropyrroloi-
soquinolines 222 via the three-atom component cycloaddition reaction of azomethine 
ylide (generated from tetrahydroisoquinoline-3-carboxylic acid 106 and isatin 19) with 220 
[92] (Scheme 74). 

Dispiro-oxindolopyrrolizidines 223 and dispiro-oxindolothienopyrroles 224 could 
also be obtained by the reaction of azomethine ylides (generated from isatin 19 with L-
proline 27 or R-thioproline 22) with 3-aroylmethyleneindol-2-ones 220 under ultrasoni-
cation conditions in the presence of silica as a catalyst (Scheme 75) [107]. 

Similarly, the cycloaddition reaction of 3-aroylmethyleneindol-2-ones 220 with azo-
methine ylide (formed from tetrahydroisoquinoline-3-carboxylic acid 106 and acenaph-
thenequinone 25) using TiO2–silica as a solid-supported catalyst under microwave condi-
tions yielded dispiropyrroloisoquinoline 225 [92]. Ball-clay-supported zirconium oxychlo-
ride octahydrate was also used as a catalyst in the cycloaddition reaction of azomethine 
ylides (generated from acenaphthenequinone 25 and sarcosine 20 or L-proline 27) to pro-
duce spiro-oxindolopyrrolidine 226 and spiro-oxindolopyrrolizidine 227, respectively 
(Scheme 76) [108]. 

Scheme 73. Synthetic route towards spiro-compounds 216–219.
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Dispiro-oxindolopyrrolizidines 223 and dispiro-oxindolothienopyrroles 224 could also
be obtained by the reaction of azomethine ylides (generated from isatin 19 with L-proline
27 or R-thioproline 22) with 3-aroylmethyleneindol-2-ones 220 under ultrasonication condi-
tions in the presence of silica as a catalyst (Scheme 75) [107].
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Similarly, the cycloaddition reaction of 3-aroylmethyleneindol-2-ones 220 with azomethine
ylide (formed from tetrahydroisoquinoline-3-carboxylic acid 106 and acenaphthenequinone
25) using TiO2–silica as a solid-supported catalyst under microwave conditions yielded
dispiropyrroloisoquinoline 225 [92]. Ball-clay-supported zirconium oxychloride octahy-
drate was also used as a catalyst in the cycloaddition reaction of azomethine ylides (gen-
erated from acenaphthenequinone 25 and sarcosine 20 or L-proline 27) to produce spiro-
oxindolopyrrolidine 226 and spiro-oxindolopyrrolizidine 227, respectively (Scheme 76) [108].
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Spiro-oxindoles of type 229 were obtained by reacting isatin 19, sarcosine 20, and 3-[2-
oxo-ethylidene]indolin-2-one 228 in equimolar quantities whereas spiro-oxindole deriva-
tives of type 230 were formed when isatin 19 and sarcosine 20 were used at a two-fold
degree of molar excess over acceptor 228 (Scheme 77) [109].
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Another dispirocyclopentanebisoxindole 232 can be obtained by the cycloaddition of
azomethine ylides generated from 4-dimethylamino-1-alkoxycarbonylmethylpyridinium
bromide 231 and aroylmethyleneindol-2-one 220 (Scheme 78) [110].
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The cycloaddition of aroylmethyleneindol-2-one 220 with azomethine ylide formed from
indenoquinoxaline-11-one (generated in situ from ninhydrin 44 and o-phenylenediamine 43)
and L-proline 27 was catalyzed by eteropolyacid H4[Si(W3O10)3]–silica and afforded the
corresponding dispiroindenoquinoxaline-pyrrolizidine 233 (Scheme 79) [91].
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The reaction of azomethine ylides—formed from the condensation of isatin 19 and
sarcosine 20 or proline 27 in an ionic liquid [bmim] BF4 (without using any catalyst)—with 2-
cyano-2-(2-oxoindolin-3-ylidene)acetate 234 yielded the corresponding dispiropyrrolidine-
bisoxindole 235 and dispiropyrrolizidine-bisoxindole 236, respectively (Scheme 80) [111].
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Spiropyrrolidine/spiropyrrolizine-oxindoles 238–241 were synthesized by a multi-
component cycloaddition reaction of 2-oxo-(3H)-indol-3-ylidine-malononitrile 237 with
azomethine ylides (generated from aromatic aldehyde 13 and sarcosine 20 or L-proline 27)
in refluxing toluene containing molecular sieves (3 Å) (Scheme 81) [112].
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In addition, dispiropyrrolidine-bisoxindole derivatives of type 242 were obtained from
a three-atom component reaction of isatin 19, sarcosine 20, and isatylidene malononitrile
237 with high regioselectivity (Scheme 82) [43].
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Dispiro-oxindoles of type 243 were obtained by the dimerization of in situ generated
azomethine ylides (A and B) via A+B pathways. X-Ray studies supported the postulated
structures of type 243 (Scheme 83) [113].
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3.11. Benzofuran-2-ones

Dispiro-oxindolopyrrolidine 245 and dispiro-oxindolopyrrolothiazole 246 were ob-
tained by a multi-component reaction of 3-(ylidene)benzofuran-2-one 244 with isatin 19
and the appropriate α-amino acid (sarcosine 20 or thioproline 22, respectively) in reflux-
ing methanol. Some of the synthesized compounds revealed promising antimycobac-
terial (M. tuberculosis H37Rv) properties relative to pyrazinamide (standard reference)
(Scheme 84) [114].
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3.12. Keto-Carbazoles

Dispiro[carbazole-2,3′-pyrrolo-2′,3”-indole] derivatives of type 248 were synthesized
regio- and stereoselectively by the reaction of 2-ylidene-1H-carbazol-1-one 247 and in
situ-generated azomethine ylide (formed from isatin 19 and benzylamine 57). Some of
the obtained compounds revealed antiproliferative properties (MTT assay) via apoptosis
induction against MCF7 (breast) and A-549 (lung) cancer cell lines relative to Cisplatin
(Scheme 85) [115].
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Scheme 85. Synthesis of dispiro[carbazole-2,3′-pyrrolo-2′,3”-indoles] 248.

The reaction of (E)-2-arylidine-1-ketocarbazole 247 with various azomethine ylides gen-
erated from sarcosine 20 and di/tri ketone (isatin 19, ninhydrin 44, acenathenequinone 25)
under microwave irradiation afforded the corresponding ketocarbazolodispiropyrrolidines
249–251 (Scheme 86). Some of the synthesized compounds showed antimicrobial properties
against Proteus vulgaris, Proteus mirabilis, Staphylococcus aureus, and Salmonella typhi relative
to Tetracycline [116].

Similarly, dispiro-oxindolopyrrolizidines of type 252 were prepared by reacting (E)-2-
arylidine-1-ketocarbazole 247 with the azomethine ylide formed from isatin 19 and proline
27 (Scheme 87). Some of the products showed antimicrobial activities against human
pathogens (Proteus vulgaris, Proteus mirabilis, Staphylococcus aureus, and Salamonella typhi)
relative to Tetracycline and acted as inhibitors of plant fungal pathogen mycelial growth
(Fusarium oxysporum and Macrophomena phaseolina) relative to the standard reference—
Carbendazim [117].
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3.13. Piperidones

The reaction of isatin 19 with various amines (sarcosine 20, proline 27, and benzy-
lamine 57) in refluxing methanol or in ionic liquid [bmim]Br generated the corresponding
azomethine ylides that was added to 3-(arylidene)-4-piperidones 253 to form the cor-
responding spiropiperido-pyrrolizines/pyrrolidines 254–256 (Scheme 88). Some of the
products showed activities against Mycobacterium tuberculosis H37Rv (MTB), multi-drug
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resistant M. tuberculosis (MDR-TB), and Mycobacterium smegmatis (MC2) relative to etham-
butol and pyrazinamide (standard references) [118], and also had acetyl- and butyryl-
cholinesterase inhibitory properties (of potential use against Alzheimer’s disease) relative
to galantamine [119].
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dene)-4-piperidone 257 (Scheme 89). Some of the synthesized analogs revealed consider-
able antiproliferation properties against a variety of tumor cell lines [120–123]. Promising 
anti-inflammatory properties were also exhibited by some of the synthesized compounds 
(50 mg/kg) in a rat model of carrageenan-induced paw edema (anti-edematous test) rela-
tive to indomethacin (10 mg/kg) [120,124]. Some derivatives of compound 262 showed 
activities against Mycobacterium tuberculosis H37Rv (MTB) and multi-drug resistant M. tu-
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of the fungal hyphae relative to fluconazole (standard reference drug) [126]. 

Scheme 88. Synthesis of spiropiperido-pyrrolizines/pyrrolidines 254–256.

A variety of dispiro-heterocycles of types 260–263 were obtained via azomethine ylide
intermediates (formed from isatin 19 and sarcosine 20, piperidine-2-carboxylic acid 258,
thioproline 22, or 2-amino-3-phenylpropanoic acid 259) in a reaction with 3,5-bis(ylidene)-
4-piperidone 257 (Scheme 89). Some of the synthesized analogs revealed considerable
antiproliferation properties against a variety of tumor cell lines [120–123]. Promising
anti-inflammatory properties were also exhibited by some of the synthesized compounds
(50 mg/kg) in a rat model of carrageenan-induced paw edema (anti-edematous test) rela-
tive to indomethacin (10 mg/kg) [120,124]. Some derivatives of compound 262 showed
activities against Mycobacterium tuberculosis H37Rv (MTB) and multi-drug resistant M.
tuberculosis (MDR-TB) relative to ethambutol and pyrazinamide (standard references) [125],
and had antifungal properties against Candida albicans ATCC 10231 with high inhibition of
the fungal hyphae relative to fluconazole (standard reference drug) [126].
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Scheme 89. Synthesis of spiropyrrolidines 260–263. 

Similarly, the reaction of 3,5-bis(ylidene)-4-piperidone 257 with a series of azome-
thine ylides generated from acenaphthenequinone 25 and α-amino acids (sarcosine 20, 
phenylglycine 154, proline 27, thioproline 22, or piperidine-2-carboxylic acid 258) afforded 
the corresponding spiropiperidone-containing compounds 264–268 (Scheme 90). Some of 
these derivatives revealed promising activities against Mycobacterium tuberculosis H37Rv 
(MTB), multi-drug resistant Mycobacterium tuberculosis (MDR-TB), and Mycobacterium 
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Similarly, the reaction of 3,5-bis(ylidene)-4-piperidone 257 with a series of azomethine
ylides generated from acenaphthenequinone 25 and α-amino acids (sarcosine 20, phenyl-
glycine 154, proline 27, thioproline 22, or piperidine-2-carboxylic acid 258) afforded the
corresponding spiropiperidone-containing compounds 264–268 (Scheme 90). Some of these
derivatives revealed promising activities against Mycobacterium tuberculosis H37Rv (MTB),

418



Molecules 2023, 28, 668

multi-drug resistant Mycobacterium tuberculosis (MDR-TB), and Mycobacterium smegmatis
relative to Isoniazid [127]. Another group of the synthesized spiro-heterocycles 267 and
268 showed acetylcholine (AChE)-inhibitory properties relative to Donepezil HCl [128].
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A multicomponent reaction of 3,5-bis[(E)-ylidene]-4-piperidone 257, ninhydrin 44,
o-phenylenediamine 43, and α-amino acid (sarcosine 20 or L-tryptophan 269) in 1-butyl-3-
methylimidazoliumbromide ([BMIm]Br) used as an ionic liquid produced the correspond-
ing dispiro compounds 270 and 271 [129,130] (Scheme 91). Significant acetylcholinesterase-
(AChE) and butyrylcholinesterase (BChE)-inhibitory properties were shown by some of
the synthesized compounds relative to galantamine (standard reference) [130].

Molecules 2023, 28, x FOR PEER REVIEW 49 of 79 
 

 

A multicomponent reaction of 3,5-bis[(E)-ylidene]-4-piperidone 257, ninhydrin 44, o-
phenylenediamine 43, and α-amino acid (sarcosine 20 or L-tryptophan 269) in 1-butyl-3-
methylimidazoliumbromide ([BMIm]Br) used as an ionic liquid produced the corre-
sponding dispiro compounds 270 and 271 [129,130] (Scheme 91). Significant acetylcholin-
esterase- (AChE) and butyrylcholinesterase (BChE)-inhibitory properties were shown by 
some of the synthesized compounds relative to galantamine (standard reference) [130]. 

 
Scheme 91. Synthesis of dispiro compounds 270 and 271. 

Mono-spiropyrrolidines of type 272 were synthesized by the reaction of 1-acryloyl-
3,5-bis(ylidene)-4-piperidinone 78 with azomethine ylide generated from isatin 19 and 
phenylglycine 154 from equimolar amounts of the reactants. Meanwhile, bisspiropyrroli-
dine derivatives of type 273 were formed using two equivalents, namely, isatin 19 and 
phenylglycine 154 (Scheme 92). Some of the synthesized compounds showed promising 
AChE- and BChE-inhibitory properties relative to Galanthamine [131]. 

Finally, the reaction of 3,5-bis(ylidene)-4-piperidone 257 with azomethine ylide 
formed from ninhydrin 44 and proline 27 in refluxing methanol afforded diazahexacycle 
274 [132]. Similarly, 275–277 were obtained by the reaction of 257 with another azomethine 
ylides generated from ninhydrin 44 or acenaphthenequinone 25 with sarcosine 20 or L-
phenylalanine 45 (Scheme 93) [133,134]. Some of the derivatives of type 274 exhibited in-
hibitory activities toward AChE relative to Donepezil HCl [132]. 

Scheme 91. Synthesis of dispiro compounds 270 and 271.

Mono-spiropyrrolidines of type 272 were synthesized by the reaction of 1-acryloyl-
3,5-bis(ylidene)-4-piperidinone 78 with azomethine ylide generated from isatin 19 and
phenylglycine 154 from equimolar amounts of the reactants. Meanwhile, bisspiropyrro-
lidine derivatives of type 273 were formed using two equivalents, namely, isatin 19 and
phenylglycine 154 (Scheme 92). Some of the synthesized compounds showed promising
AChE- and BChE-inhibitory properties relative to Galanthamine [131].
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Finally, the reaction of 3,5-bis(ylidene)-4-piperidone 257 with azomethine ylide formed
from ninhydrin 44 and proline 27 in refluxing methanol afforded diazahexacycle 274 [132].
Similarly, 275–277 were obtained by the reaction of 257 with another azomethine ylides gen-
erated from ninhydrin 44 or acenaphthenequinone 25 with sarcosine 20 or L-phenylalanine
45 (Scheme 93) [133,134]. Some of the derivatives of type 274 exhibited inhibitory activities
toward AChE relative to Donepezil HCl [132].
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3.14. Quinolones

Spiropyrrolidines 279 and 280 were synthesized by the reaction of (E)-3-(ylidene)-4-
quinolone 278 with azomethine ylides formed from isatin 19 and sarcosine 20 or thioproline
22 (Scheme 94) [135].
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3.15. Chromanones

The reaction of (E)-3-arylidene-4-chromanone of type 281 with azomethine ylides
formed from acenaphthenequinone 25 and sarcosine 20 or proline 27 afforded spiropyrro-
lidines 282 and 283, respectively, with high regioselectivity (Scheme 95) [136].
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Scheme 95. Synthesis of spiropyrrolidines 282 and 283.

A multi-component reaction of 2-ylidene-tetrahydronaphthalene-1-one 284 or (E)-3-
ylidene-4-chromanone 281 with azomethine ylide formed from indenoquinoxaline-11-one
(generated from ninhydrin 44 and o-phenylenediamine 43) and L-proline 27 afforded, in
the presence of heteropolyacid H4[Si(W3O10)3]-silica as a catalyst in refluxing acetoni-
trile, the corresponding dispiroindenoquinoxaline-pyrrolizidines 285 and 286, respectively
(Scheme 96) [93].
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3.16. Thiochromanones

Dispiro[indene-2,2′-pyrrolidine-3′,3′′-thiochromanes] 288 were obtained by reacting
3-arylidenethiochroman-4-one 287 with azomethine ylide (obtained from ninhydrin 44 and
sarcosine 20) in refluxing methanol. When thioproline 22 was used instead of sarcosine 20,
the corresponding dispiro derivatives of type 289 were obtained. Some of the synthesized
pyrrolizidines revealed antimycobacterial properties (Mycobacterium tuberculosis H37Rv)
relative to Cycloserine and Pyrimethamine (standard references). Additionally, mild an-
tiproliferative properties against CCRF-CEM (leukemia), HT29 (ovarian), and MCF7 (breast)
cancer cell lines relative to Doxorubicin (MTT assay) were observed (Scheme 97) [137].
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3.17. Acridinones

The reaction of (E)-2-(arylidene)-3,4-dihydro-1(2H)-acridinones 290 with azomethine
ylides formed from the condensation of isatin 19 and sarcosine 20 or thioproline 22 in
refluxing dioxane/methanol afforded the corresponding dispirooxindolyl-[acridine-2′,3-
pyrrolidine/thiapyrrolizidine]-1′-ones 291 and 292, respectively (Scheme 98) [138].
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Naphtho[1′,8′:1,2,3]pyrrolo[3′,2′:8,8a]azuleno[5,6-b]quinolin-14-one 293 and naphtho
[1′,8′:1,2,3]thiazolo[3′′,4′′:1′,5′]pyrrolo[3′,2′:8]-azuleno-[5,6-b]quinolin-18-one 294 were ob-
tained by reacting (E)-2-(arylidene)-3,4-dihydro-1(2H)-acridinone 290 with azomethine
ylides generated from acenaphthoquinone 25 with sarcosine 20 or thioproline 22 in refluxing
toluene, respectively (Scheme 99) [139].
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3.18. Thiazolidinones

A series of dispiro[indoline-3,2′-pyrrolidine-3′,5′′-thiazolidines] of type 297, which are
potential α-amylase inhibitors (useful for type-2 diabetes mellitus), were obtained through
the cycloaddition of azomethine ylide (generated from glycine methyl ester 295 and isatin
19) and 5-arylidine-2-thioxothiazolidin-4-one 296 (Scheme 100) [140].
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Another group of benzo[h]quinolinyl dispiro-compounds 299–301 was obtained by react-
ing [5-(2′-chlorobenzo[h]quinolin-3′-yl)methylidene]-thiazolidin-2,4-dione/2-thioxothiazolidin-
4-one 298 with various azomethine ylides formed from isatin 19 and different amino acids
(sarcosine 20, thioproline 22, or L-proline 27) (Scheme 101) [141].
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3.19. Thiazolo[3,2-a]pyrimidine-3-ones

Various (E)-arylmethylene-octahydro/decahydro cycloalka[d]thiazolo[3,2-a]pyrimidine-
3-ones of type 302 reacted smoothly with azomethine ylides formed from isatin 19 and

425



Molecules 2023, 28, 668

sarcosine 20 or thioproline 22 in a refluxing methanol-dioxane (1:1) mixture, thereby af-
fording the corresponding spiro-oxindoles 303 and 304, respectively (Scheme 102) [142].
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3.20. Benzo[1,4]thiazines

Spiro-oxindoles 306 and 307 and spiro-acenaphthylen-1-ones 308 and 309 were syn-
thesized via a multicomponent reaction of 2-(4-methylbenzylidene)-4H-benzo[1,4]thiazin-
3-one 305 and azomethine ylides derived from isatin 19 or acenaphthenequinone 25 with
sarcosine 20 or L-proline 27 in refluxing toluene (Scheme 103) [143].
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4. Cyclic Unsaturated 2π-Electron Components
4.1. Non-Aromatic Cyclc 2π-Electron Components
4.1.1. Alicyclic Unsaturated 2π-Electron Components
Intermolecular Cycloaddition Reactions

• Cyclopentenone

The reaction of azomethine ylide generated from benzyl(methoxymethyl)(trimethylsily
lmethyl)amine 1 with cyclopentenone 310 afforded bicyclic ketone 311 via an addition to
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the C2-C3 unsaturated linkage. Some analogs of 307 exhibited histamine H3 receptor
antagonists that are responsible for the production and regulation of histamine and other
neurotransmitters (Scheme 104) [144].
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• 1,4-Naphthoquinone

Spirooxindoles of type 313 were obtained by the cycloaddition of azomethine ylides,
formed from isatin 19 and sarcosine 20, with 1,4-naphthoquinone 312 in refluxing ethanol
(Scheme 105). Some of the synthesized compounds showed antibacterial activities against
Staphylococcus aureus, S. aureus (MRSA), Enterobacter aerogens, Micrococcus luteus, Proteus vulgaris,
Klebsiella pneumonia, Salmonella typhimurium, and Salmonella paratyphi-B, and antifungal
activities against Malassesia pachydermatis, Candida albicans, and Botyritis cinerea relative to
Streptomycin and Ketoconazole (standard references) [145].
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Further spiro[benzo[f ]isoindole-1,3′-indolines] of type 315 were synthesized by the
cycloaddition of azomethine ylides (formed from isatin 19 and 2-(3-methyl-5-styrylisoxazol-
4-ylamino)acetic acids 314) and 1,4-naphthoquinone 312 using ceric ammonium nitrate
(CAN) as a catalyst (Scheme 106). Some of the products showed anti-inflammatory (deter-
mined via rat carrageen paw edema assay) and analgesic (determined via acetic acid writing
protocol) properties relative to Ibuprofen and Diclofenac as references, respectively [146].
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lyl)methyl iminium salt 319 in the presence of a catalytic amount of phosphoric acid in 
DMF as a solvent (Scheme 108) [148]. 
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regioselective dearomatizing [3+2] cycloaddition with the removal of HNO2, thus yielding 
the aromatic final product 322 (Scheme 109) [150]. 
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Tricyclic benzo[f ]isoindole-4,9-dione-1-carboxylate 317 was obtained by reacting 1,4-
naphthoquinone 312 with azomethine ylide generated from sarcosine ethyl ester hydrochlo-
ride 103 and paraformaldehyde 316 in the presence of iodine and sodium bicarbonate as a
base in refluxing acetonitrile (Scheme 107) [147].
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Intramolecular Cycloaddition Reactions

The azatricyclic [6-5-7] ring system 320 was created via the intramolecular [3+2]-cyclo
addition reaction of azomethine ylide generated from aldehyde 318 and N-(trimethylsilyl)
methyl iminium salt 319 in the presence of a catalytic amount of phosphoric acid in DMF
as a solvent (Scheme 108) [148].
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4.2. Aromatic Cyclic Unsaturated 2π-Electron Components

Azomethine ylide’s cycloaddition to aromatic 2π-electron components (aromatic or
heteroaromatic) was reviewed in [149].

A series of benzoazepine-fused isoindolines of type 322 were obtained through thermal
azomethine ylide-based cycloaddition of benzaldehydes bearing 3,5-dinitrophenyl 321 and
N-substituted α-amino acids. The reaction was assumed to proceed through a regioselective
dearomatizing [3+2] cycloaddition with the removal of HNO2, thus yielding the aromatic
final product 322 (Scheme 109) [150].
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Scheme 109. Synthesis of benzoazepine-fused isoindolines 322.

