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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
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Abstract: Pyrrole-ligated 1,3,4-oxadiazole is a very important pharmacophore which exhibits broad
therapeutic effects such as anti-tuberculosis, anti-epileptic, anti-HIV, anti-cancer, anti-inflammatory,
antioxidant, and antibacterial activities. A one-pot Maillard reaction between D-Ribose and an
L-amino methyl ester in DMSO with oxalic acid at 2.5 atm and 80 °C expeditiously produced pyrrole-
2-carbaldehyde platform chemicals in reasonable yields, which were utilized for the synthesis of
pyrrole-ligated 1,3,4-oxadiazoles. Benzohydrazide reacted with the formyl group of the pyrrole
platforms to provide the corresponding imine intermediates, which underwent I,-mediated oxidative
cyclization to the pyrrole-ligated 1,3,4-oxadiazole skeleton. The structure and activity relationship
(SAR) of the target compounds with varying alkyl or aryl substituents of the amino acids and
electron-withdrawing or electron-donating substituents on the phenyl ring of benzohydrazide were
evaluated for antibacterial activity against Escherichia coli, Staphylococcus aureus, and Acinetobacter
baumannii as representative Gram(-) and Gram(+) bacteria. Branched alkyl groups from the amino
acid showed better antibacterial activities. Absolutely superior activities were observed for 5f-1 with
an iodophenol substituent against A. baumannii (MIC < 2 pg/mL), a bacterial pathogen that displays
a high resistance to commonly used antibiotics.

Keywords: pyrrole; 1,3,4-oxadiazole; Maillard reaction; D-ribose; L-amino acid; pyrrole-2-carbaldehyde;
iodine effect; antibacterial activity

1. Introduction

Oxadiazole is a five-membered heterocyclic aromatic compound composed of four
structural isomers depending on the positions of two nitrogen atoms relative to an oxygen
atom [1]. Among them, 1,3,4-oxadiazole has received intensive attention in the field of
medicinal chemistry due to its broad metabolic profile [2-4] and in the field of material
science for its excellent optoelectronic properties [5-8]. As an isostere of an amide and
an ester, 1,3,4-oxadiazole serves as a promising pharmacophore for the discovery of new
drugs exhibiting antimicrobial, anticonvulsant, anti-inflammatory, analgesic, antitumor,
antiviral, antihypertensive, and enzyme inhibitory activities [9]. There have been extensive
literature reviews on the specific synthetic methods and diverse biological activities of
1,3,4-oxadiazole derivatives [10-12].

Motivated by Raltegravir [13,14], an antiretroviral drug used to treat HIV/AIDS,
and Zibotentan [15,16], an anti-cancer drug candidate, a number of poly heterocyclic

Molecules 2023, 28, 3638. https:/ /doi.org/10.3390/molecules28083638 1
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compounds containing a 1,3,4-oxadiazole pharmacophore were constructed, and their bio-
logical activities were investigated. Indole-ligated 1,3,4-oxadiazoles [A] were synthesized
and evaluated to show antimicrobial, anti-inflammatory, and antiproliferative activities
(Figure 1) [17,18]. Their biological importance was also identified by their antioxidants
and acetylcholinesterase inhibition properties [19]. Likewise, various 2-benzofuranyl-
1,3,4-oxadiazoles [B] were synthesized [20,21], demonstrating their biological activities
in «-Glucosidase inhibition as well as the inhibition of glycogen synthase kinase 38 for
treating diabetes and Alzheimer’s disease, respectively [22-24].

N-N - N-N

Yo O AT
O ' / O
NH I : 0
A (]
- N=N e
:‘\N 0) :
ST R" “CO,Me
/ 1 \1 2
\

Figure 1. Heterocycle-ligated 1,3,4-oxadiazoles [A] and [B], and retrosynthesis of 1 from pyrrole 2
through the cyclization using key precursors [C] and [D].

Pyrrole is a very important structural motif in drug discovery projects because of the
wide presence of natural, biologically active pyrrole alkaloid products [25,26]; thus, pyrrole-
ligated 1,3,4-oxadiazole would be a perfect base structure for the development of potential
lead compounds [27]. Considering the efficacy of the procedures of constructing a 1,3,4-
oxadiazole ring, 2-pyrrolyl-5-phenyl-1,3,4-oxadizole 1 would be an ideal core structure,
achieved either through dehydration from aroylhydrazide [C] or by cyclization from
aroylhydrazone [D]. In the benzene ring, the substituent effects of the core structure 1 on
antibacterial activity have been reported for the cases of 4,5-dibromopyrrole [28,29] and
4-nitropyrrole [30], respectively.

Pyrrole-2-carbaldehydes 2, derived from the conversion of D-ribose with L-amino
acids [31], were demonstrated to be useful, sustainable platform chemicals for the con-
struction of highly functionalized poly heterocyclic compounds [32]. Since natural amino
acids themselves demonstrate specific biological activities [33-35], it was envisioned that
1,3 4-oxadiazoles 1 from pyrrole-2-carbaldehydes 2 with the N-amino acid moiety would
be very interesting core structures for the investigation of their biological activities. The
effect of the amino acid moiety of 1 on antimicrobial activities was screened first, and the
substituent effects on the benzene ring were then investigated for 5 and 6 with some se-
lected amino acid moieties. We found a marginal size effect of the alkyl groups from amino
acids (Val and Ile, etc.) and superior antibacterial activity of the iodophenol substituents
of pyrrole-ligated 1,3,4-oxadiazoles 5 and 6 against S. aureus and A. baumannii. All the
syntheses of pyrrole-ligated 1,3,4-oxadiazoles 1, 5, and 6 and their antibacterial activities
are closely described herein.

2. Results and Discussion

Structure and activity relationships (SARs) for pyrrole-ligated 1,3,4-oxadiazoles 1 were
generally studied by changing substituent groups in the aromatic rings [28-30]. We were
interested in the SAR of 1 by N-alkyl substituents because pyrrole-2-carbaldehydes 2, the
starting materials for 1,3,4-oxadiazoles 1, are easily prepared from L-amino acids, and each
amino acid has its own biological activity. Ten L-amino acids with hydrogen, alkyl, aralkyl,
ester, and sulfide substituents R were selected to assess the size effect (linear or branched) or
potential electronic effect. Pyrrole-2-carbaldehydes 2 were efficiently prepared by a one-pot
ribose conversion with an L-amino methyl ester in the presence of oxalic acid in DMSO,
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following an improved procedure under 2.5 atm argon at 80 °C [32]. The corresponding
pyrrole platform chemicals 2a-2j with the N-amino acid moiety were prepared in yields of
32~63% (Scheme 1 and Table 1).

O,
OH

(0]
HO
OH OH  ref.32 /R N-N
_ oxalic acid U\/ O\/N NaOH,NIs A }
D-Ribose N N DMSO \ O

DMSO
100°C, 2 h Yy-co:Me
R

+ OM
2.5 atm R H(OMe toluene R H{ e
o) o]

80°C, 0.5 h 110°C, 6 h
HzNQKOMe 2 4

L-Amino acid

Scheme 1. Preparations of pyrrole-2-carbaldehydes 2, N-benzoylhydrazones 4, and 1,3,4-oxadiazoles
1 from D-ribose conversion with L-amino acids.

Table 1. Yields of pyrrole-2-carbaldehydes 2, N-benzoylhydrazones 4, and 1,3,4-oxadiazoles 1 from
N-N
-
N
N come

D-ribose conversion with L-amino acids in Scheme 1. > 1k

Entry Amino Acid (R) Yield 2 (%) 1 Yield 4 (%) 2 Yield 1 (%) 2
a Gly (H) 32 9% 80
b Ala (Me) 38 88 91
c Val (i-Pr) 42 83 98
d Leu (i-Bu) 63 77 87
e Ile (s-Bu) 40 86 90
f Phe (PhCH)) 54 83 86
g Bn (PhCH,CH,) 53 79 86
h AsP (MeO,CCHy) 47 70 88
i Glu (MeO,CCH,CH,) 37 81 95
j Met (MeSCH,CHj,) 46 82 503

1 Yields from one-pot reaction [32]. % Isolated yields after SiO; flash column chromatography. ® Cyclized product
1k was also obtained in 49% yield.

Two representative procedures are generally utilized for the construction of the 1,3,4-
oxadizole core, as depicted in Figure 1 [12]. The cyclodehydration route from diacylhy-
drazine [C] is suitable for pyrrole-2-carboxylic acids [36], whereas the oxidative cyclization
route from N-acylhydrazone [D] is widely used for pyrrole-2-carbaldehydes as starting
materials [37]. There were various cyclization conditions for 1,3,4-oxadiazoles reported
for each conversion [12]. We adopted the oxidative cyclization route of N-acylhydrazones
4, which can be obtained from pyrrole-2-carbaldehydes 2 by condensation with benzo-
hydrazide 3a. The corresponding N-benzoylhydrazones 4a—4j were obtained in decent
yields (70~96%) at the reflux temperature of toluene. Oxidative cyclization conditions were
then screened using NBS, NIS, and I, under K,COj3, DBU, EtsN, and NaOH as a base. The
condition using NIS/NaOH in DMSO at 100 °C was optimal for providing pyrrole-ligated
1,3,4-oxadiazoles 1 in yields of 80~98%. It is noteworthy that the NIS-mediated further
cyclization of the methylsulfide chain on the pyrrole ring occurred partly for 1j derived
from methionine to produce 1k (at a yield of 49%), which explains the lower yield of 1j
(50%). All eleven pyrrole-ligated oxadiazoles 1la—1j were rapidly assembled from pyrrole
platform chemicals 2 with different amino acid residues and ready for antibacterial assays
against Escherichia coli and Staphylococcus aureus as two representative Gram(-—) and Gram(+)
bacteria (Table 2).
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Table 2. Minimum inhibition activity (MIC) of 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 1 against E. coli
and S. aureus.

MIC/E. coli MIC/S. aureus

Entry Compound Amino Acid (R) (ug/mL) (ng/mL)
1 la Gly (H) >2048 2048
2 1b Ala (Me) 512 512
3 1c Val (i-Pr) 256 128
4 1d Leu (i-Bu) 512 128
5 le Ile (s-Bu) 256 64
6 1f Phe (PhCHy) 1024 512
7 1g Bn (PhCH,CH,) 1024 512
8 1h Asp (MeO,CCHy) 2048 1024
9 1i Glu (MeO,CCH,CHy) 2048 2048
10 1j Met (MeSCH,CHy,) >2048 2048
11 2k c-Met (SCH,CHy) 256 256

There was a definite size effect of the alkyl substituent R on antibacterial activity in
1,3,4-oxadiazoles 1. The highest MIC value was required for 1a from glycine (R = H), and
it decreased as the size (branch) of the alkyl group increased from alanine (R = Me) to
isoleucine (R = s-Bu) (entries 1-5, Table 2). A benzene ring seemed be unimportant, judging
from the cases of the benzyl and homobenzyl substituents (entries 6-7). There was no
functional group effect for the ester and sulfide, reflecting a lack of electronic interactions
between the substituent R and the bacterial enzymes. A comparison of the MIC values for
1j and its cyclized derivative 1k confirmed the importance of the size (or rigidity) effect of R
on antibacterial activity (entries 10 and 11). An additional point to mention is that the MIC
values for 1 were not much different between Gram(-) and Gram(+) bacteria, indicating
that there would be no transport barriers through membranes for these small molecules.

The electronic effects of the substituents on the phenyl ring against antibacterial
activities were then investigated for 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 5 and 6 with
the maximum size effect in the series, derived from valine (R = isopropyl) and isoleucine
(R = sec-butyl), respectively. Commercial benzohydrazides 3 with a substituent X of a
different electronic nature (e.g., F, Cl, OH, and OMe) were utilized in the synthesis of 5
and 6 (Scheme 2 and Table 3). The condensation reaction of pyrrole-2-carbaldehyde 2¢
(R =i-Pr) and 2e (R = s-Bu) with various benzohydrazides 3 produced the corresponding
N-benzoylhydrazone intermediates in refluxing toluene, which underwent an oxidative
cyclization reaction (without purification) to afford 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 5
(R =i-Pr) and 6 (R = s-Bu) with various electronic substituents X on the phenyl ring.

I\ K,COy, | N
DVO o 2C0;, I A X
N H,N toluene  1,4-dioxane \ o)
+ N
R\N-H(OMe H X 110°C,12h 85°C,6h N\/COZMe a:X=oF e X=0O0H
5 N b: X=m-F f. X=p-OH

2¢; R = i-Pr 3 ROBR=iPr ¢ X=pF g X=0OMe
2e: R =s-Bu 6:R=sBu d:X=p-Cl h:X=p-OMe

Scheme 2. Two-step preparation of various 1,3,4-oxadiazoles 5 and 6 with various electronic sub-

stituents X, derived from valine and isoleucine.

A milder oxidative cyclization condition was required in these cases, for which
I, /K2COj3 in 1,4-dioxane at 85 °C was optimal for the production of 5 in yields of 40~85%
and 6 in yields of 62~89% in two steps [38]. Serendipitously, we found extra iodination
reactions under the oxidative cyclization conditions for 1,3,4-oxadiazoles 5e, 5f, 6e, and
6f with phenol substituents, obtaining the corresponding di-iodination or tetra-iodination
products 5e-1, 5f-1, 6e-1, and 6£-1, respectively in yields of 32~45% (Figure 2). It was very
fortunate to achieve further iodination on the phenol rings so that we were able to find the
superior Iodophenol antibacterial effects for these oxadiazole derivatives (vide infra). The
corresponding deiodination (originally intended) products were prepared by reduction
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using Zn dust in AcOH to produce 5f (X = p-OH) in a yield of 97%, 6e (X = 0-OH) in a yield
of 50%, and 6f (X = p-OH) in a yield of 42%.

N —N N— N-
)\@ \ / /
\/COZMe \/COZMe \/COZMe \/COQMe

/\ 5e-1 r\sm r\ 6f-1

,:l I N=N ' N-N N-N
I /
N OMe N
\/COZMe \—CO,Me \—CO,Me \/CO Me

—\ 5g-1 — 5h1 T\ //\Gh-1

1.3:1 mixture
Figure 2. Extra iodination products from 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 5 and 6.

Table 3. Yields of various 1,3,4-oxadiazoles 5 and 6 with various electronic substituents X, derived
from valine and isoleucine in Scheme 2.

Entry X Yield 5 (%) Yield 6 (%)
a o-F 40 89
b m-F 70 88
c p-F 54 62
d p-Cl 62 79

e-1 0-OH (1) 331 452
e 0-OH - 503
-1 p-OH (I) 324 43°
f p-OH 976 427
g 0-OMe 85 80

g-1 0-OMe 618 -
h p-OMe 70 79
h-1 p-OMe 69 ° 8310

The structures of ! 5e-1, 2 6e-1, 4 5f-1, 5 6f-1. 8 5g-1, 9 5h-1, and !0 6h-1 are depicted in Figure 2, which were
produced by extra iodination reactions. The compounds 3 6e, ¢ 5f, and 7 6f were prepared by deiodination using
Zn in AcOH at 25 °C from 6e-1, 5f-1, and 6f-1, respectively. The compounds 8 5g-1, 9 5h-1, and 1° 6h-1 were
prepared by separate iodination reaction (I, in DMSO) at 85 °C for 6 h from 5g, 5h, and 6h, respectively.

To assess the “iodine effect” on antibacterial activity, separate iodination reactions
(I in DMSO at 85 °C) were intentionally carried out for the 1,3,4-oxadiazoles 5g, 5h,
and 6h with the electron-rich anisole substituent in which 3-mono-iodination or 3,4-di-
iodination reactions proceeded on the pyrrole ring (not on the anisole ring) to provide the
corresponding 5g-1 (X = 0-OMe) in a yield of 61%, 5h-1 (X = p-OMe) in a yield of 69% as a
1.3:1 mixture of di- and 3’-mono-iodination products, and 6h-1 (X = p-OMe) in a yield of 83%,
respectively. All twenty-two pyrrole-ligated oxadiazoles 5 and 6 were rapidly assembled
from pyrrole-2-carbaldehydes 2¢ (R = i-Pr) and 2e (R = s-Bu) with diversely X-substituted
benzohydrazide 3 and ready for antibacterial assays against Escherichia coli, Staphylococcus
aureus, and Acinetobacter baumannii together with Vancomycin and Erythromycin as positive
controls (Table 4).

SARs of the phenyl substituent X of 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 5 and 6 can
be deduced from the MIC (ug/mL) in Table 4. ortho-F substitutions provided generally bet-
ter antibacterial activities than the meta- and para-F counterparts (entries 1-3 and 12-14), and
chloride was better than fluoride (entries 4 and 15 versus 3 and 14). Iodophenol substituents
exhibited superior antibacterial activities against A. baumannii and S. aureus regardless
of the position of the hydroxyl substituent (entries 5, 6, 16, and 18). The MIC values of
<2 pug/mL for 5£-1 and 8 nug/mL for 6£-1 against A. baumannii were much lower than those
of the positive controls (>1024 pg/mL for vancomycin and 128 ug/mL for erythromycin).
The “iodophenol effect” on antibacterial activity is obvious when compared with the cases
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of deiodination products 5f and 6f, the MIC values for which were significantly increased
to 128 pug/mL and 512 ug/mL, respectively (entries 7 and 19). The mechanism of the
“iodophenol effect” is not clear at present, but it is reasonable to explain that iodide or
molecular I may be liberated by the neighboring OH group [39]. No effects or only slight
improvements in antibacterial activities were observed for the pyrrole iodination products
5g-1 and 5h-1 from 5g and 5h (entries 8-11), whereas the reverse effect was clear for the
pyrrole iodination product 6h-1 from 6h (entries 21 and 22).

Table 4. Minimum inhibition concentration (MIC) of 1,3,4-oxadiazoles 5 and 6 against E. coli, S. aureus,
and A. baumannii.

Entry Comp’d X E. coli S. aureus A. baumannii
(ug/mL) (ug/mL) (ug/mL)

1 5a o-F 512 256 128
2 5b m-F >1024 >1024 512
3 5¢ p-F >1024 >1024 256
4 5d p-Cl 512 256 512
5 5e-1 0-OH (I) ! 1024 4 64

6 5f-1 p-OH (I) ! 1024 4 <2
7 5f p-OH >1024 128 128
8 5g 0-OMe >1024 512 256
9 5g-1 0-OMe (I) 2 512 512 256
10 5h p-OMe >1024 512 256
11 5h-1 p-OMe (1) 2 512 256 128
12 6a o-F 512 256 256
13 6b m-F 1024 256 256
14 6¢ p-F >1024 512 512
15 6d p-Cl 512 512 256
16 6e-1 0-OH (I) 1024 <2 512
17 6e 0-OH 256 64 64
18 6f-1 p-OH (I) ! 1024 <2 8
19 6f p-OH 1024 8 512
20 6g 0-OMe >1024 512 256
21 6h p-OMe >1024 256 256
22 6h-1 p-OMe (I) 2 1024 512 512
23 Vancomycin - >1024 4 >1024
24 Erythromycin - 1024 4 128

1 Extra iodination product on the phenol ring. 2 Extra iodination product on the pyrrole ring. The structures of
extra iodination products are depicted in Figure 2.

3. Materials and Methods
3.1. Experimental
3.1.1. General Chemical Syntheses

'H- and '3C-NMR spectra were recorded on 400 MHz and 100 MHz NMR spectrome-
ters, respectively, in a deuterated solvent (notified in parenthesis) with tetramethylsilane
(TMS) as an internal reference. The column chromatography was performed using the
method of Still with silica gel 60 and a 70-230 mesh ASTM, using a gradient mixture of
EtOAc/hexanes. Reactions were performed in a well-dried flask under an argon atmo-
sphere unless mentioned otherwise.

3.1.2. General Procedure for the Preparation of 1

Formation of Hydrazone 4 from pyrrole-2-carbaldehyde (Step-1): The solution of pyrraline 2
(~1.00 g, 1 equiv.) and benzohydrazide 3a (1 equiv.) in toluene (10 mL) was heated at 110 °C
for 6 h. The reaction mixture was cooled to room temperature, diluted with EtOAc, washed
with brine and H,O, dried over anhydrous NaySQOy, filtered, and concentrated under
reduced pressure. The crude product was purified by SiO, flash column chromatography
to obtain the corresponding benzohydrazone 4.
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2-pyrrolyl-5-phenyl-1,3,4-oxadiazole 1 from hydrazone 4 (Step-2): The mixture of benzohy-
drazone 4 (1 equiv.), NaOH (2 equiv.), and N-iodosuccinimide (1 equiv.) in DMSO (10 mL)
was heated at 110 °C for 2 h. The reaction mixture was cooled to room temperature, diluted
with EtOAc, washed with brine and H,O, dried over anhydrous Na;SOy, filtered, and
concentrated under reduced pressure. The crude product was purified by SiO, flash column
chromatography to obtain the corresponding 2-pyrrolyl-5-phenyl-1,3,4-oxadiazole 1.

Methyl 2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)acetate (1a). Data for 4a: white
solid in a yield of 96% (1.64 g, 5.76 mmol); TH-NMR (DMSO-dg) & = 3.69 (s, 3H), 5.21 (s,
2H), 6.16 (dd, ] = 3.6, 2.8 Hz, 1H), 6.53 (dd, ] = 3.6, 1.6 Hz, 1H), 7.02 (dd, ] = 2.8, 1.6 Hz,
1H), 7.48-7.54 (m, 2H), 7.54-7.60 (m, 1H), 7.86-7.90 (m, 2H), 8.28 (s, 1H), 11.49 (s, 1H) ppm;
I3C-NMR (DMSO-dg) § = 51.1,53.1,109.9, 117.2, 128.4, 128.7, 129.7, 129.9, 132.7, 134.9, 142.0,
163.7,170.7 ppm; IR (CH,Cl,) v = 3237, 3063, 3006, 2954, 2848, 1750, 1649, 1616, 1552, 1494,
1468, 1433, 1345, 1322, 1279, 1216, 1188, 1140, 1086, 1031, 1001, 914, 801, 754, 690 cm .

Data for 1a: light-yellow solid in a yield of 80% (0.60 g, 2.13 mmol); 'H-NMR (acetone-
dg) & = 3.73 (s, 3H), 5.39 (s, 2H), 6.32 (dd, | = 4.0, 2.4 Hz, 1H), 7.06 (dd, | = 4.0, 1.6 Hz,
1H), 7.18 (dd, ] = 2.4, 1.6 Hz, 1H), 7.57-7.65 (m, 3H), 8.08-8.14 (m, 2H) ppm; 3C-NMR
(acetone-de) 6 =50.1, 51.6,109.2, 114.3, 117.5, 124.0, 126.5, 129.1, 129.2, 131.6, 159.1, 162.4,
168.9 ppm; IR v = 3119, 3069, 2957, 2927, 2857, 1752, 1713, 1614, 1556, 1501, 1490, 1455,
1424, 1401, 1376, 1328, 1304, 1297, 1264, 1213, 1106, 1081, 995, 956, 787, 773, 760, 725, 693,
583 cm™!; HRMS (ESI) calcd for C15H;3N305+Na, 306.0849: found 306.0851.

Methyl (S)-2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)propanoate (1b). Data for
4b: white solid in a yield of 88% (1.45 g, 4.85 mmol); ITH-NMR (DMSO-dg) 6 = 1.70 (d,
] =7.2Hz, 3H), 3.67 (s, 3H), 6.02 (q, ] = 7.2 Hz, 1H), 6.20 (dd, | = 3.6, 2.8 Hz, 1H), 6.54 (dd,
J=3.6,1.6Hz 1H),7.17 (dd, ] = 2.8, 1.6 Hz, 1H), 7.48-7.61 (m, 3H), 7.86-7.92 (m, 2H), 8.32
(s, TH), 11.51 (s, 1H) ppm; 3C-NMR (DMSO-dg) & = 19.1, 53.4, 56.1, 110.2, 117.5, 126.6,
128.2,128.7,129.6, 132.7,134.9, 142.4,163.7, 172.8 ppm; IR v = 3232, 3065, 2954, 1748, 1716,
1644, 1612, 1556, 1494, 1461, 1426, 1359, 1286, 1225, 1146, 1091, 1063, 1031, 962, 910, 887, 857,
802, 714, 695 cm~!; HRMS (ESI) caled for C14H;7N303+Na, 322.1162: found 322.1164.

Data for 1b: light-yellow solid in a yield of 91% (0.70 g, 2.35 mmol); TH-NMR (CD;0D)
6=1.82(d, ] =72Hz 3H),3.71 (s, 3H), 6.00 (q, ] = 7.2 Hz, 1H), 6.33 (dd, ] = 4.0, 2.8 Hz,
1H),7.02 (dd, ] =4.0, 1.6 Hz, 1H), 7.23 (dd, ] = 2.8, 1.6 Hz, 1H), 7.50-7.59 (m, 3H), 8.00-8.04
(m, 2H) ppm; 3C-NMR (CD30D) § = 19.5, 54.5, 58.5, 112.2, 117.6, 119.7, 126.0, 128.1, 129.1,
131.7,134.4,162.1, 165.5, 174.7 ppm; IR v = 3129, 3003, 2955, 2848, 1751, 1663, 1608, 1553,
1505, 1450, 1384, 1336, 1289, 1224, 1203, 1110, 1091, 1062, 1015, 981, 962, 853, 813, 776, 729,
691, 610 cm~1; HRMS (ESI) calcd for C14H15N303+Na, 320.1006: found 320.1007.

Methyl (S)-3-methyl-2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)butanoate (1c). Data
for 4c: white solid in a yield of 83% (1.30 g, 3.98 mmol); TH-NMR (DMSO-dg) & = 1.03 (d,
] =6.8Hz, 3H), 1.35 (d, ] = 6.8 Hz, 3H), 2.76 (m, 1H), 4.04 (s, 3H), 6.35 (d, ] = 8.8 Hz, 1H),
6.57 (dd, | = 3.6, 2.8 Hz, 1H), 6.87 (dd, | = 3.6, 1.6 Hz, 1H), 7.51 (dd, ] = 2.8, 1.6 Hz, 1H),
7.82-7.97 (m, 3H), 8.21-8.30 (m, 2H), 8.73 (s, 1H), 11.90 (s, 1H) ppm; *C-NMR (DMSO-dg)
5=17.6,184,31.3,51.4, 62.8,108.8, 114.6, 124.7, 126.6, 126.7, 127.6, 130.7, 132.8, 140.3, 161.7,
169.9 ppm; IR v = 3241, 3071, 2975, 2878, 1750, 1644, 1615, 1557, 1495, 1459, 1433, 1392, 1356,
1286, 1211, 1160, 1133, 1083, 1057, 1023, 1005, 952, 915, 890, 835, 800, 755, 715, 695, 617 cm 1.

Data for 1c: light-yellow solid in a yield of 98% (0.15 g, 0.46 mmol); "H-NMR (CD3;0D)
5 =0.81(d, ] = 7.2 Hz, 3H), 1.08 (d, | = 7.2 Hz, 3H), 2.53 (m, 1H), 3.76 (s, 3H), 5.99 (d,
J=10.0 Hz, 1H), 6.38 (dd, ] = 4.0, 2.8 Hz, 1H), 7.03 (dd, ] = 4.0, 1.6 Hz, 1H), 7.36 (dd, ] = 2.8,
1.6 Hz, 1H), 7.54-7.64 (m, 3H), 8.06-8.12 (m, 2H) ppm; 3C-NMR (CD;0D) § =204, 21.1,
35.2,54.1,67.1,112.3,119.0, 128.5, 130.0, 130.5, 131.1, 134.4, 136.0, 145.0, 167.8, 174.2 ppm;
IR v = 2958, 2927, 2851, 1744, 1669, 1609, 1560, 1500, 1454, 1376, 1260, 1221, 1105, 1076, 1013,
775,727,691 cm~!; HRMS (ESI) calcd for C1gH19N303+Na, 348.1319: found 348.1319.

Methyl (S)-4-methyl-2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)pentanoate (1d).
Data for 4d: white solid in a yield of 77% (1.18 g, 3.46 mmol); TH-NMR (DMSO-dg) 5 = 0.86
(d,J=6.4Hz 3H), 092 (d, ] = 6.4 Hz, 3H), 1.92 (dd of A of ABq, J4p =14.0,]; =9.2, 4.8 Hz,
1H), 2.12 (dd of B of ABq, Jap = 14.0, J; = 11.6, 4.4 Hz, 1H), 3.67 (s, 3H), 6.21 (dd, ] = 3.6,
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2.8 Hz, 1H), 6.30 (dd, ] =9.2, 4.4 Hz, 1H), 6.52 (dd, ] = 3.6, 1.6 Hz, 1H), 7.19 (dd, | = 2.8,
1.6 Hz, 1H), 7.48-7.62 (m, 3H), 7.86-7.92 (m, 2H), 8.34 (s, 1H), 11.52 (s, 1H) ppm; *C-NMR
(DMSO-dg) 6 =22.6,24.1,25.7,42.1,53.5, 58.5, 110.6, 117.6, 127.2, 128.4, 128.7,129.6, 132.7,
134.8, 142.5, 163.6, 172.8 ppm; IR v = 3234, 3065, 2956, 2874, 1743, 1646, 1614, 1556, 1495,
1459, 1427, 1348, 1278, 1240, 1203, 1174, 1086, 1034, 998, 953, 928, 903, 795, 754 cm 1.

Data for 1d: light-yellow solid in 87% yield (1.35g, 4.01 mmol); IH-NMR (acetone-dg)
6=094(d,]=6.4Hz, 3H),0.95(d, ] = 6.4 Hz, 3H), 1.49 (m, 1H), 2.02-2.16 (m, 1H), 2.16-2.30
(m, 1H), 3.71 (s, 3H), 6.38 (dd, | = 3.6, 2.8 Hz, 1H), 7.06 (dd, | = 3.6, 1.6 Hz, 1H), 7.34
(dd, J = 2.8, 1.6 Hz, 1H), 7.56-7.65 (m, 3H), 8.08-8.16 (m, 2H) ppm; 3C-NMR (acetone-dy)
56=209,223,24.7,41.0,51.9,58.0, 109.8, 114.4, 117.6, 123.9, 126.1, 126.6, 129.2, 131.6, 159.3,
162.3,171.2 ppm; IR v = 3119, 3069, 2957, 2867, 1750, 1704, 1664, 1609, 1557, 1504, 1454, 1412,
1369, 1333, 1273, 1240, 1197, 1176, 1133, 1106, 1080, 1021, 1000, 964, 925, 880, 836, 811, 730,
690, 613 cm~1; HRMS (ESI) calcd for C19Hp N3O3+Na, 362.1475: found 362.1474.

Methyl (2S,3S)-3-methyl-2-(2-(5-phenyl-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)pentanoate (1e).
Data for 4e: white solid in a yield of 86% (0.91 g, 2.67 mmol); TH-NMR (DMSO-dg) 5 = 0.79
(t,] =7.2 Hz, 3H), 0.96 (d, ] = 6.4 Hz, 3H), 1.01-1.20 (m 2H), 2.15-2.26 (m 2H), 3.69 (s, 3H),
6.03 (d,] = 6.8 Hz, 1H), 6.22 (dd, | = 3.6, 2.8 Hz, 1H), 6.52 (dd, ] = 3.6, 1.6 Hz, 1H), 7.18 (dd,
J =238, 1.6 Hz, 1H), 7.49-7.62 (m, 3H), 7.88-7.95 (m, 2H), 8.39 (s, 1H), 11.55 (s, 1H) ppm;
I3C.NMR (DMSO-dg) & = 10.7, 15.5, 24.3, 38.1, 52.2, 62.8, 109.7, 115.5, 125.4, 127.5, 127.6,
128.4,131.6,133.6, 141.1, 162.5, 170.9 ppm.

Data for 1e: light-yellow solid in 90% yield (0.42 g, 1.23 mmol, a 2:1 mixture of
stereoisomers); 'H-NMR (major isomer, CDCl3) § = 0.84 (t, ] = 7.2 Hz, 3H), 1.05(d, ] = 6.4 Hz,
3H), 1.06-1.28 (m, 2H), 2.27-2.40 (m, 1H), 3.75 (s, 3H), 6.18 (d, ] = 10.4 Hz, 1H), 6.39 (dd,
J=4.0,2.8 Hz, 1H), 7.04 (dd, ] =4.0, 2.0 Hz, 1H), 7.40 (dd, ] = 2.8, 2.0 Hz, 1H), 7.58-7.66 (m,
3H), 8.10-8.16 (m, 2H) ppm; IBC-NMR (major isomer, CDCl3) 6 = 10.1, 15.0, 24.7, 38.8, 51.7,
63.7,110.1, 114.0, 114.1, 123.9, 126.0, 126.6, 129.2, 131.6, 159.3, 162.4, 170.7 ppm; IR v = 3144,
3124, 3066, 2970, 2932, 2879, 1747, 1704, 1606, 1552, 1501, 1492, 1449, 1414, 1387, 1334, 1284,
1236, 1196, 1178, 1100, 1077, 1020, 964, 926, 883, 727, 694, 618 cm~!; HRMS (ESI) calcd for
C19H21N303+Na, 362.1475: found 362.1475.

Methyl (S)-3-phenyl-2-(2-(5-phenyl-1,3,4-0xadiazol-2-yl)-1H-pyrrol-1-yl)propanoate (1f).
Data for 4f: white solid in a yield of 83% (0.94 g, 2.51 mmol); TH-NMR (DMSO-dg) & = 3.42
(d of A of ABq, Jap = 14.4, J; = 10.0 Hz, 1H), 3.49 (d of B of ABq, Jap = 14.4, J; = 6.4 Hz, 1H),
3.67 (s, 3H), 6.11 (dd, ] = 3.6, 2.8 Hz, 1H), 6.43 (dd, | = 3.6, 1.6 Hz, 1H), 6.49 (dd, ] = 10.0,
6.4 Hz, 1H), 7.10-7.25 (m, 6H), 7.50-7.62 (m, 3H), 7.88-7.93 (m, 2H), 8.23 (s, 1H), 11.50 (s,
1H) ppm; '*C-NMR (DMSO-dg) § = 39.1, 53.6, 61.1, 110.4, 117.6, 127.5, 127.7, 128.2, 128.7,
129.3,129.7,130.4, 132.8, 134.9, 137.9, 142.2, 163.8, 171.7 ppm; IR v = 3236, 3064, 3033, 2957,
2843,1743, 1645, 1613, 1555, 1497, 1455, 1436, 1348, 1280, 1220, 1185, 1164, 1076, 1032, 1008,
904, 843, 802, 753, 699 cm 1.

Data for 1f: light-yellow solid in a yield of 86% (2.31 g, 6.19 mmol); 'H-NMR (CD30D)
5 =3.38 (d of A of ABq, Jap = 14.0, J; = 10.0 Hz, 1H), 3.59 (d of B of ABq, Jap = 14.0,
J4=5.2Hz, 1H), 3.75 (s, 3H), 6.29 (dd, ] = 4.0, 2.8 Hz, 1H), 6.39 (dd, ] = 10.0, 5.2 Hz, 1H),
6.90 (dd, | = 4.0, 1.6 Hz, 1H), 7.02-7.14 (m, 5H), 7.24 (dd, | = 2.8, 1.6 Hz, 1H), 7.54-7.62
(m, 3H), 8.01-8.05 (m, 2H) ppm; 3C-NMR (CD;0D) & = 41.4, 54.6, 63.9, 112.5, 117.3, 119.8,
126.0,129.2,129.2,129.4,130.7, 131.5, 131.8, 134.5, 139.0, 162.1, 165.5, 173.4 ppm; IR v = 3068,
3033, 3004, 2956, 2848, 1747, 1703, 1665, 1606, 1559, 1505, 1449, 1412, 1372, 1337, 1274, 1230,
1201, 1174, 1107, 1083, 1012, 982, 926, 884, 778, 728, 699, 615 cm~!; HRMS (ESI) calcd for
CyH19N303+Na 396.1319, found 396.1321.

Methyl (S)-4-phenyl-2-(2-(5-phenyl-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)butanoate (1g). Data for
4g: white solid in a yield of 79% (1.31 g, 3.48 mmol); 'H-NMR (DMSO-dg) & = 2.36-2.60 (m,
4H), 3.68 (s, 3H), 6.00-6.07 (m, 1H), 6.26 (dd, ] = 3.6, 2.8 Hz, 1H), 6.58 (dd, ] = 3.6, 1.2 Hz,
1H), 7.11-7.28 (m, 6H), 7.50-7.61 (m, 3H), 7.87-7.92 (m, 2H), 8.34 (s, 1H), 11.52 (s, 1H) ppm;
I3C-NMR (DMSO-dg) 5 = 32.8, 35.1, 53.5, 60.1, 110.6, 117.2, 127.2, 128.5, 128.7, 129.5, 129.6,
129.6,129.6, 132.7, 134.8, 141.8, 142.3,163.7, 172.1 ppm; IR v = 3227, 3063, 3030, 2951, 2866,
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1744, 1646, 1610, 1558, 1494, 1457, 1431, 1325, 1287, 1217, 1164, 1079, 1055, 1037, 1029, 1004,
952,913, 755, 698 cm .