Nitro-substituted benzenes 323–329 underwent [3+2] cycloaddition of azomethine
ylide derived from (N-(methoxymethyl)-N-(trimethylsilyl-methyl)-benzylamine) 1, afford-
ing the pyrrolidinyl cycloadducts 330–337 (Scheme 110) [151].
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Pyrrolo[3,4-c]pyridines 339 were obtained through azomethine ylide’s (formed from
sarcosine and paraformaldehyde 316) cycloaddition with 3-nitropyridines 338 in refluxing
toluene (Scheme 111) [152].
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Scheme 111. Synthesis of pyrrolo[3,4-c]pyridines 339.

Analogously, heterocyclic compounds bearing nitro groups 340–345 and 352–356 un-
derwent a cycloaddition reaction with azomethine ylide derived from (N-(methoxymethyl)-
N-(trimethylsilyl-methyl)-benzylamine) 1, affording the pyrrolidinyl-containing analogs
346–351 and 357–361 (Schemes 112 and 113) [151,153].
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Scheme 113. pyrrolidinyl-fused heterocycles 357–361.

Double cycloadducts of type 363 were obtained through azomethine ylide (formed
from sarcosine and paraformaldehyde 316) with meta-dinitro-containing nitrogenous hete-
rocycles 362 in refluxing toluene (Scheme 114) [154].
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Scheme 114. Synthesis of double cycloadducts 363 from meta-dinitro-containing nitrogenous hetero-
cycles of type 362.

4-Chloro-5,7-dinitro-4-benzofurazan bearing indolyl heterocycle 364 underwent azome-
thine ylide (formed from the condensation of sarcosine and paraformaldehyde 316) cycloaddi-
tion in refluxing benzene, affording the corresponding tetrahydro-5aH-[1,2,5]oxa-diazolo[3,4-

431



Molecules 2023, 28, 668

e]isoindole 365. Alternatively, conducting the reaction in refluxing MeCN afforded a mixture
of 366 and 367. Similarly, analogs with a pyrrolidinyl function (366 and 367) were obtained
upon reacting the appropriate analog of 365 in MeCN at room temperature (in the darkness)
(Scheme 115) [155].
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Scheme 115. Synthesis of [1,2,5]oxa-diazolo[3,4-e]isoindole 365–367.

The cycloaddition reaction of azomethine ylide derived from (N-(methoxymethyl)-N-
(trimethylsilyl-methyl)-benzylamine) with 4-nitrobenzofuroxan 368 afforded either mono
369 or bis 370 cycloadducts based via the substitution of the starting benzofuroxan at the
7-position (Scheme 116) [156].
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4.3. Heterocyclic Unsaturated 2π-Electron Components
4.3.1. Maleimides

Spiro[3H-indole-3,2′(1′H)-pyrrolo[3,4-c]pyrroles] of type 372 were obtained in good
yields by the cycloaddition of azomethine ylide (formed from sarcosine 20 and isatin 19)
to the C3-C4 unsaturated bond of maleimide 371. Some of the synthesized compounds
revealed promising to moderate antiproliferative properties against HEPG2 (liver), HCT116
(colon), and MCF7 (breast) cancer cell lines (SRB technique) relative to Doxorubicin (stan-
dard reference drug) (Scheme 117) [157].
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A microwave-assisted multi-component reaction of maleimide 371 with azomethine 
ylide produced from sarcosine 20 and ninhydrin 44 stereoselectively afforded spiro[in-
dene-2,1′-pyrrolo[3,4-c]pyrroles] 373. Some of the products showed promising antimyco-
bacterial (M. tuberculosis H37Rv) properties relative to Cycloserine (Scheme 118) [158]. 

 
Scheme 118. Synthetic route towards spiro[indene-2,1′-pyrrolo[3,4-c]pyrroles] 373. 

In another reaction of N-phenylmaleimide 371 with azomethine ylides generated 
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[159]. 
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leimides 371 in the presence of cetyl trimethyl ammonium bromide (CTAB) (Scheme 120) 
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A microwave-assisted multi-component reaction of maleimide 371 with azomethine
ylide produced from sarcosine 20 and ninhydrin 44 stereoselectively afforded spiro[indene-
2,1′-pyrrolo[3,4-c]pyrroles] 373. Some of the products showed promising antimycobacterial
(M. tuberculosis H37Rv) properties relative to Cycloserine (Scheme 118) [158].
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In another reaction of N-phenylmaleimide 371 with azomethine ylides generated
from 2-chloro-quinoline-3-carbaldehydes 374 and sarcosine 20, two isomeric cycloadducts,
namely, 1,4-diaza-bicyclo[3.3.0]octanes 375 and 376, were formed (Scheme 119) [159].
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Scheme 119. Synthesis of the two isomeric cycloadducts 5-(2-chloroquinolin-3-yl)-1,4-diaza-2,6-dioxo-
4-methyl-1-phenyl-bicyclo[3.3.0]octanes 375 and 376.

Tetracyclic pyrroloisoquinolines of type 378 were synthesized by the reaction of
azomethine ylides, formed from isoquinolines 11 and phenacyl bromide 377, with N-
arylmaleimides 371 in the presence of cetyl trimethyl ammonium bromide (CTAB)
(Scheme 120) [160].
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Bicyclic hexahydropyrrolo[3,4-c]pyrrole-1-carboxylates 380 and 381 were obtained
by reacting N-phenylmaleimide 371 with a series of azomethine ylides generated in situ
from sulfanyl-substituted imines of glycine esters 379 (Scheme 121) [161]. Some of the
synthesized diastereomeric compounds showed antioxidant activity relative to Nordihy-
droguaiaretic acid and Trolox [161].

Another reaction of maleimide 371 with pyrazole-4-carbaldehyde 382 and α-amino
acid ester 383, proceeding via azomethine intermediates in refluxing toluene, afforded the
corresponding pyrazolylpyrrolopyrrole 384 (Scheme 122) [162].
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Isomeric pyrrolo[3,4-a]pyrrolizines 386 and 387 were synthesized by the cycloaddi-
tion of maleimide 371 with azomethine ylides formed from 3-alkylsulfanyl-2-arylazo-3-
(pyrrolidin-1-yl)acrylonitriles of type 385 in refluxing benzene (Scheme 123) [163].
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4.3.2. Maleic Anhydride

3,4-Dihydropyrrolo[2,1-a]isoquinoline 389 was obtained through the reaction of maleic
anhydride 388 with azomethine ylide formed via the oxidation of tetrahydroisoquinoline
53 by dirhodium(II)caprolactamate [Rh2(cap)4] in the presence of tert-butyl hydroperoxide
(TBHP) (Scheme 124) [37].
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4.3.3. Benzo[b]thiophene-1,1-dioxide

The reaction of benzo[b]thiophene-1,1-dioxide 390 with a thermally generated azome-
thine ylide from aziridines 391 in refluxing dry benzene afforded the cycloadducts of type
392 (Scheme 125) [164].
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Three isomeric cycloadducts, 393–395, were obtained by reacting benzo[b]thiophene-
1,1-dioxide 390 with azomethine ylides generated from sarcosine 20 and aldehydes 13 in
refluxing toluene (Scheme 126) [164].
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4.3.4. Benzo[c]isoxazole and Benzo[c]isothiazole

Decahydroisoxazolo[3,4-e]pyrrolo[3,4-g]isoindole 397 and its isothiazolo-derivative 399
were synthesized by the [3+2]-cycloaddition of benzo[c]isoxazole 396 and benzo[c]isothiazole
398, respectively, to azomethine ylide generated from sarcosine 20 and paraformaldehyde
316 in toluene under reflux conditions (Scheme 127) [165].
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4.3.5. Indoles

Hexahydropyrrolo[3,4-b]indoles of type 402 were synthesized by reacting 3-nitroindoles of
type 400 with azomethine ylides formed from α-amino acids (sarcosine 20 or N-benzylglycine
401) and paraformaldehyde 316 (Scheme 128) [166].
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4.3.6. Lactones

The reaction of α,β-unsaturated lactones of type 403 with azomethine ylide formed
from N-methyl isatin 19 and proline 27 in refluxing toluene afforded the corresponding
pyrrolidinyl-spirooxindole lactones of type 404 in high yield (Scheme 129) [167].
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Scheme 129. Synthesis of pyrrolidinyl-spirooxindole lactones 404.

Another glucosyl α,ß-unsaturated-7,3-lactone 405 reacted with azomethine ylides gen-
erated from isatin 19 and secondary amino acids (proline 27, thioproline 22 or pipacolinic
acid 142) in refluxing dry toluene under N2 (inert atmosphere) to produce glucosylspiro-
oxindoles 406–408 in a highly regio- and stereoselective manner (Scheme 130) [168].
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4.3.7. Chromenes

3-Nitrochromenes of type 409 underwent a reaction with azomethine ylides formed
from isatin 19 and amino acids (sarcosine 20, proline 27, or pipacolinic acid 142) in refluxing
toluene to afford the corresponding spiropyrrolidine/spiro-pyrrolizidine/spiroindolizidine-
oxindoles 410 and 411 (Scheme 131) [169].
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Spiropyrrolidine-oxindole carbohydrate 413 was synthesized by the reaction of glycol
3-nitrochromene 412 with azomethine ylide formed from isatin 19 and sarcosine 20 in
refluxing acetonitrile (Scheme 132) [170].
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Isomeric benzopyrano[3,4-c]pyrrolidines 415 and 416 were obtained via the cycload-
dition of 3-nitro-2-trihalomethyl-2H-chromenes 414 to azomethine ylide generated from
sarcosine 20 and paraformaldehyde 316 in refluxing toluene (Scheme 133) [171].
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However, the reaction of 2-aryl-3-nitrochromenes 409 with azomethine ylides formed
from paraformaldehyde 316 and sarcosine 20 or N-benzyl-glycine 401 in toluene under reflux-
ing conditions afforded the corresponding 3a-nitro-4-aryl benzopyrano[3,4-c]pyrrolidines of
type 417 in high yields. Further, 1H,1H-NOE spectroscopic studies supported the structure
of 417 (Scheme 134) [172].
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4.3.8. Coumarins

A cycloaddition strategy for the synthesis of [1]-benzopyrano[3,4-c]pyrrolidines 419
and 420 was based on the reaction of 3-substituted coumarins of type 418 and in situ-
generated azomethine ylides formed from sarcosine 20 or proline 27 with paraformalde-
hyde 316 in refluxing benzene (Scheme 135) [173,174].
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The reaction of 3-acetyl-2H-chromen-2-one 421 with azomethine ylides generated from
isatin 19 and sarcosine 20 in refluxing toluene afforded the corresponding chromeno[3,4-
c]spiropyrrolidine-oxindoles of type 422, while the analogous reaction in methanol gave
chromeno[3,4-c]spiropyrrolidine-oxindole derivatives of type 423 (Scheme 136) [175].
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Mixtures of isomeric benzopyrano[3,4-c]pyrrolidines 425 and 426 were obtained from
the reaction of coumarin 418 with azomethine ylides formed from α-iminoester 424 in
the presence of silver(I)-trifluoroacetate (AgTFA) in tetrahydrofuran at room temperature
(Scheme 137) [176].
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4.3.9. Chromones

Benzopyranopyrrolidine derivatives of type 428 were synthesized by the cycloaddition
of 3-substituted chromones of type 427 with azomethine ylide generated from sarcosine 20
and paraformaldehyde 316 in benzene under refluxing conditions (Scheme 138) [177].
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Scheme 138. Synthesis of benzopyranopyrrolidines 428.

Udry et al. described the synthesis of enantiomerically pure cycloadducts (431a, 431b)
from stabilized azomethine ylides of type 430 and sugar-derived enones (429a and 429b)
through the [3+2]-cycloaddition reaction in the presence of silver acetate (AgOAc) and
DBU in acetonitrile. The cycloadducts were further used to synthesize enantiomeric poly-
hydroxyalkylpyrrolidines as potential β-galactofuranosidase inhibitors (Scheme 139) [178].

Molecules 2023, 28, x FOR PEER REVIEW 70 of 79 
 

 

O O

CO2Me

+

R1

N

R

CO2Me
AgTFA, Et3N

THF, rt O O

NH
H

R1

R
MeO2C

CO2Me

O O

NH
H

R1

R
MeO2C

CO2Me
+

418 425 426424

R = Ph, 4-BrC6H4, 4-FC6H4, 3-FC6H4, 2-FC6H4, 4-CF3C6H4, 3,5-(CF3)2C6H3, 4-MeC6H4,
3-MeC6H4, 2-MeC6H4, 4-MeOC6H4, 2-naphthyl, 3-MeO-4-benzyloxyC6H3,
2-furanyl, 5-benzodiozole, tBu, pentanyl

R1 = H, Me, iPr, Ph  
Scheme 137. Synthesis of benzopyrano[3,4-c]pyrrolidines 425 and 426. 

4.3.9. Chromones 
Benzopyranopyrrolidine derivatives of type 428 were synthesized by the cycloaddi-

tion of 3-substituted chromones of type 427 with azomethine ylide generated from sarco-
sine 20 and paraformaldehyde 316 in benzene under refluxing conditions (Scheme 138) 
[177]. 

 
Scheme 138. Synthesis of benzopyranopyrrolidines 428. 

Udry et al. described the synthesis of enantiomerically pure cycloadducts (431a, 
431b) from stabilized azomethine ylides of type 430 and sugar-derived enones (429a and 
429b) through the [3+2]-cycloaddition reaction in the presence of silver acetate (AgOAc) 
and DBU in acetonitrile. The cycloadducts were further used to synthesize enantiomeric 
polyhydroxyalkylpyrrolidines as potential β-galactofuranosidase inhibitors (Scheme 139) 
[178]. 

 
Scheme 139. Synthesis of enantiomeric pyrrolidines 431. Scheme 139. Synthesis of enantiomeric pyrrolidines 431.

4.3.10. Isatoic Anhydride

1,3-Benzodiazepin-5-ones of type 433 were obtained through azomethine ylide (formed
from (N-(methoxymethyl)-N-(trimethylsilyl-methyl)-benzylamine) 1 cycloaddition to isatoic
anhydride 432 in trifluoroacetic acid in the presence of molecular sieves (4 Å) (Scheme 140) [179].
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5. Conclusions and Outlook

Among various methods, the [3+2]-cycloaddition reaction of azomethine ylides is
one of the most adopted protocols for the formation of pyrrolidine and pyrrole systems.
The chemistry of azomethine ylides has progressed significantly in the last two decades.
Azomethine ylides have been used for the synthesis of many stereoselective natural prod-
ucts, core ring systems of natural products, and several bioactive molecules containing
multiple chiral centers. The cycloaddition of a three-atom component to an appropriate un-
saturated substrate, namely, the unsaturated 2π-electron component, is the most embraced
approach to the synthesis of five-membered heterocyclic compounds. By using various
unsaturated 2π-electron components in reaction with in situ-generated azomethine ylides,
a plethora of pyrrolidinyl-containing heterocycles can be obtained in a highly regio- and
stereoselective manner. As a result of intermolecular cycloadditions, one new ring with
a defined stereochemistry is formed; however, when the three-atom component and the
substrate are part of the same molecule, the cycloaddition is intramolecular and leads to
a more complex molecular architecture that is difficult to access by other routes, namely,
through the use of new bicyclic systems.

This review summarizes the synthesis of some of the most important compounds
resulting from the [3+2]-cycloaddition reactions of azomethine ylides with various olefinic
(acyclic, alicyclic/heterocyclic, and exocyclic) unsaturated 2π-electron components and
highlights their potential therapeutic significance. We believe the compiled subject will
develop interest within this field among the research community and encourage them
to develop a wider variety of asymmetric [3+2]-cycloaddition reaction strategies for the
synthesis of complex molecules.
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Abstract: Antimetabolites of folic acid represent a large group of drugs and drug candidates, includ-
ing those for cancer chemotherapy. In this current review, the most common methods and approaches
are presented for the synthesis of therapeutically significant antimetabolites of folic acid, which
are Methotrexate (MTX), Raltitrexed (Tomudex, ZD1694), Pralatrexate, Pemetrexed, TNP-351, and
Lometrexol. In addition, the applications or uses of these folic acid antimetabolites are also discussed.

Keywords: antifolates; folic acids; synthesis; applications; drugs

1. Introduction

Antimetabolites, which are antagonists of natural metabolites, belong to a group of
highly efficient anticancer drugs. Based on the chemical structure, these groups can be
divided into several sub-groups, such as non-natural amino-acids [1] or peptides [2,3],
including phospha-analogues [4], analogues of purine and pyrimidine bases, such as
competitors in the synthesis of the nucleic acids [5,6], as well as vitamin actions including
folic acid [7], hormones [8], coenzymes [9], and other substrates responsible for the normal
functioning of cells and tissues of the human body.

The mechanism of antimetabolites action is based on their ability to enter into com-
petitive relationships with structurally similar metabolites of the living, which leads to a
lack of the corresponding metabolite and a decrease in the activity of vital biochemical
processes in the cell. In order to interfere with the synthesis of the DNA constituents, the
most common antimetabolites should be structural analogues of purine and pyrimidine
bases/nucleosides, or of folate cofactors [10].

In this current review, we analyze the most common approaches for the synthesis of
therapeutically significant antimetabolites of folic acid [11–13], such as Methotrexate (MTX),
Raltitrexed (Tomudex, ZD1694), Pralatrexate, Pemetrexed, TNP-351, and Lometrexol.

2. Discussion
2.1. Mechanism of Antifolates Action

Folic acid (1) first has to be reduced to THFA (2) by dihydrofolate reductase (Figure 1),
after which it can attach various one-carbon groups and transfer them to other molecules.
In the reaction, once catalyzed by thymidylate synthase, deoxyuridine monophosphate
(deoxy-UMP or dUMP) is converted to deoxythymidine monophosphate (deoxy-TMP
or dTMP), producing a methylene group from 5,10-methylene-THFA; the latter is oxi-
dized into dihydrofolic acid and must be reduced again to participate in further reactions.
Methotrexate (MTX) and other folic acid antagonists with a high affinity for dihydrofolate
reductase (K, 0.01–0.2 nmol/L) disrupt the formation of THFA, causing a deficiency of
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reduced folates and an accumulation of toxic dihydrofolic acid polyglutamates. At the same
time, the transfer reactions of one-carbon groups, which are necessary for the synthesis
of purines and dTMP, are inhibited; as a result, the synthesis of nucleic acids and other
metabolic processes are disrupted. The toxic action of methotrexate is prevented by calcium
folinate (the calcium salt of 5-formyl-THFA), which enters the cell via a reduced folate
transporter and is converted into the other THFA derivatives [14] (Scheme 1).
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The discovery of the first folic acid antagonist, methotrexate (MTX), with its promis-
ing activity for the treatment of a variety of human cancers, prompted the search for other 
folate analogs [18]. As a structural analogue of folic acid, methotrexate inhibits the activity 
of the enzyme folate reductase, which prevents the conversion of folic acid into tetrahy-
drofolic acid, which is involved in cell metabolism and reproduction. Methotrexate is rec-
ommended for acute childhood leukemia; chorionepithelioma of the uterus; cancer of the 
breast, lungs, testicles, and other malignant tumors in adults (in combination with other 
antiblastoma drugs); and is also used as an immunosuppressive agent. 

The most common synthetic strategy for the preparation of MTX 3 involves the post-
modification of 3,4-dihydropteridine-2,4-diamines 9, as depicted in Scheme 2.  
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Figure 1. Structure of folic acid (1) and tetrahydrofolic acid (THFA) (2) and their antimetabolites.

Once it became clear that methotrexate directly inhibits not only dihydrofolate re-
ductase but also the enzymes for the synthesis of purines and thymidylate synthase, the
coenzymes of which are reduced folates, a search commenced for folic acid antagonists
that selectively inhibit these enzymes. By replacing the N-5, N-8 and N-10 atoms and
modifying the side chains of the methotrexate molecule, it was possible to synthesize
drugs that retain their inherent ability to form stable polyglutamates inside the cell, but
better penetrate the tumor [15], such as the following: raltitrexed, a thymidylate synthase
inhibitor; lometrexol, a purine synthesis inhibitor; and pemetrexed, which combines both
mechanisms of action [16].

Most folic acid antimetabolites are only partially selective for tumor cells and affect
rapidly proliferating normal cells, including bone marrow and gastrointestinal mucosa.
Folic acid antagonists act in the S-period and are most active against cells in the logarithmic
growth phase [17].

453



Molecules 2022, 27, 6229

Molecules 2022, 27, x FOR PEER REVIEW 2 of 24 
 

 

cules. In the reaction, once catalyzed by thymidylate synthase, deoxyuridine monophos-
phate (deoxy-UMP or dUMP) is converted to deoxythymidine monophosphate (deoxy-
TMP or dTMP), producing a methylene group from 5,10-methylene-THFA; the latter is 
oxidized into dihydrofolic acid and must be reduced again to participate in further reac-
tions. Methotrexate (MTX) and other folic acid antagonists with a high affinity for dihy-
drofolate reductase (K, 0.01–0.2 nmol/L) disrupt the formation of THFA, causing a defi-
ciency of reduced folates and an accumulation of toxic dihydrofolic acid polyglutamates. 
At the same time, the transfer reactions of one-carbon groups, which are necessary for the 
synthesis of purines and dTMP, are inhibited; as a result, the synthesis of nucleic acids 
and other metabolic processes are disrupted. The toxic action of methotrexate is prevented 
by calcium folinate (the calcium salt of 5-formyl-THFA), which enters the cell via a re-
duced folate transporter and is converted into the other THFA derivatives [14] (Scheme 
1). 

N

HO

O
O

P

HN

O

O-
O

O-
O

thymidylate synthase N

HO

O
O

P

HN

O

O-
O

O-
O

dUMP dTMP

HN

N
N

HN
N

O

HN
O

HO

O
HOO

H2
N

N5,N10-methylene-tetrahydrofolate

HN

N
N

HN
HN

O

HN
O

HO

O
HOO

H2N

HN

NH
N

HN
HN

O

HN
O

HO

O
HOO

H2N

dihydrofolate
reductase

NADPH +H+

NADP+

7,8-dihydrofolate

THFA  
Scheme 1. Main target processes for antifolates in living cells. 

Once it became clear that methotrexate directly inhibits not only dihydrofolate re-
ductase but also the enzymes for the synthesis of purines and thymidylate synthase, the 
coenzymes of which are reduced folates, a search commenced for folic acid antagonists 
that selectively inhibit these enzymes. By replacing the N-5, N-8 and N-10 atoms and mod-
ifying the side chains of the methotrexate molecule, it was possible to synthesize drugs 
that retain their inherent ability to form stable polyglutamates inside the cell, but better 
penetrate the tumor [15], such as the following: raltitrexed, a thymidylate synthase inhib-
itor; lometrexol, a purine synthesis inhibitor; and pemetrexed, which combines both 
mechanisms of action [16]. 

Most folic acid antimetabolites are only partially selective for tumor cells and affect 
rapidly proliferating normal cells, including bone marrow and gastrointestinal mucosa. 
Folic acid antagonists act in the S-period and are most active against cells in the logarith-
mic growth phase [17]. 
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2.2. Methotrexate: (S)-2-(4-(((2,4-Diaminopteridin-6-yl)Methyl)(Methyl)Amino)benzamido)
Pentanedioic Acid (MTX, Rheumatrex, Amethopterin, Abitrexate, Trexall, Methylaminopterin,
Mexate, Metatrexan)

The discovery of the first folic acid antagonist, methotrexate (MTX), with its promising
activity for the treatment of a variety of human cancers, prompted the search for other folate
analogs [18]. As a structural analogue of folic acid, methotrexate inhibits the activity of the
enzyme folate reductase, which prevents the conversion of folic acid into tetrahydrofolic
acid, which is involved in cell metabolism and reproduction. Methotrexate is recommended
for acute childhood leukemia; chorionepithelioma of the uterus; cancer of the breast, lungs,
testicles, and other malignant tumors in adults (in combination with other antiblastoma
drugs); and is also used as an immunosuppressive agent.

The most common synthetic strategy for the preparation of MTX 3 involves the post-
modification of 3,4-dihydropteridine-2,4-diamines 9, as depicted in Scheme 2.
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Thus, MTX was obtained by the reaction of 2,4-diamino-6-bromomethylpteridine hydro-
bromide 11 with barium salt dehydrate [19] or Zn2+ salt [20] of p-(N-methyl)-aminobenzoyl-L-
glutamic acid 10 in 87.5% and 56.1% yields, accordingly (Scheme 3).
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In addition, MTX was obtained in a 75.7% yield by means of the transformation of its 
more stable and synthetically available 4-oxoderivative (methopterin hydrate) (15) in the 
presence of pyridine, p-toluenesulfonic acid monohydrate and 1,1,1,3,3,3-hexamethyl-dis-
ilazane (HMDZ) (Scheme 6) [23].  
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The reaction of 11 with the diethyl p-(N-methyl)-aminobenzoyl-L-glutamate 12 fol-
lowed by basic saponification (Scheme 4) provided lower yields of the target product [21].
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Scheme 4. Synthesis of MTX by the reaction of 2,4-diamino-6-bromomethylpteridine hydrobromide
11 with diethyl p-(N-methyl)-aminobenzoyl-L-glutamate 12.

Another approach involves the substitution of the azide group in 4-(N-methyl-N′-(6”-
aminopteroil-methyleno)aminobenzoic acid derivative 13 in a reaction with L-glutamic
acid 14 in DMSO at room temperature in the presence of tetramethylguanidine (TMG) as
the base (Scheme 5) [22]. The reaction resulted in the corresponding desired MTX in a
quantitative yield, which is the main advantage of this method.
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Scheme 5. Quantitative synthesis of MTX by the reaction of 4-(N-methyl-N′-(6′′-aminopteroil-
methyleno)aminobenzoic acid derivative 13 with L-glutamic acid 14.

In addition, MTX was obtained in a 75.7% yield by means of the transformation of
its more stable and synthetically available 4-oxoderivative (methopterin hydrate) (15) in
the presence of pyridine, p-toluenesulfonic acid monohydrate and 1,1,1,3,3,3-hexamethyl-
disilazane (HMDZ) (Scheme 6) [23].

Along with MTX, its 13C-multilabelled forms with 13C-enrichment at 2, 7, 9, 4, 7, 8a,
9 and 2, 4a,b positions were synthesized from the di-tert-butyl ester of MTX 16 for the
NMR study of the mechanisms of drug–enzyme interactions (Scheme 7) [24]. The reaction
was carried out by performing ‘benzylic’ bromination, followed by the substitution of
the bromine atom by the di-t-butyl N-(p-methylaminobenzoyl)-L-glutamate. The acid
treatment of each of the formed methotrexate di-t-butyl esters yielded the corresponding
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13C-enriched methotrexate in 60–90% yields. So far, this is the only method reported for the
synthesis of C13-MTX.
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In another method for the synthesis of MTX 3, the pro-drug of MTX, N-(L-α-amino-
acyl)-derivative of methotrexate 18, was initially prepared by a reaction between the di-
tert-butyl ester of MTX 16 and N-tert-butyloxycarbonyl-L-leucine derivative 17, followed 
by the acidic deprotection of protective groups [25]. Subsequently, the obtained pro-drug 
18 was successfully converted into MTX via the enzymatic cleavage by porcine microso-
mal leucine aminopeptidase (Scheme 8). Unfortunately, the authors did not provide any 
yields due to the format of the publication. 
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Scheme 7. Multistep synthesis of MTX.

In another method for the synthesis of MTX 3, the pro-drug of MTX, N-(L-α-aminoacyl)-
derivative of methotrexate 18, was initially prepared by a reaction between the di-tert-butyl
ester of MTX 16 and N-tert-butyloxycarbonyl-L-leucine derivative 17, followed by the
acidic deprotection of protective groups [25]. Subsequently, the obtained pro-drug 18 was
successfully converted into MTX via the enzymatic cleavage by porcine microsomal leucine
aminopeptidase (Scheme 8). Unfortunately, the authors did not provide any yields due to
the format of the publication.

Free-form MTX was obtained from the conjugate of the o-nitrobenzyl alcohol deriva-
tive and MTX 19 during a photolysis experiment in aqueous methanol under UV-light
irradiation [26]. This technique was considered by the authors as a possible way to trans-
port the MTX to the cancer cells with the release of MTX free form at up to 50% at a pH
level of 7.4 (Scheme 9).
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In the literature, there are less common synthetic approaches available that involve 
the construction of a 3,4-dihydropteridine core starting from aminopyrimidines 21 
(Scheme 10). 

Scheme 8. Three-step synthesis of MTX starting from di-tert-butyl ester of MTX 16 and N-tert-
butyloxycarbonyl-L-leucine derivative 17.

Molecules 2022, 27, x FOR PEER REVIEW 6 of 24 
 

 

+
N
H

O

O

O

O

N
O

O

(i) TEA (0.5 equiv.), 70 oC

N

N

N

N

NH2

N
H

N

O

HN
O

OH

HO O

O
H2N 18

17, 3 equiv.

16

(ii) TFA, r.t.

enzyme

N

O

N
H

O O

O

O

N

N

N

N

NH2

H2N

major product

N

O

N
H

O OH

O

OH

N

N

N

N

NH2

H2N 3  
Scheme 8. Three-step synthesis of MTX starting from di-tert-butyl ester of MTX 16 and N-tert-bu-
tyloxycarbonyl-L-leucine derivative 17. 

Free-form MTX was obtained from the conjugate of the o-nitrobenzyl alcohol deriv-
ative and MTX 19 during a photolysis experiment in aqueous methanol under UV-light 
irradiation [26]. This technique was considered by the authors as a possible way to 
transport the MTX to the cancer cells with the release of MTX free form at up to 50% at a 
pH level of 7.4 (Scheme 9). 

N

N

N

N

NH2

H2N

N

N
H

O
OHO

O

O

N
O

O

O

O
N
H

O
NH2

OHC

N
O

O

O

O
N
H

O
NH2

+

UV-light
MeOH:H2O

19

N

O

N
H

O OH

O

OH

N

N

N

N

NH2

H2N 20
MTX, 3 up to 50%  

Scheme 9. UV-light promoted synthesis of MTX from 19. Reproduced with the permission of refer-
ence [26]. Copyright © 2011, Elsevier Ltd. 

In the literature, there are less common synthetic approaches available that involve 
the construction of a 3,4-dihydropteridine core starting from aminopyrimidines 21 
(Scheme 10). 

Scheme 9. UV-light promoted synthesis of MTX from 19. Reproduced with the permission of
reference [26]. Copyright © 2011, Elsevier Ltd.

In the literature, there are less common synthetic approaches available that involve the
construction of a 3,4-dihydropteridine core starting from aminopyrimidines 21 (Scheme 10).
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In this context, MTX was obtained by the tandem multicomponent reaction between
Zn2+ salt of N-(4-N-methylaminobenzoil)-L-glutamic acid 10b, 1,1,3-tribromoacetone 23
and 2,2,5,6-tetraaminopyrimidine sulfate 22 under mild conditions (Scheme 11) [27]. This
method has a noticeable advantage, such as the possibility to carry out several reactions in
one step without the isolation of intermediates during each step.
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In another method, the MTX core was constructed by means of a heterocyclization reac-
tion between commercially available guanidine acetate 24 and easily derived diethyl (4-(((5-
amino-6-cyanopyrazin-2-yl)methyl)(methyl)amino)benzoyl)glutamate 25 under heating
conditions, followed by basic hydrolysis (Scheme 12) [28].
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Scheme 12. Synthesis of MTX by the reaction between guanidine acetate 24 and diethyl (4-(((5-amino-
6-cyanopyrazin-2-yl)methyl)(methyl)amino)benzoyl)glutamate 25.

Lastly, the approach for MTX 3 involves a reaction between 2,4,5,6-tetraaminopyrimidine
hydrosulphate 22, 2,3-dibromopropionaldehyde 26, and N-4-(methylamino)benzoyl)-L-
glutamic acid 12 disodium salt under oxidative conditions (iodine in the presence of KI)
(Scheme 13) [29]. In this article, the authors were more concerned about the purity of the
obtained compounds than their yields.

2.3. Raltitrexed: (2S)-2-[[5-[Methyl-[(2-Methyl-4-oxo-3H-Quinazolin-6-yl)Methyl]Amino]
Thiophene-2-Carbonyl]Amino]Pentanedioic Acid (Tomudex, ZD1694)

Raltitrexed (Tomudex) is a more recent, specific, mixed, and non-competitive in-
hibitor of thymidylate synthase indicated for use in cancer therapy, especially colorectal
cancer [30–32].
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TS enzyme. Raltitrexed 4a (R = CH3) was synthesized in a 41% yield starting with the thi-
ophene-2-carboxylic acid, as shown in Scheme 15. 

Scheme 13. Synthesis of MTX by the reaction between 2,4,5,6-tetraaminopyrimidine hydrosulphate
22, 2,3-dibromopropionaldehyde 26, and N-4-(methylamino)benzoyl)-L-glutamic acid 12 disodium
salt under oxidative conditions.

In 1991, Marsham et al. reported the synthesis of a series of C2-methyl-N10-alkylquinazoline-
based antifolates, in which the benzene ring was replaced by the heterocycles, i.e., thiophene,
thiazole, thiadiazole, pyridine, and pyrimidine (Scheme 14) [33].
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Scheme 14. Structures of a series of C2-methyl-N10-alkylquinazoline-based antifolates. Reproduced
with the permission of reference [33]. Copyright © 1991, American Chemical Society.

The thiophene system 4a and its related thiazole 4b yielded analogues that were
considerably more efficient than the parent benzene series as inhibitors of L1210 cell
growth. Although, in general, these heterocycles were somewhat poorer inhibitors of the
isolated TS enzyme. Raltitrexed 4a (R = CH3) was synthesized in a 41% yield starting with
the thiophene-2-carboxylic acid, as shown in Scheme 15.
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A similar route to Raltitrexed was reported by Yao et al. starting with 5-nitrothio-
phene-2-carboxylic acid 37 via the sequence of NaBH4 reduction, alkylation, and saponi-
fication (Scheme 17) [35]. The target product was isolated in a lower yield.  
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Another route to Raltitrexed was reported that started with thiophene-2,5-dicarboxylic
acid 31, which was then converted in four steps to diethyl (5-(methylamino)thiophene-2-
carbonyl)-L-glutamate 35. This was followed by an alkylation reaction of the last one with
6-bromomethyl-2-methyl-4-quinazolinone 30 and basic hydrolysis, which resulted in the
target product 4a (Scheme 16) [34].
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A similar route to Raltitrexed was reported by Yao et al. starting with 5-nitrothiophene-
2-carboxylic acid 37 via the sequence of NaBH4 reduction, alkylation, and saponification
(Scheme 17) [35]. The target product was isolated in a lower yield.
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Raltitrexed was also prepared by using the same compound in less reaction steps as
reported by Xiqun et al. (Scheme 18) [36].
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using diethyl (5-(N-methylacetamido)thiophene-2-carbonyl)-L-glutamate 41 as the starting
material (Scheme 19) [37].
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glutamate 41 as the starting material.

2.4. Pralatrexate (Folotyn):
N-4-[1-(2,4-Diaminopteridin-6-yl)Pent-4-yn-2-yl]Benzoyl-L-Glutamic Acid

Pralatrexate 25 is another folate antagonist and antineoplastic agent with confirmed
activity for the treatment of relapsed or refractory peripheral T-cell lymphoma (PTCL).
Pralatrexate was approved for medical use in the United States in September 2009, as the
first treatment for Peripheral T-cell Lymphoma (PTCL) [38,39], an often-aggressive type of
non-Hodgkins lymphoma [40].

Successive alkylation of dimethyl homoterephthalate 43 with propargyl bromide 44
and 2,4-diamino-6-(bromomethy1)pteridine 11 followed by ester saponification at room
temperature resulted in 2,4-diamino-4-deoxy-10-carboxy-10-propargy1-10-deazapteroic
acid 46. Subsequently, compound 46 was readily decarboxylated by heating in DMSO at
120 ◦C to yield diamino-10-propargyl-10-deazapteroic acid 47 as a precursor of Pralatrexate
5. Additionally, the coupling of 47 with diethyl L-glutamate followed by ester hydrolysis,
yielded Pralatrexate 5 (Scheme 20) [41].
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treatment of non-small cell lung cancer [51–54] and malignant mesothelioma [55]. The 
mechanism of action of PMX is based on the inhibition of three enzymes responsible for 
the purine and pyrimidine synthesis—thymidylate synthase (TS), dihydrofolate reductase 
(DHFR), and glycinamide ribonucleotide formyltransferase [56]—which prevents the for-
mation of DNA and RNA, which are responsible for the growth of normal and cancer 
cells. 

Scheme 20. Synthesis of Pralatrexate starting from the reaction between dimethyl homoterephthalate
43 and propargyl bromide. Reproduced with the permission of reference [41]. Copyright © 1993,
American Chemical Society.

After the abovementioned publication, many improved procedures were reported for
the preparation of Pralatrexate [42–48]. The synthesis of optically pure diastereomers of
Pralatrexate has also been reported [49].

Another approach to producing Pralatrexate was developed by Alla et al. (2013), start-
ing with ethyl 4-formylbenzoate 48; however, the yield was not specified (Scheme 21) [50].
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2.5. Pemetrexed: (S)-2-(4-(2-(2-Amino-4-oxo-4,7-Dihydro-1H-Pyrrolo[2,3-d]Pyrimidin-5-
yl)Ethyl)Benzamido)Pentanedioic Acid (PMX, ALIMTA, LY231514, MTA)

Pemetrexed (PMX) 30 is a folate antagonist and antineoplastic agent, used in the
treatment of non-small cell lung cancer [51–54] and malignant mesothelioma [55]. The
mechanism of action of PMX is based on the inhibition of three enzymes responsible for
the purine and pyrimidine synthesis—thymidylate synthase (TS), dihydrofolate reduc-
tase (DHFR), and glycinamide ribonucleotide formyltransferase [56]—which prevents
the formation of DNA and RNA, which are responsible for the growth of normal and
cancer cells.

The first synthetic approach toward PMX was reported starting with tert-butyl-4-
formylbenzoate 54. This aliphatic precursor was heterocyclized to the PMX diethyl ester 60
in a few steps, which was converted to PMX 6 by performing hydrolysis (Scheme 22) [57].
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Mitchell-Ryan et al. reported the synthesis of 5-substituted pyrrolo[2,3-d]pyrimidine
antifolates with one-to-six bridge carbons and a benzoyl ring in the side chain as antitumor
agents [58]. The compound with a 4-carbon bridge was the most active analogue and
it potentially inhibited the proliferation of the folate receptor (FR) α-expressing Chinese
hamster ovary and KB human tumor cells. PMX was synthesized from ethyl 4-iodobenzoate
61, and 1-butene-4-ol 62 using a Heck cross-coupling reaction followed by bromination of
the aldehyde at alpha-position. Further heterocyclization with basic hydrolysis and the
formation of amide from diethyl-L-glutamate resulted in acid derivative 60. In the final
step, PMX 6 was obtained by the basic hydrolysis of the ester groups in a glutamate moiety
(Scheme 23).
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As an improvement to the abovementioned method, the preparation of lysin salt of
PMX was reported [59].

Michalak et al. reported the synthesis of PMX along with its common impurities/side
products, starting with 4-[2-(2-amino-4-oxo-4,7-dihydro-1H-pyrrolo[2,3-d]pyrimidin-5-
yl)ethyl]benzoic acid 28 [60].

In the method reported by Tailor et al. for the synthesis of PMX, ethyl-4-(3-oxopropyl)benzoate
67 was used as a starting compound [61–63]. After the Henry reaction with nitromethane,
the product was converted to the semi-product with 2,6-diaminopyrimidin-4-ol 69. The
heterocyclization of this semi-product resulted in pyrrolo[2,3-d]pyrimidine derivative 70,
which, followed by its functionalization with diethyl-L-glutamate and basic hydrolysis,
resulted in the desired product 6 in a 92% yield (Scheme 24).

The same research group reported an improved synthesis of PMX, starting from
dimethyl (4-ethynylbenzoyl)-L-glutamate 73 and N-(4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-2-yl)pivalamide 71 [64]. The sequence of iodination, reduction, Sonogashira
cross-coupling, reduction reactions, and basic hydrolysis in the last step, resulted in the
final product, PMX, in a 67% yield (Scheme 25).
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The same authors also reported the synthesis of PMX starting from methyl (E)-3-(but-
2-en-1-yl(3,4-dimethoxybenzyl)amino)-3-oxopropanoate [65]. The last one was cyclized
to methyl-1-(3,4-dimethoxybenzyl)-2-oxo-4-vinylpyrrolidine-3-carboxylate by the reaction
of Mn(III) and Cu(II) acetates. The oxo-group was then converted to the thioxo-group
upon treatment with P2S5. After the heterocyclization reaction, the obtained 2-amino-7-
(3,4-dimethoxybenzyl)-5-vinyl-4a,5,6,7-tetrahydro-4H-pyrrolo[2,3-d]pyrimidin-4-one was
subjected to a Heck cross-coupling reaction with diethyl 4-iodobenzoylglutamate. Addition-
ally, the coupling product was identified as one with unexpected double bond migration
products in vinyl-bridged pyrrolinopyrimidine to form the ethano-bridged pyrrolopyrimi-
dine. Thus, the authors avoided the reduction of the unsaturated bridge and the subsequent
oxidation of the pyrroline ring at the same time. According to the authors, the protection of
the N-7 position eliminates the PMX cell growth’s inhibitory activity. In addition, deprotec-
tion of the N-7 position was finally achieved upon treatment with a H2SO4/TFA mixture
to facilitate the PMX precursor in a 30% yield, which resulted in the target product after
saponification (Scheme 26).
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Scheme 26. Synthesis of Pemetrexed starting from methyl (E)-3-(but-2-en-1-yl(3,4-
dimethoxybenzyl)amino)-3-oxopropanoate 75.

Finally, very recently, a method for PMX synthesis was developed by means of the
reaction of an anomeric amide agent with a secondary amine precursor followed by the
deprotection of protective groups (Scheme 27) [66].
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Scheme 27. Synthesis of Pemetrexed by the reaction of anomeric amide agent with secondary amine
precursor followed by the deprotection of protective groups.

2.6. TNP-351: (2S)-2-[[4-[3-(2,4-Diamino-7H-Pyrrolo[2,3-d]Pyrimidin-5-yl)Propyl]benzoyl]Amino]
Pentanedioic Acid (HY-19095)

TNP-351 is another antifolate from the same family as PMX. As a dihydrofolate
reductase (DHFR) inhibitor, TNP-351 has good potential for the treatment of not only
leukemia cells but also solid tumor cells, both in vitro and in vivo [67]. The structure of
TNP-351 contains three methylene bridges instead of two as in PMX and two amino groups
in pyrimidine core.

So far, only two synthetic approaches to TNP-351 7 have been reported; the first one in-
cludes construction of the key intermediary acyclic skeleton, 5-[4-(tert-butoxycarbonyl)phenyl]-
2-(dicyanomethyl)pentanoate 85, cyclization with guanidine, followed by reduction to
pyrrolo[2,3-d]pyrimidine derivatives 87, and subsequent glutamate coupling and saponi-
fication. These antifolates were more growth-inhibitory by approximately one order of
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magnitude than methotrexate (MTX) against KB human epidermoid carcinoma cells and
A549 human non-small cell lung carcinoma cells with in vitro culture (Scheme 28) [68].
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The second method belongs to the same article, where the synthesis of TNP-351 has
been reported along with PMX synthesis (Scheme 29) [57].
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2.7. Lometrexol: (2S)-2-[[4-[2-[(6R)-2-Amino-4-oxo-5,6,7,8-Tetrahydro-1H-Pyrido[2,3-
d]Pyrimidin-6-yl]Ethyl]Benzoyl]Amino]Pentanedioic Acid (LY 264618, DDATHF-B,
Lometrexolum)

Lometrexol (6R)-8 is a folate analogue antimetabolite with antineoplastic activity [69–71].
As the 6R diastereomer of 5,10-dideazatetrahydrofolate, lometrexol inhibits glycinamide
ribonucleotide formyltransferase (GARFT), the enzyme that catalyzes the first step in the
de novo purine biosynthetic pathway, thereby inhibiting DNA synthesis, arresting cells
in the S phase of the cell cycle, and inhibiting tumor cell proliferation. The agent is active
against tumors that are resistant to the folate antagonist methotrexate.
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Lometrexol has been used in trials for the treatment of lung cancer, drug/agent toxicity
by tissues/organs, as well as for the treatment of unspecified adult solid tumors.

Taylor et al. reported several approaches to Lometrexol. The first of their approaches
relates to the synthesis of (mixture of diastereomers) (6S,6R)-Lometrexol 8 with a satisfac-
tory yield starting from 5-methyl-2-((4-nitrophenyl)thio)nicotinonitrile 95 (Scheme 30) [72].
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In another work, Taylor et al. developed a convenient method for the synthesis of 
(6S,6R)-Lometrexol 8 with good yield via N-(6-bromo-4-oxo-3,4-dihydropyrido[2,3-d]py-
rimidin-2-yl)pivalamide starting with 2,6-diaminopyrimidin-4(3H)-one (Scheme 32) [74]. 
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A key intermediate 109 for the subsequent synthesis of (6S,6R)-Lometrexol was also
prepared by Taylor et al. via a regiospecific intermolecular inverse electron demand Diels-
Alder reaction between fused 1,2,4-triazines, 2-N-pivaloyl-7-substituted-6-azapterins, and
enamine (Scheme 31) [73].
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In another work, Taylor et al. developed a convenient method for the synthesis
of (6S,6R)-Lometrexol 8 with good yield via N-(6-bromo-4-oxo-3,4-dihydropyrido[2,3-
d]pyrimidin-2-yl)pivalamide starting with 2,6-diaminopyrimidin-4(3H)-one (Scheme 32) [74].
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Similarly, Wittig olefination was used by Piper et al. for the synthesis of (6S,6R)-
Lometrexol starting from 2,4-diaminopyrido[2,3-d]pyrimidine-6-carboxaldehyde 120, de-
rived from 6-carbonytrile, and [4-(methoxycarbonyl)benzylidene]triphenylphosphorane
to yield 9,10-ethenyl precursor 122 [76]. Standard hydrolytic deamination produced 5,10-
dideazafolic acid 123, which was further converted to 5,10-dideazaaminopterin via a
coupling reaction with dimethyl L-glutamate by using (EtO)2POCN, followed by hydro-
genation and ester hydrolysis which led to the final product 8 (Scheme 34).
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In another approach, the lipase-catalyzed enantioselective esterification of 2-(4-bro-
mophenethyl)propane-1,3-diol, derived in several steps from 2-(4-bromphenyl)acetic 
acid, was utilized in the asymmetric synthesis of key (R)-2-amino-6-(4-bromophenethyl)-

Scheme 34. Synthesis of (6S,6R)-Lometrexol starting from 2,4-diaminopyrido[2,3-d]pyrimidine-
6-carboxaldehyde.