Data for 1g: light-yellow solid in 86% yield (0.42 g, 1.13 mmol); 'H-NMR (CD;0D)
6 =2.40-2.67 (m, 4H), 3.71 (s, 3H), 5.92 (dd, | = 10.4, 4.0 Hz, 1H), 6.43 (dd, ] =4.0, 2.8 Hz,
1H), 6.99-7.05 (m, 3H), 7.06 (dd, ] = 4.0, 1.6 Hz, 1H), 7.08-7.16 (m, 2H), 7.31 (dd, ] = 2.8,
1.6 Hz, 1H), 7.53-7.62 (m, 3H), 8.00-8.06 (m, 2H) ppm; I3C-NMR (CD;0D) 6§ = 31.4, 33.3,
51.7,58.9,110.0, 114.5, 117.3, 123.2, 125.8, 126.0, 126.4, 128.0, 128.0, 129.0, 131.7, 139.8, 159.2,
162.7,171.3 ppm; IR v = 3064, 3026, 2956, 2931, 2854, 1745, 1662, 1606, 1557, 1504, 1450, 1415,
1254, 1233, 1198, 1177, 1082, 1012, 979, 814, 772, 725, 698, 605 cm~!; HRMS (ESI) calcd for
Cy3H31N303+Na, 410.1475: found 410.1477.

Dimethyl (S)-2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)succinate (1h). Data for
4h: white solid in a yield of 81% (1.01g, 2.84 mmol); TH-NMR (CD30D) & = 3.27 (d of A of
ABq, Jap =16.8, J; = 8.0 Hz, 1H), 3.37 (d of B of ABq, J4p =16.8, J; = 6.0 Hz, 1H), 3.63 (s,
3H), 3.73 (s, 3H), 6.20 (dd, | = 3.6, 2.8 Hz, 1H), 6.32 (dd, ] = 8.0, 6.0 Hz, 1H), 6.58 (dd, ] = 3.6,
1.6 Hz, 1H), 7.02 (dd, ] = 2.8, 1.6 Hz, 1H), 7.46-7.60 (m, 3H), 7.86-7.91 (m, 2H), 8.24 (s, 1H)
ppm; BC-NMR (CD3;0D) & = 39.4, 53.8, 54.6, 59.5, 112.0, 120.3, 129.4, 129.9, 130.0, 131.1,
134.4, 136.0, 144.6, 167.8,173.2, 173.8 ppm; IR v = 3411, 2958, 1737, 1644, 1613, 1581, 1554,
1495, 1444, 1414, 1348, 1285, 1238, 1177, 1123, 1084, 1008, 979, 908, 803, 786, 712 cm 1.

Data for 1h: light-yellow solid in 88% yield (0.79 g, 2.22 mmol); 'H-NMR (CD3;0D)
5 =3.25(d of A of ABq, Jap =16.8, ]; = 8.0 Hz, 1H), 3.41 (d of B of ABq, Jap =16.8,]; =6.0
Hz, 1H), 3.63 (s, 3H), 3.72 (s, 3H), 6.32 (dd, | = 3.6, 2.8 Hz, 1H), 6.39 (dd, | = 8.0, 6.0 Hz, 1H),
7.03(dd, J =3.6,1.6 Hz, 1H), 7.17 (dd, | = 2.8, 1.6 Hz, 1H), 7.50-7.60 (m, 3H), 8.00-8.07 (m,
2H) ppm; 1¥*C-NMR (CD30D) 6 = 36.4, 51.2, 52.0, 56.8, 109.8, 115.0, 117.0, 123.2, 126.4, 126.7,
129.0, 131.7,159.1, 162.8, 169.9, 170.5 ppm; IR v = 3123, 3006, 2958, 2854, 1741, 1662, 1605,
1553, 1505, 1485, 1439, 1417, 1371, 1271, 1224, 1173, 1083, 1010, 985, 860, 819, 781, 726, 692,
672, 611 cm~1; HRMS (ESI) calcd for C;3H17N305+Na, 378.1060: found 378.1062.

Dimethyl (S)-2-(2-(5-phenyl-1,3,4-0xadiazol-2-yl)-1H-pyrrol-1-yl)pentanedioate (1i). Data
for 4i: white solid in a yield of 70% (1.52 g, 4.08 mmol), TH-NMR (DMSO-dg) 5 = 2.10-2.21
(m, 1H), 2.24-2.42 (m, 2H), 2.44-2.53 (m, 1H), 3.55 (s, 3H), 3.70 (s, 3H), 6.01-6.09 (m, 1H),
6.22 (dd, | = 3.6, 2.8 Hz, 1H), 6.55 (dd, ] = 3.6, 1.6 Hz, 1H), 7.12 (dd, ] = 2.8, 1.6 Hz, 1H),
7.49-7.61 (m, 3H), 7.87-7.92 (m, 2H), 8.32 (s, 1H) ppm; 3C-NMR (DMSO-dg) & = 28.7, 31.3,
52.7,53.6,59.7,110.7,117.5, 127.6, 128.5, 128.7, 129.7, 132.8, 134.8, 142.2,163.7,171.7, 173.5
ppm; IR v = 3234, 3020, 2954, 1738, 1650, 1615, 1558, 1458, 1437, 1346, 1280, 1218, 1177, 1075,
1029, 913, 888, 801, 753 cm 1.

Data for 1i: light-yellow solid in a yield of 95% (1.04 g, 2.82 mmol); 'H-NMR (acetone-
dé6) & =2.24-2.39 (m, 2H), 2.44-2.54 (m, 1H), 2.63-2.73 (m, 1H), 3.57 (s, 3H), 3.73 (s, 3H),
6.24 (dd, ] = 10.8, 5.2 Hz, 1H), 6.39 (dd, | = 3.6, 2.8 Hz, 1H), 7.06 (dd, ] = 3.6, 1.6 Hz,
1H), 7.30 (dd, ] = 2.8, 1.6 Hz, 1H), 7.58-7.65 (m, 3H), 8.10-8.16 (m, 2H) ppm; *C-NMR
(acetone-d6) 6 =294, 314, 52.6,53.7,60.7,111.8, 116.2, 119.4, 125.6, 128.0, 128.3, 130.9, 133.3,
160.9, 164.1, 172.0, 173.7 ppm; IR v = 3120, 3005, 2956, 2923, 2853, 1741, 1664, 1607, 1552,
1504, 1490, 1450, 1371, 1240, 1202, 1174, 1106, 1078, 1012, 989, 964, 930, 882, 847, 821, 727,
694, 612 cm~1; HRMS (ESI) calcd for C19H19N305+Na, 392.1217: found 392.1220.

Methyl (S)-4-(methylthio)-2-(2-(5-phenyl-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)butanoate
(1j) and methyl (S)-6-(5-phenyl-1,3,4-oxadiazol-2-yl)-3,4-dihydro-2H-pyrrolo[2,1-b][1,3]thiazine-
4-carboxylate (1k). Data for 4j: white solid in a yield of 82% (0.77 g, 2.14 mmol); 'H-NMR
(DMSO-dg) 6 = 2.02 (s, 3H), 2.24-2.46 (m, 4H), 3.69 (s, 3H), 5.97-6.05 (m, 1H), 6.22 (dd,
J=3.6,2.8 Hz, 1H), 6.55 (dd, | = 3.6, 1.2 Hz, 1H), 7.15 (dd, | = 2.8, 1.2 Hz, 1H), 7.48-7.61
(m, 3H), 7.86-8.02 (m, 2H), 8.33 (s, 1H) ppm; 3C-NMR (DMSO-dg) & = 15.8, 30.8, 32.9, 53.6,
59.7,110.6, 117.3, 127.4,128.5, 128.7,129.7, 132.8, 134.8, 142.1, 163.7, 171.8 ppm; IR v = 3230,
3006, 2957, 12918, 2849, 1743, 1649, 1614, 1556, 1491, 1459, 1431, 1350, 1288, 1230, 1209, 1144,
1091, 1033, 1001, 955, 909, 888, 798, 756, 613 cm ..

Data for 1j: light-yellow solid in a yield of 50% (0.31 g, 0.86 mmol); 'H-NMR (CD3;0D)
5 =2.03 (s, 3H), 2.28-2.36 (m, 1H), 2.43-2.63 (m, 3H), 3.74 (s, 3H), 6.18 (dd, ] = 10.0, 4.8 Hz,
1H), 6.39 (dd, ] = 4.0, 2.8 Hz, 1H), 7.07 (dd, ] = 4.0, 2.0 Hz, 1H), 7.25 (dd, | = 2.8, 2.0 Hz, 1H),
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7.55-7.63 (m, 3H), 8.06-8.10 (m, 2H) ppm; 3C-NMR (CD;0D) § = 13.7, 29.6, 31.1, 51.8, 58.7,
109.8,114.8,117.2,123.2,126.4,129.0, 131.7, 159.2, 162.8, 171.0, 179.6 ppm; IR v = 2956, 2925,
2857, 1750, 1667, 1603, 1554, 1505, 1452, 1381, 1274, 1243, 1090, 1016, 961, 883, 817, 774, 732,
691 cm~!; HRMS (ESI) calcd for C1gH;19N3035+Na, 380.1039: found 380.1040.

Data for 1k: light-yellow solid in 49% yield (0.31g, 0.72 mmol); '"H-NMR (CD;0D)
§ =2.39-2.49 (m, 1H), 2.86-3.02 (m, 3H), 3.73 (s, 3H), 5.94 (dd, ] = 5.2, 3.2 Hz, 1H), 6.06 (d,
J =4.0 Hz, 1H), 7.01 (d, ] = 4.0 Hz, 1H), 7.49-7.57 (m, 3H), 7.97-8.01 (m, 2H) ppm; 3C-NMR
(CD;0D) 6 = 22.0,28.0,53.3, 58.2, 108.5, 116.1, 119.0, 124.7, 127.7, 128.7,130.3, 132.9, 160.2,
163.6, 172.5 ppm; IR v = 3008, 2948, 2852, 1751, 1648, 1604, 1552, 1497, 1439, 1401, 1355, 1292,
1257, 1214, 1176, 1145, 1125, 1085, 1070, 1023, 974, 929, 898, 854, 758, 727, 696 cm~!; HRMS
(ESI) caled for C17H15N3035+Na, 364.0726: found 364.0729.

3.1.3. General Procedure for the Preparation of 5 (R = i-Pr) and 6 (R = s-Bu)

Step-1: At 25 °C, under an argon atmosphere, benzohydrazide 3 (1.1 equiv.) was
added to a stirred solution of pyrrole-2-carbaldehyde 2 (~1.0 g, 1 equiv.) in toluene/DMSO
(v:v = 15:1). The mixture was heated at 110 °C for 12 h and cooled to room temperature.
The solvent was removed under reduced pressure in a rotary evaporator, and the crude
product was filtered through a short pad of SiO; (EtOAc eluent) and concentrated under
reduced pressure.

Step-2: I, (1.2 equiv.) and Ky;COj (3 equiv.) were added to a stirred solution of
the above imine in 1,4-dioxane (20 mL). The mixture was heated at 85 °C for 6h under
an argon atmosphere and cooled to room temperature. The mixture was diluted with
CH,Cl,, washed with a 10% Na;S,03 solution, dried over anhydrous Na,;SOy, filtered,
and concentrated under reduced pressure. The product was purified by SiO, flash column
chromatography to obtain pyrrole-fused 1,3,4-oxadiazole 5 or 6.

Methyl (S)-2-(2-(5-(2-fluorophenyl)-1,3,4-0xadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate
(5a). Orange oil, 40% yield (663 mg, 1.93 mmol); R¢ = 0.45 (4:1 hexane/EtOAc); Data for
5a: 'H-NMR (CDCl3) & = 0.83 (d, | = 6.4 Hz, 3H), 1.08 (d, | = 6.4 Hz, 3H), 2.48 (m, 1H),
3.75 (s, 3H), 6.15 (d, | = 10.0 Hz, 1H), 6.36 (dd, ] =4.0, 3.2 Hz, 1H), 6.98 (dd, ] = 4.0, 2.0 Hz,
1H), 7.23-7.28 (m, 1H), 7.28-7.34 (m, 1H), 7.31 (dd, ] = 3.2, 2.0 Hz, 1H), 7.50-7.57 (m, 1H),
8.08-8.13 (m, 1H) ppm; 3C-NMR (CDCl3) § = 18.5, 19.3, 33.2, 52.3, 64.6, 110.4, 114.5, 117.0
(d, ] =20.5Hz),117.8,124.6 (d, ] = 3.1 Hz), 126.0, 129.6 (d, ] = 1.5 Hz), 133.3 (d, | = 8.4 Hz),
158.8,159.4, (d, ] =5.4 Hz), 159.7 (d, ] = 1.5 Hz), 161.3, 171.3 ppm; IR v = 2970, 2880, 1748,
1605, 1500, 1475, 1450, 1273, 1239, 1219, 1200, 1185, 1170, 1102, 1078, 1009, 827, 742, 669,
617 cm~1; HRMS (ESI) caled for C1gH;8FN303+Na 366.1224: found 366.1225.

Methyl (S)-2-(2-(5-(3-fluorophenyl)-1,3,4-0xadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate
(5b). Orange oil, 70% yield (759 mg, 2.21 mmol); R¢ = 0.59 (4:1 hexane/EtOAc); Data for
5b: 1H-NMR (CDCl3) & = 0.83 (d, | = 6.4 Hz, 3H), 1.08 (d, ] = 6.4 Hz, 3H), 2.49 (m, 1H),
3.75 (s, 3H), 6.14 (d, | = 10.0 Hz, 1H), 6.37 (dd, ] = 4.0, 2.8 Hz, 1H), 6.97 (dd, ] = 4.0, 2.0 Hz,
1H), 7.20-7.27 (m, 1H), 7.32 (dd, ] = 2.8, 2.0 Hz, 1H), 7.47-7.54 (m, 1H), 7.76-7.81 (m, 1H),
7.87-7.91 (m, 1H) ppm; 3C-NMR (CDCl3) § = 18.5, 19.3, 33.1, 52.3, 64.6, 110.4, 113.8 (d,
J =242 Hz), 114.4117.7,118.6 (d, ] =21.2 Hz), 122.5 (d, ] = 3.0 Hz), 125.7 (d, ] = 9.1 Hz),
126.1,130.9 (d, ] = 8.3 Hz), 159.7, 161.6, (d, ] = 2.3 Hz), 164.0, 171.2 ppm; IR v = 2970, 2880,
1750, 1600, 1565, 1500, 1495, 1450, 1410, 1375, 1307, 1275, 1240, 1205, 1181, 1105, 1080, 1010,
995, 870, 800, 735, 680, 615 cm~!; HRMS (ESI) caled for C1gH;13FN303+Na 366.1224: found
366.1226.

Methyl (S)-2-(2-(5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate
(5¢). Yellow oil, 54% yield (721 mg, 2.10 mmol); R¢ = 0.65 (4:1 hexane/EtOAc); Data for 5c:
'H-NMR (CDCl3) 6 = 0.83 (d, ] = 6.4 Hz, 3H), 1.08 (d, ] = 6.4 Hz, 3H), 2.48 (m, 1H), 3.75 (s,
3H), 6.14 (d, ] = 10.0 Hz, 1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H), 6.94 (dd, ] = 4.0, 2.0 Hz, 1H),
7.18-7.25 (m, 2H), 7.31 (dd, ] = 2.8, 2.0 Hz, 1H), 8.07-8.13 (m, 2H) ppm; 3C-NMR (CDCl5)
5=18.5,19.3,33.1,52.3, 64.6, 110.3, 114.1, 116.4 (d, ] = 22.0 Hz), 120.2 (d, ] = 3.0 Hz), 125.9,
129.0 (d, ] =9.1 Hz), 1594, 161.8, 163.4, 165.9, 171.2 ppm; IR v = 2970, 2880, 1750, 1605, 1500,
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1470, 1455, 1435, 1415, 1270, 1235, 1215, 1200, 1160, 1100, 1075, 1015, 965, 845, 740, 625 cm ™~ !;
HRMS (ESI) caled for ClnggFN303+Na 366.1224, found 366.1228.

Methyl (S)-2-(2-(5-(4-chlorophenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate
(5d). Brown solid, 62% yield (533 mg, 1.48 mmol); R¢ = 0.61 (4:1 hexane/EtOAc); Data for
5d: 'H-NMR (CDCl3) & = 0.82 (d, ] = 6.4 Hz, 3H), 1.08 (d, ] = 6.4 Hz, 3H), 2.48 (m, 1H), 3.75
(s, 3H), 6.14 (d, ] = 10.0 Hz, 1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H), 6.95 (dd, ] = 4.0, 2.0 Hz, 1H),
7.31(dd, ] = 2.8, 2.0 Hz, 1H), 7.48-7.53 (m, 2H), 8.01-8.06 (m, 2H) ppm; 3C-NMR (CDCl;)
5=18.5,19.3,33.2,52.3, 64.6, 110.3, 114.3, 117.8, 122.3, 126.0, 128.1, 129.5, 137.8, 159.6, 161.8,
171.2 ppm; IR v = 2970, 2880, 1750, 1605, 1500, 1485, 1455, 1410, 1270, 1237, 1200, 1180, 1100,
1080, 1015, 970, 840, 740 cm~!; HRMS (ESI) caled for C13H;sCIN3O3+Na 382.0929, found
382.0933.

Methyl (5)-2-(2-(5-(2-hydroxy-3,5-diiodophenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-
methylbutanoate (5e-1). White solid, 33% yield (748 mg, 1.26 mmol); R¢ = 0.54 (4:1 hex-
ane/EtOAc); Data for 5e-1: 'H-NMR (CDCl3) & = 0.82 (d, ] = 6.4 Hz, 3H), 1.09 (d, ] = 6.4 Hz,
3H), 2.49 (m, 1H), 3.77 (s, 3H), 5.99 (d, ] = 9.6 Hz, 1H), 6.40 (dd, | = 4.0, 2.8 Hz, 1H), 7.05 (dd,
J =4.0,2.0 Hz, 1H), 7.36 (dd, ] = 2.8, 2.0 Hz, 1H), 8.06 (d, ] = 2.0 Hz, 1H), 8.18 (d, ] = 2.0 Hz,
1H) 11.02 (s, 1H) ppm; *C-NMR (CDCl3) § = 18.6, 19.3, 33.2, 52.4, 64.9, 81.3, 86.7, 109.8,
110.8,115.7, 116.9, 127.0, 134.7, 149.8, 156.2, 158.7, 160.1, 171.0 ppm; IR v = 2970, 2890, 1750,
1600, 1565, 1535, 1500, 1445, 1415, 1380, 1255, 1240, 1220, 1185, 1105, 1080, 1015, 1000, 915,
870, 740, 660, 615, 600 cm~!; HRMS (ESI) calcd for C1gH171,N304+Na 615.9201: found
615.9203.

Methyl (5)-2-(2-(5-(4-hydroxy-2,3,5,6-tetraiodophenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-
yl)-3-methylbutanoate (5f-1): Yellow solid, 32% yield (1.33 g, 1.57 mmol); R¢ = 0.55 (4:1
hexane/EtOAc); Data for 5f-1. 'H-NMR (CDCl3) & = 0.81 (d, ] = 6.4 Hz, 3H), 1.07 (d,
] = 6.4 Hz, 3H), 2.41-2.53 (m, 1H), 3.75 (s, 3H), 6.09 (d, ] = 10.0 Hz, 1H), 6.36 (dd, ] = 4.0,
2.8 Hz, 1H), 6.96 (dd, | =4.0, 1.6 Hz, 1H), 7.31 (dd, ] = 2.8, 1.6 Hz, 1H), 8.40 (s, 1H) ppm;
I3C-NMR (CDCl3) & = 18.5,19.3,33.1, 52.3, 64.6, 82.4, 110.4, 114.5, 117.7, 119.9, 126.1, 137.6,
156.2, 159.5, 159.6, 171.2 ppm; IR v = 3450, 3145, 3125, 2970, 2875, 1745, 1610, 1595, 1500,
1450, 1395, 1300, 1270, 1235, 1220, 1200, 1180, 1160, 1135, 1105, 1075, 1010, 995, 965, 910,
890, 810, 735, 710, 685, 650, 615 cm~!; HRMS (ESI) calcd for [C15H1514N30,4-I,+H]+Na
615.9201: found 615.9213.

Methyl (5)-2-(2-(5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate
(5g). Red oil, 85% yield (1.03 g, 2.89 mmol); R = 0.66 (3:2 hexane/EtOAc); Data for 5g:
'H-NMR (CDCl3) 8 = 0.83 (d, ] = 6.4 Hz, 3H), 1.07 (d, ] = 6.4 Hz, 3H), 2.48 (m, 1H), 3.74 (s,
3H), 4.00 (s, 3H), 6.19 (d, ] = 10.0 Hz, 1H), 6.35 (dd, ] = 4.0, 2.8 Hz, 1H), 6.94 (dd, ] = 4.0,
2.0 Hz, 1H), 7.06-7.12 (m, 2H), 7.29 (dd, ] = 2.8, 2.0 Hz, 1H), 7.48-7.53 (m, 1H), 7.99 (dd,
] =7.6,2.0 Hz, 1H) ppm; '*C-NMR (CDCl3) § = 18.5,19.3, 33.2, 52.2, 56.0, 64.5, 110.1, 112.0,
112.9,113.9,118.2, 120.7, 125.5, 130.2, 132.8, 158.0, 159.0, 161.3, 171.4 ppm; IR v = 2970, 2875,
2840, 1750, 1600, 1545, 1500, 1470, 1455, 1440, 1270, 1260, 1235, 1215, 1185, 1170, 1130, 1100,
1075, 1025, 750, 735, 675, 616 cm~!; HRMS (ESI) calcd for C19Hp1N3O4+Na 378.1424, found
378.1428.

Methyl (S)-2-(2-(5-(4-methoxyphenyl)-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate (5h).
Ivory solid, 70% yield (1.12 g, 3.15 mmol); R¢ = 0.70 (3:2 hexane/EtOAc); Data for 5h:
'H-NMR (CDCl3) 8 = 0.82 (d, ] = 6.4 Hz, 3H), 1.07 (d, ] = 6.4 Hz, 3H), 2.48 (m, 1H), 3.74 (s,
3H), 3.89 (s, 3H), 6.15 (d, ] = 10.0 Hz, 1H), 6.35 (dd, ] = 4.0, 2.8 Hz, 1H), 6.92 (dd, ] = 4.0, 2.0
Hz, 1H), 7.00-7.05 (m, 2H), 7.29 (dd, ] = 2.8, 2.0 Hz, 1H), 8.01-8.05 (m, 2H), 7.99 (dd, ] = 7.6,
2.0 Hz, 1H) ppm; 3C-NMR (CDCl3) § = 18.5,19.3, 33.1, 52.3, 55.5, 64.5, 110.1, 113.8, 114.5,
116.4,118.2,125.6, 128.6, 159.0, 162.2, 162.6, 171.3 ppm; IR v = 2970, 2875, 1745, 1610, 1600,
1505, 1450, 1395, 1300, 1270, 1240, 1220, 1200, 1180, 1160, 1135, 1100, 1080, 1015, 995, 910,
890, 735, 715, 685, 650, 615 cm~!; HRMS (ESI) calcd for C19H,1N3O4+Na 378.1424: found
378.1426.

Methyl (2S,35)-2-(2-(5-(2-fluorophenyl)-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylpentanoate
(6a). Orange-red oil, 89% yield (1.03 g, 2.89 mmol); R¢ = 0.47 (4:1 hexane/EtOAc); Data
for 6a: 'H-NMR (CDCl3) 6 = 0.84 (t, ] = 7.2 Hz, 3H), 1.05 (d, ] = 6.4 Hz, 3H), 1.06-1.27 (m,
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2H), 2.21-2.32 (m, 1H), 3.74 (s, 3H), 6.20 (d, ] = 9.6 Hz, 1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H),
6.98 (dd, ] =4.0, 2.0 Hz, 1H), 7.23-7.29 (m, 1H), 7.30-7.34 (m, 1H), 7.31 (dd, ] =2.8, 2.0 Hz,
1H), 7.50-7.57 (m, 1H), 8.08-8.13 (m, 1H) ppm; 3C-NMR (CDCl3) 5 = 11.0, 15.6, 24.8, 39.2,
52.3, 63.8, 110.3, 114.6, 117.0 (d, ] = 21.3 Hz), 117.9, 124.6 (d, ] = 3.8 Hz), 126.0, 129.6 (d,
J=0.5Hz), 133.3 (d, ] = 8.4 Hz), 158.8, 1594, (d, ] = 5.4 Hz), 159.6 (d, ] = 1.5 Hz), 161.3,
171.4 ppm; IR v = 2970, 2937, 2880, 1750, 1600, 1500, 1475, 1450, 1400, 1260, 1235, 1198,
1180, 1100, 1080, 1026, 1000, 910, 825, 767, 735, 698, 670, 615 cm~!; HRMS (ESI) calcd for
C19H9FN3O3+Na 380.1381:found 380.1386.

Methyl (25,35)-2-(2-(5-(3-fluorophenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylpentanoate
(6b). Orange-red oil, 88% yield (0.99 g, 2.77 mmol); R¢ = 0.47 (4:1 hexane/EtOAc); Data for
6b: '"H-NMR (CDCl3) 5 = 0.84 (t, ] = 7.2 Hz, 3H), 1.05 (d, ] = 6.4 Hz, 3H), 1.06-1.28 (m, 2H),
2.20-2.32 (m, 1H), 3.75 (s, 3H), 6.19 (d, ] = 10.0 Hz, 1H), 6.36 (dd, | = 3.6, 2.8 Hz, 1H), 6.97
(dd, J =3.6,2.0 Hz, 1H), 7.20-7.27 (m, 1H), 7.33 (dd, ] = 2.8, 2.0 Hz, 1H), 7.47-7.53 (m, 1H),
7.76-7.81 (m, 1H), 7.87-7.91 (m, 1H) ppm; 3C-NMR (CDCl3) § = 10.9, 15.5, 24.8, 39.1, 52.3,
63.8,110.4, 113.8 (d, ] = 24.2 Hz), 114.5, 117.7, 118.6 (d, ] = 21.3 Hz), 122.5 (d, ] = 3.0 Hz),
125.7 (d, ] = 8.3 Hz), 126.1,130.9 (d, ] = 8.4 Hz), 159.6, 161.6 (d, ] = 3.1 Hz), 164.0, 171.3 ppm;
IR v = 2970, 2940, 2880, 1750, 1595, 1560, 1505, 1490, 1454, 1415, 1245, 1205, 1178, 1105, 1080,
995, 915, 870, 795, 735, 680, 615 cm~!; HRMS (ESI) calcd for C19HyFN3O3+Na 380.1381,
found 380.1384.

Methyl (2S,3S5)-2-(2-(5-(4-fluorophenyl)-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylpentanoate
(6¢). Yellow oil, 62% yield (768 mg, 2.15 mmol); R = 0.58 (4:1 hexane/EtOAc); Data for
6c: 'TH-NMR (CDCl3) & = 0.83 (t, ] = 7.2 Hz, 3H), 1.04 (d, ] = 6.4 Hz, 3H), 1.05-1.27 (m, 2H),
2.22-2.32 (m, 1H), 3.74 (s, 3H), 6.19 (d, ] = 10.4 Hz, 1H), 6.36 (dd, | = 3.6, 2.8 Hz, 1H), 6.94 (dd,
J=3.6,2.0 Hz, 1H), 7.18-7.25 (m, 2H), 7.31 (dd, ] = 2.8, 2.0 Hz, 1H), 8.07-8.13 (m, 2H) ppm;
IBC.NMR (CDCl3) & = 10.9, 15.5, 24.8, 39.1, 52.3, 63.7, 110.3, 114.2, 116.4 (d, ] = 22.8 Hz),
117.9,126.0, 129.1 (d, | = 8.3 Hz), 159.4, 161.8, 163.4, 165.9, 171.4 ppm; IR v = 2970, 2940,
2880, 1750, 1670, 1605, 1500, 1455, 1415, 1240, 1200, 1180, 1160, 1080, 1015, 1000, 850, 740,
620 cm~!; HRMS (ESI) calcd for C19Hy0FN303+Na 380.1381: found 380.1387.

Methyl (25,3S)-2-(2-(5-(4-chlorophenyl)-1,3,4-oxadiazol-2-yI)-1H-pyrrol-1-yl)-3-methylpentanoate
(6d). Orange oil, 79% yield (254 mg, 0.68 mmol); R¢ = 0.65 (4:1 hexane/EtOAc); Data for
6d: "H-NMR (CDCl3) 5 = 0.83 (t, ] = 7.2 Hz, 3H), 1.04 (d, ] = 6.4 Hz, 3H), 1.06-1.27 (m, 2H),
2.20-2.32 (m, 1H), 3.74 (s, 3H), 6.19 (d, ] = 10.4 Hz, 1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H), 6.95
(dd, J =4.0,1.6 Hz, 1H), 7.32 (dd, | = 2.8, 1.6 Hz, 1H), 7.48-7.52 (m, 2H), 8.01-8.05 (m, 2H)
ppm; BC-NMR (CDCl3) § = 10.9, 15.5, 24.8, 39.1, 52.3, 63.8, 110.3, 114.4, 117.8, 122.3, 126.1,
128.1, 1294, 137.8, 159.5, 161.8, 171.3 ppm; IR v = 2970, 2935, 2880, 1750, 1605, 1505, 1485,
1455, 1410, 1255, 1235, 1200, 1178, 1095, 1080, 1015, 840, 735 cm~!; HRMS (ESI) calcd for
C19H9CIN3O3+Na 396.1085: found 396.1089.

Methyl (25,3S)-2-(2-(5-(2-hydroxy-3,5-diiodophenyl)-1,3,4-oxadiazol-2-y1)-1H-pyrrol-1-yl)-
3-methylpentanoate (6e-1). Green solid, 45% yield (893 mg, 1.47 mmol); R; = 0.50 (4:1
hexane/EtOAc); Data for 6e-1: 'H-NMR (CDCl3) & = 0.83 (t, ] = 7.2 Hz, 3H), 1.05 (d,
J = 6.4 Hz, 3H), 1.02-1.22 (m, 2H), 2.20-2.33 (m, 1H), 3.77 (s, 3H), 6.04 (d, ] = 9.6 Hz, 1H),
6.39 (dd, ] = 4.0, 2.8 Hz, 1H), 7.04 (dd, ] = 4.0, 1.6 Hz, 1H), 7.37 (dd, ] = 2.8, 1.6 Hz, 1H), 8.06
(d, ] =2.0 Hz, 1H), 8.17 (d, ] = 2.0 Hz, 1H), 11.02 (s, 1H) ppm; 3C-NMR (CDCl3) & = 10.9,
15.5,24.8,38.1,52.4, 64.0, 81.3, 86.7, 109.8, 110.8, 115.7, 116.9, 127.0, 134.7, 149.8, 156.2, 158.7,
160.1, 171.1 ppm; IR v = 3415, 2970, 2880, 1750, 1605, 1565, 1530, 1500, 1455, 1415, 1380, 1255,
1235, 1190, 1180, 1100, 1080, 990, 915, 875, 758, 740, 665, 598 cm~!; HRMS (ESI) calcd for
C19H1912N3O4+Na 629.9357: found 629.9358.

Methyl (25,3S)-2-(2-(5-(4-hydroxy-3,5-diiodophenyl)-1,3,4-oxadiazol-2-y1)-1H-pyrrol-1-yl)-
3-methylpentanoate (6£-1). Yellow oil, 43% yield (935 mg, 1.54 mmol); R¢ = 0.45 (4:1 hex-
ane/EtOAc); Data for 6f-1: 'H-NMR (CDCl3) § = 0.83 (t, ] = 7.2 Hz, 3H), 1.04 (d, ] = 6.4 Hz,
3H), 1.05-1.24 (m, 2H), 2.20-2.32 (m, 1H), 3.75 (s, 3H), 6.14 (d, ] = 10.0 Hz, 1H), 6.21 (brs,
1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H), 6.96 (dd, ] = 4.0, 2.0 Hz, 1H), 7.32 (dd, ] = 2.8, 2.0 Hz, 1H),
8.40 (s, 2H), 8.17 (d, ] = 2.0 Hz, 1H), 11.02 (s, 1H) ppm; 3C-NMR (CDCl3) & = 10.9, 15.5,
24.8,39.1, 52.3, 63.8, 82.5, 110.4, 114.5, 117.7, 119.9, 126.1, 137.6, 156.2, 159.4, 159.6, 171.3
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ppm; IR v = 3450, 3145, 3125, 3070, 2970, 2880, 1745, 1608, 1595, 1500, 1450, 1395, 1300, 1235,
1195, 1178, 1155, 1105, 1075, 990, 890, 775, 736, 710, 685, 615 cm~!; HRMS (ESI) calcd for
C19H19IpN304+Na 629.9357: found 629.9360.

Methyl (2S,35)-2-(2-(5-(2-methoxyphenyl)-1,3 4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylpentanoate
(6g). Orange-red oil, 80% yield (768 mg, 2.08 mmol); R¢ = 0.19 (4:1 hexane/EtOAc); Data
for 6g: 'H-NMR (CDCl3) & = 0.83 (t, | = 7.2 Hz, 3H), 1.04 (d, | = 6.4 Hz, 3H), 1.05-1.27 (m,
2H), 2.20-2.32 (m, 1H), 3.73 (s, 3H), 3.99 (s, 3H), 6.24 (d, ] = 9.6 Hz, 1H), 6.34 (dd, ] = 3.6,
2.8 Hz, 1H), 6.94 (dd, | = 3.6, 1.6 Hz, 1H), 7.05-7.11 (m, 2H), 7.30 (dd, | = 2.8, 1.6 Hz, 1H),
7.47-7.53 (m, 1H), 7.98 (dd, ] = 7.6, 2.0 Hz, 1H) ppm; 3C-NMR (CDCl3) § = 11.0, 15.5, 24.8,
39.2,52.2,56.0,63.7,110.1, 112.0, 112.9, 114.0, 118.3, 120.7, 125.6, 130.2, 132.8, 157.9, 159.0,
161.3, 171.5 ppm; IR v = 2970, 2942, 2882, 2845, 1750, 1605, 1550, 1500, 1485, 1455, 1440,
1415, 1255, 1240, 1200, 1180, 1100, 1080, 1050, 1025, 915, 730, 678, 650, 620 cm~'; HRMS (ESI)
caled for CoogHo3N304+Na 392.1581: found 392.1585.

Methyl (25,3S)-2-(2-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylpentanoate
(6h). Orange oil; 79% yield (739 mg, 2.00 mmol); R¢ = 0.24 (4:1 hexane/EtOAc); Data for
6h: 'H-NMR (CDCl3) 6 = 0.83 (t, ] = 7.2 Hz, 3H), 1.03 (d, ] = 6.4 Hz, 3H), 1.05-1.23 (m,
2H), 2.20-2.30 (m, 1H), 3.74 (s, 3H), 3.88 (s, 3H), 6.20 (d, ] = 9.6 Hz, 1H), 6.34 (dd, | = 3.6,
2.8 Hz, 1H), 6.92 (dd, | = 3.6, 1.6 Hz, 1H), 6.99-7.03 (m, 2H), 7.29 (dd, | = 2.8, 1.6 Hz, 1H),
8.00-8.04 (m, 2H) ppm; *C-NMR (CDCl3) & = 11.0, 15.5, 24.8, 39.1, 52.2, 55.4, 63.7, 110.1,
113.8,114.5, 116 .4, 118.2, 125.6, 128.6, 158.9, 162.2, 162.6, 171.4 ppm; IR v = 2970, 2940, 2880,
2840, 1750, 1610, 1500, 1460, 1445, 1310, 1255, 1180, 1100, 1080, 1030, 1000, 915, 840, 730, 700,
625, 610 cm~1; HRMS (ESI) calcd for CooHp3N304+Na 392.1581: found 392.1584.

3.2. General Procedure for Deiodination Reaction on the Phenol Ring

Zn dust (2~5 equiv.) and acetic acid (5 equiv.) were added to a stirred solution of 2-
pyrrolyl-5-(iodophenolic)-1,3,4-oxadiazole 5f-1 or 6e-1 (~0.5-1.0 g, 1 equiv.) in THF (30mL).
The mixture was stirred at 25 °C for 1~6 h under an argon atmosphere. The mixture was
quenched with saturated NaHCOj3 solution, extracted with Et,O, dried over anhydrous
Na,SOy, filtered, and concentrated under reduced pressure. The product was purified by
Si0O; flash column chromatography to produce the deiodination product.

Methyl (S)-2-(2-(5-(4-hydroxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-methylbutanoate (5f).
White solid, 97% yield (270 mg, 0.79 mmol); R¢ = 0.58 (3:2 hexane/EtOAc); Data for 5f:
'H-NMR (CDCl3) § = 0.83 (d, ] = 6.4 Hz, 3H), 1.08 (d, | = 6.4 Hz, 3H), 2.43-2.54 (m, 1H),
3.75 (s, 3H), 6.13 (d, ] =9.6 Hz, 1H), 6.36 (dd, ] = 4.0, 2.8 Hz, 1H), 6.93 (dd, ] =4.0, 1.6 Hz,
1H), 7.01 (d, ] = 8.4 Hz, 2H), 7.30 (dd, | = 2.8, 1.6 Hz, 1H), 7.99 (d, ] = 8.4 Hz, 2H) ppm;
I3C-NMR (CDCl3) & = 18.5,19.3, 33.1, 52.3, 64.6, 110.2, 114.0, 116.0, 116.2, 118.0, 125.7, 128.8,
159.0, 159.1, 162.7, 171.3 ppm; IR v = 3120, 2970, 2940, 2880, 1750, 1610, 1595, 1500, 1440,
1394, 1375, 1335, 1285, 1270, 1240, 1200, 1105, 1090, 1075, 1010, 995, 915, 840, 775, 735, 719,
635 cm~!; HRMS (ESI) caled for C1gH;9N304+Na 364.1268: found 365.1271.

Methyl (25,35)-2-(2-(5-(2-hydroxyphenyl)-1,3,4-oxadiazol-2-y1)-1H-pyrrol-1-yl)-3-methylpentanoate
(6e). White solid, 50% yield (210 mg, 0.59 mmol); R¢ = 0.54 (3:2 hexane/EtOAc); Data for 6e:
'H-NMR (DMSO-dg) & = 0.79 (t, ] = 7.2 Hz, 3H), 0.96 (d, ] = 6.4 Hz, 3H), 0.98-1.19 (m, 2H),
2.16-2.26 (m, 1H), 3.69 (s, 3H), 6.02 (d, ] = 9.6 Hz, 1H), 6.24 (dd, ] = 3.6, 2.8 Hz, 1H), 6.56
(dd, J = 3.6, 1.6 Hz, 1H), 6.92-6.99 (m, 2H), 7.20 (dd, ] = 2.8, 1.6 Hz, 1H), 7.41-7.46 (m, 1H),
7.86-7.90 (m, 1H) 8.39 (s, 1H) ppm; 1*C-NMR (DMSO-dg) 5 = 11.1, 16.0, 24.8, 38.5, 52.7, 63.3,
110.3,115.9, 116.5, 117.8,119.3, 126.2, 127.8, 128.6, 134.2, 142.5, 159.8, 164.9, 171.3 ppm; IR
v = 3240, 3080, 2970, 2935, 2880, 1750, 1640, 1600, 1570, 1540, 1495, 1465, 1425, 1360, 1335,
1315, 1258, 1230, 1200, 1175, 1155, 1105, 1075, 1060, 1040, 995, 950, 895, 825, 757, 740, 670,
618 cm~!; HRMS (ESI) calcd for C19H,3N30,4+Na 380.1581: found 380.1586.

Methyl (25,35)-2-(2-(5-(4-hydroxyphenyl)-1,3,4-oxadiazol-2-y1)-1H-pyrrol-1-yl)-3-methylpentanoate
(6f). White solid, 42% yield (98 mg, 0.28 mmol); R¢ = 0.67 (3:2 hexane/EtOAc); Data for
6f: 'H-NMR (CDCl3) 6 = 0.77 (t, ] = 7.2 Hz, 3H), 0.98 (d, ] = 6.8 Hz, 3H), 0.98-1.18 (m,
2H), 2.26-2.35 (m, 1H), 3.70 (s, 3H), 5.96 (d, ] = 10.0 Hz, 1H), 6.38 (dd, | = 3.6, 2.8 Hz, 1H),
6.97 (d, ] = 8.4 Hz, 2H), 6.98 (dd, | = 3.6, 1.6 Hz, 1H), 7.40 (dd, ] = 2.8, 1.6 Hz, 1H), 7.90 (d,
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] = 8.4 Hz, 2H), 10.34 (s, 1H) ppm; 3C-NMR (CDCl3) § = 10.9, 15.5, 24.8, 39.1, 52.3, 63.7,
110.3,114.2,115.5, 117.9,125.9, 129.0, 136.9, 157.7, 159.2, 161.1, 171.4 ppm; IR v = 3137, 2965,
2875, 2838, 1742, 1610, 1579, 1558, 1497, 1464, 1466, 1438, 1338, 1307, 1287, 1254, 1224, 1202,
1173, 1092, 1060, 1027, 961, 938, 911, 837, 810, 798, 731, 696 cm~!; HRMS (ESI) calcd for
C19H21N3O4+Na 378.1424: found 378.1427.

3.3. General Procedure for Iodination Reaction on the Pyrrole Ring

I, (4 equiv.). was added to a stirred solution of 2-pyrrolyl-5-(anisyl)-1,3,4-oxadiazoles
5g, 5h, or 6h (~1.0 g, 1 equiv.) in DMSO (10 mL). The mixture was heated at 90 °C for 3~5 h
under an argon atmosphere. After cooling to room temperature, the mixture was diluted
with Et;O, washed with 10% NayS,03 solution, dried over anhydrous NaySOsy, filtered,
and concentrated under reduced pressure. The product was purified by SiO, flash column
chromatography to produce iodination products 5g-1, 5h-1, or 6h-1 on the pyrrole ring.

Methyl (5)-2-(3,4-diiodo-2-(5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-
methylbutanoate (5g-1). Orange oil, 61% yield (923 mg, 1.52 mmol); R¢ = 0.60 (3:2 hex-
ane/EtOAc); Data for 5g-1: 'H-NMR (CDCl3) & = 0.86 (d, ] = 6.4 Hz, 3H), 1.04 (d, ] = 6.4 Hz,
3H), 2.42 (m, 1H), 3.73 (s, 3H), 4.03 (s, 3H), 6.12 (d, | = 10.0 Hz, 1H), 7.08-7.14 (m, 2H), 7.45
(s, 1H), 7.51-7.56 (m, 1H), 8.12 (dd, ] = 7.6, 1.6 Hz, 1H) ppm; 3C-NMR (CDCl3) § = 18.6,
19.2,33.1, 52.5, 56.0, 65.6, 78.0, 80.4, 112.0, 112.3, 120.8, 121.4, 130.4, 130.5, 133.2, 156.7, 158.1,
162.1,170.6 ppm; IR v = 2970, 2937, 2880, 2840, 1750, 1665, 1605, 1590, 1545, 1500, 1475, 1470,
1435, 1390, 1285, 1265, 1220, 1205, 1185, 1165, 1130, 1060, 1050, 1025, 943, 915, 768, 755, 735,
677, 650 cm~1; HRMS (ESI) calcd for C19H191,N304+Na 629.9357: found 629.9363.

Methyl (S)-2-(3,4-diiodo-2-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-
methylbutanoate (5h-1). Yellow oil (a 1.3:1 mixture of di- and mono-iodide products); di-
iodide, 39% yield (199 mg, 0.33 mmol, calcd), mono-iodide, 30% yield (121 mg, 0.25 mmol,
calcd); R¢ = 0.60 (3:2 hexane/EtOAc); Data for di-iodide at pyrrole: 'H-NMR (CDCl3)
5=0.86(d, ] =6.4Hz 3H),1.05(d, | = 6.4 Hz, 3H), 2.43 (m, 1H), 3.74 (s, 3H), 3.89 (s, 3H),
6.09 (d, ] =10.0 Hz, 1H), 7.05 (d, ] = 8.8 Hz, 2H), 7.44 (s, 1H), 8.11 (d, ] = 8.8 Hz, 2H) ppm;
I3C-NMR (CDCl3) § = 18.6, 19.1, 33.0, 52.5, 55.5, 65.7, 78.0, 80.4, 114.6, 116.0, 120.3, 128.9,
130.6, 156.7, 162.5, 163.4, 170.5 ppm; IR v = 2970, 1750, 1615, 1590, 1560, 1500, 1485, 1460,
1440, 1390, 1335, 1255, 1205, 1175, 1160, 1065, 1030, 945, 840, 755, 745, 625 cm™~!; HRMS (ESI)
caled for C19H19I;N304+Na 629.9357, found 629.9358. Data for mono-iodide at pyrrole
(C-3): 'TH-NMR (CDCl3) 6 = 0.61 (d, ] = 6.4 Hz, 3H), 1.06 (d, ] = 6.4 Hz, 3H), 2.43 (m, 1H),
3.76 (s, 3H), 3.89 (s, 3H), 6.13 (d, ] =9.6 Hz, 1H), 7.01 (d, ] = 2.0 Hz, 1H), 7.02 (d, | = 8.4 Hz,
2H), 7.35 (d, ] = 2.0 Hz, 1H), 8.02 (d, ] = 8.4 Hz, 2H) ppm; *C-NMR (CDCl3) & = 18.5,
19.2, 33.3, 52.4, 61.3, 64.9, 77.2, 114.5, 116.0, 120.1, 121.5, 128.6, 130.1, 157.7, 162.4, 162.8,
170.8 ppm; HRMS (ESI) calcd for C19HppIN3O4+Na 504.0396: found 504.0387.

Methyl (25,35)-2-(3-iodo-2-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-1H-pyrrol-1-yl)-3-
methylpentanoate (6h-1). Yellow oil, 83% yield (308 mg, 0.67 mmol); R¢ = 0.40 (4:1 hex-
ane/EtOAc); Data for 6h-1: '"H-NMR (CDCl3) & = 0.84 (t, ] = 7.2 Hz, 3H), 1.02 (d, ] = 6.4 Hz,
3H), 1.06-1.26 (m, 2H), 2.16-2.28 (m, 1H), 3.75 (s, 3H), 3.89 (s, 3H), 6.18 (d, ] = 10.0 Hz, 1H),
6.99-7.04 (m, 2H), 7.01 (d, ] = 1.6 Hz, 1H), 7.35 (d, | = 1.6 Hz, 1H), 7.99-8.03 (m, 2H) ppm;
I3C-NMR (CDCl3) § = 10.9, 15.4, 24.8, 39.2, 52.4, 55.5, 64.1, 77.2, 114.6, 116.0, 120.1, 120.3,
128.7,130.1, 157.6, 162.4, 162.9, 171.0 ppm; IR v = 2970, 2935, 2880, 2840, 1750, 1607, 1498,
1464, 1440, 1310, 1260, 1176, 1100, 1065, 1030, 1000, 915, 840, 815, 745, 640, 625, 607 cm ™~ };
HRMS (ESI) calcd for CogHppIN3O4+Na 518.0547: found 518.0548.

3.4. Biological Evaluation

The minimum inhibitory concentrations (MICs) were determined using the broth
microdilution method in a 96-well plate [40,41]. The 96-well plates containing chemicals in
two-fold serial dilutions (4 ug/mL to 2048 ug/mL for series 1; 2 pug/mL to 1024 pg/mL
for series 5 and 6) were prepared in Luria—Bertani (LB) medium. E. coli, S. aureus, and A.
baumannii cells were grown in LB broth to the exponential phase. A 10 puL volume of cells
diluted with LB broth to a concentration of 108 cells/mL was inoculated on the plates. The
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MIC was determined after incubation at 37 °C for 16 h under aerobic conditions. The optical
density was measured in triple at 600 nm (ODg) using a microplate reader (Bio-Rad, USA)
at 20 h after treatment of the chemicals in concentrations of 2, 4, 8, 16, 32, 64, 128, 256, 512,
and 1024 pg/mL. The average and standard deviation values of ODgq are reported in Table
51 and Table S2 of the Supporting Information. Vancomycin and Erythromycin were used as
positive controls (see Table S2 for the average and standard deviation values of ODgq). As
the chemicals were dissolved in 100% DMSO, 100% DMSO and triple-distilled water were
used as negative controls. The minimum inhibitory concentration (MIC) in Tables 2 and 4
is defined as the lowest concentration of chemicals which provides an average ODgq value
of less than 0.100.

4. Conclusions

We extended the synthetic utility of pyrrole platform chemicals 2, which can be readily
prepared from the sustainable ribose conversion with amino acids, to the pyrrole-ligated
1,3,4-oxadiazole core structure 1 through the reaction with benzohydrazide 3a. The size
effect of the R group from the amino acids clearly offered better antibacterial activities for
1,3,4-oxadiazoles 1c and 1e, which were derived from valine and isoleucine, respectively.
Benzohydrazides 3 with various electronic X-substituents were utilized for the construction
of 2-pyrrolyl-5-phenyl-1,3,4-oxadiazoles 5 and 6 with N-valine and N-isoleucine residues,
respectively. Relationships of structure and antibacterial activity were deduced from MIC
values for 1,3,4-oxadiazoles 5 and 6 against E. coli, S. aureus and A. baumannii. A positive
ortho effect was marginally observed for fluoride substituents. Most importantly, a superior
iodophenol effect was evident in the antibacterial activities of 1,3,4-oxadiazoles 5f-1 and
6f-1, which provided much lower MIC values against A. baumannii than those of the
vancomycin and erythromycin as positive controls. These findings provide a guiding
principle for the design of superior future antimicrobial agents.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules28083638/s1, (1) 1H/BC-NMR spectra; (2) MIC data against E.
coli, S. aureus, and A. baumannii; (3) High-Resolution Mass Spectra for the entire 1,3,4-oxadiazoles
synthesized in this paper. Table S1. Determination of MIC for 1 for E. coli and S. aureus by OD600
(20 h). Each value was obtained as an average of at least triple measurements. Table S2. Determination
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Abstract: A facile, green, synthetic protocol of several substituted N-(pyridin-2-yl)imidates from
nitrostyrenes and 2-aminopyridines via the corresponding N-(pyridin-2-yl)iminonitriles as inter-
mediates is reported. The reaction process involved the in situ formation of the corresponding
a-iminontriles under heterogeneous Lewis acid catalysis in the presence of Al,O3. Subsequently,
a-iminonitriles were selectively transformed into the desired N-(pyridin-2-yl)imidates under ambient
conditions and in the presence of Cs;COj in alcoholic media. Under these conditions, 1,2- and
1,3-propanediols also led to the corresponding mono-substituted imidates at room temperature.
The present synthetic protocol was also developed on one mmol scale, providing access to this
important scaffold. A preliminary synthetic application of the present N-(pyridin-2-yl)imidates was
carried out for their facile conversion into the N-heterocycles 2-(4-chlorophenyl)-4,5-dihydro-1H-
imidazole and 2-(4-chlorophenyl)-1,4,5,6-tetrahydropyrimidine in the presence of the corresponding
ethylenediamine and 1,3-diaminopropane.

Keywords: imidates; iminonitriles; nitrostyrenes; 2-aminopyridine; N-heterocycles

1. Introduction

Imidates are considered to be one of the most important organic patterns due to
their varied electronic nature [1,2]. In general, imidates serve as powerful molecules of
electrophiles and nucleophiles in reactions (Figure 1) with several applications not only
in structure functionalization, e.g., the synthesis of esters, amides, and amidines, but also
in the synthesis of heterocyclic molecules [3]. For example, reported studies [4] on the
successful transformation of imidates into a series of N-heterocycles, such as imidazolines,
(benz)imidazoles, (benz)oxazoles, oxazolines, thiazolines, and azines, were summarized
recently (Figure S1) [5]. Thus, it is interesting to note here that the last decade has witnessed
the development of versatile synthetic methodologies towards their one-step synthesis
using suitable imidate precursors. This synthetic strategy is still interesting and attractive,
because it enables the formation of C-C and C-N bonds in one step with the nitrogen
atom that comes from the imidates present in the final N-heterocyclic structure. Imidates
have been applied in the synthesis of oxazoline-fused sugars from corresponding glycosyl-
imidates [6,7] and a new C-C bond between sugars and aromatic compounds can be formed
using glycosyl-trichloroacetimidates [8].

The most common synthetic process of the imidate moiety is the transformation of nitriles un-
der acidic (a Pinner reaction) or basic conditions in alcoholic media (Figure 1A,B) [9-14]. For Pin-
ner reactions, several methodologies have been reported, including the reactions of imidoyl
halides with alkoxides and phenoxides or transesterification of imidates (Figure 1C) [2,15];
the conversion of amides to imidates in the presence of Meerwein reagents or diazo-
compounds (Figure 1D) [2,16-18]; reactions of amino compounds with ortho-esters under
acidic conditions (Figure 1E) [2]; the direct N-alkylation of imidates, using amino acid
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derivatives (Figure 1F) [2]; pericyclic reactions of unsaturated N-allyl ynamides, triynes,
tetraynes, or ring openings of N,N- and N,O- heterocyclic compounds (Figure 1G) [19-22];
and syntheses from metal complexes and organometallic compounds [2].

Electrophilic
center N
S OR R= alkyl, aryl
R, A R'= H, alkyl, aryl
N R R"= alkyl, aryl
Nucleophilic
center
RCN + R"OH
A or B | acidic or basic X
conditions . X(OR%
N-allyl ynamides, R P R

triynes, tetraynes .

‘C/ R"0®

pericyclic OR"
reaction R —

/ \\D
OR" amino acid RNz or

(0]
esters "30BF,
)\ R acidic E NHR' )J\
conditions

HN R

R'NH, + RC(OR")3
Figure 1. Synthetic methodologies (A-G) of imidates.

To date, the emphasis in research has been on developing new, efficient, and “green”
methods for the conversion of a-iminonitriles to valuable imidates. To the best of our
knowledge, only specific examples with limited applicability on the synthesis of N-(pyridin-
2-yl)imidates have been reported (Scheme 1). In the literature, methyl (Z)-N-(pyridin-
2-yl)benzimidate was the only example observed in an equimolar ratio with the corre-
sponding amide under basic conditions in aqueous media (NaOH, MeOH/H,0=1/1),
initially starting from «-iminonitrile [23]. Recently, N-benzothiazolo-imines have been
transformed into the corresponding methoxy imidates catalyzed by carbenes in the pres-
ence of sodium pyruvate, under oxidative conditions. Via this synthetic approach, only
one example of N-(pyridin-2-yl)imidate has been presented [24]. Given the importance
of this type of transformation and in terms of sustainability, the use of ambient and more
eco-friendly heterogeneous conditions for the synthesis of substituted imidates continues
to be a long-standing goal of chemical research. In light of our ongoing research direc-
tions for developing sustainable processes to construct N-heterocyclic organic molecules of
high biological interest [25-30], herein we report the synthesis of a library of substituted N-
(pyridin-2-yl)imidates from the corresponding N-(pyridin-2-yl)iminonitriles in the presence
of Cs»CO3 and alcoholic media at ambient conditions (Scheme 1). Subsequently, the starting
N-(pyridin-2-yl)iminonitriles were synthesized via a new heterogeneous catalytic process
using Al,Oj3 in 1,2-dichloroethane (DCE) (Scheme 1). Thus, the present protocol is timely
and of high interest, as it has a selective and sustainable synthetic character permitting the
further diversification of the initial synthesized N-(pyridin-2-yl)iminonitriles libraries and
giving us access to the synthetic, valuable substituted N-(pyridin-2-yl)imidates.

19



Molecules 2023, 28, 3321

previous works

20 mol% NHC
K2CO3 | A OMe

! b
Sodium Pyruvate N" N
MgSO,, MeOH N

NO
~ N/\gfph
XN

present work

LY
R-—+ +

o~
N NH»

r.t., air, 6h 40% yield

(1 example)

N CN
POEY; || _ NaOH OMe
_POEYs PP Y
N N Ph

H,O/MeOH (1/1) Ph
rt., 1h
30% yield 40% yield
(1 example)
NO, AlOs Ny N R'OH,Cs,cO; Y OR!
~ Ay T S
Ar N N~ Ar rt., 4h N N Ar

R=H, Me, CI, Br

'gata'ysz'f;ee | R'= Me, Et, Pr, Bu,

-One-pot, two-step

-Mild reaction conditions propargyl, Bn, Cy, (CH2)30H

-Excellent yields Ar= Ph, Aryl, Naphthyl,
thiophenyl

Scheme 1. Synthetic approaches to N-(pyridin-2-yl)imidates [23,24].

2. Results and Discussion
2.1. Evaluation of the Reaction Conditions

To optimize the reaction conditions, (Z)-4-methyl-N-(pyridin-2-yl)benzimidoyl cyanide
(1a) was synthesized and selected as the model substrate. So far, the synthesis of N-(pyridin-
2-yl)benzimidoyl cyanides from nitrostyrenes and 2-aminopyridine, using Ce(OTf)3 as
catalyst in toluene and at 120 °C, has been reported [31]. Herein, we developed a facile and
green procedure for the selective synthesis of the desired a-iminonitriles by the reaction of
2-aminopyridine and nitrostyrene in the presence of Al,O3 and DCE as solvents (see Materi-
als and Methods part for details). According to the literature previous work [31], herein, alu-
mina is initially catalyzing the Michael addition of 2-aminopyridine to nitrostyrene [32-34],
leading to an intermediate enamine that further undergoes a proton transfer, dehydration,
and [1.5]-H sigmatropic rearrangement to produce the final x-iminonitrile product. Thus,
using the present procedure, the synthesized 1a was determined and characterized by
an HRMS analysis and IR spectroscopy, as described in Figure S2, with the characteristic
absorbance of the nitrile group at ca. 2200 nm. All the spectroscopic data are in agree-
ment with those reported in the literature [31]. After that, control experiments using 1a
(0.1 mmol) in MeOH (1 mL) in the presence of different bases were performed and the
results are summarized in Table 1. Among the used bases, Cs,CO3 and DBU were found to
promote the studied transformation within 4 h and with the quantitative transformation
of 1a to the desired methyl (Z)-4-methyl-N-(pyridin-2-yl)benzimidate 2aa (Table 1, entries
7 and 10). Byproducts such as amide 3a, ester 4a and 5a, and the starting amine 4 were
observed in significant amounts in the case of 'BuOK or K,COj3 (Table 1, entries 3, 4, and 13).
Similar results were observed when there was a lower amount of DBU (one equiv.) in the
presence of molecular sieves or under an O, atmosphere (Table 1, entries 11 and 12). NaOH
was found to promote the developed transformation; however, the corresponding amide
3a was detected in a 6% yield (Table 1, entry 14). It is worth noting that in the absence
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of a base, only a 18% yield was measured (Table 1, entry 15). Further increases in the
temperature (50 °C) did not lead to significant increases in the desired product 2aa’s yield
(Table 1, entry 16); however, at 80 °C, 5a and 6a were formed as major products (Table 1,
entry 17). All reactions were monitored by TLC and the products were characterized by
'H NMR spectroscopy.

Table 1. Conditions and different bases evaluation for the transformation of 1a to 2aa in the presence

of MeOH.
@\ CN N, OMe N O
= /J\ : MeOH, Base | PN | ~ )b\
N N ———— > N N + N N
Temperature H
1a Me Time 2a‘a ::\Me 3a Me
Y
@ MQOQC\©\ (Me0)30\©\
N7 NH, Me Me
4 5a 6a
Products (%) [P]
Entry Base (eq.) 2! Time (h) la 2aa 3a 4 5a 6a
1 Et;N (1.5) 4 50 50 - - - -
Imidazole
2 (1.5) 4 87 13 - - - -
3 fBuOK (1.5) 4 - 70 10 10 3 7
4 ‘BuOK (2) 4 - 90 4 3 2 1
5 AcONa (1.5) 4 62 38 - - - _
6 AcONa (2) 4 58 42 - - - -
7 DBU (1.5) 4 - 100 - - - _
8 DBU (2) 4 - 100 - - -

9 NaHCOj3 (1.5) 4 36 56 8 - - -
10 Cs,CO3 (1.5) 4 - 100 - - - -
11 [e CspCO;5 (1) 4 - 92 2 3 2 1
12 [d] Cs,CO; (1) 4 - 91 3 3 1 2
13 K,COs5 (1.5) 4 - 91 3 3 1 2
14 NaOH (1) 4 - 94 6 - - -
15 - 4 82 18 - - - -
16 [e] - 24 51 49 - . - }
171 - 24 - 10 - 45 10 35

lal Conditions: 1a (0,1 mmol), MeOH (1 mL), room temperature. [l Yields measured by 'H NMR based on the
addition of specific amount of 1,3-dimethoxybenzene as internal standard. lel Molecular Sieves. [4! O, atmosphere.
lel Temperature = 50 °C. ¥l Temperature = 80 °C.

To study further the present transformation, 0.1 mmol of 1a were added into different
alcoholic solvents, such as ethanol (EtOH), 1-propanol (PrOH), and 1-butanol (BuOH), and
the reactions were performed in the presence of different equiv. of the Cs,CO3 and DBU
(Tables S1-S3). In all cases, the corresponding imidates 2ab, 2ac, 2ad, and 2ae were formed
in high yields. The optimum amount of Cs,CO3 was found to be between one and two
equiv. based on the amount of 1a. Under a lower amount of the base, no reaction completion
was observed, and significant amounts of the amide 3a were measured (Tables S1-S3). In
the case of BuOH, a higher temperature was required (50 °C) for reaction completion
and for better solubility of the base Cs,COj3 (see Table S3). The results under optimum
conditions, two equiv. of CspCO3 and 24 h, from the experiments in alcoholic solvents are
presented in Figure S3. It can be concluded that bulkier alcohols could lead to a decrease
in the yield of the desired imidates, because the nucleophilic attack of the alcohol to the
electrophilic carbon of the a-iminonitrile is more difficult due to steric effects.

To increase the synthetic value of the present protocol, we studied the selective trans-
formation of a-iminonitrile 1a to imidate 2aa in the presence of two equiv. of Cs,CO;,
using different solvent mixtures with MeOH in ratios of 1/1 and 1/4. As shown in Table 2,
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in all cases, the quantitative consumption of the initial 1a was observed and the desired 2aa
was formed in a high yield (95-99%), except in the presence of water, in which a significant
amount of amide was observed (Table 2, Entry 8). These encouraging results support the
plausible general application of the present facile protocol in synthetic chemistry.

Table 2. Reaction evaluation using different co-solvents for the transformation of 1a to 2aa in the
presence of MeOH.

| N OMe

B
C32C03 (2 equiv.) 2aa Me 3a Me
MeOH/Solvent

rt., 4 hours
N MeO,C (MeO),C
CL 0L 0
N NH, Me Me
4 5a 6a
Products (%) [P!
Entry Solvent [2! MeOH/Solvent 2aa 3a 4 5a 6a
1 THF 1/1 98 2 - - -
2 THF 1/4 98 2 - - -
3 DCE 1/4 95 5 - - -
4 Acetone 1/4 97 3 - - -
5 CH3CN 1/4 99 1 - - -
6 DMSO 1/1 99 1 - - -
7 EtOAc 1/1 95 5 - - -
g ledl H,O 1/1 44 43 - - -

la] Conditions: 1a (0,1 mmol), MeOH/Solvent (1/1 or 1/4) in total volume of 1 mL, room temperature. [b] Relative
yields and conversion measured by "H NMR of the crude reaction mixture based on the addition of specific
amount of 1,3-dimethoxybenzene as internal standard. [l Reaction time 24 h. [4] A total of 13% of starting material
1a was observed.

2.2. Application of the Synthetic Transformation of N-(Pyridin-2-yl)benzimidoyl Cyanides to the
N-(Pyridine-2-yl)imidates

To explore the substrate broadness of the described synthetic protocol, initially, a series
of multifunctional N-(pyridin-2-yl)benzimidoyl cyanides were synthesized according to
the above reported reaction of nitrostyrenes with 2-aminopyridine in the presence of Al,O3
and DCE as solvents (Scheme 2). The corresponding «-iminonitriles 1a-1h and 1j-1s were
isolated in moderate to high yields (50-88%) after the simple filtration of the catalyst and
chromatographic purification using silica gel and Hexane/EtOAc as the solvent mixture
eluent (for details, see the Section 3 and the Supplementary Materials). The a-iminonitriles
were characterized by 'H NMR and compared with those of reported examples in the
literature [31].

Having in our hands the above optimal conditions, the selective transformation of the
synthesized x-iminonitriles to the corresponding imidates (2aa—2hc and 2ja-2sa) was stud-
ied at ambient conditions. The observed products were summarized in Scheme 3 and the
values in parentheses correspond to the isolated yields after purification by column chro-
matography on a silica gel using a gradient mixture of EtOAc—hexane (see Supplementary
Materials). To our delight, in most cases, the desired imidates (2aa—2hc and 2ja-2sa) were
formed in good to high yields (56-98%). In particular, when MeOH was used, clean and
quantitative transformations of the a-iminonitriles to the corresponding imidates (2aa—2ha
and 2ja-2la) were observed. Similarly high yields were also observed in the case of ethano-
lic (2ab—2hb and 2jb-21b) and propanolic (2ac—2hc and 2jc-2Ic) solutions (Scheme 2). Only
when butanol was used as the reaction solvent was a higher temperature required (50 °C)
for reaction completion, and the corresponding imidate (2ad) was isolated with a 77% yield
within 24 h (Scheme 2). Importantly, in the reaction of 1j (substrate bearing a -COOMe
moiety in the para-position of the phenyl ring), an in situ transesterification was observed
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in the presence of EtOH and PrOH. Thus, the isolated imidates 2jb and 2jc contained in
their structures the -COOEt and -COOPr moieties, respectively (Scheme 3). Subsequently, a
series of methyl-, chloro-, and bromo-substituted 2-aminopyridino-iminonitriles (Im-1s,
Scheme 2) were successfully transformed into the corresponding imidates (2ma—2sa) using
methanol and isolated in moderate to high yields, from 33% to 98% (Scheme 3). It is worth
noting that the 0o-Me-substituted pyridine derivative led to the corresponding imidate
(2ma) in a low yield (33%), even after a prolonged reaction time (4 days), probably for
steric reasons.

N N
i Al,O3 (03M HCl) 1 CN
", N T ncemotc T Gy RO Me OLEr
N NH, =T ) N N Ar
24 hours 5
(S s (S D
~
" ﬁ h
1a (75%) 1b (88%) 1c (72%) 1d (75%)

e AR Qﬁ@ Al

1 (76%) 19 (92%) 1h (60%)

~ o o ~
N” N N” N )\Q
OMe

1j (86%) 1K (90%) 11 (50%)
0

@ﬂwﬂwgﬁm

1n (65%) 10 (68%) 1p (79%) Me

19 (82%) : 1r (653)\©\ 1s (70:)\©\

Scheme 2. Multifunctional N-pyridinyl substituted iminonitriles synthesized by the Al,O3-mediated
reaction of nitrostyrenes with aminopyridines.

The synthesized imidates were characterized by NMR and HRMS spectroscopies.
During HRMS operation, two fragments, [M—31]* and [M+15]*, were observed with the
use of a higher fragmentor voltage (200 V). The [M—31]* fragment presumably resulted
from the elimination of the methoxy group (—31) to form the corresponding stable cationic
intermediate, and then the addition of a formic acid molecule (+46), which was present
in the eluent solvent, resulted in the [M+15]* fragment. For example, during the HRMS
analysis of imidate 2ca, except for the main fragment [M+H]* = 243 observed at 50 V, two
new fragments appeared at 200 V [M—31]* = 211 and [M+15]* = 257, which corresponded
to the intermediates derived by a methoxy moiety elimination and further trapping by
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the formic acid (Figure S4). These observations also support the structure of the present
desired imidates.

R X CN R'OH, Cs,CO5 R Xy OR' R=H, MeCl Br
AP L ahows | L7 N/)\Ar R'= Me, Et, Pr, Bu
\ OR1 \ OR1 | X OR' X OR'
— — ‘ ~ —
N” N N~ N
OMe

2aa (R'= Me, 82%) 2ba (R'= Me, 83%) 2ca (R'= Me, 98%, 21 h)  2da (R'= Me, 89%)
2ab (R'= Et, 74%) 2bb (R'= Et, 84%) 2¢cb (R'=Et, 96%, 21 h)  2db (R'= Et, 91%)
2ac (R'= Pr, 56%, 24 h) 2bc (R'= Pr, 77%) 2cc (R'= Pr, 91%) 2dc (R'= Pr, 86%)

2ad (R'= Bu, 77%, 24 h, 50 °C)

| Xy OMe OMe \ OR! Q OR' \ OR!
~ ~
" Nﬁ ﬁ ﬁ ﬁ

2ea ( 82%) 2fa (R'= Me, 98%) 2ga (R'= Me, 98%) 2ha (R'= Me, 93%)
2fb (R'= Et, 98%) 2gb (R'= Et, 92%) 2hb (R'= Et, 96%)
2fc (R'= Pr, 90%) 2gc (R'= Pr, 78%) 2hc (R'= Pr, 91%)

— —
o Ay bl

2ja (R'= Me, 82%) O 2ka (R'= Me, 96%) 2la (R'= Me, 85%)

2jb (R'= Et, 86%, 24h)  2kb (R'=Et, 95%) 2Ib (R'= Et, 95%)

2jc (R'= Pr, 96%) 2ke (R'= Pr, 89%) 2lc (R'= Pr, 98%)

Me
Al Sy T AR
Me
2ma (33%, 4 days) 2na (98%, 18 h) 20a (92%) 2pa (71%)
2qa (44%) 2ra (89%) 2sa (98%)

Scheme 3. Synthetic protocol of N-(pyridine-2-yl)imidates from N-(pyridin-2-yl)benzimidoyl cyanides.

To extend the substrate broadness, alcohols with a high molecular weight, such as
benzyl alcohol (BnOH) and cyclohexyl alcohol (CyOH), were used in the presence of
acetone as co-solvents in a ratio of 1/4 (Scheme 4). The corresponding imidates 2ag and
2ah were formed in good yields (90% and 43%). In addition, propargyl alcohol was found
to be active under the present conditions and led to the desired imidate 2af in a 55% yield
(Scheme 4). Biobased products 1,2-propanediol and 1,3-propanediol were also tested under
the present proposed conditions, with 0.1 mmol of 1a and in the presence of different
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co-solvents (DCE, acetone, and DMSO), as shown in Tables S4 and S5. To our surprise, the
corresponding imidates, 2ai and 2aj, were formed as the major products (36% and 83%,
Scheme 4), accompanied with significant amount of the amide 3a and the esters 5i and 5j
(Tables S4 and S5). It is worth mentioning that the imidate 2aj was purified by column
chromatography in a 30% yield; however, the yields of 2af, 2ag, 2ah, and 2ai were calculated
by the 'H NMR of the crude reaction mixture, with the use of 1,3-dimethoxybenzene as the
internal standard.

CsyCO; (2equiv) || |
/ Acetone, r.t., Time N N
Me

(ROH/Acetone=1/4)

2af (R=propargyl) 55%
2ag (R=Bn) 90%
2ah (R=Cy) 43%

OH

OH
X CN HO\)\ \[

| NP / Cs,CO3 (2equiv) | N 0
\ DCE, r.t, Time N/ N/
Me

1
a (ROH/DCE=1/4) 2ai (36%) Me
HO _~_©OH
\_ Cs00s equiv) [ 0”7 >""0oH
— e
Acetone, r.t., Time N° N
(ROH/Acetone=1/4) Me

2aj (83%, isolated yield 30%)

Scheme 4. Application using alcohols with higher molecular weight and diols, and synthesis of the
corresponding imidates.

These results indicate the broad generality of the present protocol toward the synthesis
of substituted N-(pyridin-2-yl)imidates in the presence of alcoholic media. Based on these
encouraging results, the synthesis of the imidates 2aa, 2ga, 2ca, and 2la was further tested
at the lab scale of one mmol. Thus, the corresponding amount of each iminonitrile, 1a,
1g, 1c, and 11, was diluted in 2 mL of MeOH in the presence of two equiv. of Cs;CO; at
ambient temperature and stirred for an appropriate time. After reaction completion (ca.
1-4 h, based on TLC), the reaction mixture was filtered with the use of a short pad of silica
gel and washed with ca. 10 mL of EtOAc. The corresponding imidates were isolated after
chromatographic purification (see Materials and Methods) in 90%, 93%, 91%, and 85%
yields, respectively (Scheme 5).