Currently, only two synthetic approaches toward diastereometrically pure 6R-Lometrexol
are reported in the literature. In this context, the synthesis of 6R-Lometrexol was carried
out starting from a double deprotected DDAH4Pte–OH 126, which was obtained with
preparative chiral-HPLC in a mixture of diastereomers derived from the route based on
the work of Taylor et al. [77]. After the transformation of the benzoic acid residue to a
derivative which includes azides, the azide derivative was converted to the final product
by the reaction of L-glutamic acid in DMSO in the presence of TEA (Scheme 35) [78].
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In another approach, the lipase-catalyzed enantioselective esterification of 2-(4-bromophenethyl)
propane-1,3-diol, derived in several steps from 2-(4-bromphenyl)acetic acid, was utilized in
the asymmetric synthesis of key (R)-2-amino-6-(4-bromophenethyl)-5,6,7,8-tetrahydropyrido
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pyrimidin-4(3H)-one, which resulted in the target product in two synthetic steps
(Scheme 36) [79,80].
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how connected with the severeness of COVID-19 [85–87], several recent studies suggested 
the effectiveness of antifolates for the therapy of patients with coronavirus SARS-CoV-2 
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3. Conclusions and Future Perspectives

In summary, this review represents the analysis of the most up-to-date synthetic ap-
proaches for the synthesis of therapeutically significant analogues of folic acid, such as
Lometrexol, Methotrexate, Pemetrexed, Pralatrexate, Raltitrexed, and TNP-351. Among the
other folic acid analogues exhibiting antimalarial/antiprotozoal [81] and broad-spectrum
antimicrobial activity [82–84], the importance and effectiveness of the abovementioned
six analogues of folic acid as drugs or drug candidates for the treatment of diseases with
a social significance, such as various types of cancers, severe psoriasis, and rheumatoid
arthritis, were reported in a large number of original research publications and review
articles [18,30–32,40,51–55,67,69–71]. Even though folates were reported to be somehow
connected with the severeness of COVID-19 [85–87], several recent studies suggested the ef-
fectiveness of antifolates for the therapy of patients with coronavirus SARS-CoV-2 [85,88,89],
along with the enhancement of the antiviral efficacy of remdesivir [88], treatment of fungal
infections with COVID-19-like symptoms [90], as well as treatment of fungal infections
among COVID-19 patients [90].

Most of the synthetic strategies for these important scaffolds presented in research
articles and patents are based on similar approaches and have only minor differences
from each other. So far, no attention has been paid to methods based on transitional
metal (TM)-catalyzation or the TM-free direct C-H-activation/C-H-functionalization of
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aza-aromatic rings as the most atom- and step-efficient approaches. We hope that our
review will encourage future interest in this research area.
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Abstract: Dipeptidyl peptidase-IV (DPP-IV) inhibitors, often known as gliptins, have been used to
treat type 2 diabetes mellitus (T2DM). They may be combined with other medications as an additional
treatment or used alone as a monotherapy. In addition to insulin, sulfonylureas, thiazolidinediones,
and metformin, these molecules appear as possible therapeutic options. Oxadiazole rings have
been employed in numerous different ways during drug development efforts. It has been shown
that including them in the pharmacophore increases the amount of ligand that may be bound. The
exceptional hydrogen bond acceptor properties of oxadiazoles and the distinct hydrocarbon bonding
potential of their regioisomers have been established. Beside their anti-diabetic effects, oxadiazoles
display a wide range of pharmacological properties. In this study, we made the assumption that
molecules containing oxadiazole rings may afford a different approach to the treatment of diabetes,
not only for controlling glycemic levels but also for preventing atherosclerosis progression and other
complications associated with diabetes. It was observed that oxadiazole fusion with benzothiazole,
5-(2,5,2-trifluoroethoxy) phenyl, β-homophenylalanine, 2-methyl-2-{5-(4-chlorophenyl), diamine-
bridged bis-coumarinyl, 5-aryl-2-(6′-nitrobenzofuran-2′-yl), nitrobenzofuran, and/or oxindole leads
to potential anti-diabetic activity.

Keywords: oxadiazole; sulfonylureas; DPP-IV inhibitors; diabetes mellitus; peptidomimetics

1. Introduction

Dipeptidyl peptidase-IV (DPP-IV) inhibitors, often known as gliptins, are a class of
oral anti-diabetic medications that have been given approval by the Food and Drug Admin-
istration (FDA) to treat individuals with type 2 diabetes mellitus (T2DM) [1]. Following
oral ingestion of food, the production of incretin hormones, which are hormones that
are vital for maintaining glucose homeostasis, occurs in the gut. These hormones are the
targets through which these drugs act [2]. Independent of the incretin pathway, in addition
to their antihyperglycemic activities, this family of drugs also displays antihypertensive
properties [3], anti-inflammatory effects [4], and antiapoptotic effects [5], as well as im-
munomodulatory effects [6,7] on the heart, kidneys, and blood vessels. A number of studies
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have demonstrated that this class of molecules may also be useful for treating transplant
patients who have acquired new-onset diabetes after their transplantation (NODAT). These
molecules may be combined with other medications as an additional treatment or used
alone as a monotherapy. Sulfonylureas, thiazolidinediones, and metformin are also possible
therapeutic options in addition to insulin [8,9]. Iminosugars represent a kind of polyhydrox-
ylated secondary or tertiary amines that mimic monosaccharide sugars, but which contain
nitrogen in lieu of oxygen in the ring. Iminosugars constitute a wide variety of different
types of small organic molecules. These molecules belong to the class of pyrrolidines,
piperidines, azepanes, nortropanes, pyrrolizidines, and indolizidines. The capacity of
iminosugars to function as inhibitors of glycosidases and glycosyltransferases constituted
the first role they were utilized in. These inhibitors work mostly through competitive
inhibition and are mainly used to treat diabetes [10–14].

The glucagon-like peptide-1 (GLP-1) has recently emerged as a possible target for
T2DM treatment. GLP-1 is produced by the gut after a meal, enhancing insulin output. It
has been demonstrated that increased levels of GLP-1 may contribute to a better glycemic
control in T2DM individuals. DPP-IV controls the activity of GLP-1 by cleaving the
N-terminus of GLP-1 [7–36]-amide to generate inert GLP-1 [9–36]-amide. The quantity
of GLP-1 in the circulation may be increased by inhibiting DPP-IV [15]. As a result,
a significant amount of time and effort has been dedicated to the research of DPP-IV
inhibitors as potential treatments of T2DM. Sitagliptin [16] is one of these drugs, and it has
been available in the United States since 2006 as the first FDA-approved DPP-IV inhibitor.
Saxagliptin [17,18], vildagliptin [19], alogliptin [20], and linagliptin [21] (Figure 1) are all
medications that have either been studied in diabetic patients or approved for sale in some
countries. Based on structural similarities or differences with the DPP-IV molecule, DPP-IV
inhibitors may be classified as either peptidomimetics (vildagliptin and saxagliptin) or
non-peptidomimetics (sitagliptin, alogliptin, linagliptin). They are reversible competitive
inhibitors of the DPP-IV substrates. These compounds have various degrees of affinity with
DPP-IV substrates. The selectivity of the peptidomimetics toward DPP-IV is often lower
as compared to DPP8/9. The greater the relative inhibition of DPP8/9 and the lower the
relative selectivity toward DPP-IV, the greater the risk of adverse consequences (allergic skin
manifestations, etc.) [22,23]. When compared to non-peptidomimetics, peptidomimetics
display a distinct DPP-IV inhibition mechanism. Because non-peptidomimetics generate
non-covalent extra-cellular interactions with residues in the catalytic region of the DPP-IV
substrate, their inhibiting activity is powerful and rapid. In contrast, inhibition of the DPP-
IV substrate by peptidomimetics takes place in a mode that includes the development of a
reversible covalent enzyme-inhibitor complex. This complex may be broken down again.
This complex binds to and dissociates from the catalytic site of the DPP-IV substrate in a
very slow manner, resulting in the persistent inhibition of the DPP-IV enzyme a long time
after the medication has been rendered ineffective. Because of this, the catalytic activity is
hindered long after the free drug has been eliminated from circulation. In fact, vildagliptin
and saxagliptin may be able to suppress DPP-IV activity for a longer period while having
relatively short half-lives [24,25].

The usage of gliptin has been proven to be equally effective as compared to metformin,
sulfonylureas (glimepiride, glipizide), thiazolidinediones (rosiglitazone, pioglitazone), and
alfa-glucosidase inhibitors (voglibose). Compared to sulfonylureas, this therapy almost
never causes hypoglycemia or affects body weight [26–28]. According to the findings of a
meta-analysis that compared the effectiveness of sitagliptin and vildagliptin, the reported
total HbA1c decrease was ~0.74% and 0.73%, respectively. If the starting HbA1c was
superior to 9% instead of 8%, the glycemic results were shown to be more favorable [22].
According to a recent meta-analysis, the use of a gliptin was associated with a larger
percentage of patients reaching the HbA1c target of <7% without any weight gain or
hypoglycemia [29]. We have thus reviewed here the possible utilization of heterocyclic
compounds as DPP-IV inhibitors, with special emphasis on oxadiazoles as potent anti-
diabetic agents.
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2. Review of Different Heterocyclic Compounds as Potent DPP-IV Inhibitors

Yasufumi Miyamoto et al. [15] used structure-based drug design (SBDD) to modify
compound 1 to generate a novel and strong DPP-IV inhibitor for the treatment of T2DM.
Using the results of X-ray co-crystallography studies on compound 1 revealed that Arg125
might be a suitable target amino acid residue for obtaining a stronger inhibitory activity.
According to the theory, the guanidino group of Arg125 may engage bidentately with two
separate hydrogen bond acceptors at the same time. As a result, scientists have synthe-
sized a number of 3-pyridylacetamide derivatives that each include an extra hydrogen
bond acceptor and have the potential to take part in bidentate interactions with Arg125.
Compound 2 was shown to bind in a bivalent manner with the guanidino group of Arg125,
which is a powerful and selective DPP-IV inhibitor. The structures of compounds 1 and 2
are illustrated in Figure 2.
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Figure 2. 3-Pyridylacetamide derivatives as DPP-IV inhibitors.

Utilizing the SAR of pyrrole-2-carbonitrile inhibitors, a variety of new hetero-aromatic
moiety-substituted amino pyrrole-2-carbonitrile derivatives were synthesized. IC50 values
ranged from 0.004 to 113.6 µM for all drugs, indicating that they were effective DPP-
IV inhibitors. Compounds 3 (IC50 = 0.004 µM) and 4 (IC50 = 0.01 µM) were found to
have excellent inhibitory activities against DPP-IV and a good efficacy in an oral glucose
tolerance test (OGTT) in mice. Moreover, compounds 3 and 4 exhibited intermediate
pharmacokinetic characteristics (3, F% = 37.8%, t1/2 = 1.45 h; 4, F% = 16.8%, t1/2 = 3.64 h).
The structures of compounds 3 and 4 are displayed in Figure 3 [30].
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Figure 3. Pyrrole-2-carbonitrile has been shown to be effective as a DPP-IV inhibitor.

New beta-amino pyrrole-2-carbonitrile derivatives have been discovered and devel-
oped using the rational drug design approach. Compounds 5 and 6 (Figure 4) were reported
to be powerful and specific DPP-IV inhibitors in vivo, leading to a reduction in glucose
amounts in the blood. Compound 5 significantly inhibited DPP-IV (IC50 = 0.05 µM), and
also displayed a high oral bioavailability (F = 53.2%). Compound 6 demonstrated strong
DPP-IV inhibitory action (IC50 = 0.01 µM), high selectivity against related peptidases, good
effectiveness during the oral glucose tolerance test (OGTT) in ICR mice, and a moderate
pharmacokinetic profile [31].
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A novel family of 1,2,3-Triazole-4-carboximidamide compounds was successfully de-
veloped for their DPP-IV inhibitory activity. When compared to the other drugs examined,
compounds 7, 8, and 9 (Figure 5) displayed excellent inhibitory effects against DPP-IV, with
IC50 values of 14.75, 6.75, and 6.57 nM, respectively. Compound 7, at a dose of 10 mg/kg,
enhanced glucose tolerance during OGTT in mice. Chronic treatment with compound 7
for 14 days in diabetic Wistar rats resulted in a significant drop in blood glucose levels,
equivalent to the impact of Sitagliptin employed as a conventional treatment [32].
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Six viable compounds were found using SBDD methods, and it was determined that
compound 10 (Figure 6) had the highest docking score, i.e., −10.463 K.cal/mol with the
DPP-IV enzyme (PDB ID-2ONC). Molecular dynamics (MD) simulations were also used to
confirm the protein–ligand complex’s stability. Alogliptin and compound 10 were revealed
to have a root-mean-square deviation (RMSD) smaller than 2.0 Å [33].
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Figure 6. Benzimidazole derivative.

To interact with Try629 and Lys554 at the S2′ position, novel uracil analogues with
benzoic acid moieties at the N3 position were synthesized and tested for their DPP-IV
inhibitory efficacy. From SAR studies, compound 11 was selected as the best candidate as a
strong and selective DPP-IV inhibitor (IC50 = 1.7 nM). Based on docking data, it seems that
additional salt bridging between the carboxylic acid group and the primary amine group
of Lys554 plays a crucial role in increasing activity. According to the findings, compound
11 (Figure 7) showed no cytotoxicity in human hepatocyte L-O2 cells at doses up to 50 µM.
Later, in vivo testing revealed that the ester of compound 11 considerably enhanced normal
mice’s glucose tolerance. According to the study’s results, compound 11 has the potential
to be a safe and effective medication for T2DM [34].
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Qing Li et al. [35] reported another DPP-IV inhibitor with minor modifications in com-
pound 11 [12, methyl 3-((4-((R)-3-aminopiperidin-1-yl)-3-(but-2-ynyl), Figure 8] displaying
excellent resultst in vivo.
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From the above investigations, it was observed that oxygen and nitrogen heteroatoms
play an important role in binding with receptors, resulting in significant conformational
changes leading to potential biological activities. This led us to review the literature
concerning the anti-diabetic activity of oxadiazoles.

3. Oxadiazoles as Potential Nuclei

Owing to their unique properties, oxadiazoles have attracted the attention of sci-
entists in the disciplines of polymer and material science. These compounds feature
five-membered rings comprised of two carbons, two nitrogens, and one oxygen atom
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(Figure 9). The number of patent applications for oxadiazoles has climbed to a total of
646 over the last nine years. This suggests that the scientific community has attached
great importance to this class of chemicals [36]. Zibotentan, a potential anticancer agent,
and ataluren (Figure 10), a potential therapeutic for cystic fibrosis, are two examples of
oxadiazole-containing compounds that are now participating in late-stage clinical stud-
ies [37]. The only compound available on the market that currently contains oxadiazole is
an antiviral drug called raltegravir (Figure 10), which is used to treat HIV infection [38].
Oxadiazoles are now being included in an increasing number of therapeutic approaches
in a wide range of disease areas, including but not limited to diabetes [39], obesity [40],
inflammation [41], cancer [42], and infection [43].
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A wide array of applications have been found for oxadiazole rings in drug develop-
ment projects. It has been shown that including them in the pharmacophore improves
ligand binding in various ways. The carbonyl groups of molecules such as esters, amides,
carbamates, and hydrogenated hydroxamic esters may be replaced with oxadiazoles, con-
stituting another use for these types of molecules [44–46].

Oxadiazole rings exist in form of numerous regioisomers, including 1,2,4-, 1,3,4-,
and 1,2,5-isomers (Figure 9). Because the side chains R1 and R2 of the 1,2,5-regioisomer
are orientated in a different way compared to that of the side chains in the other two
isomers, this isomer is found less often. Oxadiazoles may display different regioisomeric
configurations, but they always contain the same R1 and R2 side chains. As a consequence,
the positions of these side chains are quite similar. It is envisaged that matching pairings
would have identical overall molecular structures and, as a result, would form bonds in
the same way. The exceptional hydrogen bond acceptor properties of oxadiazoles and the
distinct hydrocarbon bonding potentials of their regioisomers have been established [47–49].
We will now investigate how oxadiazoles may help in treating diabetes.

3. An Overview of the Potential Use of Oxadiazole Derivatives as Anti-Diabetic Drugs

1,3,4-Oxadiazole and 1,2,4-oxadiazole have the potential to be used for many thera-
peutic applications [50–56].

Omarigliptin is a sulfonamide-containing moiety that inhibits the DPP-IV enzyme
to achieve its antihyperglycemic activity [57]. Investigations into its pharmacokinetic
properties have shown that it may be given on a once-weekly basis, which distinguishes
it from all other DPP-IV inhibitors. The derivatives of 2-cyanopyrrolidine are classified
as glycine-based inhibitors, which fall within the larger category of peptidomimetic in-
hibitors [58,59]. The presence of a nitrile group on the five-membered pyrrolidine ring in
2-cyanopyrrolidine derivatives is indicative of their capacity to exert reversible nanomolar
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inhibition of the DPP-IV enzyme [60]. We reasoned that compounds based on oxadiazoles
would be able to provide an alternative therapy for diabetes for not only controlling glu-
cose levels but also preventing the progression of atherosclerosis and other complications
associated with diabetes.

Kumar et al. [61] discovered that some 2-((benzothiazol-2-ylthio) methyl)-5-phenyl-
1,3,4-oxadiazole derivatives have the potential to act as anti-diabetic compounds. Using
glibenclamide as the reference, each of the synthetic compounds were evaluated for their
capacity to combat diabetes in an animal model. At a dose of 350 mg/kg p.o., compound
13 (Figure 11) displayed the most noticeable effect of all molecules, even though all showed
a significant activity (orally).

Molecules 2022, 27, x FOR PEER REVIEW 7 of 19 
 

 

A wide array of applications have been found for oxadiazole rings in drug devel-
opment projects. It has been shown that including them in the pharmacophore improves 
ligand binding in various ways. The carbonyl groups of molecules such as esters, amides, 
carbamates, and hydrogenated hydroxamic esters may be replaced with oxadiazoles, 
constituting another use for these types of molecules [44–46]. 

Oxadiazole rings exist in form of numerous regioisomers, including 1,2,4-, 1,3,4-, 
and 1,2,5-isomers (Figure 9). Because the side chains R1 and R2 of the 1,2,5-regioisomer 
are orientated in a different way compared to that of the side chains in the other two 
isomers, this isomer is found less often. Oxadiazoles may display different regioisomeric 
configurations, but they always contain the same R1 and R2 side chains. As a conse-
quence, the positions of these side chains are quite similar. It is envisaged that matching 
pairings would have identical overall molecular structures and, as a result, would form 
bonds in the same way. The exceptional hydrogen bond acceptor properties of oxadia-
zoles and the distinct hydrocarbon bonding potentials of their regioisomers have been 
established [47–49]. We will now investigate how oxadiazoles may help in treating dia-
betes. 

4. An Overview of the Potential Use of Oxadiazole Derivatives as Anti-Diabetic Drugs  
1,3,4-Oxadiazole and 1,2,4-oxadiazole have the potential to be used for many ther-

apeutic applications [50–56]. 
Omarigliptin is a sulfonamide-containing moiety that inhibits the DPP-IV enzyme to 

achieve its antihyperglycemic activity [57]. Investigations into its pharmacokinetic 
properties have shown that it may be given on a once-weekly basis, which distinguishes 
it from all other DPP-IV inhibitors. The derivatives of 2-cyanopyrrolidine are classified as 
glycine-based inhibitors, which fall within the larger category of peptidomimetic inhibi-
tors [58,59]. The presence of a nitrile group on the five-membered pyrrolidine ring in 
2-cyanopyrrolidine derivatives is indicative of their capacity to exert reversible nano-
molar inhibition of the DPP-IV enzyme [60]. We reasoned that compounds based on 
oxadiazoles would be able to provide an alternative therapy for diabetes for not only 
controlling glucose levels but also preventing the progression of atherosclerosis and 
other complications associated with diabetes. 

Kumar et al. [61] discovered that some 2-((benzothiazol-2-ylthio) me-
thyl)-5-phenyl-1,3,4-oxadiazole derivatives have the potential to act as anti-diabetic 
compounds. Using glibenclamide as the reference, each of the synthetic compounds were 
evaluated for their capacity to combat diabetes in an animal model. At a dose of 350 
mg/kg p.o., compound 13 (Figure 11) displayed the most noticeable effect of all mole-
cules, even though all showed a significant activity (orally). 

 
Figure 11. Benzothiazole tethered with 1,3 4-oxadiazole derivatives as an anti-diabetic oxadiazole 
derivative. 

Benzothiazole-1,3,4-oxadiazole-4-thiazolidinone hybrid derivatives were synthe-
sized by Bhutani et al. [62]. OGTT in non-diabetic rats and streptozotocin-induced dia-
betic rat models were used to evaluate seven compounds with the highest docking 
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Figure 11. Benzothiazole tethered with 1,3 4-oxadiazole derivatives as an anti-diabetic oxadia-
zole derivative.

Benzothiazole-1,3,4-oxadiazole-4-thiazolidinone hybrid derivatives were synthesized
by Bhutani et al. [62]. OGTT in non-diabetic rats and streptozotocin-induced diabetic rat
models were used to evaluate seven compounds with the highest docking scores. The
blood glucose levels were significantly reduced with all of the studied compounds, ranging
from good to moderate. The anti-diabetic effects of the three compounds (14, 15 and 16,
Figure 12) were superior to those of the conventional medicine pioglitazone, showing
a glucose concentration of 178.32 ± 1.88 mg/dL, compared to the lower concentrations
of glucose of 157.15 ± 1.79 mg/dL, 154.39 ± 1.71 mg/dL, and 167.36 ± 2.45 mg/dL
reported for 14–16. Acarbose (IC50 = 18.5 ± 0.20 µM) was found to be the most potent
inhibitor of alpha-glucosidase among the seven derivatives examined. However, three
of its derivatives, compounds 14, 17, and 18 (Figure 12), displayed lower IC50 values
(0.21 ± 0.01 µM, 9.03 ± 0.12 µM and 11.96 ± 0.40 µM, respectively), suggesting that they
were less effective than the ordinary acarbose. In other words, these innovative hybrids
could be used as a basis for the development of novel agents [62].
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New 5-(2,2,2-trifluoroethoxy)phenyl-1,3,4-oxadiazol-2-thiol derivatives have been
synthesized and analyzed for their biological activities in vitro and in vivo. In comparison
to acarbose (IC50 = 34.71 µg/mL), these compounds showed α-amylase inhibitory activities
in the IC50 range of 40.00–80.00 µg/mL. Compounds 19 and 20 were the ones that exhibited
the highest levels of activity in vitro compared to the other synthesized compounds. Animal
experiments showed that compounds 19, 20, and 21 (Figure 13) were able to reduce glucose
levels in Drosophila, but displayed a 17–30% lower capacity than acarbose. It was shown
that compounds 19 and 20 exhibited the highest activity among the produced compounds.
In this study, compounds 19, 20, and 21 were revealed to be good candidates for further
research as possible anti-diabetes drugs [63].
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Figure 13. 1,3,4-Oxadiazole-2-thiol derivatives.

New benzothiazoles clubbed oxadiazole-Mannich bases (M-1 to M-22) synthesized by
Bhutani et al. were evaluated using OGTT and STZ-induced diabetes in normal rats. Glu-
cose levels were reduced with compound M-14 (22, Figure 14) (161.39 ± 4.38 mg/dL) in the
STZ model, which was equivalent to treatment with glibenclamide (140.29 ± 1.24 mg/dL).
The antihyperglycemic efficacy of the other substances tested ranged from fair to excel-
lent [64].
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Figure 14. Benzothiazole clubbed oxadiazole-Mannich base.

Nordhoff et al. [65] demonstrated that amide substitutions enhanced the absorp-
tion, distribution, metabolism, and excretion (ADME) characteristics of a series of β-
homophenylalanine-based inhibitors of DPP-IV. Thanks to the efforts of this group, a new
class of powerful and selective DPP-IV inhibitors with an appealing pharmacokinetic pro-
file and good performance was synthesized and evaluated in an animal model of diabetes.
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Compounds 23 and 24 (Figure 15) from this new series of compounds were shown to
display interesting pharmacokinetic properties and to work very well in animal models
of diabetes.
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and the α-glucosidase inhibitory potential of each drug was examined. Compounds 26–
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Figure 15. β-homophenylalanine-based inhibitors of DPP-IV.

A new class of powerful, selective, and orally accessible DPP-IV inhibitors has been
discovered by Xu et al. [66] Without an electrophilic trap, they are among the most powerful
chemicals known to date. Regarding DPP-IV homologs, compound 25 (Figure 16) was
shown to have a higher selectivity. However, their short half-life, observed after oral
treatment in rats and dogs, led to further research being stopped on these compounds.
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Figure 16. 1,2,4-Oxadiazole derivative as a potent DPP-IV inhibitor.

N-aryl/aralkyl derivatives of 2-methyl-2-{5-(4-chlorophenyl)-1,3,4-oxadiazole-2-ylthiol}
acetamides were synthesized and the α-glucosidase inhibitory potential of each drug was
examined. Compounds 26–31 (Figure 17) displayed a strong α-glycosidase inhibitory activity
(IC50 of 81.72 ± 1.18, 52.73 ± 1.16, 62.62 ± 1.15, 56.34 ± 1.17, 86.35 ± 1.17, 52.63 ± 1.16 µM,
respectively). These results were validated by molecular modelling and ADME predictions.
It was then possible to synthesize a library of compounds using ordinary basic materials
possibly leading to the development of new medicines [67].

One-pot multicomponent design and synthesis of three series of diamine-bridged
bis-coumarinyl oxadiazole conjugates were reported by Kazmi et al. [68]. The conjugates
produced were tested for their ability to inhibit glucosidases. With an IC50 value of only
0.07 ± 0.001 µM (acarbose: 38.2 ± 0.12 µM), compound 32 (Figure 18), including the
4,4′-oxydianiline linker, was shown to be the primary and selective inhibitor of alpha-
glucosidase enzymes. Its inhibitory activity was about 545 times higher compared to con-
ventional drugs. Compound 32 was also shown to be a strong inhibitor of intestinal maltase-
glucoamylase (IC50 = 0.04 ± 0.02 µM) compared to acarbose (IC50 = 0.06 ± 0.01 µM). With
an IC50 value of 0.08 ± 0.002 µM, this compound was reported to be the primary inhibitor
of the β-glucosidase enzyme. The mechanism of the inhibition was investigated using
Michaelis–Menten kinetic studies. All the generated molecules were docked against the
glucosidase enzyme. According to the obtained results, numerous interactions were ob-
served with catalytic residues in a coordinated manner, which might stabilize inhibitors in
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the active site. In addition, β-glucosidase inhibitors were successfully identified via the use
of molecules having strong binding interactions with amino acid residues.
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Figure 18. Anti-diabetic drugs derived from diamine-bridged coumarinyl oxadiazoles.

Taha et al. [69] designed and synthesized twenty 5-aryl-2-(6′-nitrobenzofuran-2′-yl)-
1,3,4-oxadiazole derivatives and tested them for their ability to inhibit α-glucosidase.
Compared to acarbose (IC50 = 856.45 ± 5.60µM), compounds with hydroxyl groups and
halogens (compounds 33–38, Figure 19) were shown to be five to seventy times more
active, with IC50 values in the range of 12.75 ± 0.10 to 162.05 ± 1.65 µM. A hybrid family
of oxadiazole and benzofuran compounds is now being studied for its ability to block
α-glucosidase. Researchers may be prompted to use these results for the treatment of
hyperglycemia. Within docking studies, hydrogen bonds and arene–arene interactions
were shown to be the primary means of interactions with Glu 276, Asp 214, and Phe 177.
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Anti-diabetic drugs derived from 1,3,4-oxadiazoles have been discovered by
Ullah et al. [70]. The ability of these newly synthesized compounds to inhibit α-glucosidase
activity was investigated. As compared to acarbose (38.45 ± 0.80 µM), all compounds
showed strong inhibitory activities with IC50 values ranging from 0.80 ± 0.1 to 45.1 ± 1.7 µM.
Thirteen compounds revealed potential inhibitory actions, though only one molecule
(IC50 = 45.1 ± 1.7 µM) was found to be less active. Among all the synthesized derivatives,
one compound (IC50 = 0.80 ± 0.1 µM) demonstrated the most promising inhibitory efficacy.

Taha et al. [71] discovered hybrid analogues of oxindole-based oxadiazoles (based on
the structure of compound 39, Figure 20) as potential α-glucosidase inhibitors. As compared
to acarbose (IC50 = 895.09± 2.04 µM), all compounds were shown to be powerful inhibitors
of this enzyme, with IC50 values ranging from 1.25 ± 0.05 to 268.36 ± 4.22 µM. In this
work, a new series of powerful α-glucosidase inhibitors have been discovered, suggesting
further investigations.
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Figure 20. α-Glucosidase inhibitors based on oxadiazole hybrids.

New 1,2,4-oxadiazole derivatives, whose structures were reported in the US patent
issued by Xu et al. [72] (compound 40, Figure 21), are DPP-IV enzyme inhibitors and may
be used to treat or prevent disorders involving this enzyme, such as diabetes, and more
specifically type 2 diabetes. A pharmaceutical composition including these compounds and
their application in the prevention or treatment of illnesses involving the DPP-IV enzyme
are also contemplated by this invention.
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an electrophile, leading to the production of 2-bromo-N-phenyl/arylacetamides in a se-
ries of operations that ran in parallel with one another. A nucleophilic 
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Figure 21. DPP-IV inhibitors derived from 1,2,4-oxadiazole.

Hamdani et al. [73] synthesized three 1,3,4-oxadiazole derivatives (compounds 41,
42, and 43, Figure 22) and used X-ray diffraction, density functional theory (DFT), and
other methods to demonstrate their inhibitory potential of α-amylase. X-ray diffraction
and other spectro-analytical methods were employed to validate the structures of the
obtained compounds, which were prepared in excellent yields (70–83%). In addition to
validating X-ray data, DFT calculations also examined charge dispersion and reactivity,
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utilizing frontier molecular orbitals and molecular electrostatic potential (MEP) approaches.
α-amylase inhibition experiments were used to determine the enzymatic inhibitory capacity
of the produced compounds (41, 42, and 43). Compound 42 displayed a low IC50 value of
86.83 ± 0.23 µg/mL, which indicates its strong ability to inhibit α-amylase.
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The anti-diabetic properties of oxadiazole derivatives were studied in silico using the
DFT approach, employing the B3LYP version with compounds set by Ibrahim et al. [74].
Four models were generated using the Genetic Function Algorithm (GFA). Based on the
obtained results, researchers determined that Model 1 had the highest LOF (0.030552), R2
(0.09681), R2adj (0.09567), Q2CV (0.09364), and R2 (0.06969) values. Findings from molecu-
lar docking indicated that few ligands had the greatest docking scores of −9.9 kcal/mol
among the co-ligands. The docking ratings produced here were shown to be in concordance
with findings from previous studies. As a result of this work, anti-diabetic drugs with
improved inhibitory action against α-glucosidase could potentially be developed.

In order to investigate the sequential conversion of indolyl butanoic acid into 1,3,4-
oxadiazole-2-thiols, Nazir et al. [75] employed several chemical transformations. Several
different amine derivatives were reacted with 2-bromoacetyl bromide to serve as an elec-
trophile, leading to the production of 2-bromo-N-phenyl/arylacetamides in a series of
operations that ran in parallel with one another. A nucleophilic 1,3,4-oxadiazole-2-thiol
analogue was then applied to the electrophilic compounds to produce a variety of N-
substituted derivatives (compounds 44a and 44b, Figure 23). In this study, the anti-diabetic
potential of all produced compounds was first examined through the inhibition of the
α-glucosidase enzyme, and then by studying them in silico. In addition, their hemolytic
activity was used to determine their cytotoxicity profile, and all of the compounds were
shown to display minimal cytotoxicity. The most active compounds (44a and 44b) had IC50
values of 9.46 ± 0.03 µM and 9.37 ± 0.03 µM, respectively. As a result, they may serve in
future studies to develop more efficient anti-diabetic drugs, as they showed excellent to
moderate inhibitory potentials (IC50 = 12.68 ± 0.04 to 37.82 ± 0.07 µM, respectively).
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4. Structural Activity Relationship (SAR)

A brief structural activity relationship (SAR) is depicted in Figure 24. It was observed
that almost all the potent derivatives were found to hold substitutions with different hete-
rocyclic compounds or alkyl groups. Substitution with benzothiazoles and thiazolidinones
leads to potent in vivo activity and displays significant overall anti-diabetic activities. The
transformation of oxadiazole into the acetamido functional group has led to the devel-
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opment of potential anti-diabetic agents, which were revealed as excellent DPP-IV in-
hibitors. However, many more substitutions, such as aminophenyl, β-homophenylalanine,
coumarinyl, nitrobenzofuran, oxindole, trifluorophenyl-thiol, etc., could act as potential
anti-diabetic agents, and especially as potential DPP-IV inhibitors.
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5. Conclusion

1,3,4-Oxadiazole and 1,2,4-oxadiazole derivatives can be used in a variety of ways
within the medical sector. Oxadiazoles possess diverse pharmacological activities, in-
cluding anti-diabetic potential, and specifically acting as DPP-IV inhibitors. It has been
reported that oxadiazoles fused with benzothiazoles, 5-(2,2,2-trifluoroethoxy)phenyl, β-
homophenylalanine, 2-methyl-2-{5-(4-chlorophenyl), diamine-bridged bis-coumarinyl, 5-
aryl-2-(6′-nitrobenzofuran-2′-yl), nitrobenzofuran, and/or oxindoles demonstrate potential
anti-diabetic activities. Furthermore, the most potent derivatives were obtained by sub-
stituting sulfur-containing heterocyclic compounds, as the sulfur atom has the potential
to form interactions with the target enzymes. It was observed that almost all the potent
derivatives were found to possess substitutions with different heterocyclic compounds or
alkyl groups. Many of these derivatives induced strong conformational changes to the
DPP-IV enzyme, resulting in excellent anti-diabetic activity. From this analysis, we came
to the conclusion that oxadiazoles have properties that make them potent drugs. Further
research is needed to consider them as valuable drugs to treat diabetes, especially as DPP-IV
inhibitors. As discussed above, substitutions at the R1 and R2 positions leads to more
potent and effective DPP-IV inhibitors. It may be possible to design some potent derivatives
in future by appending different heterocyclic and alkyl groups at the R1 and R2 positions. It
is a great challenge to maintain the binding mode of the derivatives following substitutions.
After substitution, each derivative can be screened through molecular docking studies to
determine its ability to cause conformational changes in the DPP-IV enzyme.
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Abstract: Designing new synthetic strategies for indazoles is a prominent topic in contemporary
research. The transition-metal-catalyzed C–H activation/annulation sequence has arisen as a fa-
vorable tool to construct functionalized indazole derivatives with improved tolerance in medicinal
applications, functional flexibility, and structural complexity. In the current review article, we aim
to outline and summarize the most common synthetic protocols to use in the synthesis of target
indazoles via a transition-metal-catalyzed C–H activation/annulation sequence for the one-step
synthesis of functionalized indazole derivatives. We categorized the text according to the metal salts
used in the reactions. Some metal salts were used as catalysts, and others may have been used as
oxidants and/or for the activation of precatalysts. The roles of some metal salts in the corresponding
reaction mechanisms have not been identified. It can be expected that the current synopsis will
provide accessible practical guidance to colleagues interested in the subject.

Keywords: C–H functionalization; cyclization; indazole products; transition metals catalysis

1. Introduction

Nitrogen-based heterocyclic systems are commonly found in pharmaceutical agents and
natural products, and they have been intensively explored as new bioactive products [1–10].
Among them, the indazoles [11–16] are favored by synthetic and medicinal chemists, as
evidenced by their widespread abundance in pharmaceuticals and natural products. In
fact, products bearing the indazole segment have been found to show diverse biological
activities, including analgesic, anticancer, anesthetic, anti-inflammatory, antifungal, anti-
HIV, antiarrhythmic, and anti-emetic properties and high binding affinity for estrogen
receptors (Figure 1) [11,17–24]. Pazopanib with an indazole scaffold has been proven to be
a potent and selective multitargeted receptor tyrosine kinase inhibitor that inhibits tumor
growth [25]. Moreover, derivatives of indazole have been used as electronically active and
agricultural materials [26,27]. Indazoles are found in nature as well, and the structures of
three natural products containing the indazole scaffold, named nigellicine, nigellidine, and
nigeglanine, are illustrated in Figure 1 [11,28–31].

Notably, the known synthetic procedures toward indazoles may suffer from multistep
routes, severe conditions, and relatively low substrate diversity [32–34]. Therefore, con-
siderable attempts have been devoted to constructing these biologically critical scaffolds
more efficiently, although the exploration of novel atom-economical strategies to produce
these unique scaffolds is still a challenging topic. Recently, a transition-metal-catalyzed
C−H bond activation and cyclization sequence [35–40] has received significant attention to
provide these structures.
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Transition-metal-catalyzed C−H activation [41] and annulation sequences [37,42–48]
are powerful and reliable tools for the formation of complex molecular structures in an
efficient, economical, practicable, and straightforward manner [37,49]. These synthetic
strategies provide highly atom- and step-economic transformations for the development
of efficient synthetic procedures with high functional-group tolerance while avoiding the
excessive prefunctionalization of reactive centers. One major issue for these protocols
is the intrinsic inferior reactivity of C−H bonds, requiring harsh conditions to convert
substrates to the target products in satisfactory yields and resulting in low selectivities [50].
To solve this, the C−H activation of inactive arenes via a pendent chelating activator is an
efficient route that is additionally incurring site selectivity in C−H activation. Metal salts or
metal complexes have commonly been applied for these transformations. Thus, transition-
metal-catalyzed sequential C–H activation/annulation reactions of suitable substrates
with a variety of coupling partners have been applied to assemble complex indazole-
based architectures.

In 2018, a general review appeared on recent advances in various methods for the
synthesis of indazole derivatives, focusing on their biological activities [12]. Meanwhile, Li
et al. outlined the anticancer activity of indazole derivatives [51] while also summarizing the
synthetic protocols and structure–activity relationships of target products [51]. In 2021, Babu
et al. comprehensively covered the recent developments in the transition-metal-catalyzed
synthesis of indazoles [52]. An overview of the development of novel and green electrochem-
ical approaches in the functionalization of indazole derivatives was reported by Hajra in
2021 [53]. Moreover, a review article for approved marketed drugs containing indazole scaf-
folds as valid preclinical/clinical drug compounds was published by Wu et al. in 2021 [54].
Because of the significance of indazole heterocyclic systems as well as the rapid development
of strategies based on transition-metal-catalyzed sequential C–H activation/annulation for
the one-step synthesis of functionalized indazole derivatives, a dedicated comprehensive
overview would be timely and beneficial for future drug discovery.

Consequently, we aim to present a review arranged according to the various sorts of
metal salts or metal complexes applied in such transition-metal-catalyzed C–H activation
and annulation sequences. The purpose of the current overview is to report the recent
exploration in this area based on different transition metal catalysts derived from rhodium,
cobalt, palladium, rhenium, and copper. While covering the subject, a variety of examples
and selected mechanisms of reactions are discussed.

493



Molecules 2022, 27, 4942

2. Different Synthesis Routes for the Construction of Indazoles via
Transition-Metal-Catalyzed Sequential C–H Activation/Annulation
2.1. Synthesis of Indazoles Using Rhodium and Copper Salts

In 2016, a facile and efficient access to 1H-indazoles 3 was established through
Rh(III)/Cu(II)-catalyzed sequential C–H bond activation and intramolecular cascade annu-
lation. The reaction occurs at 80 ◦C within 24 h in PhCF3 as a solvent. A comprehensive
examination of this process was conducted using ethyl benzimidates 1 and nitrosobenzenes
2. A control experiment without adding Rh or Cu catalysts was then run to demonstrate
that this transformation could not proceed without either one of these catalysts. The au-
thors proposed a significant facilitation role of the bridging acetate ligand in the Rh2(OAc)4
structure for the C–H activation. Benzimidate scaffolds 1 with both electron-withdrawing
and electron-donating functional groups as well as halogens all worked well to afford the
desired products with moderate to high yields. Furthermore, imidate substrates 1 that bear
other alkyl esters as well as aryl substitution were transformed into the corresponding prod-
ucts 3 smoothly. Subsequently, a diverse range of nitrosobenzenes 2 with electron-donating
and -withdrawing groups at different positions of the aryl ring were also proven to be
viable substrates. Significantly, this transformation features satisfactory functional-group
tolerance with good to high yields (Scheme 1) [55].
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Scheme 1. A synthetic route for the preparation of 1H-indazole derivatives 3 from the reaction
between imidates 1 and nitrosobenzenes 2 in the presence of a rhodium/copper catalyst.

The mechanism for the formation of 1H-indazoles 3 through the reaction of imidates
1 with nitrosobenzenes 2 catalyzed by a rhodium/copper catalyst is given in Scheme 2.
A rhodacycle 5 is generated by the coordination of an imidate 1 to a catalyst 4 and C−H
activation. Subsequently, the migratory insertion of the Rh−C bond into the N=O group
yields a six-membered rhodacycle 6. In the next step, the protonolysis of the intermediate
6 delivers a hydroxylamine 7 along with a regenerated Rh(III) catalyst 4. In another
cycle, N−O oxidative addition is carried out using the Cu(I) catalyst to deliver a Cu(III)
organocupracycle 8. Finally, the dehydration of 8 and the reductive elimination of 9 take
place to form the N−N bond [55]. Although the authors reported intermediates 8 and 9, it
seems Cu(III) would involve a chloride or another negatively charged ligand attached to
copper in intermediates 8 and 9.

A Rh(III)-mediated substrate-controlled conversion of azobenzenes 10 and alkenes
11 to indazoles 12 was described via C–H functionalization and cyclization (Scheme 3).
First, 5 mol% of [Cp*RhCl2]2 and 200 mol% of Cu(OAc)2 as oxidant and DCE as solvent
were utilized to transfer azobenzenes 10 to indazoles 12 under nitrogen atmosphere in
good to excellent yields. To highlight the importance of having both metals present, no
desired compound was formed when either the Rh(III) as catalyst or Cu(II) as oxidant were
removed. The scope of this C–H functionalization/cyclization reaction with regard to both
azobenzenes 10 and alkenes 11 was screened. Acrylates 11 with different substitutions
efficiently proceeded to afford final products in satisfactory yields. However, phenyl
vinyl sulfone and dimethyl vinyl phosphonate did not react with its azobenzene partner
under optimized conditions. Azobenzene substrates possessing both electron-donating
and electron-withdrawing functional groups were well-tolerated, as evidenced by the
isolation of the desired products in moderate to good yields. The product with a stronger
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electron-withdrawing substituent (CF3) was formed only in a trace amount. Next, this
coupling reaction was applied to m- or o-substituted azobenzenes. The m-Me azobenzene
10 regioselectively resulted in the generation of the corresponding product 12 after reacting
at the less hindered position. However, the m-MeO azobenzene 10 led to a mixture of
two regioisomers 12. The treatment of symmetrical disubstituted azobenzenes 10 with
alkenes 11 enabled the C–H functionalization/cyclization sequence in good to moderate
yields, while unsymmetrically substituted azobenzene 10 afforded the corresponding
product 12, after reaction at the less hindered position, in a good yield. Surprisingly, 3-acyl
indazole products 12′ were achieved by performing the reactions under oxygen atmosphere.
The subsequent utilization of the present strategy could be a rapid and straightforward
approach for the synthesis of new functional and biologically active molecules [56].
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Scheme 3. A synthetic route for the transformation of azobenzene substrates 10 to indazole deriva-
tives 11 in the presence of a Rh(III) catalyst.

The mechanism for the synthesis of indazoles 12 from azobenzenes 10 is exhibited in
Scheme 4, which involves coordination, C−H activation, alkene coordination and insertion,
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β-hydride elimination, the insertion of a C=C bond into the Rh-N bond, and then aromati-
zation to produce indazoles. It was proposed that copper acetate plays its role in the step
of the β-hydride elimination to give indazoles [56].
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Scheme 4. A possible mechanism for the transformation of azobenzene substrates 10 to indazole
derivatives 12 in the presence of a Rh(III) catalyst.