Xy CN  MeOH, Cs,CO; Xy OMe
‘ — — - - ‘ _ _
N N Ar rt., Time N N Ar
(1 mmol)
1a (Ar= p-Me-CgHy) 2aa (3 h, 90%, 203 mg)
1g (Ar= p-CI-CgHy) 2ga (1 h, 93%, 230 mg)
1¢ (Ar= p-MeO-CgH,) 2ca Ej h, 91%, 220 mg;

2la (4 h, 85%, 185 mg

11 (Ar= thiophene)

Scheme 5. One-mmol-scale process for the selective transformation of x-iminonitriles into imidates
in MeOH.
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Furthermore, an attempt was made to synthesize the skeleton of N,N-six- and N,N-
five-membered ring heterocycles, such as 2-substituted tetrahydropyrimidines and dihy-
droimidazoles. These heterocycles constitute an important core of many natural products
and exhibit a variety of biological effects, including antimicrobial and anti-inflammatory
effects. They can even be used as therapeutic agents for the treatment of Alzheimer’s
disease [35-38]. Herein, we succeed in applying the present simple and mild protocol to
the synthesis of 2-(4-chlorophenyl)-1,4,5,6-tetrahydropyrimidine 7g and 2-(4-chlorophenyl)-
4,5-dihydro-1H-imidazole 8g via a reaction between 2ga and 1,3-diaminopropane and
ethylenediamine, respectively. The corresponding heterocycles were isolated in moderate
yields, 40% and 55%, as shown in Scheme 6. These are the preliminarily results for the syn-
thesis of N,N-heterocycles from imidates; however, further studies evaluating the reaction
conditions are in progress.

N
MeCN, r.t, 72h MeCN, rt., 48h H

Cl

H,N™ > NH, PO HNT 2 (]
N~ N
Cl
2ga

89 (55%)

Scheme 6. Preliminary application of imidate 2ga transformation into N,N-six- and N,N-five-
membered ring heterocycles 7g and 8g.

3. Materials and Methods
3.1. General and Aparatus

All the reagents and solvents were purchased from Sigma-Aldrich, TCI Chemicals,
AK Scientific, Fluorochem, and were used without further purification. Thin-layer chro-
matography was performed on Millipore precoated silica gel plates (0.20 mm thick, particle
size of 25 um). Nuclear magnetic resonance spectra were recorded on Bruker Avance
500 or 600 spectrometers and on Agilent 500 ("H NMR (500 MHz), 3C{H} NMR (126 MHz)).
Chemical shifts for 'H NMR were reported as & values and coupling constants were mea-
sured in hertz (Hz). The following abbreviations were used for spin multiplicity: s = singlet,
br s = broad singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = double of
doublets, ddd = double doublet of doublets, and m = multiplet. Chemical shifts for 13C(H)
NMR were reported in ppm relative to the solvent peak. Mass spectra were measured on
a Waters Investigator Supercritical Fluid Chromatograph with a 3100 MS Detector (ESI)
using a solvent system of methanol and CO, on a Viridis silica gel column (4.6 x 250 mm,
5 um particle size) or Viridis 2-ethyl pyridine column (4.6 x 250 mm, 5 pm particle size).
Mass spectra (HRMS) were carried out on an Agilent Q-TOF Mass Spectrometer, G6540B
model with a Dual AJS ESI-MS source. All of the compounds (dissolved in LC-MS-grade
acetonitrile containing 0.05% formic acid) were introduced into the ESI source of the mass
spectrometer with a single injection of 15 pL of the sample and a flow rate of 300 pL/min of
100% methanol as the solvent in the binary pump. The experiments were run using a Dual
AJS ESI source, operating in the positive ionization mode. Source operating conditions
were as follows: gas temperature of 330 °C, gas flow of 8 L/min, sheath gas temperature of
250 °C, sheath gas flow of 10 L/min, and fragmentor voltage of 50-200 V. Data-dependent
MS/MS analysis was performed in parallel with MS analysis in the centroid mode, using
different collision energies (10, 20, 30, 40 V). All accurate mass measurements of the [M+H]*
ions were performed by scanning from 100 to 800 m/z. The Q-TOF was calibrated 1 h prior
to the infusion experiments by a calibration mixture. Data were acquired in an external
calibration mode.

3.2. Synthesis of Aromatic B-Nitrostyrenes

Aromatic B-nitrostyrenes were synthesized according to the literature procedure [39].
In a solution of ammonium acetate (12.5 mmol) in acetic acid (10 mL), aromatic aldehyde
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(5 mmol) and nitromethane (15.5 mmol) in one portion were added. The mixture was
heated at reflux for 24 h. The reaction mixture was cooled at room temperature and then
poured into ice water to precipitate the corresponding nitrostyrene. After extraction with
organic solvent (EtOAc), the organic layer was evaporated under vacuum, and the residue
was purified by column chromatography using silica gel to give final the corresponding
products in good yields. In alternative, the precipitated solid was collected in pure form by
filtration under vacuum in a Buchner funnel and washed with distilled water.

3.3. Synthesis of N-(Pyridin-2-yl)iminonitriles from Nitrostyrenes and 2-Aminopyridine

In a sealed tube of 1 mmol of nitrostyrene and 1.2 mmol of 2-aminopyridine, 10 mL of
DCE as a solvent and 300 mg Al,O3 (0.3 M HCI) as a catalyst were added. The reaction
mixture was stirred at 80 °C for 24 h. The reaction was monitored by thin-layer chromatog-
raphy (TLC) and the slurry was filtered under pressure through a short pad of silica to
withhold the catalyst with the aid of dichloromethane (DCM) and ethyl acetate (EtOAc).
The filtrate was evaporated under vacuum and purified by column chromatography on a
silica gel using a gradient mixture of EtOAc—hexane to afford the corresponding products
in good yields.

The Al,O3 (0.3 M HCl) was prepared by the addition of 1 g of A[O3 in 10 mL of a 0.3 M
HCl aqueous medium and stirred for 2 h at room temperature. After filtration, the solid
catalyst was dried in an oven at 100 °C for 24 h and was used for the present transformation.

3.4. Synthesis of N-(Pyridin-2-yl)imidates from N-(Pyridin-2-yl)iminonitriles

In a 4 mL vial, 2 equivalents of Cs,COj3 (0.4 mmol, 130.4 mg) and 1 mL of the corre-
sponding alcohol were added. After stirring for a few minutes, 0.2 mmol of x-iminonitrile
was added until the amount of Cs,CO3 was fully dissolved. The reaction mixture was
stirred at room temperature for 4 h. The reaction was monitored by thin-layer chromatogra-
phy (TLC) and after completion, the reaction mixture was filtered under pressure through a
short pad of silica and celite to withhold the salt. The vial and the silica layer were washed
with ca. 5 mL of dichloromethane (DCM) and ca. 5 mL of ethyl acetate. The organic
solvents were evaporated under vacuum and the product was determined by 'H NMR
spectroscopy. In most cases, the imidate was formed in pure form; however, when a mixture
of compounds was obtained, the desired imidate was purified by column chromatography
on a silica gel using a gradient mixture of EtOAc—hexane and obtained in good to high
isolated yields.

3.5. 1 mmol Scale Synthesis of N-(Pyridin-2-yl)imidates 2aa, 2ca, 2ga, and 2la

In a 15 mL vial, 2 mmol of Cs,CO3 and 2 mL of the methanol were added. After
stirring for a few minutes, 1 mmol of a-iminonitrile was added until the amount of Cs,CO3
was fully dissolved. The reaction mixture was stirred at room temperature for 1-4 h, based
on iminonitrile’s conversion, which was monitored by thin-layer chromatography (TLC).
After completion, the reaction mixture was filtered under pressure through a short pad
of silica and celite to withhold the salt. The vial and the silica layer were washed with
ca. 5 mL dichloromethane (DCM) and ca. 5 mL ethyl acetate. The organic solvents were
evaporated under vacuum and the product was determined by 'H NMR spectroscopy.

3.6. Synthesis of N,N-Heterocyclic Compounds from N-(Pyridin-2-yl)imidates

To a 4 mL vial containing 0.2 mmol of N-(pyridin-2-yl)imidate, 0.5 mL of acetonitrile
and 0.4 mmol of diamine were added. The reaction mixture was stirred at room tem-
perature for a few hours or days, depending on the progress of the reaction, monitored
by thin-layer chromatography (TLC). After completion of the reaction, the solution was
evaporated and then left under vacuum for 2-3 h. The mixture was then rinsed to remove
the 2-aminopyridine resulting from the starting material, with simultaneous crystallization
of the product using hexane.
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4. Conclusions

In conclusion, we showed that a series of multi-functional N-(pyridin-2-yl)iminonitriles
were selectively transformed into the desired N-(pyridin-2-yl)imidates under a simple
and mild synthetic protocol. For the present study, a series of substituted N-(pyridin-
2-yl)imidates were synthesized with the Al,O3-mediated reaction of the corresponding
nitrostyrenes with 2-aminopyridines. The «-iminonitriles were efficiently transformed
into the desired N-(pyridin-2-yl)imidates in the presence of Cs,COj in alcoholic media
and under ambient conditions. In addition to the commonly studied methanol, ethanol,
propanol, and butanol, 1,2- and 1,3-propanediols were also studied under the present
conditions, leading to the corresponding imidates. The present synthetic protocol can easily
be applied to at a one mmol scale, resulting an important synthetic access to this interesting
scaffold. A preliminary synthetic application to the N,N-heterocycles 2-(4-chlorophenyl)-
4,5-dihydro-1H-imidazole and 2-(4-chlorophenyl)-1,4,5,6-tetrahydropyrimidine was also
presented, using the corresponding 1,2- and 1,3-diamines.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28083321/s1: Figures S1-54; Tables S1-S5; and the NMR data
and spectra of compounds.
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Abstract: Development of organic fluorophore is an important theme. Especially, the fluorophores
with longer fluorescence peaks are useful to biological probes. One of the methods to change the
fluorescence peak is the introduction of substituents. However, opposing characteristics of the
substituents lead to different changes in the fluorescence peaks. Furthermore, the introduction of
the substituent also affects their electric properties. Thus, if the materials were developed with
the substituent effect on the optical and electric properties separately, it will be useful to design
the functional materials related to both optical and electric properties. Herein, we investigated the
substituent effect of dipyrrolo[1,2-a:2',1’-c]quinoxalines on fluorescence properties. We synthesized
the compounds bearing electron-donating or electron-withdrawing substituents at the benzene
ring on dipyrrolo[1,2-a:2’,1’-c]quinoxaline, which would have more direct influence on the optical
properties. By introducing each substituent at the 6 position of dipyrrolo[1,2-a:2/,1’-c]quinoxaline,
the bathochromic shift was observed in the fluorescence spectra. In the case of fluorine substituent,
the change of the fluorescence peak reached was about 19 nm. Using a TDDFT calculation, we
explained the reason for such a substituent effect that large on the increment of LUMO energy or
decrement of HOMO energy occurred by introducing electron-withdrawing or electron-donating
substituents at the 6 position, respectively. The substituent effect on the change of orbital energies is
typical although the different characteristics of substituents resulted in the similar tendency about
the change of fluorescence peak. Furthermore, with the introduction of phenyl substituents at the 3
and 10 positions, we achieved 40-50 nm longer fluorescence peaks compared with that of the original
dipyrrolo[1,2-a:2’,1'-c]quinoxaline.

Keywords: dipyrroloquinoxaline; fluorescence; bathochromic shift; substituent effect; energy gap

1. Introduction

The development of organic fluorophores is an important theme for the advancement
of functional materials research. Fused aromatic rings are widely utilized to produce
fluorescent materials because of their planar and large m-conjugated structures [1-9]. Re-
cently, the fluorophores with longer fluorescence peaks are utilized in the biological probes
because the fluorophores with shorter fluorescence peaks are affected by organs. To achieve
a longer fluorescent peak, the introduction of substituents is one of the more efficient meth-
ods. However, the various electronic properties of substituents lead to various changes
in the fluorescent peak, i.e., a bathochromic shift or a small change was obtained by in-
troducing the electron-withdrawing substituent in the case of hypsochromic shift by the
electron-donating substituent, and vice versa [10-14]. For example, Hirano et al. reported
the substituent effect of 2-phenylimidazo [1,2-a]pyrazine-3(7H)-ones which showed the
bathochromic shift on fluorescence spectra with an increase in the electron-withdrawing
property [15]. Furthermore, the donor-acceptor structure is also the fundamental design to
change the optical properties by introducing the substituents. It gives longer fluorescence
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peaks based on a strong intramolecular charge-transfer (ICT) state [16,17]. Such compounds
also show the larger Stokes shift. Therefore, those materials have a possibility to be utilized
for bioimaging probes [18-20]. However, the opposing characteristic of the substituents
leads to a different transition. We have reported the fluorescence properties of fused aro-
matic rings consisting of pyrrole and imidazole [21-24]. In the investigation of diimidazo
[1,2-a:2',1"-c]quinoxalines, the p-methoxyphenyl substituents at the 3 and 10 positions, we
found that they resulted in a large bathochromic shift of a fluorescence peak of 13 nm based
on the phenyl substituted compound, whereas a small change in fluorescence peak of 4 nm
was obtained from the compound with p-trifluoromethylphenyl substituents [22].

The introduction of the electron-donating and electron-withdrawing substituents is
also utilized for tuning the electric properties of the substrates. Usually, electron-donating
substituents increase the orbital energies, and electron-withdrawing substituents decrease
the orbital energies. Thus, by tuning the fluorescence peak with the introduction of sub-
stituents, the electric properties were also affected. When we must control both the optical
and electric properties, it is a challenging problem to give consideration relating them to
each other. For example, the emitting material in the organic light-emitting diode (OLED) is
important to tune its luminescent peak as well as HOMO and LUMO energies because hole-
and electron-injections are also affected by the HOMO and LUMO energies. Anzenbacher,
Jr. et al. examined the OLED properties of substituted tris(8-hydroxyquinoline)aluminum
(Algz) complexes [25]. The fluorescence peaks were given a bathochromic shift compared
with the original Alqs, but the change of HOMO and LUMO energies were varied; the
properties of OLED were also affected by the device configurations. Thus, if the materials
were developed with the substituent effect on the optical and electric properties separately,
it will be useful for molecular design of functional materials that utilize both optical and
electric properties.

We focused on the substituent effect on the benzene ring in diazolo [1,2-2:2,1’-c]quinoxalines,
which would be more directly influenced on the optical properties. Herein, we reported
the bathochromic shift from the introduction of each electron-donating and electron-
withdrawing substituent over 10 nm in dipyrrolo [1,2-a:2’,1"-c]quinoxalines (1) (Scheme 1).
Furthermore, based on the (TD)DFT calculation, we found that the change of the orbital
energies was typical with increments by the electron-donating substituent and with decre-
ments by the electron-withdrawing substituent.

Previous work G This work
N N
3 10
[ & I

N N

G= H

Jem = 428 nm 1a (G =H)

/7 N\
bathochromic Shl% \,T,mall change bathochromic shift

G = OMe (EDG) G CF3 (EWG) \’// \\“7
Aom = 441 nm Jem = 432 nm G = OMe (EDG) G =F (EWG)

Scheme 1. Representation of the difference of fluorescence peaks of diazolo [1,2-a:2,1’-c]quinoxalines
with substituent(s) on 3,10- or 6,7-positions.

2. Results and Discussions

We chose a dipyrrolo [1,2-2:2",1'-c]quinoxaline skeleton to examine the substituent
effects because a longer fluorescent wavelength was achieved with dipyrrolo [1,2-a:2/,1'-
c]quinoxaline (1a) (Aem = 416 nm in THF) than with diimidazo [1,2-2:2’,1’-c]quinoxaline
(Aem =367 nm in THF). The compounds were synthesized by the same procedure mentioned
previously [22]. The coupling reaction of pyrrole and substituted dibromobenzene with a
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copper catalyst produced dipyrrolylbenzenes (2b—d) by Buchwald amination [26]. After
column chromatography, 2b—d was treated with I, to give corresponding 1b—d moderate
yield (two steps) (Scheme 2). We also tried to synthesis the other compounds with methyl
group at the 6 position or a fluorine substituent at the 5 position. However, we did not
succeed in purification through recrystallization and preparative GPC purification. We
could not explain the reason why such compounds were difficult to purify. But some
contaminations of the positional isomers were supposed from the 'H NMR spectra, whose
contamination would be derived from the starting dibromobenzene derivatives. In addition,
to achieve the longer fluorescence peak, we synthesized 3d with two phenyl rings at
the 3 and 10 positions by the reaction of 1d with phenyl boric acid in 29% yield [27].

R! R? Cul

K3PO,
RS Q R' R2 R'" R?
Br Br HN  NH, QW I2 QR:’
—_— —_—
* toluene, reflux Ph-CI, r.t.
H 12-16 h 7 N N ) 24-25 h / N N \
Y X Y/ N\
\
2

1b (R' = OMe, R? = R® = H), 24 h, 49% (two steps)
1c (R'=F, R2=R3=H), 24 h, 30% (two steps)
1d (R'=R%=F, R®=H), 25 h, 61% (two steps)

F, F
PhB(OH),
PhI(OAc),
Pd(OAc
Ph Ph
AcOH rt. | N N |
24 h 7 N\

3d
29%

Scheme 2. Synthesis of 1 and 3d.

Absorption and fluorescence spectra of 1 were measured in THF and CH3CN. The
results were summarized in Table 1. The absorption peak showed the bathochromic
shift in the case of the compound (1b) bearing electron-donating group such as methoxy
substituents at the 6 position against 1a (entry 1 vs. entry 2). But a small change of
absorption peak was observed in the compounds with fluorine substituent at the 6 position
(1c) (entry 3). The solvent had little effect on the absorption spectra (Figure 1). Focused on
the fluorescence peak, regardless of electron-donating or electron-withdrawing substituents,
both compounds showed a bathochromic shift over 10 nm against 1a in THF (entry 1 vs.
entries 2 and 3). By changing the solvent from THF to polar CH3CN, more bathochromic
shift was obtained from 1c whereas no solvent effect was found in 1b (Figure 2). This
solvent effect was also observed originally in 1a. Such a solvent effect would be caused
by the charge-transfer transition. Because the pyrrole ring has an electron-rich character,
bipyrrole moiety would act as an electron-donating part. By introducing the electron-
donating substituent on the benzene ring, charge distribution would be reduced. The
Stokes shift also gives the information to their transition. The Stokes shift increases with
solvent polarity when the dipole moment is higher in the excited state than in the ground
state [28]. In fact, large Stokes shifts (AA and Av) in CH3zCN were obtained over 100 nm
(over 8000 cm™1) in the case of 1a and 1c. The value of Stokes shifts of 1a and 1c in CH;CN
were larger than those in THE. Those results also suggested that the fluorescence transition
of 1a and 1c would be derived from ICT state. However, 1b provided small change of the
Stokes shift by the solvent polarity. Thus, the little effect of charge-transfer transition would
be affected on the fluorescence of 1b. The fluorescence quantum yields (®r) were also
affected by the introduction of the substituent. Especially, 1b was strongly decreased ®p
compared with 1a (entry 2 vs. entry 1) although ®F of 1c was kept at 0.22 in THF (entry 3).
This would be caused by the increment of the vibronic part by introducing substituents such
as methoxy groups. We also investigated the compound with two fluorine substituents in
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the 6 and 7 positions (1d). As for the results, a further bathochromic shift of fluorescence
peak to reach 458 nm in CH3CN was achieved in keeping with the fluorescence quantum
yield (entry 4).

Table 1. Optical Properties of 1 and 3f in THF and CH3CN.

Entry Compound Aabs (nm) [e (M~1 em—1)] 1 Aem (nm) 2 [®f] 3 AA (nm) 4 [Av (cm~1) 3]
In THF In CH3CN In THF In CH3CN In THF In CH3CN
1 la 321 [10,600] 320 [10,700] 416 [0.43] 434 [0.17] 95 [7114] 114 [8209]
2 1b 367 [4800] 369 [4900] 435 [0.01] 434 [0.02] 68 [4259] 65 [4059]
3 1c 322 [11,200] 322 [15,600] 434 [0.22] 453 [0.12] 112 [8014] 131 [8981]
4 1d 325 [9500] 324 [8100] 449 [0.25] 458 [0.21] 124 [8498] 134 [9030]
5 3d 377 [10,600] 375 [8700] 466 [0.35] 473[0.32] 89 [5066] 98 [5525]

! Concentration: 3.0 x 107° M. 2 Concentration: 3.0 x 1077 M. Excited at Agps. 3 Determined using p-terphenyl
(®F = 0.87,265 nm) as a standard.  AA = Aem — Agps. > AV =1/Agps — 1/ Aem.

500
wavelength (nm)

200 300 400 500
wavelength (nm)

Figure 1. Absorption spectra of 1a (blue), 1b (orange), 1c (purple), and 1d (red) in (a) THF and (b)

CH5CN.
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Figure 2. Fluorescence spectra of 1a (blue), 1b (orange), 1c (purple), and 1d (red) in (a) THF and (b)
CH;3;CN.

As mentioned in the introduction, it is rational that the compounds (1c and 1d) with

electron-withdrawing substituent show the longer fluorescence peak because of their ICT
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character to account for the bipyrrole moiety as a donor part. However, the reason for
the bathochromic shift of the compound bearing the electron-donating substituent (1b) is
unclear. To clarify the reason for the bathochromic shift on each electronic substituent in
fluorescence peak, we examined HOMO and LUMO energies by time-dependent density
functional theory (TDDEFT) calculation. To discuss the excited state, the optimized structure
with minimum energy was estimated by TDDFT calculation. HOMO and LUMO energies,
and the differences of each energy, were summarized in Table 2. The molecular orbitals
were represented in Figure 3. Every HOMO was localized on bipyrrole moiety, and every
LUMO was spread over the molecules. Based on the investigation concerning orbital energy,
a good relationship was found between Aep, in THF and the energy gap between HOMO
and LUMO. It is acceptable because the energy gap of HOMO and LUMO is generally
attributed to the energy of the transition. In fact, all computed longest transition peaks were
attributed from HOMO to LUMO (Table S1). Thus, it is rational to discuss the fluorescence
peaks based on HOMO and LUMO. Focused on the energy change in HOMO and LUMO,
increased energy against 1a was obtained in 1b, which possesses the electron-donating
substituent (entry 2). The influence of HOMO energy was also larger than that of LUMO.
On the contrary, reduced energy in HOMO and LUMO was obtained in 1c and 1d (entries 3
and 4). LUMO was observed to have efficient energy reduction. It is well known to change
the orbital energies toward an increase and a decrease by introducing electron-donating and
electron-withdrawing substituents, respectively. The small energy gap between HOMO
and LUMO, which leads to larger Aem in those compounds, would be attributed to the
difference of degree of change in HOMO and LUMO energies. The electron-donating
substituent increased both HOMO and LUMO energies, but more efficiently increased
HOMO energy. In the case of the electron-withdrawing substituent, both energies were
reduced, but LUMO energy was more efficiently decreased. As a result, the small energy
gap between HOMO and LUMO energies compared with that of 1a was obtained in all
of 1b, 1¢c, and 1d. From those findings, both electron-donating and electron-withdrawing
substituents on dipyrrolo [1,2-a:2’,1’-c]quinoxalines are affected by the bathochromic shift
of the fluorescence peak on the optical properties, but the different effect would occur in
the case of the electric properties; i.e., the electron-donating substituent increases HOMO
and LUMO energies and the electron-withdrawing substituent decreases HOMO and
LUMO energies. Such changes of HOMO and LUMO energies were also obtained from the
DFT calculation assigned as the ground state (Figure S1). Thus, the change of the electric
properties by the introduction of a substituent would be typical both in the ground and
excited states.

Table 2. HOMO and LUMO energies and the differences of each energy of 1 1.

HOMO Difference of LUMO Difference of Energy Gap Ao (nm)
Entry Compound Energy HOMO Energy Energy (eV) LUMO Energy  between HOMO i;mTHF
(eV) against 1a (eV) Y against 1a (eV) and LUMO (eV)
1 1la —6.5830 - 6.8151 - 6.8151 416
2 1b —6.5122 0.0708 0.2653 0.0332 6.7775 435
4 1c —6.7092 —0.1262 —0.0063 —0.2384 6.7029 434
6 1d —6.8233 —0.2403 —0.1973 —0.4294 6.6260 449

! Calculated by TDDFT/wB97XD/6-31+G(d,p) with the optimized structure.
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HOMO LUMO HOMO LUMO

HOMO LUMO HOMO LUMO

Figure 3. Shape of HOMO and LUMO of (a) 1a, (b) 1b, (c) 1c, and (d) 1d calculated by TDDFT method.

Finally, we attached phenyl rings at the 3 and 10 positions in 1d to obtain a longer
fluorescent peak. This resulted in the observed fluorescence peaks of 3d at 466 nm and
473 nm in THF and CH3CN, respectively (Table 1, entry 5) (Figure 4). Those values were
40-50 nm larger than the original 1a. The influence of the introduction of phenyl rings
at 3 and 10 positions on the fluorescence peak was estimated as bathochromic shift about
20 nm compared with 1d in each solvent. In the case of the original 1a, the compound bear-
ing two phenyl rings at 3 and 10 positions (3,10-diphenyldipyrrolo [1,2-a:2',1"-c]quinoxaline)
showed a longer fluorescence peak of approximately 30 nm (Aem = 445 nm in THF) [21].
Thus, the effect of additional phenyl rings at the 3 and 10 positions was reduce by the intro-
duction of the fluorine substituents on benzene ring in dipyrrolo [1,2-a:2/,1"-c]quinoxaline.
Interestingly, the fluorescence quantum yield was increased compared with 1d. Such effects
were also observed in diimidazo [1,2-a:2’,1’-c]quinoxalines [22]. Thus, it would stand to
reason that the steric restriction of vibronic motion would occur by introducing phenyl ring.

500

Normalized Intensity ~

400 500 600
Wavelength (nm)

Figure 4. (a) Absorption and (b) fluorescence spectra of 1d (red) and 3d (brown) in THF (dashed line)
and CH3CN (plane line).
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3. Materials and Methods
3.1. General Information

Melting points were determined with Yanaco MP-J3 and values were uncorrected.
NMR spectra were recorded at 400 MHz (proton) (100 MHz (carbon-13)) on Bruker
AVANCE III-400M. Chemical shifts (§) of 'TH NMR were expressed in parts per million
downfield or upfield from tetramethylsilane in CDCl3 as an internal standard. Multiplici-
ties are indicated as s (singlet), d (doublet), t (triplet), m (multiplet), and coupling constants
(J) are reported in hertz units. Chemical shifts () of 13C{'H} NMR are expressed in parts
per million downfield or upfield from CDClj (6 = 77.0) as an internal standard. Infrared
(IR) spectra were recorded on a JASCO FT/IR-460 plus spectrometer. Mass spectra were
carried out on THERMO Fisher Exactive in the Center for Analytical Instrumentation
of Chiba University. Anhydrous toluene was distilled from CaH, and was stored with
MS 4 A. All other commercially available materials were used without further purification.
The reactions were performed under nitrogen or argon atmosphere unless otherwise noted.

3.1.1. Preparation of 1,2-Dibromo-4-methoxybenzene [29]

N-bromosuccinimide (0.889 g, 4.99 mmol) and 1 M HCI (50 uL) was added to a solution
of 3-bromoanisole (0.63 mL, 5.0 mmol) in acetone (10 mL). The mixture was stirred for 20 min
at room temperature. After the disappearance of yellow color, the reaction mixture was
evaporated in vacuo. The residue was extracted with CHCl3 (20 mL x 3). The organic layer
was dried with MgSQOy. After filtration and evaporation, 1,2-dibromo-4-methoxybenzene
(1.171 g, 4.40 mmol) was obtained in 88% yield as colorless oil. 'H NMR (CDCl3, 400 MHz): §
3.77 (s,3H), 6.72 (dd, ] =2.9 and 8.9 Hz, 1H), 7.16 (d, ] =2.9 Hz, 1H), 7.46 (d, | = 8.9 Hz, 1H).

3.1.2. Synthesis of Substituted Dipyrrolo [1,2-a:2",1'-c]quinoxaline (1b-d)

6-Methoxydipyrrolo [1,2-a:2,1'-c]quinoxaline (1b): A mixture of 1,2-dibromo-4-
methoxybenzene (1.46 g, 5.49 mmol), pyrrole (1.0 mL, 14.4 mmol), Cul (95.0 mg, 0.499 mmol),
K3POy (4.22 g, 19.9 mmol), and trans-1,2-cyclohexanediamine (0.60 mL, 5.0 mmol) in toluene
(10 mL) was stirred for 12 h under refluxing conditions. After being cooled to room temper-
ature, the reaction mixture was filtered with a plug of Celite washing with EtOAc. After
evaporation in vacuo, the residual mixture was subjected to column chromatography on
silica-gel (n-hexane:EtOAc = 6:1) to give the product (1.507 g). The product was dissolved in
chlorobenzene (4 mL). To the solution was added a solution of iodine (0.834 g, 3.29 mmol) in
chlorobenzene (6 mL) in a period of 5 min. After being stirred for 24 h at room temperature,
to the reaction mixture was added saturated aqueous Na;S,O3 solution (10 mL) and ace-
tone (10 mL) to dissolve the precipitate. The combined mixture was extracted with CHCl3
(20 mL x 3). The organic layer was dried with MgSQOy. After filtration and evaporation,
the residue was subjected to column chromatography on SiO, (n-hexane:EtOAc = 8:1) to
give 6-methoxydipyrrolo [1,2-2:2,1'-c]quinoxaline (0.638 g, 2.70 mmol, 49% (two steps)) as
pale-yellow solid: m.p. = 91-92 °C (n-hexane/CHCl3). 'H NMR (CDCl3, 400 MHz): & 3.91
(s, 3H), 6.52-6.58 (m, 4H), 6.85 (dd, ] =2.7 and 9.0 Hz, 1H), 7.21 (d, | = 2.6 Hz, 1H), 7.42 (dd,
J=1.5and 2.6 Hz, 2H), 7.64 (d, ] = 8.9 Hz, 1H). 13C{*H} NMR (CDCl3, 100 MHz): § 55.7,
100.6, 100.7,101.4, 110.2,111.6, 111.7,111.9, 112.4, 116.4. 119.8, 123.5, 124.4, 126.4, 156.6. IR
(KBr): v 3854, 3802, 3745, 3676, 1700, 1654, 1522, 768, 684 cm 1. HRMS (ESI) m/z: [M—H]
caled for C15Hp1N,O 235.0877; found 235.0884. UV-Vis absorption: A,s [e (M1 em™1)]
367 [4800], 279(sh) [5307], 244.5 [18,020] nm (3.0 x 10~° M in THF); 369 [4900], 278.5(sh)
[5393], 244.5 [17,895] nm (3.0 x 107> M in CH3CN).

6-Fluorodipyrrolo [1,2-a:2/,1'-c]quinoxaline (1c): Yield 30% (two steps) (66.5 mg)
as white solid: m.p. = 107-109 °C (n-hexane/CHClj). 'H NMR (CDCl3, 400 MHz):
6 6.52-6.54 (m, 2H), 6.57 (t, ] = 3.0 Hz, 1H), 6.58 (t, ] = 3.6 Hz, 1H), 6.99 (ddd, ] = 2.7,
7.8 Hz and Jy.c.c.r = 9.0 Hz, 1H), 7.36 (dd, ] = 1.4 and 3.0 Hz, 1H), 7.40 (dd, ] =2.7 Hz and
Ji.c.c-F = 9.5 Hz, 1H), 7.42 (m, 1H), 7.66 (dd, Ji.c.c.c.r = 5.1 Hz and ] = 9.1 Hz, 1H). 3C{'H}
NMR (CDCls, 100 MHz): 6 101.3 (d, Je.c.r = 27.1 Hz), 102.6 (d, Jc.c.p = 27.7 Hz), 111.1, 111 4,
111.9, 112.1, 112.3, 112.8, 116.5 (d, Jc.c-c-r = 9.2 Hz), 122.1 (d, Jc.c.c-c-F = 2.2 Hz), 124.2,
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123.6, 126.4 (d, Jc.c.c.r = 10.3 Hz), 159.3 (d, Jcr = 243.5 Hz). IR (KBr): v 3113, 2359, 1353,
1285, 1626, 1588, 1520, 1191, 768, 682 cm~!. HRMS (ESI) m/z: [M+H]* calcd for C14H19FN,
225.0823; found 225.0826. UV-Vis absorption: A, [e (M~! em™1)] 322 [11,200], 275.5(sh)
[8638], 252 [40,240], 243 [44,583] nm (3.0 x 10~> M in THF); 322 [15,600], 269(sh) [13,341],
251 [011,49], 242 [53,256] nm (3.0 x 10> M in CH3CN).

6,7-Difluorodipyrrolo [1,2-a:2/,1’-c]quinoxaline (1d): Yield 61% (two steps) (0.566 g)
as pale-green solid: m.p. = 116-117 °C (n-hexane/CHCI3). 'H NMR (CDCl3, 400 MHz):
0 6.54 (dd, ] = 1.4 and 3.7 Hz, 2H), 6.59 (dd, ] = 3.0 and 3.6 Hz, 2H), 7.32 (dd, ] = 1.5 and
3.0 Hz, 2H), 7.51 (t, Ji.c.c.F = 8.5 Hz, 2H). 13C{1H} NMR (CDCl3, 100 MHz): § 101.6, 104.5
(dd, Je.c.cr =9.0Hz and Jc.c.g = 14.5 Hz), 112.1, 112.9, 121.78 (t, Jc.c.c.r = 5.4 Hz), 123.8,
146.9 (dd, Jc.c.r = 15.6 Hz and Jc.g = 248.0 Hz). IR (KBr): v 3744, 3675, 3412, 1685, 1598,
1340, 1265, 1227, 1083, 838 cm . HRMS (ESI) m/z: [M+H]* calcd for C14HoF,N, 243.0728;
found 243.0729. UV-Vis absorption: A, [€ M~ em~1)] 325 [9500], 283.5 [4546], 272 [6252],
252 [27,013], 242 [32,073] nm (3.0 x 10~° M in THF); 324 [8100], 282 [3810], 269.5(sh) [5297],
250.5 [22,736], 241.5 [26,341] nm (3.0 x 10> M in CH3CN).

3.1.3. Synthesis of 6,7-Difluoro-3,10-diphenyldipyrrolo [1,2-a:2/,1’-c]quinoxaline (3d)

PhI(OAc); (0.602 g, 1.87 mmol) and PhB(OH), (0.230 g, 1.89 mmol) was added to acetic
acid (9 mL). After being stirred for 20 min at room temperature, 1d (0.139 g, 0.574 mmol)
was added to the mixture. After being stirred for 15 min, Pd(OAc), (20 mg, 0.089 mmol)
was added and then the whole was stirred for 24 h at room temperature. The reaction
mixture was filtered through a plug of Celite. After evaporation in vacuo, the residue
was added to water (10 mL), and was extracted with CHCl3 (10 mL x 3). The organic
layer was dried with MgSO,. After filtration and evaporation, the residue was subjected
to column chromatography on SiO; (n-hexane:EtOAc = 10:1) to give 6,7-difluoro-3,10-
diphenyldipyrrolo [1,2-a:2,1'-c]quinoxaline (65.3 mg, 0.166 mmol, 29%) as yellow solid:
m.p. = 167-168 °C (n-hexane/CHCl3). 'H NMR (CDCl3, 400 MHz): § 6.56 (d, ] = 3.7 Hz,
2H), 6.63 (d, ] = 3.8 Hz, 2H), 7.10 (t, Ji.c.c.r = 10.1 Hz, 2H), 7.39 (tt, | = 1.3 and 7.2 Hz,
2H), 7.46 (diffused t, | = 7.5 Hz, 4H), 7.51 (diffused d, | = 6.9 Hz, 4H). 3C{'H} NMR
(CDCls, 100 MHz): 4 102.0, 108.5 (dd, Jc.c-c-r = 9.5 Hz and Jc.c.r = 15.4 Hz), 116.2, 124.0
(t, Jc.c.cor =5.9 Hz), 127.4, 127.8, 128.2, 128.3, 129.0, 131.0, 133.4, 145.5 (dd, Jc.c.r = 15.4
Hz and Jcr = 247.2 Hz). IR (KBr): v 3854, 3821, 3676, 3629, 3421, 1700, 1685, 1654, 1598,
1517 ecm ™. HRMS (ESI) m/z: [M+H]* calcd for CogH;7F,N, 395.1354; found 395.1343. UV-
Vis absorption: A,ps [e (M~ em™1)] 377 [10,600], 312 [13,210], 249 [28,198] nm (3.0 x 1075
M in THF); 375 [8700], 309 [11,565], 247.5 [26,700] nm (3.0 x 10~> M in CH3CN).

3.2. Measurement of Absorption and Fluorescence Spectra

The materials measuring the optical properties were purified by recrystallization from
CHCI;3 and n-hexane. UV-Vis spectra were measured with quartz cell (1 cm x 1 cm) on
a JASCO V-570 spectrophotometer. Fluorescence spectra were measured with quartz cell
(I cm x 1 cm) on a JASCO FP-6600 spectrofluorometer.

3.3. DFT Calculation Method

Shape of orbitals, and HOMO and LUMO energies were calculated by TDDFT/
wB97XD/6-31+G(d,p) level of theory with the Gaussian 16W program version 1.1 [30]. The
optimized structure was also obtained from TDDFT calculation by wB97XD/6-31+G(d,p)
level of theory.

4. Conclusions

In conclusion, the introduction of a substituent on benzene ring in dipyrrolo [1,2-a:2',1'-
c]quinoxaline was efficient to give longer fluorescence peak. Both substituents with electron-
donating and electron-withdrawing character were available to make bathochromic shift.
Especially, similar change was observed in THF from each compound with electron-
donating methoxy group or electron-withdrawing fluorine substituent. Such substituent
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effect would be unique in a dipyrrolo [1,2-a:2",1'-c]quinoxalines skeleton. In the case of the
electron-withdrawing substituent, the solvent effect was also observed, which implied that
the fluorescence caused by ICT state.

The reason for the shift of fluorescence peak was explainable by change of the orbital
energies. Electron-donating substituents increased both HOMO and LUMO energies,
especially HOMO energy. In a complementary style, electron-withdrawing substituents
decreased both HOMO and LUMO energies, especially LUMO energy. As a result, a smaller
energy gap compared with the original substrate was achieved in each electron-donating
and electron-withdrawing substituent. It means that the different effect against optical and
electric properties was obtained by using dipyrrolo [1,2-a:2,1’-c]quinoxaline structure.

An additional introduction of substituent such as fluorine at 7 position or phenyl ring
at 3 and 10 position on dipyrrolo [1,2-a:2,1'-c]quinoxalines is efficient to give the longer
fluorescence peaks. As a result, we obtained the fluorescence peak at 473 nm from 3d,
whose value is 39 nm larger than that of non-substituted compounds (1a). These findings
will serve as guidelines in the design of novel fluorophores with longer fluorescence.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/molecules28072896/s1, Computed three longest transition
peaks of 1a—d in the excited singlet state (Table S1), Shape and energies of HOMO and LUMO of 1a—d
calculated by DFT method (Figure S1), Energies, and Cartesian coordinates of 1a-d by TDDFT calculation,
and copies of 'H and '3C NMR spectra and HRMS charts for new compounds (1b—d and 3d).
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Abstract: The synthesis of nitrogen-based heterocycles has always been considered essential in
developing pharmaceuticals in medicine and agriculture. This explains why various synthetic ap-
proaches have been proposed in recent decades. However performing as methods, they often imply
harsh conditions or the employment of toxic solvents and dangerous reagents. Mechanochemistry
is undoubtedly one of the most promising technologies currently used for reducing any possible
environmental impact, addressing the worldwide interest in counteracting environmental pollution.
Following this line, we propose a new mechanochemical protocol for synthesizing various hetero-
cyclic classes by exploiting thiourea dioxide (TDO)’s reducing proprieties and electrophilic nature.
Simultaneously exploiting the low cost of a component of the textile industry such as TDO and all
the advantages brought by a green technique such as mechanochemistry, we plot a route towards a
more sustainable and eco-friendly methodology for preparing heterocyclic moieties.

Keywords: heterocycles; thiourea dioxide; TDO; mechanochemistry

1. Introduction

Heterocycles are ubiquitous in biologically active compounds, natural products, and
common pharmaceuticals [1-9], representing a highly privileged structural motif. For
example, common biocides [10], fungicides [11], antitumoral agents [12,13], and anal-
gesics [14-16], to mention a few, contain a benzimidazole or benzothiazole moiety in their
structure. Furthermore, the benzimidazole scaffold represents a benchmark for synthesiz-
ing new potential agents against various cancer or infectious diseases, even those that still
cannot be effectively treated [17,18]. This is due to the benzimidazole ring’s astonishing
proprieties that simultaneously possess a hydrophobic unit and two hydrogen-bonding
domains (Figure 1) [19].
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Figure 1. Benzimidazole features with common benzimidazole pharmaceutical scaffolds.
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Accordingly, several endeavors have been dedicated to the synthesis of such com-
pounds. Among all the reported methods, those using either formaldehyde or an appro-
priate surrogate reagent have proven to be efficient and valuable choices for preparing
different heterocycles containing the benzimidazole core [20-26]. However, these strategies
usually suffer from some limitations, such as employing additives, e.g., metal catalysts,
harsh reaction conditions, or toxic solvents (Scheme 1).

Previous in-solution reactions

(a) One-Pot Reduction and Cyclization to Bicyclic 2H-Imidazoles

R Fe (10 equiv.)
s NH NH,CI (10 equiv.) | N N\>
iPrOH/HCOOH (1:1)
V' %
R NO, MW, 80 °C, 1-3 h R TR,

Use of a metal
in a large quantity

R: EWGs, EDGs
R': H, Et, Ph

(b) DMSO as Carbon Source for the Synthesis of 2-Unsubstituted Benzimidazoles

R’ NH,OAc (6 equiv.)
| B | >
b 140 °C, 10 h l,
R NO, N, atmosphere R TR

R: EWGs, EDGs Harsh conditions
R': H, Me, Ph, Bn . Inert atmosphere

(c) Amination of N-Aryl Imines Using TMSN; and TBHP
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M o 2) 10% Cul N R
@ .I// TSMN; (2 equiv.) I, 1 O\ 7
R R TBHP (1equiv.) R i

90°C, 914 h R
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This work using a mechanochemical approach

(d) TDO as a reducing agent and source of Carbon-C1

NO 0 AN
N 2 I \ (H,0, LAG
E:[ 3 HNYS\OH + NaOH K. . ¢ ) o N\>
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R": H, Me 0.3 €/
X: CH, N ( 9

Scheme 1. A comparison between this work and previous methodologies.
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In this context, thiourea dioxide (TDO), a solid surrogate for formaldehyde, could
allow us to overcome many of the shortcomings mentioned above. TDO is a cheap and com-
mercial compound commonly employed in textile industries for bleaching processes [27].
Moreover, it has also been exploited in the past for analytical measurements [28-30]. Finally,
it can also be synthesized, as pioneered by Barnett (Scheme 2) [31], Lai [32], and Kluttz [33],
and different studies have already been published concerning both its electrophilic and
reducing nature [34-39].

NH
NH
2 6% H;0, Mo
HoN” s HN" S~
2 H,0, 0-5 °C OH
Thiourea Thiourea Dioxide (1)

Scheme 2. TDO synthesis and structure, as reported by Barnett.

As a matter of fact, TDO is insoluble in most organic solvents as well as in water, and
its reactivity can be triggered by raising the temperature. Because of this, it is typically
used in mixtures of methanol and basic or heated water [40,41].

In 2021, Wu's team documented benzimidazoles’ synthesis through thiourea dioxide’s
(TDO, 1) electrophilic character in a solvent-based process [42]. The procedure was carried
out in water at 60 °C, providing around ten benzimidazoles in satisfactory yields. A solvent
screening was also made on the control reaction, proving how the insolubility of TDO in
organic solvents made it unreactive compared to the employment of hot water. In addition,
the use and removal of solvents during a chemical synthesis represents a significant portion
of organic pollution and process energy consumption.

Benzimidazoles are generally synthesized from aniline derivatives, which in turn
are often prepared from the corresponding nitrobenzenes. Furthermore, the synthetic
methods to produce anilines still involve classical methodologies, and there is currently a
worldwide interest in proposing new synthetic routes to improve the sustainability and
applicability of such a process [43—46]. Reducing an aromatic nitro moiety usually requires
an acid environment in the presence of a metal [47-50] or the employment of gaseous
hydrogen [51-54]. Despite performing satisfactorily, these methodologies have concerns
that must be addressed. Starting from metals, this procedure is usually run under an acidic
environment [54-58], and consequently, it may not be applied to substrates sensitive to
such conditions.

Furthermore, the use of metals is often associated with various risks concerning
human health and the environment due to their well-established toxicity. For example,
with molecular gaseous hydrogen, its use is related to an explosion hazard because of
its high reactivity [55,56]. Since this procedure is exergonic (ArG° < 0), a high amount of
heat is typically released during an industrial process [57]. Such heat generation can be
challenging to remove and may also induce expensive cooling costs or lower the reaction
yields due to reactor hot spots [58,59]. Other methods rely on electrochemistry [59,60],
enzymatic processes [56], rare-earth elements [61], and hydrogen transfer reagents [61-64],
all of which need specific reaction conditions and advanced equipment. Few reductions
in a basic environment have been described in literature [65-67]; the most recurrent one
is undoubtedly the employment of Zn powder in the presence of NaOH for synthesizing
azobenzene [68]. Unfortunately, a basic environment generally implies other sub-products
formed during the redox process [57,67,69]. Their presence complicates the obtention of
the corresponding anilines, making the entire procedure complex and cumbersome.

On the contrary, the reducing processes of TDO are associated with the release of
nontoxic side products, mainly urea and sodium sulfite [37].

The abovementioned drawbacks prompted us to assess the feasibility of grinding
the reaction under solvent-free conditions. Indeed, ball-milling remains an impressive
technology in this regard [69-72]. Many mechanochemical strategies described astonishing
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advantages such as high reaction efficiency, the prevention of harsh reaction conditions,
and the minimization of organic solvents [73-75].

As part of our ongoing interest in green synthesis via mechanochemistry [47,48], we
evaluated whether heat could be easily replaced by mechanical energy, thus enabling access
to higher and more sophisticated reactivities.

2. Results and Discussion
2.1. TDO as a Reducing Agent

Firstly, the reducing properties of TDO (Compound 1) on nitrobenzenes were explored
to outline and screen all the mechanochemical parameters for this step. Considering the
few existing techniques for reducing nitrobenzene with TDO [76,77], we had to lay the
groundwork for a methodology with a broader applicability. We set the mechanochemical
procedure on a 1.0 mmol scale using nitrobenzene as a reference substrate. We milled TDO
1 (1.0 mmol), nitrobenzene 2a (1.0 mmol), and NaOH (1.0 mmol) for 1.0 h inside a 10 mL
stainless steel (SS) vessel equipped with two balls (& =7 mm, 2.67 g) of the same material
(Scheme 3).

NO: H,N E NaOH NH
(T o o a -
30 Hz, time, r.t.

NH 10 mL SS jar
2a 1 2 SSballs (=7 mm, 2.67 g) 3a

Scheme 3. General scheme of the reaction.

Unfortunately, we detected the only presence of the starting material through a GC-MS
analysis (Table 1, entry 1). Several process parameters have been investigated to overcome
these failures, and the whole optimization process is summarized in Table 1. To begin, we
raised the ratio of 1 and NaOH (Table 1, entries 2 and 3), which allowed us to convert 2a
into aniline 3a with a 21% yield (Table 1, entry 3). Then, prompted by these results, we tried
to increase both the reaction time and the reducing mixture equivalents (TDO and NaOH).
In the first case, the yield was even lower in a 2 h milling with a 5% yield (GC-analysis),
probably due to the higher reactivity of the formed aniline with the redox intermediates
(Table 1, entry 4). In the latter one, 2a was consumed entirely, but the conversion to the
desired product 3a increased slightly together with other process intermediates (Table 1,
entry 5). Lastly, we ran the reducing process at 70 °C to accelerate the kinetics of the
reaction, but we only obtained the corresponding symmetric diazobenzene (PhN=NPh,
Table 1, entry 6).

Therefore, after all these failed attempts, we considered using drops of different sol-
vents to run a Liquid-Assisted Grinding (LAG) [78-82] in a 90 min procedure. Consistently,
less polar (decane or toluene) and polar solvents (acetone or isopropanol) did not permit
a reasonable conversion rate (Table 1, entries 7-10). Lastly, methanol and water were
used, as in analogous solvent-based procedures. However, in this case, the ratio of sol-
vent/reagents was drastically cut down compared to the already reported methodologies
(LAG, n = 0.44 uL/mg). In contrast to that which is usually found for solvent-based proce-
dures, methanol used under LAG conditions produced a complex mixture of aniline and
nitrobenzene reduction process intermediates (Table 1, entry 11). Water, instead, led to
excellent yields of 3a (Table 1, entry 12). Its amount, however, was found to be a critical
parameter, since the conversion rate dramatically dropped whenn = 0.22 uL/mg (Table 1,
entry 13). Contrarily, a little increase in the reaction time of up to 2 h allowed for a quantita-
tive conversion of 2a to 3a (Table 1, entry 14). Concerning the bases, weaker ones such as
sodium carbonate and sodium bicarbonate did not allow for a comparable result (Table 1,
entries 15 and 16), proving that NaOH plays a crucial role in the mechanochemical process—
consistent with the findings of Hawkes for similar reactions in solution [83]. Lowering the
NaOH amount negatively affected the reaction performance as well (Table 1, entry 17).
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Table 1. Optimization process for the reduction of 2a to 3a.

Entry TDO eq. Base eq. Reaction Time (h) Additives P Yields 2
1 1 1 1 / 0%
2 3 6 1 / 2%
3 6 6 1 / 21%
4 6 6 2 / 5%
5 10 10 2 / 29%
6¢ 6 6 2 / 0%
7 3 6 1.5 Decane 2%
8 3 6 1.5 Toluene 4%
9 3 6 15 i PrOH 3%
10 3 6 1.5 Acetone 5%

114 3 6 15 MeOH Complex

Mixture
12 3 6 1.5 H,O 89%
13 € 3 6 1.5 H,O 0%
14 3 6 2 H,0 97%
15f 3 6 15 H,0 20%
16 8 3 6 1.5 H,O 1%
17h 3 3 2 H,O <5%

All the reactions were carried out with the same experimental parameters unless otherwise specified: nitrobenzene
(1.0 mmol), compound 1 (1.0-10.0 mmol), and NaOH (1.0-10.0 mmol) in a SSjar (10.0 mL) equipped with two
balls (SS, @ = 7.0 mm, 2.67 g) at a frequency of 30 Hz. @ The yields were calculated by GC-MS analysis. ? The
additive quantity was 250 uL. ¢ The reaction was run at 70 °C; the only product obtained was the corresponding
azobenzene. 4 The desired product was obtained only in traces. ® The amount of water was reduced to 125 pL.
The main product found was azoxybenzene; the remaining peaks were attributed to nitrobenzene f Na,CO3 was
used instead of NaOH. 8 NaHCO3; was used instead of NaOH. ' The SM presence was not detected, and the 'H
NMR spectra presented signals that cannot be attributed to specific compounds. ! The main spotted product
was identified as hydrazobenzene; the rest of the mixture was composed of azoxybenzene, azobenzene, and
N-phenylhydroxylamine.

With the optimized conditions in hand, we extended the entire procedure to other
nitrobenzenes to validate this mechanochemical process. In the case of activated substrates
2b and 2c¢, the process smoothly proceeded to a complete conversion within 2 h, and for
more complex substrates like 2s, the process was completed in only 3 h (Scheme 4).

o NO2 2 NaOH NH
| — H2N S. > X 2
-  OH LAG, H,0 (250 L), r.t. »
R NH &  30Hztime g R
2a-c, 2s 1 10 mL SSjar ¢ 3a-c, 3s

2 balls (SS, @ =7 mm, 2.67 g)

o
©/ ©/\/ ~o ‘ ‘ cl
3a, 97%2 3b, 97%2 3c, 96%2 3s, 94%°

Scheme 4. Mechanochemical synthesis of anilines from the corresponding nitrobenzenes. The yields
were calculated by GC-MS analysis: @ 120 min reaction time, ® 180 min of reaction time.
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Reducing instead 2-nitroaniline 2d, many unpredicted outcomes showed up, as sum-
marized in Table 2. In this case, we synthesized the o-phenylenediamine 3d with a 37%
yield in 90 min without LAG (Table 2, entry 1). Such different behavior can be ascribed to
the positive effects of an EDG. Unexpectedly, prolonging the reaction time to 2 h under neat
grinding conditions resulted in the formation of the corresponding benzimidazole, albeit
in low yields (Table 2, entry 2). For the sake of completeness, we also tried to reduce in
neat conditions other substrates having a comparable charge distribution (Table 2, entries
3 and 4). With 2-nitro anisole, we obtained the corresponding aniline in a 54% isolated
yield. At the same time, the employment of 2-nitro phenol resulted in a mixture of various
unidentified products, likely generated by the high phenoxide reactivity.

Table 2. Optimization process for the reduction of 2d to 3d.

(0]
N02 1] NaOH N Hz
+ H2N \n/s \OH >
NH & 30 Hz, time, r.t. NH
2 NH 10 mL SS jar 2
2d 1 2 balls (SS, @=7 mm, 2.67 g) 3d
Entry TDO eq. Base eq. Reaction Time (h) Additives P Yields 2
1 3 6 1.5 / 37%
2¢ 3 6 2 / 45%
3d 3 6 2 / 54%
4e 3 6 2 / Complex
mixture
5f 3 6 2 MeOH 0%
6 3 6 2 H,0 98%
78 3 3 2 H,O 1%

All the reactions were carried out with the same experimental parameters unless otherwise specified: 2-nitroaniline
2d (1.0 mmol), compound 1 (3.0 mmol), and NaOH (3.0-6.0 mmol) in a SS jar (10.0 mL) equipped with two
balls (SS, @ = 7.0 mm, 2.67 g) at a frequency of 30 Hz. ? The yields were calculated by GC-MS analysis.
P The additive quantity was 250 pL. ¢ The o-phenylenediamine reacted with 1 and formed the benzimidazole
4d, yielding 20% and other unidentified subproducts. 4 The starting material was 2-nitro anisole. ¢ The starting
material was 2-nitro phenol. f The signals in the spectra were attributed to 2-((2-nitrophenyl)diazinyl)aniline and
2,2'-(hydrazine-1,2-diyl)dianiline. 8 The 2-nitroaniline 2d and benzimidazole 4d were detected with a yield of 75%
and 24%, respectively.

To better understand several critical details of the process, we have to better focus
on several points of the process. First, under LAG conditions, the presence of methanol
resulted in the concurrent formation of 3d and various reaction intermediates. At the
same time, water use was associated with the synthesis of the desired product with a
nearly quantitative yield in 2 h (Table 2, entries 5 and 6). These different outcomes can be
reconducted to the role covered by water as a better proton source. On the other hand,
water, to some extent, also inhibits the final cyclization pathway that leads to benzimidazole
formation. The reduction in the nitro group and the construction of the benzimidazole
ring both consume TDO, with the latter being kinetically faster. As a result, any attempt
to decrease the NaOH equivalents failed because of the high reactivity of the formed o-
phenylenediamine towards TDO that was still present in the reaction medium (Table 2,
entry 7). Once these issues are focused on, we can draw conclusions based on the above and
after a long, meticulous exploratory study. Six equivalents of NaOH promote the sluggish
kinetics of the reduction reaction to the detriment of the cyclization reaction, resulting in a
complete reduction of the nitro group (Table 2, entry 6).

Once we understood the reactivity of 2-nitroanilines, we also extended this process
to other 2-nitroaniline derivatives (Scheme 5). As a result, o-phenylenediamines 3e and
3f were successfully synthesized in a 2 h ongoing process, whereas the substrates 3g—j
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NH,

3d, 98%?2

MeO NH2 F3C0 NHZ AN NH2 NH2
X L, L, X
NH NH, N~ “NH, N

3i, 76%P°

2

and 30-p needed a longer reaction time of 3 h. These outcomes were utterly in line with
Hammett’s parameters and steric hindrance on the aromatic ring of the starting materials.

NH
HN__S. NaOH -
LAG, H,0O (250 uL), r.t. =
NH 2 ( i ll) ? R/ NHZ
& 30 Hz, time  /
1 10 mL SSjar ° 3d-h

2 balls (SS, @ = 7 mm, 2.67 g)

H
NH, NH, Br NH, ClI NH,

3e, 97%2 3f, 96%°? 39, 97%° 3h, 95%°

C

3j, 93%P 30, 95%P 3p, 80%P°

Scheme 5. Mechanochemical synthesis of o-phenylenediamines from the corresponding 2-nitroanilines.
The yields were calculated by GC-MS analysis: 2 120 min reaction time, ® 180 min of reaction time.
¢ The product was purified through a silica pad.

2.2. TDO as an Electrophile

Having clarified the role of TDO 1 as a reducing agent, we thoroughly analyzed its ap-
plication as a “green” solid replacement for formaldehyde for synthesizing aza-heterocycles.
Its electrophilicity is connected to the presence of the two nitrogen atoms depleting the
central carbon atom in terms of electron density. Furthermore, an excellent leaving group
such as the sulfur moiety makes the whole molecule more prone to a nucleophilic attack.
We accomplished the heterocycle synthesis by establishing two separate procedures: a
single-step process based on the employment of phenylenediamines (procedure A) and a
double-step methodology starting from 2-nitroanilines (procedure B).

2.2.1. Procedure A

The reactivity of phenylenediamines toward compound 1 has already been reported
in the literature for solvent-based processes restricted to a few very reactive substrates. [42].
We investigated the mechanosynthesis of heterocycles from less reactive substrates, in this
case, the ones that possess a lower electron density in their aromatic ring (Scheme 6). All
the reactions were conducted using a LAG, where water was used as the additive (n = 0.44).
Starting from the o-phenylenediamines 31-n, we obtained the corresponding heterocycles
in low yields due to the low reactivity of such compounds. Deactivating groups either on
the ring or on the nitrogen atom drastically affected the ring closure process, as evidenced
by the poor yields obtained for compounds 4l-n. Remarkably, diamines 3q and 3r enabled
access to molecular framework of biological interest in poor to good yields [84-86].

47



Molecules 2023, 28, 2239

(o]
NH 1l LAG, H,0 (200 pL)
NP L HN_S. 2 - SN
b I, & 30Hzt 0 |//N>
R X NH NH z,time, r.t. R X
z 10 mLSS jar ¢ H
3I-n, 3q-r 1 2 balls (SS, @=7 mm, weight: 2.67 g) 4l-n, 4q-r
X=C-Hor N
N
NC N O:N @E > Bre_ N HN SN
> > N Y
N N/ N
H
4, 25% 4m, 10% 4n, 12% 49, 1% 4r, 60%

Scheme 6. Mechanochemical synthesis of aza-heterocycles from the corresponding phenylenedi-
amines. The yields were determined by GC-MS analysis.

2.2.2. Procedure B

With the optimal conditions for reducing 2-nitroanilines in hand, we wondered
whether a double-step methodology could be feasible. Bearing in mind that a basic en-
vironment consumes compound 1 for forming the reducing species, we realized that we
needed to add an additional amount of it for running the second step. In addition, we
added a small quantity of water, because the process was proved to perform poorly through
neat grinding, as formerly stated. After these considerations, we shaped the procedure to
convert 2-nitroanilines into aza-heterocycles (Scheme 7). The first step was run under fine-
tuned conditions, so the newly formed o-phenylenediamine was ready for the forthcoming
ring closure step. This last stage was successfully accomplished with a refill of 1 (3.0 mmol)
and water (250 puL, 1 = 0.44), and it was run for further 2 h for the substrates 2d—f. The
2-nitroanilines 2g-k and 2o0-p required a longer reaction time of 3 h instead.

NO,
B TDO,NaOH mNHZ TDO, LAG H,0 (60 L) B N\>
2 P - > P

R'X" 'NH; LAG, H,0 (250 uL) /X NH 30 Hz, tlme,_ r.t. 74 N

30 Hz, time, r.t. R 2 10 mL SS jar RX™
2d-k, 2p 10 mL SS jar 3dk,3p  2Palls(8S,0=7mm,2679) 44 4p

2 balls (SS, @ =7 mm, 2.67 g)

Co ooy OO O
H

4d, 94%? 4e, 91%2 4f, 93%2 49, 92%"°
Cl N (o] N 0 N
JOSIRG ST O &
N N N
cl N N N
4h, 90%° 4i, 68%P 4j, 92%°
H2N N X N
T )
N NN
H H
4k, 45%b 4p, 56%°

Scheme 7. Mechanochemical synthesis of aza-heterocycles from the corresponding 2-nitroanilines
through a double-step procedure. Yields refer to pure isolated compounds: ? 2 h of reaction time
were required, P 3 h of reaction time were needed.
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The reaction proceeded well in all the considered cases and provided benzimidazoles
4d—4j in near-quantitative yields except for compounds 4k and 4p (Scheme 7).

To assess the green footprint of this mechanochemical procedure, we calculated the
green metrics for our methodology and compared them with a previously reported solvent-
based process. The results highlight a substantial improvement, in a green chemistry
framework, of the proposed mechanochemical technique concerning the solvent-based
approach (see the paragraph “Green Metrics” in the Supplementary Materials for fur-
ther details).

To further demonstrate the potentialities of the developed mechanochemical protocol,
various trials on a larger-scale reaction (from 2 mmol up to 5 mmol) were conducted. As
illustrated in Scheme 8, the mechanochemical solvent-free reaction of 2a (5.0 mmol) with
1 (30.0 mmol), NaOH (30.0 mmol), and water (1.5 mL) at 30 Hz for 4 h gave product 4ain a
satisfactory product yield of 91%, showing the robustness of the present method and how
it could be feasibly adapted for a possible scale-up process.

NO
©: 2 TDO, NaOH _ ©:NH2 TDO, LAG H,0 (300 pL) N\>
NH, LAG, H,0 (1250 pL) NH 30 Hz, 2 h, r.t. [ I N
30 Hz, 2 h, rt. 2 25 mL SS jar H

2 balls (SS, @ =10 mm, 5.68 g) 4d
4 balls (SS,0=7mm, 2.679) 91%, (537 mg)

2d 25 mL SS jar 3d
(5.0 mmol) 2 balls (SS, @ =10 mm, 5.68 g)
4 balls (SS, @ =7 mm, 2.67 g)

Scheme 8. Mechanochemical synthesis of benzimidazole 4a on a 5 mmol scale. The yields were
determined on the isolated product.

All the syntheses presented are easy to accomplish and proceed with a first redox
process followed by a final ring closure and aromatization step (Scheme 9). The reducing
ability of compound 1 has been widely described, and it exploits the formation of sulfoxylic
acid [36-38,87,88]. However, such a chemical species can be formed only from the tautomer
of compound 1, aminoiminomethanesulfinic acid (AIMS), usually only observed in an
aqueous medium (Scheme 9, pathway 1) [89-92]. After being formed, it is converted to its
more stable form, sodium hydrogen sulfoxylate, by the remaining equivalents of NaOH
(Scheme 9, pathway 2). It is hard to imagine that a species such as sodium sulfoxylate could
be formed due to the low acidity of sodium hydrogen sulfoxylate [87]. This last compound
is then ready to participate in the redox process and will be reduced to gaseous sulfur
dioxide (Scheme 9, pathway 3).

@

NH, H,0 NaOH o
? O T ~ H NkS/OH + 1o S oH
HN" "s770 &) 2 i C% H,N” “NH,
(o}
TDO, pH=5 AIMS
in aq. solutions (Unstable)
(Stable)

2 HOSoH — <~ NaoSon

NO, NH;
3 @[ + 3 NaoSon + HO —— @[ + 3 0-8=0 + 3NaOH
NH, D NH,

H,0

NH, NH H,0 N
2
" @[ + HZN)kS/OH = @[N\> + 2NH; + 0=s=0
P :

Scheme 9. Mechanochemical reaction steps under LAG condition. Water (250 pL, n = 0.44) was
added in one single shot at the start of the reaction.
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Nonetheless, we cannot completely rule out the presence of sodium dithionite and
sodium bisulfite as reducing agents. The former can be formed by TDO degradation [39,93],
and the sulfur dioxide may generate the latter in the presence of water [94]. Ultimately,
adding fresh TDO to the reaction medium allowed the ring to be closed to the correspond-
ing aromatic heterocycle (Scheme 9, pathway 4).

Concerning water (250 uL) used to perform the LAG process (n = 0.44), it plays three
fundamental roles in the mechanochemical redox reaction. Firstly, it enables the formation
of the active tautomer AIMS, as described by Dittmer [91] and Krug [92]. Secondly, the
complete consumption of 1 to sodium sulphoxylate in a strong basic environment avoids
other collateral processes such as the auto condensation of TDO to cyclic derivatives, as
reported in the literature [95]. Thirdly, the presence of water might prevent the formation
of other undesired redox intermediates, because it acts as a proton donor [96]. Lastly,
it probably permits sodium hydroxide to participate extensively in concert with TDO
due to its high solubility in water. This may also explain the poorer performance of the
mechanochemical process when methanol is employed for a LAG approach.

To conclude, we also studied the reactivity of hydrazobenzene under our optimized
conditions. Unfortunately, conducting the reaction with 1 mmol of hydrazobenzene with
TDO (3 mmol), NaOH (6 mmol), and water (250 uL) only yielded the starting material
as described by Huang [77]. Therefore, the entire redox process is wholly described in
Scheme 10.

e ) . )
0=8=0 HO ~~OH 0=8=0 HO "~ OH

Nitrosobenzene .
N-Phenylhydroxylamine
o
H

~ @”-«o N~ S ©:\0H

“"H

HQHOL%Q J@HM@ L

Azoxybenzene Azobenzene Hydrazobenzene

Scheme 10. The assumed redox mechanism for the mechanochemical reduction of nitrobenzene 2a
into aniline 3a.

Considering the ring closure step, the electrophilic nature intrinsic to compound
1 makes possible the formation of a heterocycle (Scheme 11a,b). We firmly support the
idea that, in the presence of NaOH, cyanimide cannot be formed by the degradation of
compound 1 [97]. Therefore, the only possible pathway for heterocycle synthesis is the
release of formamidine through a dismutative process (Scheme 11a pathway 1) [98,99].
After undergoing a nucleophilic attack from the o-phenylenediamine, formamidine allows
the generation of an N-arylformamidine intermediate that will go through a second nu-
cleophilic attack from the other nitrogen atom (Scheme 11a, pathway 2). The resulting
2-amino dehydrobenzimidazole then extrudes the NH, moiety as ammonia for forming
the benzimidazole structure (Scheme 11a, pathway 3).
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Scheme 11. (a) The assumed reaction mechanism for the mechanochemical synthesis of 4a from 2a
through the release of formamidine. (b) The assumed reaction mechanism for the mechanochemical
synthesis of 4a from 2a through the carbenoid pathway.

Nevertheless, we cannot rule out a reaction mechanism based on the supposed car-
benoid structure of TDO as well [89,100-102] (Scheme 11b). In this case, the reaction
mechanism initially follows a diverse pathway based on the minor charge separation be-
tween the two moieties of TDO (Scheme 11b, pathway 1) [90,103]. Then, after forming an
N-arylformamidine intermediate, the process continues as mentioned above (Scheme 11b,
pathway 1).

We ruled out a possible deamination approach from the corresponding 2-aminobenzimi-
dazole for the following reasons. Firstly, when we milled commercial 2-aminobenzimidazole
in the presence of NaOH, we did not see any change in the starting material’s nature.
Secondly, the thermodynamic stability of such a substrate prevents any structure alteration
under our mild conditions [104]. Thirdly, its synthesis should be associated with an unlikely
dehydrogenative process in our reaction medium. Finally, once the entire process is finished,
the desired product needs to be extracted from the reaction mixture.

Along with the newly synthesized heterocycle, other subproducts were formed. We
think their presence was due to the degradative processes of compound 1, as already
documented [95,105,106]. Hence, a short silica pad was made to obtain the desired product
in high purity.
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3. Materials and Methods
3.1. Materials

Commercially available reagents were purchased from Acros (Geel, Belgium), Aldrich
(Darmstadt, Germania), Strem Chemicals (Newburyport, MA, USA), Alfa-Aesar (Haverhill,
MA, USA), and TCI Europe (Zwijndrecht, Belgium) and used as received. All of the
reactions were monitored by thin-layer chromatography (TLC) performed on glass-backed
silica gel 60 F254, 0.2 mm plates (Merck, Darmstadt, Germania), and compounds were
visualized under UV light (254 nm) or using cerium ammonium molybdate solution with
subsequent heating. The eluents were technical grade. The mechanochemical reactions
were performed using a Retsch Mixer Mill MM 500 VARIO apparatus (horizontal vibratory
mill). The reagents were milled using a stainless steel grinding jar (10 mL) equipped with
two balls (& = 7.00 mm, 2.67 g) of the same material. The IH- and 13C-NMR spectra were
recorded on a Bruker (Billerica, MA, USA) Avance III HD 600 MHz NMR spectrometer
at 298 K. Proton chemical shifts are expressed in parts per million (ppm, & scale) and
are referred to as the residual hydrogen in the solvent (CDCl3, 7.27 ppm or DMSO-dg
2.54 ppm). Carbon chemical shifts are expressed in parts per million (ppm, 4 scale) and are
referenced to the carbon resonances of the NMR solvent (CDCl3, 77.0 ppm or DMSO-dg
39.5 ppm). GC-MS analyses were performed on an Agilent 5977B MS interfaced to the GC
7890B equipped with a DB-5ms column (J & W, New Brighton, UK). Yields refer to pure,
isolated materials.

3.2. General Procedure A for Anilines and o-Phenylenediamines 3a—j, 30—p, 3s Synthesis from
2-Nitroanilines 2a—j, 20-p, 2s

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm
diameter, 2.67 g) was filled with nitrobenzenes 2a—j, 20-p, 2s (1.0 mmol), NaOH (6.0 mmol),
1 (3.0 mmol), and 250 pL of distilled water. The vessel was then closed, and the mechanochem-
ical reaction was conducted, ranging from 60 to 180 min at 30 Hz. Whenever necessary,
further purification through flash column chromatography was performed. Lastly, the
solvent was removed under reduced pressure to afford the pure anilines 3a—j, 30—p, 3s.

3.3. General Procedure B for Heterocycles 41-n, 4q—r Synthesis from o-Phenylenediamines
3l-n, 3q-r

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm
diameter, 2.67 g) was filled with o-phenylenediamines 31-n, 3q—r (1.00 mmol), 1 (2.00 mmol),
and 200 pL of distilled water. The vessel was then closed, and the mechanochemical reaction
was conducted, ranging from 60 min to 180 min at a frequency of 30 Hz. At the end of the
reaction, an additional silica pad (SiO,, heptane/ethyl acetate/methanol = 1:1:0—6:3:1)
was made to purify the reaction mixture. Lastly, the solvent was removed under reduced
pressure to afford the pure heterocycle 41-n, 4q-r.

3.4. General Procedure C for Heterocycles 4d—k, 4p Synthesis from 2-nitroanilines 2d-k, 2p

A 10 mL stainless steel jar equipped with two stainless steel milling balls (7 mm diameter,
2.67 g) was filled with 2-nitroanilines 2d-k, 2p (1.0 mmol), NaOH (6.0 mmol), 1 (3.0 mmol),
and 250 uL of distilled water. The vessel was then closed, and the mechanochemical reaction
was conducted, ranging from 60 to 180 min at 30 Hz. After that, an additional refill of
1 (3.0 mmol) was made, and 60 pL of distilled water and the mechanochemical reaction
was made to run ranging from 60 to 180 min at a frequency of 30 Hz. At the end of the
reaction, an additional silica pad (S5iO2, heptane/ethyl acetate/methanol = 1:1:0—6:3:1)
was made to purify the reaction mixture. Lastly, the solvent was removed under reduced
pressure to afford the pure heterocycle 4d-k, 4p.