A novel methodology for the synthesis of 2,3-dihydro-1H-indazoles 19 via the oxida-
tive olefination of 1,2-disubstituted arylhydrazines 18 with alkenes 11 through C(sp2)–H
bond functionalization pursued by an intramolecular aza-Michael transformation was
reported by Kim et al. A series of highly substituted 2,3-dihydro-1H-indazoles 19 with
different substituents were obtained in low to high yields in the presence of [RhCp*Cl2]2 as
a catalyst and Cu(OAc)2 as an oxidant in MeCN under air atmosphere at 100 ◦C for 20 h in
pressure tubes. The substrate scope was subsequently explored under this catalytic system,
as illustrated in Scheme 5. Various acrylates 11 and N′-methyl-N′-arylacetohydrazides
18 with both electron-donating and -withdrawing substituents at the para-site of the aro-
matic ring were explored, giving the desired products 19 via oxidative olefination and the
subsequent intramolecular cyclization in moderate to good yields. The functional-group
tolerance, especially to the bromo and chloro groups, provides a versatile synthetic pro-
tocol for the further functionalization of the 2,3-dihydro-1H-indazoles 19. Interestingly,
when meta-substituted arylacetohydrazides 19 were used as the reaction substrates, Rh(III)-
catalyzed oxidative coupling preferentially occurred at the less hindered site, providing
the corresponding products 19 in a regioselective manner. Moreover, ortho-substituted
compounds 18 afforded the desired products with slightly decreased effectivity, which
is presumably attributed to the steric effect of a substituent at the ortho-position. The
corresponding products 19 were further produced in low to high yields by the utiliza-
tion of diverse olefins 11. For acrylates containing -CO2Me, -CO2nBu, -CO2

tBu, -Bn, and
-CO2Ph as EWGs and acrylamide (containing -CONMe2 as an EWG), 2,3-dihydro-1H-
indazoles 19 were generated in high yields, while acrylonitrile 11 (containing -CN as an
EWG) and but-3-en-2-one 11 (containing -COMe as an EWG) were reacted with N′-methyl-
N′-phenylacetohydrazide with significantly decreased yield under the standard conditions.
In the case of acrylate containing an estrogen scaffold, the desired product 19 was obtained
in the reaction with N′-methyl-N′-phenylacetohydrazide. The bis-indazole 19aa was then
achieved in 63% yield by increasing the amounts of hydrazide, rhodium as a catalyst, and
copper as an oxidant [57].

496



Molecules 2022, 27, 4942

Molecules 2022, 27, x FOR PEER REVIEW 6 of 43 
 

 

pressure tubes. The substrate scope was subsequently explored under this catalytic sys-

tem, as illustrated in Scheme 5. Various acrylates 11 and N′-methyl-N′-arylacetohydra-

zides 18 with both electron-donating and -withdrawing substituents at the para-site of the 

aromatic ring were explored, giving the desired products 19 via oxidative olefination and 

the subsequent intramolecular cyclization in moderate to good yields. The functional-

group tolerance, especially to the bromo and chloro groups, provides a versatile synthetic 

protocol for the further functionalization of the 2,3-dihydro-1H-indazoles 19. Interest-

ingly, when meta-substituted arylacetohydrazides 19 were used as the reaction substrates, 

Rh(III)-catalyzed oxidative coupling preferentially occurred at the less hindered site, 

providing the corresponding products 19 in a regioselective manner. Moreover, ortho-

substituted compounds 18 afforded the desired products with slightly decreased effectiv-

ity, which is presumably attributed to the steric effect of a substituent at the ortho-posi-

tion. The corresponding products 19 were further produced in low to high yields by the 

utilization of diverse olefins 11. For acrylates containing -CO2Me, -CO2nBu, -CO2tBu, -Bn, 

and -CO2Ph as EWGs and acrylamide (containing -CONMe2 as an EWG), 2,3-dihydro-1H-

indazoles 19 were generated in high yields, while acrylonitrile 11 (containing -CN as an 

EWG) and but-3-en-2-one 11 (containing -COMe as an EWG) were reacted with N′-me-

thyl-N′-phenylacetohydrazide with significantly decreased yield under the standard con-

ditions. In the case of acrylate containing an estrogen scaffold, the desired product 19 was 

obtained in the reaction with N′-methyl-N′-phenylacetohydrazide. The bis-indazole 19aa 

was then achieved in 63% yield by increasing the amounts of hydrazide, rhodium as a 

catalyst, and copper as an oxidant [57]. 

 

Scheme 5. A synthetic route for the preparation of 2,3-dihydro-1H-indazole derivatives 19 from the 

reaction between 1,2-disubstituted arylhydrazines 18 and electron-poor alkenes 11 in the presence 

of a Rh(III) catalyst. 

The C–H bond activation of N′-alkyl-N′-arylacetohydrazide 18, followed by cycliza-

tion with a variety of acrylates, ethyl acrylate, methyl acrylate, n-butyl acrylate, t-butyl 

acrylate, phenyl acrylate, and benzyl acrylate 11, has been performed for the preparation 

of 2,3-dihydro-1H-indazoles 19 using a catalytic amount of [Cp*RhCl2]2 in the presence of 

Cu(OAc)2 and AcOH in DCE at 110 °C within 24 h under N2 atmosphere. As illustrated in 

Scheme 6, the structurally diverse alkenes 19 reacted with N′-methyl-N′-phenylacetohy-

drazide to afford indazole derivatives 19 in good to high yields. A series of the N′-alkyl-

N′-arylacetohydrazide derivatives 18 can smoothly be converted into corresponding 

Scheme 5. A synthetic route for the preparation of 2,3-dihydro-1H-indazole derivatives 19 from the
reaction between 1,2-disubstituted arylhydrazines 18 and electron-poor alkenes 11 in the presence of
a Rh(III) catalyst.

The C–H bond activation of N′-alkyl-N′-arylacetohydrazide 18, followed by cycliza-
tion with a variety of acrylates, ethyl acrylate, methyl acrylate, n-butyl acrylate, t-butyl
acrylate, phenyl acrylate, and benzyl acrylate 11, has been performed for the prepara-
tion of 2,3-dihydro-1H-indazoles 19 using a catalytic amount of [Cp*RhCl2]2 in the pres-
ence of Cu(OAc)2 and AcOH in DCE at 110 ◦C within 24 h under N2 atmosphere. As
illustrated in Scheme 6, the structurally diverse alkenes 19 reacted with N′-methyl-N′-
phenylacetohydrazide to afford indazole derivatives 19 in good to high yields. A series
of the N′-alkyl-N′-arylacetohydrazide derivatives 18 can smoothly be converted into cor-
responding products 19 with moderate to good yields as well. Disubstituted N′-alkyl-N′-
arylacetohydrazides and N′-alkyl-N′-arylacetohydrazides 18 bearing both electron-rich and
electron-deficient groups including methyl, methoxy, fluoro, chloro, and bromo on the aryl
ring all displayed moderate to good reactivities in the sequence smoothly furnishing the
desired indazoles 19. In the case of meta-substituted N′-alkyl-N′-arylacetohydrazides, the
reaction proceeded successfully at the less steric side of the arenes. Moreover, 18 containing
an ortho-substituent also participated in this reaction to afford the corresponding product,
although the yield greatly decreased. By having ethyl and n-butyl instead of methyl at the
N-atom, the corresponding products 19 were obtained in moderate yields. This transfor-
mation provided a practical procedure to achieve useful target products 19 through C–H
bond activation, featuring good to excellent yields with excellent regioselectivity, high atom
economy, and versatile derivatization [58].
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A catalytic reaction of 1-alkynylcyclobutanols 20 with pyrazolidinones 21 toward pyra-
zolo [1,2-a] indazoles 22 bearing a quaternary carbon was developed by Yu et al. in 2020.
The reaction proceeds through Rh(III)-catalyzed sequential C−H/N-H activation and ring
opening, followed by cyclization transformation in a one-pot process. This protocol provides
an efficient and atom-economical approach for the direct synthesis of pyrazolo[1,2-a] inda-
zoles 22 in high yields with exclusive regioselectivity under the optimized conditions (using
catalytic amounts of [Cp*RhCl2]2 and CuI in the presence of Na2CO3 in DCE at 50 ◦C within
12 h under Ar atmosphere) (Scheme 7). First, the reaction between 1-phenylpyrazolidin-
3-one 20 and 1-alkynylcyclobutanols 21 bearing several electron-rich and electron-poor
substituents at different positions on the phenyl ring was explored, affording the desired
products in good to high yields. When the standard reaction conditions were applied to
1-alkynylcyclobutanols 21 with para- and meta-substituted phenyl groups, high yields of
products were obtained. The usage of 1-(phenylethynyl) cyclobutanols 20 containing an
electron-poor or electron-rich group, including halide or methoxy at the ortho-position
of the benzene had little effect, and pyrazolo[1,2-a] indazole derivatives were achieved
with good yields. Even the substrates substituted with heterocyclic naphthyl, thienyl, and
pyridyl groups or alkyl groups could be used in the coupling reaction with satisfactory
yields. Surprisingly, by the replacement of the cyclobutanol moiety of 1-(phenylethynyl)
cyclobutanol with cyclohexanol, a seven-membered ring product 22a was obtained with
good yield. In order to better understand the substrate scope of this [4 + 1] cyclization
and ring opening, a series of N-arylpyrazolidinones 20 were further tested under standard
conditions. The coupling transformations proceeded successfully to form the desired inda-
zoles 22 in moderate and high yields by the introduction of substituents such as -Cl, -Br,
-CN, -Me, or -OMe at the para-site and -Cl, -Br, -Me, -OMe at the meta-site of the aryl ring.
The m-OMe-substituted pyrazolidinone 20 displayed slightly lower regioselectivity for this
reaction. Two pyrazolidinones substituted at the 3- and 5-positions were examined, and
these delivered the desired products in reasonable yields. However, the [4 + 1] annulation
and ring opening failed to form the corresponding products 22 when the ortho-substituted
pyrazolidinones 20 possessing steric hindrance were exploited. No product was formed by
the replacement of the phenyl moiety of pyrazolidinone 20 with a pyridyl group. The current
procedure showed high functional-group tolerance and great efficiency, providing a variety
of corresponding compounds 22 in moderate to good yields under mild conditions [59].
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2.2. Synthesis of Indazoles Using Ruthenium Salt in the Presence of Sodium Acetate

Ru(II)-catalyzed tandem ortho-carbonylation/amidation/cyclization of 2-aryl-2,3-
dihydrophthalazine-1,4-diones 23 has been developed towards the direct assembly of
substituted indazolo[1,2-b]phthalazine-triones 25. The reaction conditions involve [RuCl2
(p-cymene)]2 (5 mol%) and NaOAc (50 mol%) in DCE as a solvent at 40 ◦C within 4 h under
N2 atmosphere (Scheme 8). The scope and limitations of this tandem ortho-carbonylation/
amidation/cyclization strategy with respect to 2-aryl-2,3-dihydrophthalazine-1,4-diones
23 have been explored. In general, good to high yields of the corresponding products
were achieved by using meta- and para-substituted substrates 23 with both electron-rich,
electron-poor, and halogen functional groups. However, the substrates 23 substituted at
the ortho site underwent this tandem reaction only under harsh reaction conditions (DCE
at 120 ◦C for 6 h) to afford the products in moderate to high yields. Plus, disubstituted
substrates 23 with substituents located at the meta- and para-sites were amenable to give
the desired products in DCE at 40 ◦C within 4 h, although the substrate with substituents
located at the ortho- and para-sites gave the targeted product in DCE only after heating
at 120 ◦C for 6 h. In the case of 6/7-substituted phthalazine derivatives (phthalazine
scaffold with 6/7-Me, 6/7-MeO, 6/7-t-butyl, 6/7-Br, 6/7-F, and 6/7-Cl), mostly inseparable
mixtures of the corresponding products 25a–f were obtained. Indeed, a mixture of products
was obtained, as a mixture of the starting materials was applied in the reaction.
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Scheme 8. A synthetic route for the preparation of indazolo[1,2-b]phthalazine-trione derivatives 25
from the reaction between 2-aryl-2,3-dihydrophthalazine-1,4-diones 23 and isocyanates 24 under
ruthenium catalysis.

Phenylhydrazines containing 5-methyl, 5-methoxy, 5-t-butyl, 5-bromo, and 4-fluorophthalic
anhydrides provided inseparable mixtures of 6/7-methyl, 6/7-methoxy, 6/7-t-butyl, 6/7-
bromo, and 5/8-fluoro-2-phenyl-2,3-dihydrophthalazine-1,4-diones 25a–e, while phenyl-
hydrazine condensation products with 4-chlorophthalic anhydrides provided 5/8-chloro-
2-phenyl-2,3-dihydrophthalazine-1,4-dione 25f as a single regioisomer. The amino, nitro,
trifluoromethyl, or cyano functional groups on aryl/phthalazinone moieties did not work
under the optimized reaction conditions [21].

A plausible mechanism for this reaction is illustrated in Scheme 9. Initially, an ac-
tive catalyst was formed in situ from [RuCl2(p-cymene)]2 using NaOAc. The monomeric
[RuIIOAc2(p-cymene)] species transferred to 26 via a ligand exchange with N-H of 23,
followed by C−H metalation to deliver a five-membered ruthenacyclic complex 27. The
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catalytic center was then coordinated by the C=N double bond of aryl isocyanate 24. Next,
the migratory insertion of –C=N into a Ru-Ar bond gives a seven-membered ruthenacyclic
complex 29. The protonolysis of the two nitrogens in intermediate 29, followed by an in-
tramolecular nucleophilic substitution, provided a tetracyclic carbocyclized product 25 [21].
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Scheme 9. A rational mechanism for the synthesis of indazolo[1,2-b]phthalazine-trione derivatives
25 from the reaction between 2-aryl-2,3-dihydrophthalazine-1,4-diones 23 and isocyanates 24 under
ruthenium catalysis.

2.3. Synthesis of Indazoles Using Rhodium Complexes and Silver Salts

An interesting methodology for the synthesis of 3-acyl-2H-indazoles 33 was performed
using a Rh(III)-catalyzed tandem C–H alkylation/intramolecular decarboxylative cycliza-
tion of azoxy compounds 31 with diazoesters 32. The combination of catalytic amounts of
[Cp*RhCl2]2/AgSbF6 in the presence of PivOH in DCE/dioxane plays a crucial role to afford
the corresponding products at 130 ◦C within 24 h. In this research, azoxy scaffold 31 was
introduced as an incorporated directing group for regio- and chemoselective [4 + 1] cycliza-
tion, which could be promoted by diverse symmetrical and unsymmetrical di- and mono-
aryldiazene oxides. The feasibility of the coupling of symmetrical and unsymmetrical di-
and mono-aryldiazene oxides with diazoesters 32 was explored under standard conditions.
First, several diazoesters 32 were investigated, affording H-indazoles. While the diisopropyl
2-diazomalonate led to a high yield, diazoester containing t-Bu led to a moderate yield, as-
sumably owing to the easy hydrolysis of this functional group under the optimized reaction
conditions. Moreover, α-diazo-β-keto esters participated in this annulation to the correspond-
ing products in good to high yields. Generally, a wide range of functional-group tolerance
for both α-diazo-β-alkyl keto esters and α-diazo-β-(hetero)aryl keto esters highlights this
strategy for the regio- and chemoselective synthesis of 2H-indazoles. However, when dia-
zoesters with N-heterocycles, including methyl 2-diazo-3-oxo-3-(pyridin-2-yl)propanoate,
methyl 2-diazo-2-(pyridin-2-yl)acetate, and methyl 2-(benzo[d]thiazol-2-yl)-2-diazoacetate,
were used under optimized reaction conditions, no product was formed. The diazo reagents
including EtO2C-CHN2, EtO2C-C(CH3)N2, EtO2C-CPhN2, and EtO2C-C(CF3)N2 also did
not work with this catalytic system. While symmetrical azoxybenzenes substituted at the
ortho, meta, and para-positions of aryl rings could be applicable in this reaction, azoxyben-
zenes substituted at the meta-position of aryl rings delivered a fairly low yield, conceivably
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because of steric congestion. The azoxybenzenes substituted at the ortho-position could be
exploited as coupling partners, with coupling occurring exclusively in the sterically less hin-
dered site. Some more complex molecules 33a–e are shown in Scheme 10. The advantages
and benefits of this transformation are regioselectivity for unsymmetrical azoxybenzenes
and the compatibility of monoaryldiazene oxides [60].
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Scheme 10. A synthetic route for the preparation of 2H-indazoles derivatives 33 via the regio- and
chemoselective [4 + 1] annulation of azoxy compounds 31 with diazoesters 32 under rhodium catalysis.

The rhodium(III)-catalyzed synthesis of indazole derivatives 36 has been realized
through an intermolecular C–H amination and N–N bond formation sequence starting
from readily available ketoxime ethers 34 and 4-toluenesulfonamide 35a (Scheme 11). All
reactions were carried out using 2.5 mol% of [Cp*RhCl2]2 as a catalyst, 0.6 mmol PhI(OAc)2,
and 10 mol% of AgSbF6 in trifluoroethanol (TFE) at 90 ◦C for 24 h. First, the functional-
group tolerance of the ketoxime derivatives 34 was explored under optimized reaction
conditions. Although the reaction of meta- or para-nitro-substituted acetophenone oxime
derivatives was successfully carried out to afford moderate to good yields of desired prod-
ucts, the 2-nitrobenzaldehyde oxime methyl ether only gave the corresponding indazole 36
in a moderate yield due to steric effects on the aryl ring. The unsubstituted acetophenone
oxime derivatives were all suitable for this system, leading to desired indazoles in satis-
factory yields. In the next step, both p-ester- and cyano-substituted acetophenone oxime
ethers were proven to be appropriate substrates for this transformation as well. The ace-
tophenone oxime derivative exhibited less efficacity in this oxidative annulation, affording
the expected indazole in a 15% yield. Afterward, the authors investigated more amides to
address the low reactivity of 4-toluenesulfonamide 35a in this reaction. The results showed
that phenylsulfonamides 35b containing electron-deficient substituents produced better
yields of the target indazoles 36. Several substituted acetophenone oxime ethers 34 derived
from propiophenone, n-butyrophenone, cyclopropyl phenyl ketone, and diphenylketone
exhibited good compatibility for the reaction with 4-nitrobenzenesulfonamide 35b. Notably,
substituents such as F, Br, I, and CF3 on the aromatic ring of the acetophenone oxime ethers
all survived the reaction conditions, affording the desired products 36 in good yields. To
sum up, a broad range of substituents were possible with this catalytic system, producing
different functionalized indazoles with acceptable yields [61].
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Scheme 11. A synthetic route for the preparation of indazoles derivatives 36 via the oxidative
annulation of ketoxime methyl ethers 34 with sulfonamide 35a–b under rhodium catalysis.

The mechanism involves (Scheme 12) the electrophilic activation of Rh by chloride
removal with the silver salt, the coordination of ketoxime ether 34 with an active catalyst,
and C−H activation, respectively, to form the complex 37. This complex is oxidized in
the presence of in situ-generated iodonium 38 to give the complex 39. In the next step,
migratory insertion and releasing [Cp*Rh](SbF6)2 as the active complex occurs to form 41.
Finally, target product 36 is obtained via the reaction with iodobenzene diacetate [61].
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annulation of ketoxime ethers 34 with sulfonamide 35 under rhodium catalysis.

2.4. Synthesis of Indazoles Using Rhodium and Silver Salts in the Presence of Lithium Acetate

The synthesis of C3-unsubstituted and C3-trifluoromethylated (2H)-indazoles starting
from azobenzenes 10 and paraformaldehyde 42 as a useful C1-feedstock under rhodium
catalysis was reported by Kim et al. in 2019. The strategy was also successfully expanded
to C−H activation/annulation reactions of azobenzenes 10 with trifluoroacetaldehyde
hemiacetal 44. The optimized conditions for the synthesis of (2H)-indazoles 43 and 45 from
azobenzenes 10 included 2.5 mol% of [RhCp*Cl2]2, 10 mol% of AgSbF6, 30 mol% of LiOAc,
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and 30 mol% of Ag2CO3 in DCE as a solvent at 120 ◦C for 12 h (or 150 ◦C for 20 h) under
air atmosphere in sealed reaction tubes. LiOAc and AgSbF6 were used to activate the Rh
catalyst by forming [Cp*Rh(III)(OAc)]SbF6. Various symmetrical ortho-, meta-, and para-
disubstituted azobenzenes underwent coupling, with paraformaldehyde 42 showing good
functional-group tolerance. While symmetrical 2,5-disubstituted azobenzenes (5-fluoro-2-
methyl azobenzene and 5-chloro-2-methyl azobenzene) were well-tolerated and the desired
products were obtained in 58% and 12% yields, respectively, sterically congested 2,5-
dimethyl azobenzene failed to afford the corresponding product. In the next step, several
unsymmetrical azobenzenes were screened as substrates, and the products 43a–d and
43a’–43d’ were obtained (Scheme 13). Notably, the steric environment of the azobenzene
orients the formation of desired products 43e–f. The substrate scope of this reaction was
further expanded to trifluoroacetaldehyde ethyl hemiacetal 44 to produce a range of C3-
CF3-substituted (2H)-indazoles 45 in moderate to high yields. This conversion efficiently
afforded several C3-unsubstituted and C3-trifluoromethylated (2H)-indazoles 43 and 45,
which are important molecules in organic chemistry and pharmaceutical sciences. The
practicability of this approach is highlighted by its chemoselectivity, functional-group
tolerance, and wide substrate scope [62].
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2.5. Synthesis of Indazoles Using Rhodium and Silver Salts in the Presence of Sodium Acetate

Yu’s group developed an efficient and novel Rh(III)-catalyzed annulation transfor-
mation between phthalazinones/pyridazinones 23 and 46 and different allenes 47 into
indazole derivatives 48 containing a quaternary carbon (Scheme 14). A C–H activation and
olefin insertion sequence, followed by β-hydride elimination and intramolecular annula-
tion occurs to produce indazole derivatives 48 using a catalytic amount of [Cp*RhCl2]2
in the presence of AgOAc in MeCN at 100 ◦C within 12 h under air atmosphere. The
active Rh catalyst is formed in situ by the ion exchange of chloride to acetate involving
[Cp*RhCl2]2 and AgOAc/NaOAc. In other words, acetate ions replace chloride ligands
to give [Cp*Rh(OAc)2]2. N-Aryl phthalazinone and pyridazinone substrates bearing a
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range of electron-rich electron-poor substituents at different positions could deliver the
corresponding products in satisfactory yields. The [4 + 1] cyclization of the substrate
substituted by methyl at the ortho-position of the N-aryl affords the desired product in
only a 26% yield because of steric hindrance. On the other hand, the reaction of the N-aryl
substrate with methyl at the meta-position demonstrated remarkable reactivity and excel-
lent chemoselectivity, while the corresponding meta-methoxy analogs gave an isomeric
mixture in a 9:1 ratio. Para-substituted N-aryl phthalazinone substrates 23 with a variety
of electron-rich and electron-poor functional groups can be easily transformed into the
desired indazoles 48 in good to high yields under standard reaction conditions. It is worth
noting that the substrate substituted by two methyl groups at the 3 and 5 positions of
the N-aryl segment worked well to give the corresponding product in a good yield. The
products 48a and 48b could be formed with moderate selectivity (1:1). The products 48c
and 48d were also obtained under standard conditions. The target compounds 48e–m were
also achieved via this [4 + 1] cyclization in good yields. The substrate scope of a variety of
allenes 47 substituted by several electron-donating or electron-deficient groups at different
positions gave the corresponding products in acceptable to high yields. 1-Naphthyl- or
2-naphthyl-group-substituted allenes and aliphatic allene were also well-tolerated under
these reaction conditions, thus producing the corresponding indazoles 48n–q in good to
high yields. Notably, a long-chain aryl-substituted substrate yielded the desired product
48q with good selectivity (E/Z = 9:1) in a high yield. Finally, 1,1,4-trisubstituted and sim-
ple aliphatic allenes containing an ester group did not work under optimized reaction
conditions. The approach successfully tolerates different substituents on the starting phtha-
lazinones/pyridazinones and allenes and features practicability, high atom efficiency, and
high Z-selectivity [63].