4. Conclusions

This work has thoroughly explained a mechanochemical protocol for synthesizing
heterocycles, rediscovering a solid reagent as thiourea dioxide (TDO). Not only did the dual
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nature of such a compound allow us to propose both reducing and ring closure procedures,
but it also allowed us to merge these two processes in a one-pot technique starting from
2-nitroanilines. By avoiding a mixture of methanol and basic water like in the in-solution
methods, we were also able to deeply analyze the already-known reducing properties of
TDO, as has never been reported. The reaction is easy to perform and allows for the obtain-
ment of the desired products with yields ranging from low to excellent. In addition, this
methodology provided an alternative pathway for synthesizing scaffolds of biological and
pharmaceutical interest, such as benzimidazole derivatives, and valuable building blocks
with a potential application in drug design, such as perimidines and imidazopyridines.
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of compounds, green chemistry metrics calculations (Scheme S1: Mechanochemical preparation of 4d,
Scheme S2: Microwave preparation of benzimidazole 4d, Scheme S3: MgSO, drying ability, Figure S1:
DOZN™ score for the mechanochemical synthesis of 4d, Figure S2: DOZN™ score for the microwave
synthesis of 4d) and spectra. References [107-124] are cited in the Supplementary Materials.
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Abstract: Total synthesis of the 2-formylpyrrole alkaloid hemerocallisamine I is presented, both
in racemic and enantiopure form. Our synthetic strategy involves (25,45)-4-hydroxyglutamic acid
lactone as the key intermediate. Starting from an achiral substrate, the target stereogenic cen-
ters were introduced by means of crystallization-induced diastereomer transformation (CIDT) in a
highly stereoselective fashion. A Maillard-type condensation was crucial to constructing the desired
pyrrolic scaffold.
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1. Introduction

Daylilies (genus Hemerocallis) are beautiful flowering plants, now counting 16 species
and over 98,000 cultivars, widely domesticated in much of the Northern Hemisphere [1,2].
Mentioned in poems compiled by Confucius more than 2500 years ago, in addition to
ornamental function, they have a long history of culinary [3] and medicinal use in Eastern
Asia. The flowers, buds, leaves, and roots of daylilies are edible and have been reported to
be utilized, e.g., in the treatment of sleep disorders, depression, inflammation, jaundice,
schistosomiasis, and chronic rheumatism [4]. In an attempt to elucidate the structures of
the active ingredients, the chemical constitution of daylilies has been investigated in a
number of studies. As of 31 December 2020, a total of 266 secondary metabolites have
been identified in Hemerocallis plants, primarily focusing on species H. citrina, H. fulva, and
H. minor [4,5].

In a search to identify sedative amino acid derivatives from H. fulva flower buds,
in 2014, Matsuda et al. isolated hemerocallisamine I (1) as a novel 4-hydroxyglutamine
metabolite [6] (Figure 1). The initially assigned (2R,4R)-1 configuration, on the basis of the
Flack parameter, corresponded to the unnatural D-glutamine and was puzzling. Three
years later, the first total synthesis of hemerocallisamine I (1) was reported by Brimble
et al. and resulted in a revision of the previously proposed absolute configuration from
(2R,4R)-1 to (25,45)-1 [7]. Until now, no other total synthesis of hemerocallisamine I (1) has
been communicated.

The structure of hemerocallisamine I (1) features a 4-hydroxyglutamine moiety an-
chored in a 2-formylpyrrole ring (Figure 1). Both of these subunits are abundant in nature
and of synthetic interest [8-10]. In addition to hemerocallisamine I (1), several other
4-hydroxyglutamine derivatives, e.g., longitubanine A, oxypinnatanine, and pinnata-
nine (Figure 1), as well as their N-glycosides, have been isolated directly from H. fulva
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species [11-13]. Interestingly, the findings of Ogawa and coworkers indicate that oxypinnata-
nine might be the compound responsible for the sleep-promoting effect of H. fulva [14,15].

OH NH, OH NH,

H OH N OH
= 0 = (o] O OH
o) o 5
longitubanine A OH oxypinnatanine o~

N
~
XN OH
hemerocallisamine |
(0] 0 (25,45)1

pinnatanine

Figure 1. Structures of 4-hydroxyglutamine derivatives isolated from daylily Hemerocallis fulva.

With the aim of smoothly constructing the 4-hydroxyglutamine framework, the pub-
lished synthesis of (25,45)-1 started with commercially available cis-4-hydroxy-L-proline (2)
to deliver amine 3 in 48% yield over 7 steps [7] (Scheme 1A). The critical step, Maillard-type
condensation with dihydropyranone 4, provided the functionalized pyrrole (25,4S)-5 only
in a moderate yield of 37%. After the final deprotections and selective O-methylation, an
11-step synthesis of hemerocallisamine I (1) was successfully concluded with an 11.7%
overall yield.

A. Total synthesis by Brimble et al. [7]

HO,

Z_B‘COOH

N
H

B. This work:

o]

H
_ cioT 0 Maillard Q
COOH /—— > o =—— (254351
gram scale S TBSO
° O

NHPMB

(@] OTBS OH
on i, oX_Kopa %
: — 3 steps
o g

PMBHN o
Maillard reaction TBSO — (254541
(o] (0] 37% N N 66%
3 N\ o 11 steps
(25,45)-5
NHPMB

00C modified

NHBoc
7 8

Scheme 1. (A) The first total synthesis of hemerocallisamine I (1), featuring Maillard-type con-
densation as the key step. (B) Our alternative synthetic approach to hemerocallisamine I (1).
PMB = p-methoxybenzyl, TBS = tert-butyldimethylsilyl, Boc = tert-butyloxycarbonyl.

Herein we describe an alternative synthetic access to hemerocallisamine I (1), starting
from the achiral substrate 6 (Scheme 1B). Given the importance of the 4-hydroxyglutamic
motif in the chemistry of daylilies, we opted for facile stereoselective access to lactone 7 as
a key intermediate.

2. Results and Discussion

Along with procedures employing trans- and cis-4-hydroxy-L-proline derivatives [16-18],
utilized by Brimble et al. (Scheme 1A), synthetic strategies leading to non-racemic
4-hydroxyglutamic acids include enzymatic [19] and classic resolution [20], C4-hydroxylations
of L-glutamic substrates [21-23], and cycloadditions [24,25]. Since the number of synthetic
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methods available for the preparation of enantiopure 4-hydroxyglutamates is rather lim-
ited [26], we wished to develop a new, scalable, and configurationally flexible protocol
based on crystallization-induced diastereomer transformations (CIDT) [27].

2.1. Synthesis of (£)-hemerocallisamine I and Optimization of the Maillard Reaction Step

Considering that the synthesis of racemic hemerocallisamine I remains undescribed
and that this material might be of value, e.g., for biological activity investigation, our
synthetic approach was first evaluated in its achiral variant.

The studies commenced with a routine construction of amino acid 9 by means of aza-
Michael addition (Scheme 2). Shortly after mixing an excess of aq. NH3 with aroylacrylic
substrate 6 in MeOH, adduct 9 started to precipitate out of the reaction mixture and was
filtered off in 77% yield. A consequent reduction step delivered a diastereomeric mixture of
the corresponding y-aryl-y-hydroxy-«-amino acids, in a ratio ca 2:1. However, our one-pot
CIDT protocol exploited configurational lability of the benzylic y-hydroxy group in dilute
aqueous HC1 [28,29] and provided crystalline cis-lactone salt rac-10-HCl and then free amine
rac-10 in excellent diastereomeric purity (>99:1 dr). After its N-Boc protection, the adjacent
electron-rich anisole ring was oxidatively cleaved employing a catalytic amount of in situ
prepared RuQOy4, with NalOy as a reoxidant [30,31]. Our modified procedure furnished the
4-hydroxyglutamic acid lactone rac-7 in 71% yield, over two steps. When approaching the
critical Maillard reaction step, we were inspired by the studies of Brimble et al. [7] and
chose to introduce the p-methoxybenzyl (PMB) protected amide group. The coupling with
PMBNH; was mediated by ethyl chloroformate and a subsequent Boc-removal provided
amine rac-11 as a synthetic alternative to amine 3 (Scheme 1A). Pleasingly, each of the steps
in the 6-11 sequence delivered crystalline compounds and are convenient to purify, isolate,
and store.

b. NaBH, —0
(e} O NH; then aq. HCI
= a. NH then aqg. K,CO
COOH ———— COOH Ca
T7% 83%, >99:1 dr o
o O
| 6 | 9 rac-10 (o)
NH,
o]
HooC e. CICO,Et, PMBNH, PMBHN
c. Boc,0, Et;N o) f. TFA o
d. RuCls, NalO .aq. NaHCO
3 4 o d.aq 3 o
71% rac-7 56% rac-11

NHBoc

Scheme 2. Preparation of lactone rac-11. Reagents and conditions: (a) 25-27% aq. NHj (ca 4.5 equiv),
MeOH, rt, 16 h; (b) NaBHy4 (3.5 equiv), MeOH/H,0O 5:1, rt, 90 min; then conc. HC1/H,O 1:2, rt,
4 h; then 10% aq. K,CO3/H,0 5:4; (c) Bocy,O (1.1 equiv), EtzN (2.2 equiv), THF, rt, 4 h (94%);
(d) 6 mol% RuCl;, NalO; (19.4 equiv), HO/MeCN/AcOEt 3:1:1, 10 °C — rt, 3 h (75%);
(e) CICO,Et (2.0 equiv), Et3N (2.5 equiv), dry THE, 15 min, 0 °C; then PMBNH; (2.7 equiv), 0 °C,
2 h (66%); (f) TFA (10.6 equiv), CH,Cly, 0 °C — rt, 3 h (95%); (g) 10% aq. NaHCO3, CH,Cly, (90%).
Boc = tert-butyloxycarbonyl, PMB = p-methoxybenzyl, TFA = trifluoroacetic acid.

The Maillard condensations targeting the 2-formylpyrrole framework have often
proved challenging [9,10]. The reported Maillard protocol towards hemerocallisamine I
harnessed an open glutamine chain 3 (Scheme 1A). We hypothesized that the application
of lactone 11 instead might reduce the complexity of the amine building block and pro-
vide better yields. Seeing that dihydropyranone 4 was frequently reported as a suitable
sugar surrogate in Maillard reactions [7,32-37], it was picked as a reaction partner for our
optimization studies (Table 1). In the published procedures, amines were usually used in
1.5- to 4-fold excess for the sake of better yields [32,33,35,36]. In our case, considering that
amine 11 is not an effortless building block, it was reasonable to screen reaction conditions
with equimolar amounts of rac-11 and 4. Somewhat confusingly, the currently recorded op-
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timized protocols vary in the suggested reaction conditions from case to case. Pyridine [7],
undistilled dioxane [32], THF/H,O [33-35], and MeCN [36] were used as solvents and
Et;N [32], AcOH [35], and pyridinium p-toluenesulfonate [7,36] as additives, at reaction
temperatures ranging from rt to 60 °C. Dihydropyranone 4 was occasionally observed to
remain partially unreacted and was recovered in 8-35% yields [33,34]. Taking into account
all these data, we performed a broader investigation (selected examples are in Table 1,
for details, see the Supplementary Materials), screening diverse solvents and additives
(entries 2-12). As found, simple heating of rac-11 and 4 in dry toluene at 70 °C gave the
best outcome, and the target 2-formylpyrrole rac-8 was isolated in 43% yield (entry 1).
Interestingly, 2,5-diketopiperazine rac-12 was repeatedly detected as a side product in the
reaction mixtures, in yields of up to 35% with respect to amine rac-11 [38]. These findings
provide an important argument when explaining why Maillard condensations so often fail
to deliver better yields and should be reflected in future synthetic strategies.

Table 1. Optimization of the Maillard reaction step.

NHPMB NHPMB
0 0 0 0 Oy
PMBHN Q
o N ‘ dry toluene o NH
(0] +
o 70°C, 14 h Tso | HN
NH, MO Gres \ / "o %o 0
rac-11 4 rac-8 L rac-12 PMBHN |
Entry Variation from the Optimized Conditions P Yield (%) €
1 none 47 (43 9)
2 90 °C 47
3 rt 36
4 MeCN, 60 °C 30
5 THE, 60 °C 22
6 THF/H,0 1:1,55 °C 20
7 wet DCE, 55 °C 43
8 CH,Cl,, 35 °C 41
9 CH2C12, rt 33
10 +0.1 equiv rac-11, CH,Cly, rt 37
11 AcOH (cat.), wet CH,Cly, rt 32
12 TEA (1 equiv), CHCly, rt 0

2 Optimized reaction conditions: rac-11 (1.0 equiv), 4 (1.0 equiv), dry toluene (0.2 M), 70 °C, under argon, 14 h.
b The solvents used were dry unless otherwise specified. © Yields based on 'H NMR with the internal standard
are reported, unless otherwise noted. ¢ Isolated yield. PMB = p-methoxybenzyl, TBS = tert-butyldimethylsilyl,
DCE = 1,2-dichloroethane, PTSA = p-toluenesulfonic acid, TEA = triethylamine.

Having 2-formylpyrrole rac-8 in hand, the synthesis of racemic hemerocallisamine I (1)
could proceed to the concluding steps (Scheme 3). Under conditions developed by Okada
et al. [39] and later tailored by Brimble et al. [7], rac-8 was simultaneously desilylated and
converted into a mixture of methyl ethers rac-13 and rac-14 in a ratio of 85:15. The crude
product was directly used in a subsequent lactone opening and oxidative cleavage of the
PMB group, thus providing (£)-hemerocallisamine I, (25*,45*)-1 (Scheme 3).
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NHPMB NHPMB NHPMB NH,
(o] (o]
o o o OHO b. Mggga o OHO
c.
(o) a. PTSA o + s T . -
TBSO — o ™o © 57% "o ©
N 94% N N N
X . X X A
\ o (13/14 85:15) \ /) 0 \ / 0 \ /) (e}
rac-8 rac-13 rac-14 rac-hemerocallisamine |
(25*45%1

Scheme 3. Synthesis of racemic hemerocallisamine I (1). Reagents and conditions: (a) PTSA-H,O
(2.0 equiv), CH,Cl,/MeOH 3:1, rt, 4 h. (b) MeONa (0.3 equiv), dry MeOH, 0 °C, under ar-
gon, 30 min (quant); (c) DDQ (3.0 equiv), CH,Cl,/phosp. buffer (pH 7) 5:1, rt, 24 h (57%).
PMB = p-methoxybenzyl, TBS = tert-butyldimethylsilyl, PTSA = p-toluenesulfonic acid,
DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

2.2. Synthesis of (-)-hemerocallisamine 1

With lessons learned from successfully completing the racemic sequence, we moved
towards synthesizing the natural (-)-hemerocallisamine I. The initial steps were devoted to
a stereoselective assembly of 4-hydroxyglutamic acid lactone (S,S)-7 (Scheme 4).

o
/ CF3C0O0
g €)
O HN O NHj

a. (S)-MPEA H b. Et;SiH, TFA -
COoH - ElSl, TFA COOH
76%, 96:4 dr 91%
CI) (5,5)15 [ (S)-9-TFA
¢. NaBH,, MeOH/H,0
then aq. HCI d.Boc,0, Et;N  HOOC,
then aq. K,CO3 e. RuCl,, NalO, Q
= = _ = s
75%, >99:1 dr Q 52% °
(S,5)-10 o NHBoe  (S:9)-7
2 grams
NH,

Scheme 4. Preparation of 4-hydroxyglutamic acid lactone (S,S)-7. Reagents and conditions: (a) (S)-
MPEA (1.1 equiv), MeOH, 40 °C, 5 d; (b) Et3SiH (1.0 equiv), TFA (10 equiv), 60 °C, 20 h; (c) NaBH4
(3.5 equiv), MeOH/H,O0 5:1, rt, 90 min; then conc. HC1/H,O 1:2, rt, 4 h; then 10% aq. K;CO3/H,O
5:4; (d) BocyO (1.1 equiv), EtzN (2.2 equiv), THE, rt, 4 h (81%); (e) 6 mol% RuCl;3, NalOy4 (19.4 equiv),
HyO/MeCN/AcOEt 3:1:1, 10 °C — rt, 3 h (64%). MPEA = 1-(4-methoxyphenyl)ethan-1-amine,
TFA = trifluoroacetic acid, Boc = tert-butyloxycarbonyl.

Crystallization-induced diastereomer transformations (CIDT) built around aza-Michael
additions have been proven to provide convenient access to diversely functionalized «-
amino acids in a highly stereoselective fashion [27]. (S)-/(R)-Phenylethan-1-amine has
frequently been reported as a chiral auxiliary. Herein we chose to slightly alter the origi-
nal procedure [40] and utilize a suitably cleavable (S)-1-(4-methoxyphenyl)ethan-1-amine
((S)-MPEA) as a chiral amine carrier. CIDT with 1.1 equiv of (5)-MPEA was monitored by
means of HPLC, proceeded over 5 days, and crystalline amino acid (S,5)-15 was collected
in 96:4 dr. The ensuing TFA-mediated acidolytic N-debenzylation in the presence of a
silane scavenger [41] smoothly provided crystalline salt of (5)-9. At this point, the synthetic
sequence previously elaborated on the racemic substrate 9 (Scheme 2) came into play,
and after the reaction steps c.—e., the 4-hydroxyglutamic acid lactone (S,S)-7 was obtained
in gram quantities. (Scheme 4). Considering that this five-step route could be readily
repurposed to deliver the unnatural (R,R)-configuration, it makes a valuable addition to
the available approaches [19-26].

Continuing with (S,5)-7 and following the verified procedures (Table 1, Scheme 3),
(-)-hemerocallisamine I (S,5)-(1) was obtained, albeit in lower yields (Scheme 5). As
confirmed both for the Maillard product (S,5)-8 and the target (S,5)-1 itself, the stereo-
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chemical integrity of these species remained uncompromised (chiral HPLC traces of (S,S)-8
and (S,5)-1 are available in the Supplementary Materials). The relative configuration
of (5,5)-1 was confirmed by means of X-ray analysis* (#: Crystallographic data for (-)-
hemerocallisamine I (25,45S)-(1) have been deposited with the Cambridge Crystallographic
Data Centre (CCDC 2236255). Copies of the data can be obtained, free of charge, via
https:/ /www.ccdc.cam.ac.uk/structures/(accessed on 31 January 2023) (Scheme 5). The
specific rotation of the synthesized (-)-hemerocallisamine I ([«]?°p -34.5 (c 0.12, MeOH))
matched exactly that of the natural product ([«]®p -34.6 (MeOH)) [6] and was lower than
that reported by Brimble et al. ([«]*'p -44.0 (c 0.1, MeOH)) [7]. Contrariwise, the mp value
of our (S,5)-(1) sample (171.2-172.8 °C) was considerably higher than documented in the
same paper (153.0-154.6 °C) [7].

NHPMB
a. CICO,Et, PMBNH, Nnepmg - & 0 ,—OTBS o
b. TFA o O{)( 0
_/>OH 4
(S S)—7 M’ @) TBSO (@) e. PTSA
' 47% o 36%, >99:1 er N 92%
NH, {7 o (131485:15)
(S,5)-11
o NHPMB NHPMB NH,
Q S iMeoNa 0”0
.DD
~o °© " e ~o o~
N N 37%, >99:1 er N
\ / © \ / © \ / O
(S,8)-13 (S,5)-14 hemerocallisamine |
(25,48)1

Scheme 5. Synthesis of (-)-hemerocallisamine I (25,45)-(1). Reagents and conditions: (a) CICO,Et
(2.0 equiv), Et3N (2.5 equiv), dry THF, 15 min, 0 °C; then PMBNH; (2.7 equiv), 0 °C, 2 h (51%);
(b) TFA (10.6 equiv), CH,Cly, 0 °C — rt, 3 h (95%); (¢) 10% aq. NaHCO3;, CHCl,, (96%);
(d) 4 (1.0 equiv), dry toluene (0.2 M), 70 °C, under argon, 14 h; (e) PTSA-H,O (2.0 equiv),
CH,Cl,/MeOH 3:1, rt, 4 h. (f) MeONa (0.4 equiv), dry MeOH, 0 °C, under argon, 30 min (93%);
(g) DDQ (3.0 equiv), CH,Cl, /phosp. buffer (pH 7) 6:1, rt, 24 h (40%). PMB = p-methoxybenzyl,
TFA = trifluoroacetic acid, TBS = tert-butyldimethylsilyl, PTSA = p-toluenesulfonic acid,
DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

3. Materials and Methods
3.1. General Experimental Details

Unless otherwise noted, all chemicals were purchased from commercial sources and
used without further purifications. Column chromatography was carried out using silica
60 A, Davisil, purchased from Fisher Chemicals. Reactions were monitored by thin-layer
chromatography (TLC) using Macherey-Nagel’s pre-coated TLC sheets POLYGRAM SIL
G/UV254, which were visualized under UV light (254 nm) or by staining with aqueous
basic potassium permanganate or cerium molybdate solutions, as appropriate. HPLC
analyses were performed on a Varian system using a Macherey-Nagel EC 250/4 Nucleodur
Phenyl-Hexyl 5 um, CHIRAL ART, Amylose-SA, 250 mm x 4.6 mm, 5 um and Astec
CHIROBIOTIC ®T, 250 mm x 4.6 mm, 5 um column. All 'H and '*C NMR (Supplementary
Materials) spectra were recorded using Bruker Avance NEO 400 MHz and/or Varian
400 MR spectrometers. Chemical shifts (6) are given in parts per million (ppm). The
'H NMR chemical shift scale is referenced to the TMS internal standard (5 = 0 ppm) or
solvent residual peak (5 = 2.50 ppm for DMSO-ds and 6 = 7.26 ppm for CDCl3). The
13C NMR chemical shift scale is referenced to the solvent residual peak (5 = 39.52 ppm
for DMSO-dg and 6 = 77.16 ppm for CDCl3). Coupling constants (J) are given in hertz
(Hz). The multiplicity of 'H NMR signals is reported as follows: s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, bs = broad singlet, “t” for dd with two identical or
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similar coupling constants, “dt” or “td” for ddd with two identical or similar coupling
constants, and “q” for ddd with three identical or similar coupling constants. Optical
rotations were recorded using the JASCO P-2000 polarimeter, with [x]p values measured
at 589 nm and the concentration (c) given in g/100 mL. High-resolution mass spectra were
measured using a Thermo Scientific mass spectrometer with an Orbitrap analyzer and

HESI ionization.

3.2. Synthesis and Characterization of Compounds
3.2.1. 2-Amino-4-(4-methoxyphenyl)-4-oxobutanoic acid (9)

Acid 6 (14.7 g, 71.3 mmol) was dissolved in MeOH (120 mL) and aqueous ammo-
nia (25-27% NHj in H,O, 24 mL) was added. The mixture was stirred at rt, and the
reaction progress was monitored by HPLC. After 16 h, the precipitated product was col-
lected by filtration, washed with a small amount of Et,O, and dried in vacuo to provide
amino acid 9 (12.3 g, 55.1 mmol, 77%) as a white powder. Mp 191.9-192.7 °C; 'H NMR
(400 MHz, DMSO-d;): 6 =7.94 (d, ] = 8.9 Hz, 2H), 7.60 (bs, 3H), 7.05 (d, ] = 8.9 Hz, 2H),
3.85 (s, 3H), 3.62 (dd, ] = 8.8, 3.4 Hz, 1H), 3.52 (dd, ] = 18.2, 3.4 Hz, 1H), 3.27 (dd, ] = 18.2,
8.8 Hz, 1H); 13C NMR (100 MHz, DMSO-d; + DCI): § = 194.64, 170.32, 163.99, 130.82, 128.59,
114.41, 55.95, 47.92, 38.10; HRMS-HESI (m/z): caled for C11H14NOy4 [M + HJ*, 224.09173,
found 224.09174.

3.2.2. (35%,55%)-3-Amino-5-(4-methoxyphenyl)dihydrofuran-2(3H)-one (rac-10)

Acid 9 (12.3 g, 55.1 mmol) was suspended in a mixture of MeOH (200 mL) and H,O
(40 mL). NaBHj (7.30 g, 0.193 mol, 3.5 equiv) was added portionwise over 30 min at rt. The
reaction progress was monitored by HPLC. After 1 h, the reaction mixture was concentrated
in vacuo, providing the crude hydroxy acid. The product was suspended in H,O (120 mL),
and conc. HCI (36%, 60 mL) was added. The reaction mixture was stirred at rt for 4 h. After
completion of the reaction, the insoluble white precipitate was collected by filtration and
washed with 1 M HCI (15 mL) and Et;O (2 x 30 mL). The white solid was then suspended
in H,O (80 mL), and 10% aqueous K,COj3 solution (100 mL) was added. The resulting
mixture was extracted with CH,Cl, (3 x 150 mL). The combined organic layers were
dried over anhydrous Na;SO4 and concentrated in vacuo, yielding amino lactone rac-10
(9.5 g, 45.8 mmol, 83%, cis:trans > 99:1) as a white powder. Rf 0.36 (EtOAc:MeOH, 8:2);
mp 102.4-105.4 °C; 'H NMR (400 MHz, CDCl3): § = 7.31-7.27 (m, 2H), 6.94-6.90 (m, 2H),
530 (dd, ] = 11.0, 5.2 Hz, 1H), 3.90 (dd, | = 12.1, 8.0 Hz, 1H), 3.82 (s, 3H), 2.89 (ddd,
] =13.0,8.0,5.2 Hz, 1H), 2.02 (“td”, ] = 12.4, 11.0 Hz, 1H), 1.67 (s, 2H); 1*C NMR (100 MHz,
DMSO-dg): 6 =178.74,159.39, 130.85, 128.01, 113.87, 77.01, 55.12, 52.36, 39.73; HRMS-HESI
(m/z): caled for C11H14NO3 [M + H]*, 208.09682, found 208.09689.

3.2.3. (25*,45%)-4-((tert-Butoxycarbonyl)amino)-5-oxotetrahydrofuran-2-carboxylic acid (rac-7)

Step c: Lactone rac-10 (8.4 g, 40.5 mmol) was dissolved in THF (405 mL) and EtsN
(12.4 mL, 89.2 mmol, 2.2 equiv) was added. Boc,O (9.73 g, 44.6 mmol, 1.1 equiv) was
dissolved in a small amount of THF (15 mL) and the resulting solution was added to the
first one. The reaction mixture was stirred at rt and monitored by TLC. After 4 h, the
reaction mixture was cooled to 0 °C and the pH was adjusted to 2-3 with 2 M HCl, followed
by extraction with EtOAc (3 x 140 mL). The combined organic layers were washed with
brine (200 mL), dried over anhydrous NaySO4 and concentrated in vacuo. The crude
product was crystallized from a mixture of EtOAc and heptane, yielding the corresponding
N-Boc lactone (11.7 g, 38.1 mmol, 94%) as a white solid. Rf 0.69 (EtOAc); mp 175.6-176.2 °C;
'H NMR (400 MHz, DMSO-ds): & = 7.39 (d, ] = 8.6 Hz, 1H), 7.34 (d, | = 8.7 Hz, 2H),
6.98 (d, ] = 8.7 Hz, 2H), 5.37 (dd, | = 11.0, 5.6 Hz, 1H), 4.56 (“dt”, ] = 11.9, 8.6 Hz, 1H),
3.76 (s, 3H), 2.70 (ddd, ] = 11.9, 8.6, 5.6 Hz, 1H), 2.20 (“q”, ] = 11.7 Hz, 1H), 1.41 (s, 9H); 13C
NMR (100 MHz, DMSO-dp): 6 = 174.88, 159.53, 155.03, 130.82, 128.04, 114.00, 78.56, 77.26,
55.18, 50.90, 36.19, 28.13; HRMS-HESI (m/z): calcd for C;¢H>1NOsNa [M + Na]*, 330.13119,
found 330.13140.
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Step d: The N-Boc lactone (4.0 g, 13.0 mmol) was dissolved in a mixture of CH3CN
(65 mL) and EtOAc (65 mL). In parallel, NalO4 (54.1 g, 252.7 mmol, 19.4 equiv) was
dissolved in HyO (184 mL) and both solutions were combined. Consequently, RuCls
(162 mg, 0.782 mmol, 0.06 equiv) was added and the reaction mixture was stirred at 10 °C
in a water bath. After 1 h, the bath was removed, and the reaction mixture was stirred for
an additional 2 h at rt. Then the resulting thick suspension was decanted, and the white
residue was washed with EtOAc (4 x 100 mL). Et,O (50 mL) was added to the combined
solutions and the resulting mixture was stirred for 30 min at rt. Afterwards, the resulting
black suspension was filtered through a pad of Celite, and the pad was washed with EtOAc
(3 x 50 mL). The combined filtrate was washed with 20% aqueous NaCl (3 x 100 mL) and
dried over anhydrous Na,;SO;. The filtrate volume was reduced in vacuo to ca 10 mL, and
Et,O (30 mL) was added. The resulting suspension was placed in a freezer for 30 min. The
white precipitate was collected by filtration, washed with a small amount of Et,O, and
dried in vacuo, yielding the desired acid rac-7 (2.4 g, 9.79 mmol, 75%) as a white solid. Rf
0.22 (EtOAc:MeOH:AcOH, 7:3:0.1); mp 166.9-169.5 °C; 'H NMR (400 MHz, DMSO-dy):
5=13.35 (bs, 1H), 7.36 (d, ] = 8.5 Hz, 1H), 4.89 (dd, | = 10.9, 6.5 Hz, 1H), 4.50 (“dt”, ] = 11.8,
8.7 Hz, 1H), 2.66 (ddd, ] = 11.9, 8.9, 6.5 Hz, 1H), 2.12 (“q”, ] = 11.6 Hz, 1H), 1.38 (s, 9H);
13C NMR (100 MHz, DMSO-dy): § = 174.20, 170.23, 155.00, 78.71, 72.21, 49.75, 31.21, 28.12;
HRMS-HESI (m/z): caled for C1gH15NOgNa [M + Na]*, 268.07916, found 268.07923.

3.2.4. (25*45*)-4- Amino-N-(4-methoxybenzyl)-5-oxotetrahydrofuran-2-carboxamide (rac-11)

Step e: Acid rac-7 (1.43 g, 5.83 mmol) was dissolved in dry THF (145 mL) at 0 °C
and the solution was treated with Et3N (1.48 g, 2.0 mL, 14.6 mmol, 2.5 equiv). Ethyl
chloroformate (1.30 g, 1.1 mL, 11.7 mmol, 2.0 equiv) was added dropwise at 0 °C, under
argon. After 15 min, para-methoxybenzyl amine (2.20 g, 2.1 mL, 15.7 mmol, 2.7 equiv) was
added and the reaction mixture was stirred at 0 °C for 2 h, under argon. After completion,
the reaction mixture was diluted with EtOAc (100 mL) and washed with 1M HCI (50 mL).
The organic layer was dried over anhydrous NaySO4 and concentrated under reduced
pressure, yielding a pale-yellow solid. The crude product was treated with MeOH (5 mL),
resulting in a white suspension that was cooled to 0 °C. The white precipitate was collected
by filtration, washed with ice-cold MeOH, and dried in vacuo, yielding the corresponding
amide (1.4 g, 3.84 mmol, 66%) as a white solid. Rf 0.48 (EtOAc); mp 192.6-194.3 °C; 'H NMR
(400 MHz, DMSO-d;): b = 8.63 (“t”, ] = 6.1 Hz, 1H), 7.38 (d, | = 8.5 Hz, 1H), 7.22-7.17 (m, 2H),
6.90-6.84 (m, 2H), 4.82 (dd, ] = 10.6, 6.4 Hz, 1H), 4.51 (“dt”, ] =11.7, 8.7 Hz, 1H), 4.28 (dd,
J =147, 6.2 Hz, 1H), 420 (dd, ] = 14.7, 5.9 Hz, 1H), 3.72 (s, 3H), 2.62 (ddd, ] = 12.0, 8.9,
6.4 Hz, 1H), 2.17-2.06 (m, 1H), 1.39 (m, 9H); 1*C NMR (100 MHz, DMSO-ds): § = 174.31,
168.04, 158.24, 155.02, 130.98, 128.59, 113.65, 78.66, 73.83, 55.04, 49.79, 41.37, 31.50, 28.10;
HRMS-HESI (m/z): caled for C1gH4N,OgNa [M + Na]*, 387.15266, found 387.15270.

Step f: The amide (580 mg, 1.59 mmol) was dissolved in CH,Cl, (6.4 mL), the solu-
tion was cooled to 0 °C, and trifluoroacetic acid (1.92 g, 1.3 mL, 16.8 mmol, 10.6 equiv)
was added. The reaction mixture was stirred at rt for 3 h while being monitored by TLC.
The mixture was concentrated in vacuo, Et,O (10-15 mL) was added to the residue, and
the mixture was kept in the ultrasonic bath for 30 min to form a white suspension. The
white solid was filtered off, washed with a small amount of Et,O (5 mL), and dried
in vacuo, providing rac-11-TFA (574 mg, 1.52 mmol, 95%) as an off-white solid. Rf
0.26 (EtOAc:MeOH, 8:2), mp 94.0-96.2 °C; 'H NMR (400 MHz, DMSO-ds): § = 8.84 (“t”,
] = 6.0 Hz, 1H), 8.63 (bs, 3H), 7.23-7.17 (m, 2H), 6.91-6.86 (m, 2H), 4.96 (dd, ] = 10.3, 6.2 Hz,
1H), 4.48 (dd, ] =11.5, 8.9 Hz, 1H), 4.29 (dd, ] = 14.7, 6.0 Hz, 1H), 4.22 (dd, ] = 14.7, 5.9 Hz,
1H), 3.73 (s, 3H), 2.78 (ddd, ] = 12.2, 9.0, 6.2 Hz, 1H), 2.22 (“td”, ] = 11.9, 10.3 Hz, 1H); °C
NMR (100 MHz, DMSO-d;): & = 172.06, 167.04, 158.37, 130.74, 128.77, 113.75, 74.93, 55.08,
48.41, 41.62,30.38.

Step g: Salt rac-11-TFA (570 mg, 1.51 mmol) was suspended in CH,Cl, (15 mL), and
the resulting suspension was washed with 10% aqueous NaHCO3 (7 mL). The aqueous
layer was extracted with CH,Cl, (2 x 10 mL). The combined organic layers were dried
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over anhydrous NaySOy4 and concentrated in vacuo, providing rac-11 (360 mg, 1.36 mmol,
90%) as a white solid. Rf 0.26 (EtOAc:MeOH, 8:2); mp 105.8-107.5 °C; 'H NMR (400 MHz,
DMSO-dg): & = 8.64 (t, | = 6.0 Hz, 1H), 7.21-7.17 (m, 2H), 6.91-6.86 (m, 2H), 4.74 (dd,
J =10.1, 6.3 Hz, 1H), 4.23 (d, ] = 6.0 Hz, 2H), 3.76-3.66 (m, 4H), 2.64 (ddd, ] = 12.2, 8.5,
6.3 Hz, 1H), 2.01 (bs, 2H), 1.83 (ddd, | = 12.2, 11.0, 10.1 Hz, 1H); '*C NMR (100 MHz,
DMSO-ds): & =178.16, 168.56, 158.28, 130.95, 128.70, 113.71, 73.95, 55.06, 50.98, 41.42, 35.12;
HRMS-HESI (m/z): caled for C13H17N2O4 [M + HJY, 265.11828, found 265.11842.

3.2.5. (25%,45%)-4-(2-(((tert-Butyldimethylsilyl)oxy)methyl)-5-formyl-1H-pyrrol-1-y1)-N-(4-
methoxybenzyl)-5-oxotetrahydrofuran-2-carboxamide (rac-8)

Amide rac-11 (200 mg, 0.757 mmol) was dissolved in dry toluene (3.8 mL) and di-
hydropyranone 4 (196 mg, 0.757 mmol, 1.0 equiv) was added. The reaction mixture was
stirred at 70 °C for 14 h, under argon. The formation of a precipitate was observed. The
reaction progress was monitored by TLC. After completion, the reaction mixture was con-
centrated in vacuo and purified by flash column chromatography (petroleum ether:EtOAc,
1:1), providing rac-8 (158 mg, 0.325 mmol, 43%) as a pale-yellow oil. Rf 0.42 (petroleum
ether:EtOAc, 1:1); 'H NMR (400 MHz, CDCl3): § = 9.34 (s, 1H), 7.40 (“t”, ] = 6.1 Hz, 1H),
7.32-7.27 (m, 2H), 7.00 (d, | = 4.0 Hz, 1H), 6.89-6.84 (m, 2H), 6.20 (d, ] = 4.0 Hz, 1H),
545 (dd, ] =114, 9.4 Hz, 1H), 494 (dd, ] = 10.3, 7.6 Hz, 1H), 4.77 (d, ] = 13.6 Hz, 1H),
4.69 (d, ] = 13.6 Hz, 1H), 4.57 (dd, | = 14.6, 6.3 Hz, 1H), 4.43 (dd, ] = 14.7, 5.4 Hz, 1H),
3.80 (s, 3H), 3.06 (ddd, ] = 12.4, 9.5, 7.6 Hz, 1H), 2.57 (“q”, ] = 11.4 Hz, 1H), 0.88 (s, 9H),
0.09 (s, 3H), 0.04 (s, 3H); '*C NMR (100 MHz, CDCl3): & = 178.93, 171.02, 168.80, 159.15,
142.76,131.60, 129.78, 129.29, 126.15, 114.16, 110.75, 74.72, 57.52, 55.42, 55.27, 42.94, 33.08,
25.90, 18.33, -5.08, -5.16; HRMS-HESI (m/z): calcd for CpsHyN,OgSiNa [M + Nal*,
509.20783, found 509.20805.