The synthesis of C3-hydroxymethylated (2H)-indazoles 50 can be achieved through a
subsequential Rh(III)-catalyzed C–H functionalization/intramolecular cyclization between
azobenzenes 10 and vinylene carbonate 49 using catalytic amounts of [RhCp*Cl2]2, AgSbF6,
and NaOAc in DCE at 80 ◦C within 14 h under air atmosphere in pressure tubes (Scheme 15).
The electronic properties of the azobenzene rings can orient towards the construction
of (2H)-indazoles 50 or the isomeric dihydrocinnolin-4-ones 51. It is worth noting that
the vinylene carbonate substrate plays a significant role in the promotion of the [4 + 1]
or [4 + 2] cyclization. The substrate scope and limitations of the azobenzenes 10 were
tested under optimized reaction conditions. The coupling transformations were successful
for ortho-substituted azobenzenes containing electron-donating substituents, obtaining
moderate to high yields of C3-hydroxymethylated (2H)-indazoles. This catalytic system
allows moderate functional-group tolerance, particularly for –F, –Cl, and –Br substituents.
No corresponding product 50a was formed by the utilization of sterically congested 2,5-
dimethyl-substituted azobenzene. Meta- and para-methyl substituted azobenzenes were
also applicable using this catalytic system, although the desired products 50b and 50c
were obtained with relatively low yields. Moreover, para-OMe azobenzene was proven
to be an efficient substrate, producing 50d in good yield. This exploration was further
extended to the coupling of unsymmetrical azobenzenes with vinylene carbonate 49. For
example, azobenzenes containing electron-donating substituents on both aryl rings afforded
almost equimolar ratios of 50e and 50e’ under standard conditions. In the case of other
unsymmetrical azobenzenes, the transformation mainly occurred on the more electron-
donating aromatic ring, as for 50f (50f’) and 50g (50g’). Furthermore, it was shown that
no C3-hydroxymethylated (2H)-indazole was obtained using azobenzenes containing
electron-poor substituents, and only 2,3-dihydrocinnolin-4-ones 51 were formed via [4 + 2]
annulation transformation. When unsubstituted azobenzene was used as a substrate in the
reaction, a mixture of both (2H)-indazole and 2,3-dihydrocinnolin-4-one was produced. The
notable benefits of this methodology are mild reaction conditions and excellent functional
group compatibility, thus furnishing easy access to a series of indazoles of interest in organic
chemistry and pharmacy [64].
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The mechanism for the synthesis of (2H)-indazoles 50 via the annulation of azoben-
zenes 10 with vinylene carbonate 49 under Rh(III) catalysis is illustrated in Scheme 16. First,
the active catalyst is formed from [RhCp*Cl2]2 and AgSbF6 in the presence of NaOAc. The
C−H bond of azobenzene 10 is activated to deliver a five-membered rhodacycle interme-
diate 52. Subsequently, complex 52 undergoes olefin coordination, migratory insertion,
and protonation to afford the ortho-alkylated compound 55. In the next step, Ag+ acts
as a Lewis acid to activate the nucleophilic substitution of an azo group at the α-position
on the dioxolan-2-one scaffold, followed by an aromatization transformation to produce
(2H)-indazole 50 [64].
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2.6. Synthesis of Indazoles Using Rhodium and Silver Salts in the Presence of Zinc Acetate

The commercially available [Cp*RhCl2]2 has been exploited as a catalyst for the reac-
tion of phenylhydrazines 58 with 1-alkynylcyclobutanols 21 in the presence of SbF6 and
Zn(OAc)2 in toluene at 50 ◦C for 24 h under Ar atmosphere (Scheme 17). Apparently, the
reaction proceeds via a hydrazine-directed C–H functionalization process. This catalytic
system provided an efficient protocol to produce 1H-indazole derivatives 59 via [4 + 1] an-
nulation based on the cleavage of an alkyne bond with good functional group compatibility
and moderate to good yields. First, the substrate scope of 1-arylethynyl cyclobutanols 21
was investigated, and all the results showed that 1-arylethynyl cyclobutanol derivatives
containing both electron-deficient and electron-rich substituents on the para- or meta-sites
of the benzene ring could afford the corresponding indazoles 59 in acceptable yields. It was
found that di-fluoro or 2-thienyl substituted substrates could deliver the corresponding
indazole in satisfactory yields using AgNO3 instead of AgSbF6. In the next step, several
arylhydrazines substituted at the position of the aryl-linked nitrogen were screened. While
1-ethyl and 1-benzyl phenylhydrazines delivered the corresponding indazoles 59 in good
yields, the N-phenyl substituted substrate did not work in this reaction, presumably be-
cause of its higher steric hindrance. Arylhydrazines containing halides such as F, Cl, and Br
as well as electron-rich substituents such as Me and OMe provided the desired products in
satisfactory yields. Notably, 1-alkyl-1-phenylhydrazines substituted at the ortho-position
were compatible under optimized reaction conditions [65].
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Scheme 17. A synthetic route for the preparation of 1H-indazoles 59 via hydrazine-directed C−H
functionalization with 1-alkynylcyclobutanols 21.

The first step of the mechanism comprises the activation of a rhodium catalyst us-
ing AgSbF6/Zn(OAc)2. In the case of Zn(OAc)2, apparently the zinc ion itself plays no
role, and only the acetate ion activates the Rh catalyst (Scheme 18). Then, the hydrazine
group of 58 coordinates to the metal center of this active complex. Next, C(aryl)−H ac-
tivation, regioselective migratory insertion, and β-carbon elimination happen to form a
six-membered rhodacycle intermediate 63. In the next step, an intramolecular nucleophilic
attack of phenyl hydrazine nitrogen on rhodium(III) ion affords intermediate 64. Finally,
the target molecule 59 is formed via an intramolecular Michael addition, a proton transfer,
and releasing a rhodium-carbene 67 [65].
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functionalization with 1-alkynylcyclobutanols 58.

2.7. Synthesis of Indazoles Using Rhodium and Silver Salts in the Presence of Magnesium Sulfate

A convenient transformation for the construction of substituted N-aryl-2H-indazole
derivatives 71 through the reaction of azobenzenes 10 with aldehydes 70 in a simple, effi-
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cient, and one-step process was reported by Ellman et al. in 2013 (Scheme 19). The reactions
proceeded well to give the corresponding indazoles 71 by Rh(III)-catalyzed C–H bond
functionalization and cyclative capture. The reaction of azobenzene with benzaldehyde
was promoted by 5 mol% (Cp*RhCl2)2 and 20 mol% AgSbF6 in dioxane at 80 ◦C for 24 h.
Whereas the unsymmetrical para-nitro azobenzene provided major product 71a by annu-
lation on the more electron-rich phenyl ring of the azobenzene, 4-methoxy-substituted
azobenzene produced a mixture of products 71b and 71b′ in low selectivity in which a C−H
activation/annulation sequence occurred on the less electron-donating phenyl ring of the
azobenzene. In contrast to para-nitro substituted azobenzene, the 3-methoxy substituted
substrate afforded a mixture of products with 9:1 regioselectivity, favoring 71c′ with C−H
activation on the more electron-donating phenyl ring. This fact displayed the capacity
of meta-MeO for supplying resonance stabilization. The high regioselectivity observed
for the synthesis of products 71d–f indicated that steric effects are important. In the case
of hydroxy-substituted azobenzene, the yield of product 71f could be improved by the
utilization of MgSO4 as a drying agent and THF as a solvent. Next, aromatic aldehydes
bearing both electron-deficient and electron-donating substituents proved to be suitable
in the reaction with a 4-hydroxy-3,5-dimethylphenyl azobenzene substrate, leading to
good to high yields of products 71h–v. Notably, aliphatic aldehyde provided the desired
indazole 71n in a low yield. This reaction offers remarkable advantages, including the
simplicity of the reaction, excellent regioselectivity, good functional-group tolerance, and
the exploitation of commercially available materials [66].
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Scheme 19. A synthetic route for the preparation of indazole derivatives 71 via C−H bond function-
alization and cyclative capture.
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2.8. Synthesis of Indazoles Using Ruthenium and Copper Salts in the Presence of Potassium
Hexafluorophosphate

A Ru-catalyzed cascade reaction between N-aryl phthalazinediones 23 or N-aryl
pyridazinediones 46 with acrylates proceeded through a subsequential oxidative alkeny-
lation/intramolecular cyclization in aqueous media as a green solvent (Scheme 20). All
reactions proceeded successfully in the presence of [RuCl2(p-cymene)]2 (5 mol%) as a
catalyst, KPF6 (10 mol%) as an additive, and Cu(OAc)2·H2O (1 eq) as an oxidant to provide
moderate to high yields of products. The limitations and diversity of this alkenylation–
annulation via C–H bond activation were explored with respect to N-aryl phthalazine-
dione 23 and N-aryl pyridazinediones 46 derivatives. N-Aryl phthalazinediones 23 and
N-aryl pyridazinediones 46 containing electron-deficient or electron-rich substitutions
on the aromatic rings afforded the desired indazole derivatives 72 with moderate to ex-
cellent yields. The reaction conditions did not work for methyl methacrylate. Moder-
ate yields of desired products 74a and 74b were achieved by using substrates bearing a
pyrazolidinone scaffold [67].
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alkenylation–annulation approach.

Subsequent oxidative vinylation and annulation are the key steps for this transforma-
tion. A possible mechanism for the reaction is shown in Scheme 21. The transformation
is initiated by N–H assisted C–H bond ruthenation of compound 23 or 46 to construct a
ruthenacycle complex 74. Next, migratory insertion, β-hydride-elimination, and reduc-
tive elimination occurred to form alkenylated product 78. Eventually, an intramolecular
aza-Michael addition reaction took place to produce the target indazoles 72 or 73 [67].
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2.9. Synthesis of Indazoles Using Rhodium, Copper, and Silver Salts

In 2013, Glorius and co-workers developed a process involving Rh(III)-catalyzed C–
H activation/C–N bond formation and Cu-catalyzed N–N bond formation under mild
reaction conditions for the synthesis of substituted 1H-indazoles 80 using [Cp*RhCl2]2,
Cu(OAc)2, and AgSbF6 catalysts and molecular oxygen as the oxidant (Scheme 22). For the
first time, in this study, it was possible to perform the transformation of N-H-imidates 1 to
corresponding compounds 80. Diverse arylsulfonyl azide derivatives 79 with 4-Me, 4-OMe,
4-NO2, 4-F, 4-Cl, and 4-Br as substituents as well as alkylsulfonyl azides 79 (R2 = Bn, Bu)
demonstrated moderate to high reactivity in this conversion. Several arylimidates were
exploited to explore the reactivity of different substituents in the alkoxy and arene parts. The
ethylimidate 1 (R4 = OEt) revealed a more satisfactory yield than methyl 1 (R4 = OMe) and
isopropyl 1 (R4 = O-i-Pr) derivatives. Contrary to the electron-donating arylimidates, the
electron-withdrawing imidates afforded better yields for this transformation. This cascade
reaction is practical, scalable, and green, using O2 as the stoichiometric oxidant. In addition,
only N2 and H2O are the byproducts of this reaction. It is worth noting that indazole was
formed with a <5% yield when omitting either of the Rh or Cu catalysts for the model
reaction, denoting the important role of these two catalysts in the mechanism cycle [68].

Mechanistically, the construction of indazoles 80 comprises the steps shown below in
Scheme 23. First, the active catalyst (cationic [Cp*RhIII]) is obtained in situ using AgSbF6
to remove the chloride. Subsequently, coordination to imidate 1 and C−H activation are
performed by the active catalyst to give rhodacyclic complex 81. The coordination of azide
substrate 79 to the catalyst followed by nitrogen loss and migratory insertion yields RhIII

amido species 83. The resulting intermediate 83 is protonated to regenerate the active
catalyst and provide the amidated compound 84. In the next step, the resulting compound
may coordinate to the copper source to form intermediate 85. The authors considered two
paths for the continuation of the mechanism. In route A, the CuII complex is transferred to
a higher valent CuIII complex in the presence of another molecule of Cu(OAc)2 or O2. Next,
the construction of the N−N bond via reductive elimination formed the target compound
80. In the final step, CuI complex 87 is transformed to Cu(OAc)2 in the presence of O2.
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As shown in Scheme 23, the alternative route B is able to produce a N−N bond through
double single-electron transfer [68].
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An efficient strategy for the synthesis of 3-acyl-(2H)-indazoles 90 via an Rh(III)/Cu(II)-
catalyzed [4 + 1] annulation of azobenzenes 10 with α-carbonyl sulfoxonium ylides 89 has
been developed by Cheng et al. (Scheme 24). The sequential catalytic aromatic C–H bond
activation and cyclization steps in which sulfoxonium ylides 89 served as efficient and
stable carbene precursors are highly important in the chemical synthesis of the correspond-
ing indazoles 90. The model reaction produced 3-acyl-(2H)-indazole in a 20% yield in the
absence of Cu(OAc)2 in DCE under air at 100 ◦C within 24 h. The scope and limitation of
azobenzene derivatives 10 and α-carbonyl sulfoxonium ylide derivatives 89 as starting ma-
terials were explored, as illustrated in Scheme 24. Some functional groups on azobenzene
rings, such as methyl, methoxy, Cl, F, i-Pr, and Br, were very compatible under the opti-
mized reaction conditions with moderate to high yields. The reaction progressed efficiently
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by using sterically hindering substituents on the azobenzene ring under standard reaction
conditions. As expected, with m-substituted substrates, the corresponding indazole deriva-
tives were produced at the less hindered position. Unfortunately, the 4-nitro analogue of
azobenzene failed to work. Unsymmetrical azobenzenes with Me and MeO groups were
also explored, indicating the orientation of electron-rich aryl rings for the C−H activation
and cyclization transformations. Next, sulfoxonium ylides with both electron-donating
and electron-withdrawing substitutions were investigated. Several substitutions such as
Me, MeO, Cl, NO2, and t-Bu as well as alkyl- and heteroaryl-substituted analogues were
found to be appropriate under standard reaction conditions. The reaction displayed a broad
substrate scope, moderate to excellent yields, and tolerance to various substituents [69].
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Scheme 24. A synthetic route for the preparation of 3-Acyl-(2H)-indazoles 90 via the [4 + 1] annulation
of azobenzenes 10 with α-carbonyl sulfoxonium ylides 89.

Initially, the catalyst is activated in the presence of AgSbF6. Next, the Rh(III) catalyst
activates the C−H bond of azobenzenes 10 to deliver five-membered cyclorhodium species
91. Rh(III) intermediates 92 are generated by the insertion of sulfoxonium ylides 89 to the
rhodium species. Six-membered rhodacycle species 94 are obtained via the α-elimination
of DMSO followed by the migratory insertion of carbene complex 93. The sequence of
keto-enol tautomerization, the insertion of a C=C bond into the Rh-N bond, and the
oxidation/aromatization in the presence of a copper catalyst produces 95, 96, and final
products 90, respectively (Scheme 25) [69].

The Rh(III)-catalyzed ortho-C−H bond activation of azobenzenes 10, followed by the
intramolecular annulation transformation of azobenzenes 10 between sulfoxonium ylides
89, has been reported for the synthesis of 2H-indazole derivatives 90 in good to excellent
yields with broad substrate scope, good selectivity, and good functional-group tolerance
(Scheme 26). The combination of [RhCp*Cl2]2, AgSbF6, Cu(OAc)2, CuCO3·Cu(OH)2, and
DCE at 110 ◦C for 24 h under air atmosphere in reaction tubes was found to be effective for
this transformation. Next, the scope of these annulation reactions was examined, and the
results are summarized in Scheme 26. The reactions using electron-rich para-substituted
azobenzenes (such as Me, Et, and t-Bu) afforded the expected indazoles in excellent yields.
Furthermore, the electron-rich meta- and ortho-substituted azobenzenes (such as OMe
and Br at the meta-position or OMe, Me, and Et at the ortho-position) were explored,
and a variety of indazoles were successfully produced in good to excellent yields. An
electron-deficient azobenzene (CO2Et at the para-position) was also applicable to this
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reaction, which afforded the corresponding product in a moderate yield, while electron-
deficient meta-substituted azobenzenes (Br and F in the meta-position) were proven to be
relatively less efficient for this transformation. Although a sterically congested disubstituted
azobenzene (two methyl groups at the 2- and 5-positions) did not give the desired product,
by employing disubstituted azobenzenes (two methyl groups at the 2- and 4-positions or
two methyl groups at the 2- and 3-positions) as substrates, the corresponding products
were achieved in good yields. The steric congestion of product 90f may be the reason of
why 2,5-disubstituted azobenzene did not work in the reaction [70].
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A plausible reaction mechanism for the Rh(III)/Cu(II) catalyzed synthesis of indazoles
90 is shown in Scheme 27. The mechanism comprises the coordination of the azo group
to the Rh(III) catalyst, C–H bond activation, the coordination of sulfoxonium ylides 89,
and the α-elimination of DMSO to give a reactive α-oxo Rh-carbene species 93. In the
next step, migratory insertion and, subsequently, protonation occur to provide 97. Base-
mediated intramolecular annulation and oxidation by copper or O2 take place to afford
3-acyl (2H)-indazoles 90 [70].
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reaction of azobenzenes 10 with sulfoxonium ylides 89.

The successful use of N-nitrosoanilines 100 in which the N-nitroso group plays a dual
role as a traceless directing group and an internal nitrosation reagent in the reaction with
several sulfoxonium ylides 89 through the Rh(III)/Cu(II)-catalyzed C–H activation and
cyclization reaction was demonstrated by Huang et al. in 2020 (Scheme 28). Thus, the
subsequent oxidative [4 + 1] annulation reactions of various N-nitrosoanilines 100 with
sulfoxonium ylides 89 were conducted using Cp*Rh(OAc)2 · H2O (10 mol%), Cu(OAc)2
(0.5 eq), and Ag2O (1 eq) in TFE at 100 ◦C for 10 h. This simple and efficient strategy
could be utilized for the synthesis of diverse substituted indazole N-oxides 101 with pow-
erful reactivity, good functional-group tolerance, moderate to good yields, and atom- and
step-economic reactions under mild conditions. Notably, this unique annulation approach
indicates a previously unobserved reactivity model for the N-nitroso functional group. The
scope and limitations of this cascade acylmethylation/annulation transformation were
tested using the reaction of a variety of N-nitrosoanilines 100 and sulfoxonium ylides 89.
In general, a diverse array of functional groups (various electron-donating groups and
halides) on the o-, m-, and p- positions of N-nitrosoaniline rings were possible under these
conditions. In the case of m-Cl-substituted N-nitrosoanilines, a mixture of regioisomers was
obtained. N-nitrosoanilines bearing two substituents exhibited moderate performances,
providing desired products 101a and 101b. N-alkyl-N-nitrosonaphthylamines with differ-
ent alkyls substituted on the amino group and substituted N-nitroso-tetrahydroquinoline
were also tolerated, furnishing good to high yields of products 101c–e. It is noteworthy
that sulfoxonium ylides with one or two substitutions on different positions of the aryl ring
were very good partners under the standard conditions, achieving moderate to high yields.
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The naphthyl-derived substrates heterocyclic and alkyl ylides were next examined using
this catalytic system, showing moderate yields of 101f–j [71].
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Scheme 28. A synthetic route for the preparation of substituted indazole N-oxides 101 via the tandem
acylmethylation/annulation of N-nitrosoanilines 100 with sulfoxonium ylides 89.

A reasonable mechanism is illustrated in Scheme 29. In the first step, coordination/C−H
activation with a Rh catalyst affords complex 102. The insertion of sulfoxonium ylide to
the metal center of the previous complex produces a Rh(III) intermediate 103, followed by
releasing a DMSO molecule from 103. Subsequently, the resulting rhodium α-oxo carbene
species 104 carry out the migratory insertion of the Rh–C bond to provide a six-membered
rhodacyclic intermediate 105. In the next step, the acylmethylated intermediate 106 is
obtained by the protonolysis of the Rh–N and Rh–C bonds. Subsequently, the final product
101 is generated from 106 by Cu(OAc)2-mediated intramolecular annulation and oxidation
in the presence of either Ag2O or Cu(II) additives [71].
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Interesting molecular architectures were achieved by the Rh(III)/Cu(II)-catalyzed [4 + 1]
cyclization of azobenzenes 10 with α-Cl ketones 109 in excellent yields for more than 30 examples
(Scheme 30). The generality and scope of 3-acyl-2H-indazoles synthesis by performing the
annulation of azobenzenes 10 with α-Cl ketones 109 were screened. It was shown that
this transformation could tolerate diverse starting materials bearing a variety of functional
groups in both azobenzenes 10 and α-Cl ketones 109 and provided the desired products
90 in good to excellent yields. Generally, azobenzenes 10 with both electron-donating and
-withdrawing functional groups at the o, m, and p positions as well as alkyl-, alkoxy-, or
halogen-substituted azobenzenes afforded the desired products in moderate to good yields.
It was observed that m-F substitution led to a mixture of two regioisomers, 90aa and 90aa’,
in which the less hindered position was favored. Meanwhile, an unsymmetrical azobenzene-
containing methoxy group was annulated with α-Cl ketone containing hydroxy at the m
position to form an anti-inflammatory agent 90bb with a high yield in a regioselective
manner. Alkyl or heterocyclic azo compounds as substrates have not been applicable in
this catalytic system. Various monosubstituted α-Cl ketones and disubstituted α-Cl ketones
were able to undergo this cascade C−H activation/annulation reaction smoothly with
azobenzenes to afford the corresponding products in moderate to excellent yields. As
a result, substituent effects have no large effect on the yields, although strong electron-
withdrawing groups on the α-Cl acetophenone aryl ring seem to be more practical for this
cascade reaction. Moreover, alkenyl- and naphthyl-substituted scaffolds 90cc–dd were
also successfully used in the reaction to afford the corresponding products in moderate to
good yields.
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Scheme 30. A synthetic route for the preparation of 3-acyl-2-H-indazoles 90 via the annulation of
azobenzenes 10 with α-Cl ketones 109.

Reactions occurred with high efficiency and with extensive functional-group tolerance
under mild reaction conditions. It is worth noting that the efficient production of 3-acyl-
2H-indazole 90bb with anti-inflammatory activity in one step ensures the practicability of
this approach [72].

A reasonable mechanistic pathway is shown in Scheme 31. The subsequent coor-
dination of azobenzenes 10 with the Rh(III) catalyst and C−H bond activation give a
five-membered rhodacyclic intermediate 91. The α-Cl acetophenones 109 coordinate to
Rh(III), followed by C-C bond formation. N-protonation takes place to produce α-aryl-
ketone species 97 along with the regeneration of the Rh(III) catalyst. Enol-tautomerization,
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intramolecular annulation, and oxidation transformations occur in the presence of Cu(II)
species to produce target molecules 90 [72].
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Scheme 31. A rational mechanism for the synthesis of 3-acyl-2-H-indazoles 90 via the annulation of
azobenzenes 10 with α-Cl ketones 109.

An efficient and novel C–H activation and C–H/C–H cross-coupling strategy has
been developed to realize the synthesis of functionalized 1H-indazoles 113 from easily
accessible aldehyde phenylhydrazones 112 (Scheme 32). Optimization studies showed that
the best yields could be achieved by performing the reaction using a catalytic amount of
(RhCp*Cl2)2/AgOTf, with Cu(OAc)2 as the oxidant and K2CO3 as the base at 120 ◦C in
1,2-dichloroethane. Initially, the scope of the substrates with respect to different N-alkyl
(Me, Et, and Bn) or aryl groups was tested. It was observed that these functional groups had
only a moderate effect on the reaction, generating the desired compounds in very good to
high yields. Whereas benzaldehyde derivatives 112 containing different electron-rich and
electron-poor functional groups on the para- or meta-positions of the aryl ring yielded good
to high yields of the corresponding indazoles, ortho-substituted benzaldehyde derivatives
displayed less efficacity in this reaction, delivering the corresponding indazole 113 in a low
yield. Heteroaromatics such as furan- and thiophene-aldehyde starting materials were also
well-tolerated under this catalytic strategy, leading to the expected indazoles in acceptable
yields. In the case of substrates substituted at the meta-position of the N-aryl ring, the
regioselectivity was moderate, showing a mixture of products 113a and 113a’ that had
reacted at both positions. Some complex products 113b–k synthesized by this methodology
are illustrated in Scheme 32. In order to highlight the importance of this strategy, the
authors extended the procedure to an easy preparation of certain important and bioactive
products. These significant products displayed good 5-HT4/5-HT3 receptor antagonist
activity. This transition metal strategy reveals good scalability, good functional-group
compatibility, wide substrate scope, and moderate to high yields under mild reaction
conditions. The combination of mechanistic experiments and DFT calculations indicates
C(aryl)-H bond activation followed by a C(aldehyde)–H bond activation, and the reductive
elimination process occurs to form a variety of targeted products 113 [73].
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2.10. Synthesis of Indazoles Using Rhodium, Silver, Copper, and Zinc Salts

Efficient rhodium(III)-catalyzed regioselective C–H activation/cyclization of an azoxy
compound 31 with an alkyne 114 as the coupling partner has been realized via a [4 + 1]
cycloaddition rather than a normal [4 + 2] mode (Scheme 33). The processes of cyclative
capture, oxygen-atom transfer, and C≡C triple bond cleavage are the key steps of this
reaction. The coupling of azoxy compounds 31 with alkynes 114 was conducted using
[Cp*RhCl2]2 (2.5 mol%) as a precatalyst, AgSbF6 (10 mol%), Cu(OAc)2 (1.0 equiv), Zn(OTf)2
(20 mol%), and HFIP (1.0 mL) under N2 at 80 ◦C for 12 h. It seems AgSbF6 and Cu(OAc)2
are exploited to activate the Ru catalyst before or during the catalytic cycle. The authors
mentioned no exact role for the Lewis acid Zn(OTf)2. Initially, the generality of this catalytic
system was studied with respect to the azoxy substrates 31. The reactions with symmetrical
azoxybenzenes containing electron-rich substituents including Me, t-Bu, and OMe as well
as electron-withdrawing substituents such as F, Cl, Br, and COOEt proceeded smoothly to
give indazoles 115 in moderate to excellent yields. It is worth noting that a variety of meta-
substituted azoxybenzenes were used in the reaction to produce the corresponding products
115 in good to high yields while reacting at the less sterically hindered position. The strategy
could also be extended to unsymmetrically substituted diaryldiazene oxide substrates 31
(leading to 115a–n). Even the monoaryldiazene oxide substrates were well-tolerated and
successfully reacted with diphenylacetylene to produce the expected indazoles 115g–k in
satisfactory yields. While the reaction was compatible with a wide range of azoxybenzenes,
substrates functionalized by substituents such as Me, OMe, Cl, and Br at the ortho-position
of the NO-phenyl ring failed to give corresponding products, probably due to steric
congestion. Furthermore, the scope and limitations of the reaction were tested by the
exploitation of alkyne substrates. As summarized in Scheme 33, different symmetrical
diarylalkynes with both electron-rich and electron-poor substituents were successfully
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utilized under the optimized reaction conditions, which gave indazoles 115 in moderate to
good yields. It is noteworthy that this catalytic system showed complete compatibility with
diarylacetylene substrates bearing 2-naphthyl, 2-thienyl, or 3-pyridyl scaffolds as well as
dialkylalkyne substrates. Bis(trimethylsilyl)acetylene or monosubstituted alkyne substrates
failed in this [4 + 1] annulation reaction. This strategy demonstrates various outstanding
features, such as broad substrate scope, good functional-group tolerance, and operational
convenience, which enable regioselective access to different 2,3-disubstituted 2H-indazoles
115 in moderate to high yields [74].
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2.11. Synthesis of Indazoles Using Cobalt and Copper Salts

A Co/Cu-catalyzed C–H activation/oxidative coupling of imidate esters 1 with an-
thranils 116 in DCE at 100 ◦C (sealed tube) under N2 atmosphere within 20 h for the
synthesis of 1H-indazole derivatives 117 was described by Li et al. (Scheme 34). In this
paper, anthranils 116 were exploited as novel bifunctional aminating reagents and organic
oxidants under Co/Cu catalysis, affording a broad range of 1H-indazoles 117 in high
yields (up to 99% yield) with excellent selectivity. It seems that the formation of the N–N
bond involves Cu catalysis. Initially, anthranil 116a was reacted with a range of imidates 1
containing both electron-donating and -withdrawing functional groups at the para-site of
the phenyl ring. The results summarized in Scheme 34 demonstrate that this methodology
is useful for the coupling of 116a with a range of functionalized imidates 1. The meta-
substituted imidates were examined for the synthesis of the product 117 under standard
conditions, with the C–N/N–N coupling of imidates 1 with anthranil 116a taking place at
the less hindered position. In the next step, the substrate scope of anthranil derivatives
116 under standard reaction conditions was investigated. Various substituents, includ-
ing halogens and phenyl on different positions of the anthranil ring and a phenyl group
substituted into the 3-position of the anthranil ring, were all applicable, leading to the
desired indazole derivatives in satisfactory yields. Although nonsubstituted anthranil
was an effective substrate, the reaction rate was decreased. In this case, the utilization of
pivalic acid additive facilitated the C−H activation transformation. When the reaction was
carried out with 2-azidobenzaldehyde precursors instead of anthranils, poor results were
obtained [75].

A plausible reaction mechanism for the Co(III)/Cu(II)-catalyzed synthesis of 1H-
indazoles 117 from the coupling of imidates 1 with anthranils 116 is shown in Scheme 35.
The mechanism comprises the cyclometalation of the imidate 1, the coordination of an-
thranil to intermediate 118, intramolecular N−O bond cleavage forming 120, the migratory
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insertion of the Co−aryl bond of 122 into the nitrene, and the coordination of an imidate to
121, along with releasing the aminated intermediate 122. In a successive catalytic cycle, the
coordination of Cu(OAc)2 to 122 and a double single-electron transfer occur to form target
indazole 117 [75].
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2.12. Synthesis of Indazoles Using Palladium Salts

The Pd-catalyzed C−H activation/annulation of substrates 127 was achieved by
Charette in 2015. A series of 3-aminoindazoles 128 was produced with moderate to high
yields (Scheme 36). In this reaction, the intermediate amidrazones were initially synthesized
using an easy route from amide substrates 129 via (1) triflic anhydride activation and
(2) condensation with hydrazines, to then (3) undergo a Pd-catalyzed C−H amination
reaction. Structurally diverse amidrazones bearing various functional groups on the arene
or nitrogen substituents revealed acceptable reactivity, yielding the expected indazoles
128. As illustrated in Scheme 36, starting substrates with several cyclic and acyclic amine
scaffolds can be applicable in the reaction. Various types of para-substituted substrates
were investigated, delivering the desired indazoles 128 in yields of 15%−70%. In the case of
a meta-substituted substrate (127 substituted with OMe at the meta-position), a 4:1 mixture
of regioisomers was obtained. Unfortunately, ortho-substituted substrates did not work
in the reaction. Notably, the reaction was also effective using a substrate containing a
2-benzothienyl scaffold, achieving 3-aminoindazole fused heterocycle 128c. The author
offered no mechanistic explanation, but this may likely involve classical Pd-catalyzed C−H
activation followed by cyclization. The current strategy offers an efficient procedure for the
synthesis of 3-aminoindazoles 128, which are easily synthesized from amide substrates in
two steps [24].
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2.13. Synthesis of Indazoles Using Palladium Salt in the Presence of Cobalt Salts

An efficient Pd-catalyzed C–H functionalization/nitration/cyclization sequence for
the synthesis of 3-nitro-1-(phenylsulfonyl)-1H-indazole derivatives 130 under mild reaction
conditions was reported for the first time by Xia et al. (Scheme 37). The chelate-assisted
cleavage of two C–H bonds is the key step in this transformation. The reaction was conducted
using substrates 129 in the presence of 20 mol% Pd(OAc)2 and 1.5 eq Co(NO3)2 · 6H2O in
DCE in a sealed tube at 110 ◦C for 4 h. Co(NO3)2 · 6H2O has been used as an efficient nitration
agent. A variety of functional groups on the para- and meta-positions of the benzylidene
part were well-tolerated with little electronic dependence, providing, in most cases, 3-nitro-
1-(phenylsulfonyl)-1H-indazoles 130 in excellent yields with high selectivity. The substrates
substituted at the ortho-positions of the benzylidene scaffold underwent the C−H nitration
and intramolecular C−H activation sequence uneventfully to give the target indazoles in more
than 80% yields. As shown in Scheme 37, disubstituted substrates could also be successfully
employed to deliver the indazoles 130a–e. However, the di-MeO substrate failed to provide
the desired product under the optimized reaction conditions. It was also found that various
substrates containing substitutions at different positions of the phenylsulfonyl group were all
tolerated to provide the desired 3-nitro-1-(phenylsulfonyl)-1H-indazole derivatives 130 with
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high yields for most cases. In the case of 4-NO2, the reaction did not work under optimized
reaction conditions (only a trace amount of target product 130f was produced). In general,
this transformation proceeded smoothly and could tolerate various substituents, providing
easy access to a series of new indazoles [76].
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A plausible mechanism for the synthesis of 130 is outlined in Scheme 38. The mech-
anism initially comprises the complexation of Pd(OAc)2 with the anionic intermediate
131, the combination of in situ-generated NO2

• with intermediate 132, and oxidation and
reductive elimination to form intermediate 135 and Pd(OAc)2. Next, the coordination of
intermediate 135 with Pd(OAc)2 followed by C−H bond activation affords six-membered
Pd(II) species 137. Finally, oxidation to a Pd(IV) species 138 by air and reductive elimination
take place to produce corresponding product 130 and the Pd(OAc)2 [76].
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2.14. Synthesis of Indazoles Using Palladium, Cerium, and Iron Salts

A novel, efficient, rapid, and versatile protocol to generate pyrido[1,2-b]indazole
derivatives 140 through the C–H activation/azidation of arylpyridines 139 has been de-
veloped by Jiao et al. (Scheme 39). The synthetic approach involves C−H azidation and
N-N bond formation, which was carried out at 100 ◦C using 15 mol% Pd(OAc)2, 20 mol%
FeCl2, and Ce(SO4)2 in DMSO at 100 ◦C under O2 atmosphere for 79–82 h. The scope
of this reaction was first studied using the 3-methoxy-2-arylpyridine substrate and its
derivatives. The substituent effect (electron-rich or electron-poor substituents) on the 3-
methoxy-2-arylpyridine substrate was checked, showing a moderate effect on the yields.
The 3-methyl-2-phenylpyridine substrate was explored as a further substrate, affording a
satisfactory yield of the desired product. 4-Methyl, 5-methyl, or 3,5-dimethyl-substituted-2-
phenylpyridines could also be successfully employed to provide the desired pyrido[1,2-
b]indazoles in acceptable yields. It is worth noting that sterically hindered substrates
could also be utilized, only providing the corresponding pyrido[1,2-b]indazoles 140a–f in
moderate yields. As expected, substrates with either electron-rich substituents such as Me
and t-Bu or electron-poor substituents such as F and Cl at the para-position of the phenyl
ring also proved to be suitable for this Pd-catalyzed tandem C−H azidation and N-N bond
formation. Finally, 1-phenylisoquinoline yielded the corresponding product 140g under
optimized reaction conditions in a good yield. Involving direct C–N (via 2-pyridyl-directed
Pd-catalyzed azidation) and N–N (via concerted nitrogen loss/ring closure) formations,
this procedure proceeds under mild conditions, thus demonstrating a methodology for the
synthesis of [b]fused indazoles in a single step [77].
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Scheme 39. A synthetic route for the preparation of pyrido[1,2-b]indazoles 140 via the tandem C−H
azidation and N-N bond formation of arylpyridines 139.

2.15. Synthesis of Indazoles Using Palladium, Copper, and Silver Salts

An efficient procedure for the mild synthesis of 3-aryl/alkylindazoles 142 catalyzed
by palladium via a direct C−H activation/intramolecular amination sequence of hydra-
zone substrates 141 was presented by Hiroya (Scheme 40). This catalytic C−H activa-
tion/intramolecular amination reaction was performed involving 10 mol% Pd(OAc)2, 1 equiv
Cu(OAc)2, and 2 equiv AgOCOCF3 in DMSO at 50 ◦C for 10–24 h using hydrazone sub-
strates 141. This reaction was investigated using different substrates containing both electron-
donating and -withdrawing functional groups on the benzene rings. As illustrated in
Scheme 40, the transformation with two para-methoxy substituents gave only a 13% yield of
product 142a. In contrast, the compound containing two para-methyl substituents provided
the expected product 142b with a 73% yield. Surprisingly, the compound containing two
meta-methoxy substituents proceeded successfully to afford only one product in a regioselec-
tive manner. Next, the starting materials containing two different groups at the meta-position
reacted only at the 6-position on the more electron-donating aromatic ring, evidencing that
both steric and electronic factors affect the outcome (see the products 142d–f). The products
142 were achieved in acceptable yields using diverse monosubstituted substrates. As expected,
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the reaction pathway was completely dependent on the nature of the functional groups on the
benzene rings. The electron-rich donating substituents mainly oriented the reaction towards
the A1 arene 142g–h, whereas hydrazones containing an electron-poor substituent on the
arene produced the corresponding indazoles on the nonsubstituted A2 arene 142d–f. Notably,
a C−H activation/intramolecular amination sequence took place preferentially on the A2
arene when para-substituted hydrazones containing electron-rich or -poor substituents were
explored 142m–n [78].
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2.16. Synthesis of Indazoles Using Cobalt Salts

A novel efficient synthesis of indazoles 71 via sequential C–H bond functionaliza-
tion/addition/cyclization was reported by Ellman (Scheme 41). The target products 71
were synthesized via a convergent one-step route using a novel air-stable cationic Co(III)
catalyst. The reaction has been previously performed using 5 mol% (Cp*RhCl2)2 and
20 mol% AgSbF6 in dioxane at 80 ◦C for 24 h. Although this system is efficient for the
synthesis of indazoles, this chemistry displays some disadvantages, especially using an
expensive Rh catalyst as well as the availability of Rh in the nature [66]. The reaction was
carried out in the presence of 10 mol% co-catalyst 143 and 10 mol% AcOH in 1,4-dioxane
(2.0 M) at 100 ◦C for 24 h and afforded the desired products 71 mostly with acceptable
yields. First, the substrate scope of azobenzenes 10 was explored. Here, several symmetric
and unsymmetrical azobenzenes containing electron-rich and electron-poor substituents
were all well-tolerated and delivered the desired compounds in a regioselective manner.
However, in the case of the para-nitro or meta-methoxy substituted azobenzene, a mix-
ture of products 71aa, 71aa’, 71ab, and 71ab’ was obtained. Different 3,5-disubstituted
azobenzene substrates bearing a variety of substituents with donating or deficient natures
were proven to afford satisfactory yields involving the less sterically hindered ring in
the cyclization. Moreover, aromatic aldehydes containing electron-rich and electron-poor
substituents as well as heteroaromatic aldehydes successfully reacted with azobenzene
to form the corresponding indazoles in acceptable yields. The results of this study are
illustrated in Scheme 41 [79].
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2.17. Synthesis of Indazoles Using Rhenium Salt in the Presence of Sodium Acetate

Wang and co-workers employed the first Re catalysis for the [4 + 1] annulation of
azobenzenes 10 with aldehydes 70 to furnish 2H-indazoles 71 using catalytic amounts of
Re2(CO)10 and NaOAc in toluene at 150 ◦C within 50–72 h in an oven-dried Schlenk tube
(Scheme 42). In comparison to similar works performed by Rh [66] and Co [79] catalysts,
Re is less expensive than Rh but more expensive than a Co catalyst. It should be noted that
Co and Rh catalysts could provide milder conditions for the reaction. The acetate could
potentially enable an acceleration effect in the Re-catalyzed C–H activation of azobenzenes
10. Initially, the scope of aldehyde substrates 70 was tested with both electron-rich and
-poor functional groups on the aromatic ring, producing the target products in moderate to
high yields. A wide variety of aldehydes 70 with substituents such as F, Cl, Br, MeS, CO2Me,
and CF3 also coupled with different azobenzenes 10 to give corresponding products 71
in satisfactory yields. The reaction progressed smoothly using naphthaldehydes and
thiophene-2-carbaldehyde to afford indazole derivatives 71 in good yields. When aliphatic
aldehydes were introduced into this reaction, the yield was decreased. The scope and
limitations of the reaction were screened by focusing on azobenzene derivatives 10. The
reaction proceeded smoothly with a variety of para-substituted azobenzenes, giving the
corresponding indazoles 71 in good to high yields. Moreover, a variety of substituents
on the ortho-position of azobenzenes were well-tolerated under standard conditions. In
the case of disubstituted azobenzene (two methyl groups at the 2- and 4-positions of both
rings), the reaction efficiently underwent the C−H functionalization/[4 + 1] annulation
and generated the expected product in a high yield. Meanwhile, meta-methyl azobenzene
produced a moderate yield of the corresponding product with high regioselectivity. The
structures of some target products are shown in Scheme 42. No significant effect on the
yield was observed when azobenzene was replaced with a bulky (mesityl) analog [80].
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Scheme 42. A synthetic route for the preparation of indazole derivatives 71 via the [4 + 1] annulation
of azobenzenes 10 with aldehydes 70.

A reasonable reaction mechanism for the rhenium-catalyzed [4 + 1] annulation of
azobenzenes 10 with aldehydes 70 is shown in Scheme 43. First, C−H is activated in
the presence of Re2(CO)10/NaOAc to afford a cyclic Re(I)-complex 144. In the next step,
complex 145 bearing aldehyde is generated via an exchange between a CO ligand and an
aldehyde. Finally, an irreversible aldehyde insertion to the Re−aryl bond, protonation, and
an intramolecular nucleophilic substitution transformation followed by rearomatization
produce the final product 71 [80].
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2.18. Synthesis of Indazoles Using Copper Salts

A highly regioselective synthesis of indazoles 151 was reported by Glorius via a
copper-catalyzed C−H amidation process transformation. In this reaction, azides 150
were used as amino sources, and no oxidizing agent was used. The reaction exploited
amidines or imine 149 to perform a tandem C−N/N−N bond-forming transformation for
the production of indazole derivatives 151 in one pot (Scheme 44). All annulation reactions
were carried out in 1,2-dichlorobenzene (DCB) at 115 ◦C using copper(I) thiophene-2-
carboxylate (CuTc) (30 mol%) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (1.0 eq) under
Ar in a sealed tube. The N-tert-butylarylamidine substrates 149 bearing Me, MeO, Cl,
or Br have been successfully employed in the Cu-catalyzed synthesis of N-tert-butyl-
3-aminoindazoles using coupling with TsN3 via a tandem C−N/N−N bond-forming
reaction. A more detailed explanation of the mechanism includes a Cu-metallacycle, then
nitrene coordination, migratory insertion, and reductive amination. The reaction of both
tosyl-protected and free benzimidamide failed to form the corresponding products under
optimized conditions. In addition, diphenylmethanimine as the starting material was
examined, showing the expected indazole formation [81].
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149 with azides 150 as amino sources.

An atom-economical protocol for the practical preparation of indazoles 153 through the
Cu-catalyzed direct aerobic oxidative C(sp2)–H amination of benzophenone hydrazones 152
has been illustrated by Jiang et al. (Scheme 45). The synthesis of indazoles 153 was carried
out successfully through an aerobic C(sp2)−H activation for C−N bond formation in the
presence of catalytic amounts of Cu(OAc)2 and DABCO in DMSO within 12 h in 70–86%
yields. The substrate scope of the reaction was then tested. As shown in Scheme 45, the
reactions of substrates 152 with substituents such as F, Cl, CF3, and CN were then explored.
These cascade reactions proceeded smoothly and afforded the corresponding indazoles 153 in
moderate to good yields under standard conditions. Notably, substrates 152 containing an
electron-rich substituent produced the desired indazoles in relatively higher yields than those
with electron-poor substituents. It is worth noting that by using benzophenone hydrazone 152
containing two electronically unsymmetrical aromatic groups, a mixture of isomers was ob-
tained, indicating that the reaction does not proceed in a regioselective manner. Some complex
products synthesized by this Cu-catalyzed direct aerobic oxidative C(sp2)–H amination are
illustrated in Scheme 45. The procedure has the privilege of good to high yields and tolerates
a variety of substituents.

First, the Cu(OAc)2 is probably coordinated with substrate 152, resulting in a Cu−N
adduct 154. Subsequently, the C−H activation and C-N bond-forming transformation take
place to afford the target molecules 153 (Scheme 46) [23].
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Scheme 46. A rational mechanism for the synthesis of indazole derivatives 153 via aerobic C(sp2)−H
functionalization/C−N bond formation.

3. Conclusions

The N-heterocycles show a wide structural variety that is beneficial for the investiga-
tion of further therapeutic agents for enhancing the pharmacokinetics and other physic-
ochemical properties. Indazole derivatives are a significant category of N-heterocyclic
five-membered systems that display a broad range of applications in biology, chemistry,
and materials science. The investigation of indazole derivatives has become a rapidly
evolving and increasingly active subject in therapeutic science. Meanwhile, transition-
metal-catalyzed C–H activation/annulation strategies for the one-pot synthesis of indazoles
has been growing steadily in synthetic organic chemistry. They are a superior class of trans-
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formations that serve as powerful tools to access a wide range of indazoles. Numerous
outstanding results have been reported for the synthesis of these structurally diverse inda-
zole frames via transition-metal-catalyzed C–H activation/annulation reactions. The results
of these articles have not previously been thoroughly studied or reviewed. This review
article presents several atom-economical strategies for synthesizing indazole derivatives
from accessible substrates through metal-catalyzed C−H functionalization and annulation
transformations. The mentioned reactions feature easily available substrates, relatively
good to high yields, large functional-group tolerance, diversity, and a high complexity of
products under mild reaction conditions, furnishing practically useful methods to access
structurally diverse indazoles.
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