3.2.6. (25%,45%)-4-(2-Formyl-5-(methoxymethyl)-1H-pyrrol-1-yl)-N-(4-methoxybenzyl)-5-
oxotetrahydrofuran-2-carboxamide (rac-13)

2-Formylpyrrole rac-8 (278 mg, 0.571 mmol) was dissolved in CH,Cl, (8.6 mL) and
a solution of para-toluenesulfonic acid monohydrate (217 mg, 1.14 mmol, 2.0 equiv) in
MeOH (2.9 mL) was added. The resulting mixture was stirred for 4 h at rt, while being
monitored by TLC. After completion, the reaction mixture was neutralized with a saturated
aqueous NaHCOj3 (6 mL), and the aqueous layer was extracted with CH,Cl, (2 x 15 mL).
The combined organic layers were washed with a saturated brine solution (15 mL), dried
over anhydrous Na;SO;y, and concentrated in vacuo. The resulting crude product was
purified by flash column chromatography (EtOAc:petroleum ether 3:1 — 4:1), providing a
white solid (209 mg, 0.534 mmol for mole-fraction-weighted M = 391.21 g.mol_l, 94%). The
isolated product contained 85% of rac-13 and 15% of rac-14, as confirmed by HPLC and 'H
NMR. This mixture was used in the next step.

Isolation of rac-13: The mixture of rac-13 and rac-14 (85:15) was treated with MeOH
(3 mL), resulting in a white suspension that was placed in a freezer. The white precipitate
that formed was collected by filtration, providing lactone rac-13 (105 mg, 0.272 mmol,
47%) as a white solid. The filtrate contained a mixture of rac-13 and rac-14 (1:1) ac-
cording to HPLC. Rf 0.39 (petroleum ether:EtOAc, 1:3); mp 131.5-133.6 °C; 'H NMR
(400 MHz, CDCl3): 4 =9.36 (s, 1H), 7.37-7.33 (m, 1H), 7.32-7.27 (m, 2H), 7.03 (d, ] = 4.0 Hz,
1H), 6.90-6.84 (m, 2H), 6.30 (d, | = 4.0 Hz, 1H), 5.39 (dd, | = 11.4, 9.5 Hz, 1H), 4.95 (dd,
J=104,7.6 Hz, 1H), 4.62-4.53 (m, 2H), 4.51-4.40 (m, 2H), 3.80 (s, 3H), 3.31 (s, 3H), 3.07 (ddd,
] =124,95,7.6 Hz, 1H), 2.55 (ddd, ] = 12.5, 11.5, 10.4 Hz, 1H); 1*C NMR (100 MHz, CDCl3):
5 =178.88, 170.86, 168.56, 159.01, 139.60, 131.83, 129.58, 129.14, 125.75, 114.01, 112.45, 74.56,
65.69, 57.67,55.27,55.10, 42.77, 32.91; HRMS-HESI (1m/z): calcd for CooH2pN,OgNa [M + Na]™,
409.13701, found 409.13717.
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3.2.7. (&)-Hemerocallisamine I, (25*,45%)-1

Step b: The mixture of rac-13 and rac-14 (85:15) (100 mg, 0.256 mmol for mole-fraction-
weighted M = 391.21 g.mol’l) was dissolved in dry MeOH (2.9 mL). MeONa (25w %
solution in MeOH) (4.2 mg, 21 uL, 0.078 mmol, 0.3 equiv) was added to the solution at 0 °C,
under an argon atmosphere. The reaction mixture was stirred at 0 °C and was monitored
by TLC. After 30 min, a saturated aqueous NH4ClI solution (2 mL) was added at 0 °C and
the resulting mixture was extracted with EtOAc (3 x 10 mL). The collected organic layers
were washed with brine (10 mL), dried over anhydrous Nay;SO;, and concentrated in vacuo,
yielding rac-14 as a thick pale-yellow oil (108 mg, quantitative).

Step c: The crude methyl ester rac-14 (100 mg, 0.239 mmol) was dissolved in a mixture
of CH,Cl, (2.3 mL) and a phosphate buffer (NaH;PO4, NayHPOy4; pH 7, ¢ 1M; 0.481 mL).
Subsequently, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (163 mg, 0.717 mmol, 3.0 equiv)
was added to the solution. The resulting mixture was stirred at rt while the reaction
progress was monitored by HPLC and TLC. After 24 h, the reaction mixture was diluted
with CH,Cl, (5 mL), dried with Na;SOy, and filtered through a Celite pad. The pad
was washed first with CH,Cl, (10 mL), then with dioxane (3 x 20 mL). The combined
filtrates were concentrated in vacuo and purified using flash column chromatography
(CH,Cl;:MeOH, 13:1). The desired product was isolated after trituration from MeOH-Et,0O,
yielding (£)-hemerocallisamine I ((25%,45*)-1) (41 mg, 0.137 mmol, 57%) as a white solid.
Mp 204.3-204.9 °C; 'H NMR (400 MHz, DMSO-dy): § = 9.37 (s, 1H), 7.25 (s, 1H), 7.18-7.11
(m, 2H), 6.33 (d, ] = 3.9 Hz, 1H), 5.74-5.66 (m, 1H), 5.27 (bs, 1H), 4.74 (d, ] = 13.3 Hz, 1H),
4.37 (d, ] = 13.2 Hz, 1H), 3.57 (s, 3H), 3.20 (s, 3H), 3.08-3.00 (m, 1H), 2.42-2.26 (m, 2H); 1*°C
NMR (100 MHz, DMSO-dg): 6 = 179.38, 176.32, 170.26, 141.05, 132.43, 126.44, 111.54, 69.70,
65.31, 57.50, 55.69, 52.63, 37.06; HRMS-HESI (11/z): calcd for C13H18N,OgNa [M + Na]®,
321.10571, found 321.10584.

3.2.8. (5)-4-(4-Methoxyphenyl)-2-(((5)-1-(4-methoxyphenyl)ethyl)amino)-4-oxobutanoic
acid, (S,5)-15

Acid 6 (11.8 g, 57.2 mmol) was dissolved in MeOH (228 mL) and, subsequently,
(5)-(-)-1-(4-methoxyphenyl)ethan-1-amine (9.52 g, 9.3 mL, 63.0 mmol, 1.1 equiv) was added
dropwise. The reaction mixture was stirred at 40 °C while being monitored by HPLC.
After 5 days, the white precipitate was collected by filtration, washed with a small amount
of Et,O, and dried in vacuo, providing (S,5)-15 (15.6 g, 43.7 mmol, 76%, dr 96:4) as a
white solid. Mp 180.3-181.1 °C; [«]*°p +67.1 (c 1.00, MeOH:5% aq. HCI, 9:1); 'H NMR
(400 MHz, acetone + DCl): 4 =7.95-7.91 (m, 2H), 7.71-7.65 (m, 2H), 7.03-6.94 (m, 4H), 4.83 (q,
J =69 Hz, 1H), 4.12 (t, ] = 5.3 Hz, 1H), 3.96 (d, | = 5.1 Hz, 2H), 3.84 (s, 3H), 3.80 (s, 3H),
1.84 (d, ] = 6.9 Hz, 3H); '3C NMR (100 MHz, acetone + DCI): & = 194.83, 169.69, 164.91,
161.26, 131.50, 130.87, 129.40, 128.31, 115.28, 114.67, 59.19, 56.01, 55.62, 53.82, 39.17, 20.81;
HRMS-HESI (m/z): calcd for CooHp4NOs [M + H]*, 358.16490, found 358.16496.

3.2.9. (5)-1-Carboxy-3-(4-methoxyphenyl)-3-oxopropan-1-aminium 2,2,2-trifluoroacetate,
(5)-9-TFA

Amino acid (5,5)-15 (4.37 g, 12.2 mmol) was dissolved in trifluoroacetic acid (9.4 mL,
13.9 g, 122.3 mmol, 10.0 equiv) and triethylsilane (1.9 mL, 1.42 g, 12.2 mmol, 1.0 equiv)
was added. The resulting solution was stirred at 60 °C and the reaction was monitored
by HPLC. After 20 h, the reaction mixture was concentrated in vacuo, and the residue
was treated with Et;O (20 mL) and placed in an ultrasonic bath for 10 min. The insoluble
white solid was filtered off, washed with a small amount of Et,O, and dried in vacuo
to give (5)-9-TFA (3.75 g, 11.1 mmol, 91%) as a white solid. Mp 155.0-156.0 °C; [«]®p
+24.3 (c 1.00, MeOH); 'H NMR (400 MHz, DMSO-d;): & = 8.34 (bs, 3H), 8.00-7.95 (m, 2H),
7.12-7.03 (m, 2H), 4.31 (t, ] = 5.1 Hz, 1H), 3.85 (s, 3H), 3.62 (d, ] = 5.1 Hz, 2H); 3C NMR
(100 MHz, DMSO-dp): 6 =194.44, 170.53, 163.75, 130.56, 128.48, 114.14, 55.68, 48.08, 38.16;
HRMS-HESI (m/z): caled for C11H14NOy4 [M + HJ*, 224.09173, found 224.09176.
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3.2.10. (35,55)-3-Amino-5-(4-methoxyphenyl)dihydrofuran-2(3H)-one, (S,S)-10

The salt (5)-9-TFA (13.0 g, 38.5 mmol) was suspended in a mixture of MeOH (128 mL)
and HyO (28 mL). NaBHy (5.1 g, 0.135 mol, 3.5 equiv) was added portionwise over 30 min to
the suspension at rt. The reaction was monitored by HPLC. After 1 h, the reaction mixture
was concentrated in vacuo, providing the crude hydroxy acid. The crude product was
suspended in HyO (85 mL), and conc. HCl (36%, 45 mL) was added. The reaction mixture
was stirred at room temperature for 4 h. After completion of the reaction, the insoluble
white precipitate was collected by filtration and washed with 1M HCI (15 mL) and Et,O
(2 x 30 mL). The white solid was then suspended in H,O (80 mL), and a 10% aqueous
K,CO3 solution (100 mL) was added. The resulting mixture was extracted with CH,Cl,
(3 x 100 mL). The combined organic layers were dried over anhydrous Na;SO,4 and con-
centrated in vacuo, providing amino lactone (S,5)-10 (6.0 g, 29.0 mmol, 75%, cis:trans > 99:1)
as a white powder. Mp 101.8-103.0 °C; [«]?°p -1.3 (c 1.00, MeOH); 'H NMR (400 MHz,
CDCl3): 6 =7.31-7.25 (m, 2H), 6.95-6.87 (m, 2H), 5.29 (dd, ] = 11.0, 5.2 Hz, 1H), 3.89 (dd,
J=12.1, 8.0 Hz, 1H), 3.81 (s, 3H), 2.89 (ddd, | = 12.5, 8.0, 5.2 Hz, 1H), 2.02 (ddd, ] = 12.6,
12.2,11.0 Hz, 1H, 1H), 1.68 (bs, 2H).

(35251)1 (25,45)-4-((tert-Butoxycarbonyl)amino)-5-oxotetrahydrofuran-2-carboxylic acid,
,S)-7

Step d: The lactone (S,5)-10 (5.5 g, 26.5 mmol) was dissolved in THF (265 mL), and
Et3N (8.1 mL, 5.91 g, 58.4 mmol, 2.2 equiv) was added. BocyO (6.37 g, 29.2 mmol, 1.1 equiv)
was dissolved in a small amount of THF (10 mL) and the resulting solution was added to
the first one. The reaction mixture was stirred at room temperature and was monitored by
TLC. After 4 h, the reaction mixture was cooled to 0 °C and the pH was adjusted to 2-3 with
2M HC], followed by extraction with EtOAc (3 x 90 mL). The combined organic layers were
washed with brine (130 mL), dried over anhydrous Nay;SOy,, and concentrated in vacuo,
yielding crude N-Boc lactone as a pale-yellow solid. The crude product was crystallized
from EtOAc-heptane, providing the N-Boc lactone (6.6 g, 21.5 mmol, 81%) as white crystals.
Mp 189.7-190.9 °C; [«]?®p +9.3 (c 1.00, MeOH); 'H NMR (400 MHz, DMSO-dg): § = 7.39 (d,
J =8.6 Hz, 1H), 7.36-7.31 (m, 2H), 7.02-6.95 (m, 2H), 5.37 (dd, ] = 11.0, 5.6 Hz, 1H), 4.56 (dt,
J =119, 8.6 Hz, 1H), 3.76 (s, 3H), 2.70 (ddd, ] = 12.0, 8.6, 5.6 Hz, 1H), 2.21 (“q”, ] = 11.8 Hz,
1H), 1.41 (s, 9H).

Step e: The N-Boc lactone (4.0 g, 13.0 mmol) was dissolved in a mixture of CH3CN
(65 mL) and EtOAc (65 mL). In parallel, NalO4 (54.1 g, 252.7 mmol, 19.4 equiv) was dis-
solved in HyO (184 mL) and both solutions were combined. Consequently, RuClz (162 mg,
0.782 mmol, 0.06 equiv) was added, and the reaction mixture was stirred in a water bath
(10 °C). After 1 h, the bath was removed, and the reaction mixture was stirred for an
additional 2 h at rt. The thick suspension was then decanted, and the white residue was
washed with EtOAc (4 x 100 mL). Et,O (70 mL) was added to the combined solutions,
and the resulting mixture was stirred for 30 min at rt. Afterward, the resulting black sus-
pension was filtered through the pad of Celite, and the pad was washed with EtOAc
(3 x 50 mL). The combined filtrate was washed with a 20% aqueous NaCl solution
(3 x 100 mL), dried over anhydrous Na;SO4, and concentrated in vacuo to provide (S,5)-7
(2.04 g, 8.32 mmol, 64%) as a pale-yellow solid. Mp 171.7-174.6 °C; [«]*p -1.4 (c 1.00,
MeOH); 'H NMR (400 MHz, DMSO-dg): 5 = 7.36 (d, ] = 8.5 Hz, 1H), 4.88 (dd, ] = 10.9,
6.5 Hz, 1H), 4.49 (“dt”, ] =11.7,8.7 Hz, 1H), 2.66 (ddd, ] = 11.8, 8.9, 6.6 Hz, 1H), 2.12 (“q”,
J=11.6 Hz, 1H), 1.38 (s, 9H).

3.2.12. (25,45)-4-Amino-N-(4-methoxybenzyl)-5-oxotetrahydrofuran-2-carboxamide,
(5,5)-11

Step a: Acid (S,5)-7 (1.23 g, 5.02 mmol) was dissolved in dry THF (125 mL) at 0 °C
and the solution was treated with EtzN (1.27 g, 1.7 mL, 12.5 mmol, 2.5 equiv). Ethyl
chloroformate (1.12 g, 1.0 mL, 10.0 mmol, 2.0 equiv) was added dropwise at 0 °C, under
argon. After 15 min, para-methoxybenzyl amine (1.90 g, 1.8 mL, 13.5 mmol, 2.7 equiv)
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was added and the reaction mixture was stirred at 0 °C for 2 h. After completion, the
reaction mixture was diluted with EtOAc (85 mL) and washed with 1M HCI (1 x 40 mL).
The aqueous phase was extracted with EtOAc (2 x 50 mL). The combined organic layers
were dried over anhydrous Nap,SOy4 and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (EtOAc:Hex, 2:3 — 1:1— 4:1),
yielding the corresponding amide (930 mg, 2.55 mmol, 51%) as a pale-yellow solid. Mp
123.5-125.6 °C; [«]*°p +1.5 (c 1.00, MeOH); 'H NMR (400 MHz, DMSO-d;): 5 = 8.63 (“t”,
J =6.1Hz, 1H), 7.38 (d, ] = 8.6 Hz, 1H), 7.22-7.17 (m, 2H), 6.90-6.85 (m, 2H), 4.82 (dd,
J =105, 6.2 Hz, 1H), 4.51 (“dt”, ] = 11.7, 8.7 Hz, 1H), 4.28 (dd, ] = 14.8, 6.3 Hz, 1H), 4.20 (dd,
J=14.9,6.0 Hz, 1H), 3.72 (s, 3H), 2.61 (ddd, ] =11.8, 8.7, 6.3 Hz, 1H), 2.11 (“q”, ] = 11.5 Hz,
1H), 1.39 (m, 9H).

Step b: The amide (650 mg, 1.78 mmol) was dissolved in CH,Cl, (7.2 mL), the solution
was cooled to 0 °C, and trifluoroacetic acid (2.15 g, 1.4 mL, 18.9 mmol, 10.6 equiv) was
added. The reaction mixture was stirred at rt while being monitored by TLC. After 3 h,
the mixture was concentrated in vacuo, Et;O (40 mL) was added to the residue, and the
mixture was kept in the ultrasonic bath for 30 min to form a white suspension. The insoluble
precipitate was filtered off, washed with a small amount of Et,O (5 mL), and dried in vacuo,
yielding (5,5)-11-TFA (643 mg, 1.70 mmol, 95%) as an off-white solid. Mp 133.6-135.1 °C;
[«]®p +14.6 (c 0.50, MeOH); 'H NMR (400 MHz, DMSO-d): 5 = 8.84 (“t”, ] = 6.0 Hz, 1H),
8.56 (bs, 3H), 7.23-7.17 (m, 2H), 6.92-6.86 (m, 2H), 4.96 (dd, | = 10.3, 6.2 Hz, 1H), 4.47 (dd,
J=115,89Hz, 1H), 429 (dd, ] =14.7, 6.0 Hz, 1H), 4.23 (dd, ] = 14.6, 5.9 Hz, 1H), 3.73 (s,
3H),2.78 (ddd, ] =12.2, 8.9, 6.2 Hz, 1H), 2.26-2.10 (m, 1H).

Step c: Salt (S,5)-11-TFA (643 mg, 1.70 mmol) was suspended in CH,Cl, (20 mL), and
the resulting suspension was washed with 10% aqueous NaHCO3 (5 mL). The aqueous
layer was extracted with CH,Cl, (2 x 10 mL). The combined organic layers were dried over
anhydrous Na;SOy, and concentrated in vacuo, yielding (S,S)-11 (430 mg, 1.63 mmol, 96%)
as an orange solid. [«]?°p +14.0 (c 1.00, MeOH); 'H NMR (400 MHz, DMSO-dg): & = 8.63 (t,
J =6.0Hz, 1H), 7.22-7.15 (m, 2H), 6.91-6.86 (m, 2H), 4.74 (dd, ] = 10.1, 6.3 Hz, 1H), 4.23 (d,
] = 6.0 Hz, 2H), 3.73 (s, 3H), 3.72-3.67 (m, 1H), 2.64 (ddd, ] = 12.2, 8.5, 6.3 Hz, 1H), 2.02 (bs,
2H), 1.83 (ddd, ] = 12.2,11.0, 10.1 Hz, 1H).

3.2.13. (25,45)-4-(2-(((tert-Butyldimethylsilyl)oxy)methyl)-5-formyl-1H-pyrrol-1-yl)-N-(4-
methoxybenzyl)-5-oxotetrahydrofuran-2-carboxamide, (S,S)-8

Amide (5,5)-11 (200 mg, 0.757 mmol) was dissolved in dry toluene (3.8 mL), and
dihydropyranone 4 (196 mg, 0.757 mmol, 1.0 equiv) was added. The reaction mixture
was stirred at 70 °C for 14 h under argon. The formation of a precipitate was observed.
The reaction progress was monitored by TLC. After completion, the reaction mixture
was concentrated in vacuo and purified by flash column chromatography (petroleum
ether:EtOAc, 1:1), providing (5,5)-8 (131 mg, 0.269 mmol, 36%, er > 99:1) as a pale-yellow
oil. [&]®p +11.7 (c 0.70, MeOH); 'H NMR (400 MHz, CDCl3): 6 = § 9.34 (s, 1H), 7.40 (“t”,
] =5.6 Hz, 1H), 7.30 (d, ] = 8.6 Hz, 2H), 7.00 (d, ] = 4.0 Hz, 1H), 6.89-6.40 (m, 2H), 6.20 (d,
J=4.0Hz, 1H), 545 (dd, ] =11.3,9.5Hz, 1H), 494 (dd, ] = 10.3, 7.6 Hz, 1H), 4.77 (d, ] = 13.6 Hz,
1H), 4.69 (d,] =13.7 Hz, 1H), 4.57 (dd, ] = 14.7, 6.3 Hz, 1H), 4.43 (dd, ] = 14.7, 5.4 Hz, 1H),
3.80 (s, 3H), 3.06 (ddd, | = 12.5, 9.5, 7.6 Hz, 1H), 2.57 (ddd, ] = 12.4, 11.3, 10.3 Hz, 1H),
0.88 (s, 9H), 0.09 (s, 3H), 0.04 (s, 3H).

3.2.14. (25,45)-4-(2-Formyl-5-(methoxymethyl)-1H-pyrrol-1-yl)-N-(4-methoxybenzyl)-5-
oxotetrahydrofuran-2-carboxamide, (S,5)-13

2-Formylpyrrole (S,5)-8 (145 mg, 0.298 mmol) was dissolved in CH,Cl, (4.5 mL), and
a solution of para-toluenesulfonic acid monohydrate (113 mg, 0.596 mmol, 2.0 equiv) in
MeOH (1.5 mL) was added. The resulting mixture was stirred for 4 h at rt while being
monitored by TLC. After completion, the reaction mixture was neutralized with a saturated
aqueous NaHCOj3 solution (3 mL), and the aqueous layer was extracted with CH,Cl,
(2 x 10 mL). The combined organic solutions were washed with brine (15 mL), dried
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over anhydrous NaySOy, and concentrated in vacuo. The resulting crude product was
purified by flash column chromatography (EtOAc:petroleum ether, 3:1 — 4:1), yielding a
pale-yellow oil (107 mg, 0.274 mmol for mole-fraction-weighted M = 391.21 g.mol_l, 92%).
The isolated product contained 85% of (S,5)-13 and 15% of (S,S)-14, as confirmed by HPLC
and 'H NMR. This mixture was used in the next step.

3.2.15. (-)-Hemerocallisamine I, (S,S)-1

Step f: The mixture of (S5,5)-13 and (5,5)-14 (85:15) (96 mg, 0.245 mmol for mole-
fraction-weighted M = 391.21 g.mol~!) was dissolved in dry MeOH (2.8 mL). MeONa
(25w% solution in MeOH) (5.4 mg, 27 pL, 0.099 mmol, 0.4 equiv) was added to the solution
at 0 °C, under an argon atmosphere. The reaction mixture was stirred at 0 °C. After 30 min,
a saturated aqueous NH,Cl solution (3 mL) was added at 0 °C, and the resulting mixture
was extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with
brine (10 mL), dried over anhydrous Nay;SOy, and concentrated in vacuo, yielding crude
(5,5)-14 as a thick pale-yellow oil (96 mg, 0.229 mmol, 93%).

Step g: The crude methyl ester (S,5)-14 (96.0 mg, 0.229 mmol) was dissolved in a
mixture of CH,Cl, (2.8 mL) and a phosphate buffer (NaH;PO4, NaHPOy; pH 7, ¢ 1M;
0.450 mL). Subsequently, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (156 mg, 0.688 mmol,
3.0 equiv) was added to the solution. The resulting mixture was stirred at rt while the
reaction progress was monitored by HPLC and TLC. After 24 h, the reaction mixture was
diluted with CH,Cl, (5 mL), dried with NaySOy, and filtered through a Celite pad. The
pad was washed first with CH,Cl; (10 mL), then with dioxane (3 x 20 mL). The com-
bined filtrates were concentrated in vacuo and purified by flash column chromatography
(CH,Cl1p:MeOH, 13:1). (-)-Hemerocallisamine I (27 mg, 0.091 mmol, 40%, er > 99:1) was
isolated after trituration from MeOH:Et,;O as a white powder. Mp 171.2—-172.8 °C; [a]®p
-34.5 (¢ 0.12, MeOH); 'H NMR (400 MHz, DMSO-dy): § = 9.37 (s, 1H), 7.24 (s, 1H), 7.20-7.07
(m, 2H), 6.33 (d, ] = 4.0 Hz, 1H), 5.70 (bd, ] = 5.7 Hz, 1H), 5.26 (bs, 1H), 4.73 (bd, | = 13.2 Hz,
1H), 4.36 (d, ] = 13.1 Hz, 1H), 3.56 (s, 3H), 3.19 (s, 3H), 3.09-3.00 (m, 1H), 2.41-2.25 (m, 2H);
13C NMR (100 MHz, DMSO-dy): & = 178.89, 175.83, 169.78, 140.56, 131.96, 125.96, 111.06,
67.75, 64.82, 57.02, 55.20, 52.14, 36.57.

4. Conclusions

The synthesis of the pyrrolic alkaloid (—)-hemerocallisamine I, featuring crystallization-
induced diastereomer transformation (CIDT) and the Maillard reaction as the key synthetic
strategies, was achieved in 12 steps and a 1.6% overall yield. The sequence involved
the preparation of (25,45)-4-hydroxyglutamic acid lactone in gram quantities, from an
achiral substrate. In parallel, the first synthesis of (£)-hemerocallisamine I was described in
11 steps and a 5.9% overall yield. A detailed inspection of the Maillard reaction conditions
revealed diketopiperazine 12 as the dominant side product, arising from a cannibalistic
reaction of the amine 11. This transformation might be responsible for the often-reported
depletion of the starting amino-acid-derived amines in the Maillard-type condensations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28052177 /s1, Pages S2-54: Synthesis and characterization
data of compounds 6, 4 and rac-12; Pages S5-S6: HPLC data for compounds (S,S)-8 and (S,S)-1; Pages
57-58: Optimization of the Maillard reaction; Page S9: X-ray analysis of compound (S,5)-1; Pages
S10-S27: 'H and '3C NMR spectra [42—46].
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Abstract: A new route to bicyclic y-lactams was found, which was proposed as a three-component cy-
clization of ethyl trifluoropyruvate with methyl ketones and 1,2-, 1,3-amino alcohols. As a result, a se-
ries of trifluoromethyl-substituted tetrahydropyrrolo [2,1-b]Joxazol-5-ones and tetrahydropyrrolo[2,1-
b][1,3]oxazine-6-ones was synthesized, in which the substituent at the nodal carbon atom was varied.
The introduction of a twofold excess of ethyl trifluoropyruvate in reactions with amino alcohols
and acetone made it possible to obtain the same bicycles, but functionalized with a hydroxyester
fragment, which are formed due to four-component interactions of the reagents. Transformations
with 2-butanone and aminoethanol lead predominantly to similar bicycles, while an analogous
reaction with aminopropanol gives N-hydroxypropyl-2,3-dihydropyrrol-5-one. Almost all bicycles
are formed as two diastereomers, the structure of which was determined using 1y, 9F, 1I3C NMR
spectroscopy, including two-dimensional experiments and XRD analysis. A domino mechanism
for the formation of tetrahydropyrrolo[2,1-b]loxazacycles was proposed, which was confirmed by
their stepwise synthesis through the preliminary preparation of the aldol and bis-aldol from ethyl
trifluoropyruvate and methyl ketones.

Keywords: multicomponent domino cyclizations; ethyl trifluoropyruvate; methyl ketones; amino
alcohols; y-lactams; tetrahydropyrrolo[2,1-b]oxazolones; tetrahydropyrrolo[2,1-bJoxazinones

1. Introduction

The y-lactam (2-pyrrolidone) framework is of great importance for the creation of new
heterocyclic compounds, since this motif is present in many natural bioactive molecules [1],
including alkaloid cotinine (I) found in tobacco [2], lactacystin (II), obtained from a Strep-
tomyces bacterial strain [3] and clausenamide (III) extracted from Clausena lansium [4]
(Figure 1). Some synthetic pharmaceuticals also have a y-lactam moiety, for example, a
respiratory stimulant doxapram (IV) [5], ethosuximide (V) used to treat absence seizures [6],
and the large family of racetams that have nootropic and/or anticonvulsant effects [7]. One
of the representatives of this series, dimiracetam (tetrahydropyrrolo[1,2-a]limidazole-2,5-
dione) (VI) [8] is a bicyclic derivative of y-lactam. Moreover, y-lactam analogues of penem
(VII) [9] and penicillin acids (VIII) [10] with antibacterial properties have been synthesized.

One of the known bicyclic y-lactams are Meyers’ lactams (tetrahydropyrrolo[2,1-
bloxazol-5-ones) (IX) [11] (Figure 1), which have a great synthetic potential for obtaining
natural alkaloids due to the possibility of opening the oxazole ring [12]. For their prepa-
ration, a bielectrophile-binucleophile reaction of y-keto acids with chiral amino alcohols,
called Meyers’ lactamization, is used [13,14]. In addition, oxazolo-annulated y-lactams can
be obtained by cyclization of levulinic acid with R-phenylglycinol [15] or by the reaction of
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hydroxyl halogenoamides with Michael acceptors [16,17]. The latter method was also used
for the synthesis of oxazine-annulated y-lactams (tetrahydropyrrolo[2,1-b][1,3]Joxazine-6-
ones) [17]. Cyclization of ethyl 4-oxoalkanoates with amino alcohols is also a convenient
protocol for the synthesis of this bicyclic system [18-20].

Ph
HO, :
MPh
N
COOH O '\ OH
N Me
NHAc
Cotinine (l) Lactacystin (Il) Clausenamide (llI)
Ph
O PP Oy AcPh QNH
e oy o
N _N
Et” \) Et \) (0]

Doxapram (1V) Ethosuximide (V) Dimiracetam (VI)

o) o) R!
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(@] COsR CO,X R2
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R S R1 R5 R4 R3

y-Lactam analogues
of penems (VII)

v-Lactam analogues Meyers’ lactams (IX)
of carbapenicillanic acids (VIIl)  are precursors for natural alkaloids

Figure 1. Examples of bioactive y-lactams.

The preparation of fluorine-containing tetrahydropyrrolo[2,1-b]oxazol-5-ones is lim-
ited to a few examples. Pentafluoroethyl- and tri(di)fluoromethyl-substituted deriva-
tives were prepared by addition of CF3CF;Li to the N-valinol imide at low tempera-
tures [21], or acid-catalyzed cyclization of phenylalaninol with methyl 5,5,5-trifluoro-4-
oxopentanoate [22] or ethyl 5,5-difluoro-4-oxopentanoate [23], respectively. Electrophilic
fluorination of tetrahydropyrrolo[2,1-bJoxazolones via their enolation followed by the
reaction with N-fluorobenzenesulfonimide at —70-(—78 °C) made it possible to synthe-
size such mono-fluorinated bicycles [24]. It is obvious that all these methods have strict
restrictions on the reagents introduced, and some of them require special equipment. Infor-
mation on fluorine-containing tetrahydropyrrolo[2,1-b][1,3]Joxazine-6-ones was not found
by us. Although the synthesis of fluoroorganic compounds is gaining more and more
popularity [25,26], due to the unique properties [27-29] that fluorine atoms introduce to
molecules [30], as a result, they have more prospects as biologically active substances.

Multicomponent synthesis is the most modern, simple and low-cost way to create
new molecules from available starting reagents. Over the past 7 years, our group has
been developing a new multicomponent approach that makes it possible to obtain various
fluorine-containing heterocyclic compounds from commercially available polyfluoroalkyl-
3-oxo esters, methyl ketones, and nucleophiles [31-34].

This protocol is based on the outstanding ability of the polyfluoracyl group of the
oxoester to attach the activated methylene group of the ketone. We have recently used
this method for the synthesis of pyrrolidones annulated with an imidazole or pyrimidine
ring based on the three-component reaction of ethyl trifluoropyruvate and methyl ketones
with ethylenediamine or 1,3-diaminopropane [35]. It was found that, in contrast to similar
transformations of trifluoroacetoacetic ester, the use of an excess of ethyl trifluoropyruvate
in the reaction with acetone and diamines under microwave irradiation leads to tricyclic
products with two pyrrolidone fragments.

In this work, for the synthesis of y-lactams annulated with oxazole or oxazine rings
(tetrahydropyrrolo[2,1-bJoxazol-5-ones and tetrahydropyrrolo[2,1-b][1,3]oxazine-6-ones),
multicomponent reactions of ethyl trifluoropyruvate 1 with methyl ketones 2 and 1,2-, 1,3-
amino alcohols 3 were studied. In addition, their differences from the previously studied
cyclizations with 1,2- and 1,3-diamines were found [35].
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2. Results

We started our study with a three-component reaction of ethyl trifluoropyruvate 1 with
acetone 2a and 2-aminoethanol 3a in 1,4-dioxane at an equimolar ratio of reagents at room
temperature (Scheme 1), since previously such conditions were optimal in similar syntheses
with diamines [35]. It turned out that the reaction in 1,4-dioxane proceeds nonselectively
and, in addition to a mixture of cis- and trans-diastereomers of the expected 6-hydroxy-7a-
methyl-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b]Joxazol-5-one 4a, a small amount of ethyl
3,3,3-trifluoro-2-hydroxy-2[(6-hydroxy-5-oxo-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b]o-
xazol-7a-yl)methyl]propanoate 5 is also formed as two trans,cis- and cis,cis-diastereomers
(Scheme 1, Table 1, entry 1). The cis- and trans-configurations of diastereomeric bicycles 4
were determined relative to the OH-group and oxygen atom of the adjacent heterocycle.
Note that the trans,cis- and cis,cis- diastereomers 5 have an additional stereocenter in the
hydroxyester fragment.

CO,Et o
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1e 1 - N
q (6] HOV&&} . } 3 . 5tcY 5cc
Me © 0 [M]* 408
4a°
o]

FaC
COEt g HO  co,Et CF, CFs
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5%, 5 [M]" 408 [M]* 228 [M]* 398

Scheme 1. Three-component reaction of ethyl trifluoropyruvate 1, acetone 2a and aminoethanol 3a.

Table 1. Optimization of the reaction conditions for ethyl trifluoropyruvate 1, acetone 2a, and
aminoethanol 3a.

Composition of the Reaction Mixture According to
19F NMR Data, §, ppm **

Entry  Conditions * 1 (eq) Time, Day T,°C
4a¢ 4at 5tc 5¢ 6a 7a By-Prod.
1 1,4-dioxane 1 7 25 26 40 11 12 - - 11
2 Toluene 1 7 25 26 27 17 18 - - 12
3 EtOH 1 7 25 23 26 12 16 - - 23
4 CoH,Cly 1 7 25 23 25 16 15 - - 21
5 MeCN 1 7 25 15 30 21 20 - - 12
6 THF 1 7 25 13 29 20 22 - - 16
7 CoH,Cl, 2 7 25 6 5 32 30 8 4 18
8 1,4-dioxane 2 7 25 3 4 35 37 3 4 14
9 THF 2 7 25 2 3 37 40 2 10 6
10 THF 2 2 50 6 4 28 31 - - 31

* Reactions were carried out with 170 mg (1 mmol) or 340 mg (2 mmol) of ethyl trifluoropyruvate 1, 58 mg (1 mmol)
of acetone 2a, 61 mg (1 mmol) of aminoethanol 3a in 2 mL of solvent. ** Determined by F NMR spectroscopy of
the reaction mixture: 4a° (8 83.63 ppm), 4a® (6p 83.91 ppm), 5% (5 84.92, 83.83 ppm), 5¢ (5 84.21, 85.55 ppm), 6a (&
84.80 ppm) 7a (5 84.78, 84.79 ppm).

The formation of these products was recorded during the analysis of the reaction
mixture by 'F NMR spectroscopy and GC-MS. It should be noted that in the GC-MS
analysis diastereomers of bicycles 4a and 5 had the same peaks of molecular ions, but
different retention times. The use of 'F NMR spectroscopy is very informative in such
studies, since the starting pyruvate 1 (6p CF3 81.08 ppm) and products based on it have
different chemical shifts of the signals of CF; groups.
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The non-selective reaction of ethyl trifluoropyruvate 1 with acetone 2a and aminoethanol
3ain 1,4-dioxane prompted us to investigate this synthesis in various solvents and with
different amounts of pyruvate 1. However, varying solvents (toluene, THF, dichloroethane,
ethanol, acetonitrile) at equimolar loadings of reagents invariably led to the formation of a
mixture of products 4a and 5, while the number of heterocycles 5 in the reaction mixture
even increased (Table 1, entries 1-6).

Since bicycle 5 is the result of a four-component cyclization due to the participation of
two molecules of trifluoropyruvate 1, it was logical to study these transformations with
its twofold excess. Indeed, it turned out that the use of a twofold excess of pyruvate 1
increased the yield of compounds 5, while bicycle 4a was formed in a minimum amount
of 2-6% (Table 1, entries 7-9). However, using an excess of pyruvate 1, we detected the
formation of aldol 6a [36] and bis-aldol 7a [35] by '°F NMR spectroscopy, which were
isolated and characterized earlier. The highest yield of heterocycles 5 was achieved in THF
at room temperature (Table 1, entry 9). Heating the reaction mixture in THF at 50 °C to
speed up the process resulted in resinification and an increase in by-products (Table 1,
entry 10).

Thus, as a result of varying the conditions, it was found that 1,4-dioxane is the most
optimal solvent for the preparation of heterocycle 4a, and THF for the synthesis of product 5.

Furthermore, we carried out three-component equimolar reactions of ethyl trifluo-
ropyruvate 1 with methyl ketone 2a—d and 2-aminoethanol 3a or 3-amino-1-propanol 3b
in 1,4-dioxane at room temperature. In this case, the introduction of aminopropanol 3b in
the reaction expands the scope of these three-component transformations, allowing the
synthesis of oxazine derivatives. Variation of the methyl ketone component, which used
not only acetone 2a, but also 2-butanone 2b, 2-hexanone 2¢, and acetophenone 2d, makes it
possible to change the substituent at the nodal carbon atom of the resulting bicycles. It was
found that in reactions with alkyl methyl ketones 2a—c in each case, a mixture of cis- and
trans-diastereomers of pyrrolo[2,1-b][1,3]oxazol-5-ones 4a—c or pyrrolo[2,1-b][1,3]oxazin-6-
ones 8a—c is formed (Scheme 2). Notably, there is one more regularity: trans-diastereomers
were prevailed in the formation of oxazole derivatives 4, while cis-isomers were prevailed
in the formation of oxazine bicycles 8.

In contrast, similar cyclizations of ethyl trifluoropyruvate 1 with amino alcohols 3a,b
and acetophenone 2d in each case, lead to one diastereomer 4d¢ or 8d". The change and
increase in stereoselectivity of this reaction may be due to the presence of a bulky phenyl
substituent, which plays the role of a conformational anchor stabilizing the most favorable
diastereomeric form.

We succeeded in isolating diastereomers 4a, 4bt, 4c¢, 4d¢, 8bt, 8¢¢, 8d" in pure form
by column chromatography. Diastereomers 4a¢, 4b¢, 4ct, 8a¢, 8a', 8b¢, 8¢, 8d* contain from
2 to 19% impurities of the second isomer, but we were able to record 13C NMR spectra for
them, in which signals of only the main compound were accumulated. The isolation of
bicycles 4at, 4b¢ and 8a¢, 8a', 8b¢, 8bt obtained from acetone 2a and 2-butanone 2b was
complicated by side products 5, 9, 10, 11, the individual synthesis of which will be described
below (Schemes 3 and 4). These compounds were formed in a small amount, but strongly
interfered with the separation, while no such behavior was observed in the reactions with
2-hexanone 2c. We were unable to isolate the bicycle 4a‘ in its pure form, and despite
several column chromatography, it still contained impurities of by-products 4a* (2%) and
5 (20%). Difficulties in separating diastereomers are due to their similar physicochemical
properties owing to structural similarity.

Further, reactions of a twofold excess of pyruvate 1 with acetone 2a and amino al-
cohols 3a,b in THF at room temperature were studied. The reaction of pyruvate 1 with
acetone 2a and aminoethanol 3a leads to the formation of pyrrolo[2,1-b][1,3]oxazolone
5 functionalized with a 2-trifluoromethyl-2-hydroxypropanoate fragment (which can be
called a heterocyclic aldol) as a mixture of two trans,cis- and cis,cis-diastereomers in a ratio
of 60%:40% (Scheme 3), which we managed to separate. Diastereomer 5% precipitated
during the reaction, and diastereomer 5° was isolated from the reaction mixture by column
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chromatography. However, the yields of pure products are low, since fractions with an
unseparated mixture of isomers remain.

0 o}
HO\{E\[j HO N3
5C e FsC" 0

R R
et _289 t
8a-c', 21-28% R= Alk R= Al da-c' | 22-39%
(@] +
o} H,N FSC\”)J\ HaN o)
HOL/ N } OFt j HO Ns
X HO o HO
S \ 1 FsC i}
& o 3b 3 ’ -
R + a R
i i c
8a-c®, 27-46% MeYO 4a-c®, 18-26%
R

\{:ﬁ R=Ph| 2a-d R=Ph \{L/LW

2,4, 8: R= Me (a), Et (b), Bu (c), Ph (d);
¢ Condltlons (i) 1,4-dioxane, rt.
8d", 54% 4d°®, 58%

Hosd N7 Hosd N 3

FiC M'e’O FsC "0 Fgc
4at, 36% 0 4bt, 234 4act, 39%
FiC o
Me
4a%, 13% 4b¢, 18% 4c® ,26%

0
o4 %ﬂ %Lﬂ
FiC e FsC
Me
8at, 28%  Q 8bt 21/0 Sc 24%
F3

FoC o ¢
Me

8a° 44% 8b°, 7% 80°, 46%

Scheme 2. Three-component equimolar reactions of ethyl trifluoropyruvate 1 and methyl ketones
2a—d with amino alcohols 3a,b (all yields are given for isolated products).
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Scheme 3. Three-component reactions of a twofold excess of ethyl trifluoropyruvate 1 with acetone
2a and amino alcohols 3a,b.
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Scheme 4. Three-component reactions of a twofold excess of ethyl trifluoropyruvate 1 with 2-
butanone 2b and amino alcohols 3a,b.

The reaction of a twofold excess of pyruvate 1 with acetone 2a and aminopropanol 3b
proceeds similarly and leads to the formation of a mixture of diastereomers of functionalized
pyrrolo[2,1-b][1,3]oxazinone 9 in a ratio of ~ 1:1 (Scheme 3). However, due to their very
similar properties, diastereomers 9 and 9" were not separated.

In addition, 2-butanone 2b was introduced into interaction with a twofold excess of
pyruvate 1 and amino alcohols 3a,b (Scheme 4), and unexpected results were obtained. It
turned out that the use of 2-butanone 2b with pyruvate 1 and aminoethanol 3a leads to the
formation of 6-methyl-substituted pyrrolo[2,1-b][1,3Joxazolone as a mixture of diastere-
omers 10 and 10’ in a ratio of 56%:44% by analogy with the formation of bicycles 5 and 9
(Scheme 3). In addition, N-hydroxyethylpyrrol-5-one 11a was isolated from this reaction in
a small amount.

The reaction of 2-butanone 2b with pyruvate 1 and aminopropanol 3b leads only
to N-hydroxypropylpyrrol-5-one 11b as a mixture of diastereomers 11b:11b’ in a ratio of
72%:28% (Scheme 4). We were able to isolate diastereomer 11b in pure form by fractional
crystallization from a mixture of diethyl ether and hexane in 47% yield.

It is obvious that amino alcohols 3a,b react as mononucleophiles during the forma-
tion of pyrrolidinones 11a,b. Previously, we showed that amino alcohols 3a,b in three-
component reactions of polyfluoroalkyl-3-oxo esters with methyl ketones 2 or cycloketones
can behave both as mono- and di-nucleophiles [32,37].

The introduction of 2-hexanone 2c¢ into the reaction with amino alcohols 3a,b and
a double excess of pyruvate 1 in THF led to the formation of bicycles 4c and 8c already
obtained as a mixture of diastereomers (Scheme 5). Obviously, the nucleophilicity of a-
methylene center of the butyl substituent in 2-hexanone 2c is significantly reduced under the
influence of electronic and steric factors than in 2-butanone 2b and, therefore, does not take
part in the aldol addition reaction. It can be noted that these reactions were accompanied by
the formation of more by-products, compared with the reactions performed at an equimolar
ratio of reagents.
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Scheme 5. Three-component reactions of a twofold excess of ethyl trifluoropyruvate 1 with 2-
hexanone 2¢ and amino alcohols 3a,b.
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We were unable to select conditions for the synthesis of pyrrolo[2,1-b]Joxazolones 4a,b
or pyrrolo[2,1-b]oxazinones 8a,b in good yields in three-component reactions of trifluoropy-
ruvate 1 with methyl ketones 2a,b and amino alcohols 3a,b due to the formation of side
bicycles 5, 9, 10, 11, formed as a result of four-component transformations. In this regard,
we used a two-stage approach through the initial preparation of aldols 6a,b from ethyl
trifluoropyruvate 1 and methyl ketones 2a,b (Scheme 6), thus, aldol 6a was synthesized
earlier [36], and the ethyl-substituted analog 6b was obtained for the first time. Next, aldols
6a,b were introduced into cyclization with amino alcohols 3a,b, as a result of which bicycles
4a,b and 8a,b were also obtained as a mixture of cis- and trans-diastereomers.

HoN
0 Ve O HO  co,Et 2 J
FaC n
3 \H)J\OEt g FsC o HO™ 5
S . R ,
1 2a,b ! R i
6a,b, 78-81% 4a° (NMR), 4b%, 16%  4a',bt 66-77%

8a,b¢ 59-62% 8a',bt, 24-30%
R= Me (2a, 4a°, 4at, 8a°, 8a'), Et (2b, 4b°, 4b!, 8b°, 8bt),

n=1(3a, 4a° 4a', 4b° 4b'), 2 (3b, 8a°, 8a', 8b°, 8b')
Conditions: (i) DMF, L-proline, rt; (i) 1,4-dioxane, rt.

Scheme 6. Two-step approach to obtaining products 4a,b and 8a,b.

We analyzed the reaction mixtures obtained by two- and three-component approaches
using 'F NMR spectroscopy. A difference in the ratio of cis- and trans-diastereomeric
products 4, 8 (Table 2) was found, since the proportion of predominant isomers increased
significantly. Thus, in the reactions of aldols 6a,b with aminoethanol 3a, trans-isomers
4a', 4b* were formed with approximately a threefold advantage, and in reactions with
aminopropanol 3b, cis-diastereomers 8a‘, 8b°¢ increased by approximately two times. This
made it possible to isolate diastereomers 4a,b® and 8a,b¢ in higher yields.

Table 2. The ratio of diastereomeric products 4 and 8 obtained by two- and three-component methods.

Products (55, ppm), The Ratio of Diastereomers in the Reaction Mixture, %

19F NMR Data Three-Component Method Two-Component Method
4a° (83.63):4at (83.91) 39:61 16:84
4b° (83.79):4bt (83.89) 44:56 22:78
8a° (83.71):8a" (84.22) 56:44 65:35
8b° (83.85):8bt (84.14) 54:46 67:33

Heterocyclic aldols 5, 9-11, which are products of a four-component reaction, can be
assumed to form in two ways: through the cyclization of bis-aldol 7 with amino alcohol
3 or through the addition of a methyl substituent of bicycles 4 and 8 to the trifluoroacyl
group of pyruvate 1. However, an attempt to carry out the aldolization reaction of pyruvate
1 under the action of the bicycle 4a* was unsuccessful regardless of the conditions used
(Scheme 7). While the bis-aldol 7a easily cyclized with aminoethanol 3a, giving a mixture
of diastereomers of the expected heterocyclic aldols 5* and 5° with a predominance of the
trans,cis-form.

The structure of the synthesized heterocycles 4, 5, 8-11 was confirmed by IR, 1H, 9,
13C NMR spectroscopy and mass spectrometry. The diastereomeric structure of bicycles
4, 5, 8, 11 was established using two-dimensional experiments 2D IH-13C HSQC, 'H-13C
HMBC and X-ray diffraction analysis for 4d€, 5, 8¢, 11b. All diastereomers are racemates.
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Scheme 7. Proposed pathways for the formation of heterocyclic aldols 5t¢, 5.

The synthesized bicycles 4a—d and 8a-d contain two asymmetric centers C-6(7) and
C-7a(8a) (Figure 2). Analyzing the chemical shifts of the diastereotopic protons H-A
and H-B in the 'H NMR spectra at C-7 or C-8 in heterocycles 4a-d, 8a-d, we found
the following regularity: the values Ayp = 55 — g for the alkyl-substituted heterocy-
cles 4a—c® and 8a—c®, which have the cis-configuration, are in the range App 0.41-0.56
ppm, whereas for the trans-isomers 4a—c' and 8a—c! these values are much lower, Aap
0.04-0.23 ppm. For diastereomers containing a phenyl substituent, the opposite pat-
tern is observed, for example, for the cis-isomer 4d® App 0.10 ppm, while for the trans-
diastereomer 8d' Asp 0.42 ppm (Table 3). It was found that the geminal spin-spin cou-
pling constant of these protons of the cis-isomers 4a-d¢, 8a—c are 2] 15.2-15.5 Hz, while
for the trans-diastereomers 4a—ct, 8a—dt 2] 14.2-14.9 Hz. Previously, we revealed similar
features for the trans/cis-diastereomers of hexahydropyrrolo[1,2-a]limidazol-5-ones and
hexahydropyrrolo[1,2-a]pyrimidin-6-ones [35].

e 0 o . 0
R « . 5 R
OSSN Ho=( N “"5@1@3 HO\"@@
FiC M2 ,832 FsC \— R3 FiC'7 88 "0 *ORC Ea(e}
R (O] R O R R
4t 4° st 8¢

Figure 2. Diastereomeric structure of heterocycles 4, 5 and 8.

Table 3. Chemical shifts 5154, 51 and spin-spin coupling constants (2]) of diastereotopic protons at
C-7(8) atoms for compounds 4a—d, 8a—d.

Compounds R SH.A, ppm 8H-B, ppm Aap, ppm %], Hz
4a° Me 2.74 2.29 0.45 15.2
4at Me 2.37 2.33 0.04 14.2
4b° Et 2.73 2.17 0.56 15.5
4pt Et 242 2.23 0.19 14.5
4¢¢ Bu 2.73 2.19 0.54 15.4
4ct Bu 242 2.24 0.18 14.5
4d°¢ Ph 2.80 2.70 0.10 15.5
8a¢ Me 2.56 2.15 0.41 15.2
8at Me 2.30 2.23 0.07 14.4
8b°¢ Et 2.52 2.00 0.52 15.3
8bt Et 2.33 2.10 0.23 14.8
8¢¢ Bu 2.52 2.02 0.50 15.3
8¢t Bu 2.33 2.12 0.21 14.7
8dt Ph 2.64 2.22 0.42 14.9
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Some regularities were found in the shifts of the signals of trifluoromethyl group in
the 1F NMR spectra of pyrrolo[2,1-bJoxazolones 4a—d and pyrrolo[2,1-b]oxazinones 8a—d.
Thus, the signals of the trifluoromethyl group of cis-isomers 4a-d are observed in the
range 5 83.63-83.79 ppm, and the trans-forms 4a—c in a lower field &g 83.87-83.91 ppm,
similarly for 8a—c¢ signals are recorded in the region & 83.83-83.88 ppm, and for 8a-d* at
or 84.13-84.31 ppm.

The stereo configuration of tetrahydropyrrolo[2,1-b][1,3]oxazol-5-one 4 and tetrahydro-
2H-pyrrolo[2,1-b][1,3]oxazine-6-one 8 was additionally confirmed by XRD analysis, which
was performed for bicycles 4d (Figure 3a) and 8c¢ (Figure 3b). It was found that these
bicycles have the cis-arrangement of the OH-group in the pyrrole and the oxygen atom in
the adjacent oxazacycle (Figure 3).

(a) (b)
Figure 3. The ORTEP view of compounds 4d€ (a) and 8¢ (b) according to XRD data.

A more difficult task was to determine the structure of heterocyclic aldols 5%, 5°, 9, 9’
and 10, 10°, which have three or four asymmetric centers, respectively.

The diastereomeric structure of pyrrolo[2,1-b]Joxazol-5-one 5% was determined using
XRD analysis (Figure 4a), conforming to which this compound is a racemic mixture of
molecules having the configuration of substituents at the stereocenters C-3—R*, C-5-5%,
C-9-R* according to the numbering presented in Figure 4a. It was found that the hydroxyl
substituent in the pyrrolidine ring and the oxygen atom of the oxazole backbone are in
the trans-position, while this atom and the hydroxy group of the propanoate fragment are
in the cis-position. The crystal packing of compound 5! is formed due to intermolecular
hydrogen bonds of the lactam carbonyl and hydroxyl groups of the cycle O-2-H-2 ... O-1
1.816 A and the ester carbonyl and hydroxyl group of the propanoate substituent O-4-H-4
... 0-52.054 A (Figure 4b).

For a pair of isolated diastereomers 5%, 5 (Figure 2), two-dimensional experiments
2D 'H-13C HSQC and HMBC were performed, on the basis of which a complete assignment
of signals in the 'H and '*C NMR spectra was made. The 'H NMR spectrum of pyrrolo[2,1-
bloxazol-5-one 5 is characterized by the presence of doublet signals of the methylene
protons of the pyrrolidine ring H-7”A and H-7"B at 613 2.99, 2.29 ppm (Aap 0.70 ppm, 2y
14.9 Hz) and propanoate substituent H-1’A and H-1'B at 6y 2.63, 2.20 ppm (Aap 0.43 ppm,
J 14.0 Hz). The 3C NMR spectrum contains characteristic signals of carbonyl atoms at
C-5” of lactam (5¢ 170.2 ppm) and at C-1 of ester (5¢c 167.8 ppm) fragments. The 'F NMR
spectrum contains two singlet signals of trifluoromethyl groups at 5 83.83 and 84.92 ppm.
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(b)

Figure 4. (a) The ORTEP view of compounds 5 according to XRD data; (b) crystal packing of

compounds 5% with indication of intermolecular hydrogen bonds.

According to IH, F and 13C NMR spectra, diastereomer 5° has a similar set of
characteristic signals. However, analyzing the 'H NMR spectrum, it was found that the
doublet signals of the methylene protons of the cycle at H-7”A and H-7"B (b 2.61, 2.26
ppm) have a lower value Aag 0.35 ppm and a smaller | constant of 14.0 Hz compared to
the analogous values of the 5 heterocycle. It is obvious that for diastereomers 5%, 5%,
containing a hydroxypropanoate fragment, the same trend in changing Aap and constant |
is observed, as for bicycle 4d¢, which has a bulky phenyl substituent. For the methylene
protons H-1"A and H-1'B of the propanoate residue, resonating as doublet signals at 6y 2.67,
2.50 ppm, the value of Aag 0.17 ppm and ] 15.0 Hz also changes. In the '>*C NMR spectra
of the 5% and 5 isomers, the largest differences in shifts were recorded for the carbon
atoms C-7” (8¢ 42.1, 44.6 ppm) of the pyrrolidine ring and C-1 (8¢ 37.8, 40.8 ppm) of the
propanoate substituent, which are adjacent to the C-7” and C-2 stereocenters (Figure 2). All
these data allow us to suggest that the 5° bicycle has a cis,cis-diastereomeric structure, in
which the position of the substituents at the C-7” and C-2 stereocenters changes compared
to the 5% isomer.

The structure of pyrrolo[2,1-b][1,3]oxazin-6-ones 9, 9" and pyrrolo[2,1-b]oxazol-5-ones
10, 10" was also established using 'H, 13C and '°F NMR spectra, which contained a double
set of all signals, since we were unable to separate diastereomers of bicycles 9 and 10.
However, their spectra characteristics were similar to those of bicycles 5! and 5¢, that
allowed us to assign them a similar structure, but without determining the diastereomeric
structure due to close values of the chemical shifts of protons and carbon atoms in the 'H
and 3C NMR spectra (see the experimental part).

To establish the diastereomeric structure of dihydropyrrol-5-ones 11a,b, which have
two asymmetric centers C-2 and C-4” (Figure 5), we used the data of 'H, 13C NMR
spectroscopy and XRD analysis performed for 11b. For compounds 11a and 11b, two-
dimensional 2D 'H-!3C HSQC and HMBC experiments were carried out, on the basis of
which a complete assignment of signals in the 'H and 3C NMR spectra was made.

11a 11b

Figure 5. Diastereomeric structure of dihydropyrrol-5-ones 11.
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The diastereomeric structure of dihydropyrrol-5-one 11b was determined by X-ray
diffraction data (Figure 6a). Crystal packing is formed of a racemic mixture of molecules
linked by intermolecular hydrogen bonds O-1-H-1... O-21.882 A, 0-3-H-3... 0-62.122 A
(Figure 6b). The configuration of the substituents in the pyrrole ring at the C-1 stereocenter
is R*, and that of the propanoate substituent at C-8 is S* (numbering is used according to
X-ray diffraction data, Figure 6).

(b)

Figure 6. (a) The ORTEP view of compounds 11b according to XRD data; (b) crystal packing of 11b
with indication of intermolecular hydrogen bonds.

The 3C NMR spectra analysis of dihydropyrrol-5-ones 11b and 11b” revealed the
presence of two downfield signals at ¢ 113.0-113.5 ppm and 4¢ 137.1-138.4 ppm, which
correspond to two sp?-hybridized carbon atoms C-3” and C-2”, respectively.

In the 'F NMR spectra of diastereomers 11b and 11b’, the signals of the trifluo-
romethyl group of the pyrrole cycle (6 85.74, 85.81 ppm) and the propanoate substituent
(oF 85.81, 86.01 ppm) are observed in approximately the same range. However, according
to the 'H NMR spectra, the nature of the signals of the methylene protons H-1" of the
propanoate fragment of isomers 11b and 11b’ differs, which may indicate a different con-
figuration of substituents at the adjacent C-2 stereocenter. Thus, the protons H-1’A and
H-1’B in the spectrum of isomer 11b resonate as two doublets at 6y 3.19 and 2.97 ppm (Aap
0.22 ppm, ] 14.9 Hz), while the signals of the same protons of isomer 11b’ are observed
as an AB system at 0y 3.08 ppm (Jap 16.7 Hz, Aap 0.1 ppm). Taking into account that,
according to X-ray diffraction analysis (Figure 6), the substituents at the C-2 stereocenter in
diastereomer 11b have the S*-configuration. The difference in the nature of the resonation
of the protons of the neighboring methylene group C-1" allows us to assume the opposite
R*-configuration for the 11b” isomer (Figure 5).

The '*C NMR spectrum of pyrrolone 11a also contained characteristic low-field signals
C-3” (6¢ 113.37 ppm) and C-2” (6¢ 137.90 ppm), confirming the presence of a double bond
in the molecule. In its 'H NMR spectrum, methylene protons H-1" resonate as a singlet
at 0y 3.16 ppm, which can be a degenerate AB system with Axp O ppm, which is closer
in nature to the signals of similar protons of isomer 11b” (AB-system at 6 3.08 ppm, Aap
0.1 ppm). Based on this, we assumed that compound 11a has the R*-configuration of
substituents at C-2 (Figure 5).

Considering the mechanism of formation of bicycles 4a-d and 8a—d from ethyl trifluo-
ropyruvate 1, methyl ketones 2a—d and amino alcohols 3a,b, it can be safely assumed that
three-component cyclizations are a sequential domino process (Scheme 8). The first stage
of which is aldolization, since by optimizing the conditions for the reaction of pyruvate 1
with acetone 2a and aminoethanol 3a (Scheme 1, Table 1), we detected aldol 6a.
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Scheme 8. Proposed mechanism of three- and four-component domino cyclization of ethyl trifluo-
ropyruvate 1 with methyl ketones 2a—d and amino alcohols 3a,b.

In addition, we also experimentally demonstrated the feasibility of cyclization of
aldols 6a,b with amino alcohols 3a,b into bicycles 4a,b and 8a,b (Scheme 7), presumably
proceeding through the condensation of the keto group of aldol 6 with the amino group
of amino alcohol 3 leading to intermediate X1, which after tautomerization undergoes
intramolecular cyclization involving ester and amino groups, providing dihydropyrrol-5-
one X2. At the last stage, the formation of the second cycle occurs due to the intramolecular
addition of a hydroxyl group to the double bond.

Similar processes can be assumed for the four-component formation of heterocyclic
aldols 5 and 9, only the stage of formation of bis-aldol 7 is added, which then cyclizes
with amino alcohol 3 (Scheme 8), forming dihydropyrrol-5-one X4. Such compounds were
isolated and characterized in the case of Me-substituted derivatives 11a,b. Subsequent
intramolecular cyclization of pyrrolones X4 gives bicyclic products 5, 9, 10.

3. Material and Methods
3.1. Material

The solvents (acetonitrile, chloroform, hexane, diethyl ether and acetone 2a) were
obtained from AO “VEKTON” (St. Petersburg, Russia). 2-Butanone 2b, 2-hexanone 2c,
3-amino-1-propanol 3b were purchased from Merck KGaA (Darmstadt, Germany). 2-
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Aminoethanol 3a, acetophenone 2d and 1,4-dioxane were obtained from Alfa Aesar (UK).
Ethyl trifluoropyruvate 1 was purchased from ABCR (GmbH, Karlsruhe, Germany). The
deuterosolvent DMSO was acquired from «SOLVEX» Limited Liability Company (Skolkovo
Innovation Center, Moscow, Russia).

3.2. Methods

Melting points were measured in the open capillaries with a Stuart SMP3 melting-
point apparatus (Bibby Scientific Limited, Staffordshire, UK). Two FI-IR spectrometer
(Perkin-Elmer, Waltham, MA, USA) using the frustrated total internal reflection accessory
with a diamond crystal. The 'H and '°F NMR spectra were registered on a Bruker DRX-400
spectrometer (400 or 376 MHz, respectively) or a Bruker Avancelll 500 spectrometer (500 or
470 MHz, respectively) (Bruker, Karlsruhe, Germany). The 3C NMR spectra were recorded
on a Bruker Avancelll 500 spectrometer (125 MHz). The internal standard was SiMe4 (for
H and 3C NMR spectra) and C¢Fg). The 13C chemical shifts were calibrated using the
solvent signal DMSO-dg¢ (8¢ 39.5 ppm). For compounds 4a-d, 8a-d, 5, 5, 11a, 11b signals in
'H and '3C spectra were assigned based on 2D 'H-'*C HSQC and HMBC experiments. The
high-resolution mass spectra (HRMS) were recorded on a Bruker maXis impact mass spec-
trometer (ESI) (Bruker, Karlsruhe, Germany). The column chromatography was performed
on silica gel 60 (0.062-0.2 mm) (Macherey-Nagel GmbH & Co KG, Duren, Germany). The
initial ethyl-2-hydroxy-4-methyl-4-oxo-2-(trifluoromethyl)butanoate (aldol 6a) [35,36] and
diethyl 2,6-dihydroxy-4-oxo-2,6-bis(trifluoromethyl)heptanedioate (bis aldol 7a) [35] were
synthesized by referring previously published methods.

3.3. General Procedures

Synthesis of compounds 4 and 8 (method A): A solution of ethyl trifluoropyruvate 1
1530 mg (9 mmol) and methyl ketone 2a—d (9 mmol) in 1,4-dioxane (5 mL) was placed in a
flat-bottomed flask. Then, amino alcohol 3a,b (9 mmol) was added. The reaction mixture
was stirred for 3-7 days at room temperature (25°C). After completion of the reaction (TLC
and NMR F monitoring), the reaction mixture was concentrated on a rotary evaporator.
The residue was triturated with hexane, and the resulting precipitate was collected by
filtration and purified by recrystallization from an appropriate solvent (MeCN, Et;0), or
by column chromatography (eluent: CHCls, CHCl3-Et,O/1:1).

Synthesis of compounds 5, 9, 10 and 11 (method B): A solution of ethyl trifluoropyruvate
1 3060 mg (18 mmol) and methyl ketone 2a,b (9 mmol) in THF (5 mL) was placed in a flat-
bottomed flask. Then amino alcohol 3a,b (9 mmol) was added. The reaction mixture was
stirred at room temperature (25°C) for 4-7 days. After completion of the reaction (TLC and
19F NMR monitoring), the reaction mixture was concentrated on a rotary evaporator, the
residue was purified by column chromatography (eluent: CHCl3-Et,O / 2:1, CHCl3-Et,O
/ 4:1). Product 5% precipitated out during the reaction. The precipitate was filtered and
purified by recrystallization from MeCN. The filtrate was evaporated, purified by column
chromatography (eluent CHCI3-Et;,O/2:1), product 5° was obtained. Product 11b was
isolated from a mixture of diastereomers by fractional crystallization (hexane—diethyl ether
/ 1:3).

Synthesis of products 4 and 8 (method C): A solution of aldol 6a,b (5 mmol) in 1,4-
dioxane (3 mL) was placed in a flat-bottomed flask. Then the amino alcohol 3a,b (5 mmol)
was added. The reaction mixture was stirred at room temperature (25 °C) for 4-5 days.
After completion of the reaction (TLC and 'F NMR monitoring), the reaction mixture was
concentrated on a rotary evaporator, the residue was purified by column chromatography
(eluent: CHCI3-Et,O/1:1).

Synthesis of compounds 5 (method D): A solution of bis-aldol 7a (1990 mg, 5 mmol)
in THF (3 mL) was placed in a flat-bottomed flask. Then the amino alcohol 3a (305 mg,
5 mmol) was added. The reaction mixture was stirred at room temperature (25 °C) for
4-5 days. After completion of the reaction (TLC and 19F NMR monitoring), the reaction
mixture was concentrated on a rotary evaporator, the residue was purified by column
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chromatography (eluent: CHCl3-Et,O / 1:1). Product 5% precipitated out during the
reaction. The precipitate was filtered and purified by recrystallization from MeCN. The
filtrate was evaporated, purified by column chromatography (eluent CHCl3-Et,O/2:1),
product 5 was obtained.

3.4. Spectral Data

(6R*,7aR*)-6-hydroxy-7a-methyl-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b][ 1,3 Joxazol-5(6H)-one
(4a*). Yield 36 % (729 mg, method A), 77% (886 mg, method C); white solid; m.p. 80°C
(CHCl3-Et,O / 1:1). 'H NMR (500 MHz, DMSO-dg) 5 1.48 (3H, s, Me), 2.35 (2H, AB-system,
Aap =0.03 ppm, Jap = 14.2 Hz, H-7), 3.28 (1H, ddd, ] = 11.2, 8.1, 6.1 Hz, H-3B), 3.75 (1H,
ddd, J =11.2, 8.2, 5.4 Hz, H-3A), 3.96 (1H, td, ] = 8.2, 6.1 Hz, H-2B), 4.06 (1H, td, ] = 8.2,
5.4 Hz, H-2A), 7.51 (1H, s, OH) ppm. 3C NMR (126 MHz, DMSO-dg) § 24.2 (Me), 40.4
(C-3),43.0 (C-7),65.9 (C-2),79.6 (q, ] =29.8 Hz, C-6), 95.4 (C-7a), 123.9 (q, | = 283.8 Hz, CF3),
169.6 (C-5) ppm. F NMR (470 MHz, DMSO-dg) & 83.91 (s, CF3) ppm. IR v 3347 (O-H),
2997, 2919 (C-H), 1699 (C=0), 1184-1108 (C-F) cm-1. HRMS (ESI): calcd. for CgH;1F3NO3
[M + HJ* 226.0686; found 226.0682.

(6R*,7aS*)-6-hydroxy-7a-methyl-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b][1,3]oxazol-5(6H)-one
(4a°) (mixed with 5¢ (20%) and 4a' (2%)). Yield 13% (243 mg, method A); white solid; m.p.
156-157°C (CHCl3-Et,0/1:1). 'H NMR (500 MHz, DMSO-dg) 4 1.38 (3H, s, Me), 2.29 (1H,
dq, 2Jun = 15.2, *Jur = 1.3 Hz, H-7B), 2.74 (1H, d, ] = 15.2 Hz, H-7A), 3.30 (1H, ddd, ] = 11.2,
8.2, 6.0, H-3B, overlapped with H,O), 3.85 (1H, ddd, ] =11.2, 8.2, 5.7 Hz, H-3A), 3.96 (1H,
td, ] = 8.2, 6.0 Hz, H-2B), 4.00 (1H, td, ] = 8.2, 5.7 Hz, H-2A), 7.22 (1H, s, OH) ppm. °F
NMR (470 MHz, DMSO-d) ¢ 83.63 (d, | = 1.3 Hz, CF3) ppm. IR v 3332 (O-H), 2993, 2912
(C-H), 1703 (C=0), 1164-1091 (C-F) cm~!. HRMS (ESI): calcd. for CgH;1F3NO3 [M + H]*
226.0686; found 226.0689.

(6R*,7aR*)-7a-ethyl-6-hydroxy-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b][1,3]oxazol-5(6 H)-one
(4b?) cvcen Yield 23% (495 mg, method A), 66% (789 mg, method C); white solid; m.p.134-136°C
(CHCI3-Et,0 / 1:1). 'TH NMR (500 MHz, DMSO-dg) 6 0.90 (3H, t, ] = 7.3 Hz, H-2'), 1.68 (1H,
dq,J=14.7,7.3 Hz, H-1'B), 1.82 (1H, dq, ] = 14.7, 7.3 Hz, H-1'A), 2.23 (1H, d, | = 14.5 Hz,
H-7B),2.42 (1H, d, ] = 14.5 Hz, H-7A), 3.25 (1H, ddd, ] = 11.2, 8.2, 6.4 Hz, H-3B), 3.78 (1H,
ddd,J=11.2,79,5.1 Hz, H-3A), 3.90-3.95 (1H, m, H-2B), 4.00 (1H, td, ] = 8.2, 5.1 Hz, H-2A),
7.46 (1H, s, OH) ppm. 3C NMR (126 MHz, DMSO-d) & 7.8 (C-2"), 29.1 (C-1"), 40.1 (C-3),
41.1 (C-7), 65.6 (C-2), 79.1 (q, ] = 29.8 Hz, C-6), 95.3 (C-7a), 123.9 (q, | = 284.4 Hz, CF3),
170.3 (C-5) ppm. 'F NMR (470.5 MHz, DMSO-dy) & 83.89 (s, CF3) ppm. IR v 3345 (O-H),
2983-2909 (C-H), 1701 (C=0), 1168-1149 (C-F) cm~!. HRMS (ESI): calcd. for CyH13F3NO;
[M + HJ]* 240.0842; found 240.0840.

(6R*,7aS*)-7a-ethyl-6-hydroxy-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b][1,3Joxazol-5(6H)-
one (4b°). (mixed with 4b in the ratio 90:10). Yield 18 % (387 mg, method A), 16% (191 mg,
method C); white solid; m.p. 110-112°C (CHCl3-Et,O / 1:1). 'H NMR (500 MHz, DMSO-dy)
50.88 3H, t,] =7.3Hz, H-2"),1.47 (1H, dq, ] = 14.7, 7.3 Hz, H-1'B), 1.80 (1H, dq, ] = 14.7,
7.3Hz, H-1'A), 2.17 (1H, d, ] = 15.4 Hz, H-7B), 2.73 (1H, d, ] = 15.4 Hz, H-7A), 3.28 (1H,
ddd, ] =11.0, 7.8, 6.4 Hz, H-3B), 3.86 (1H, ddd, ] = 11.0, 8.1, 5.4 Hz, H-3A), 3.90-3.97 (2H, m,
H-2), 7.23 (1H, s, OH) ppm. '3C NMR (126 MHz, DMSO-dg) § 7.7 (C-2"), 27.7 (C-1), 39.7
(C-3, overlapped with DMSO), 41.5 (C-7), 64.3 (C-2), 78.5 (q, ] = 30.3 Hz, C-6), 96.8 (C-7a),
124.0 (q, ] = 285.1 Hz, CF3), 171.9 (C-5) ppm. F NMR (376 MHz, DMSO-dg) 6 83.79 (s,
CF3) ppm. IR v 3398 (O-H), 30072883 (C-H), 1710 (C=0), 1179-1093 (C-F) cm~!. HRMS
(ESI): caled. for CoH13FsNO3 [M + Na]* 262.0661; found 262.0659.

(6R*,7aR*)-7a-Butyl-6-hydroxy-6-(trifluoromethyl)tetrahydropyrrolo[2,1-bl[1,3]oxazol-5(6H)-
one (4c*) (mixed with 4c® in the ratio 90:10). Yield 39 % (938 mg, method A); white solid; m.p.
90-94°C. (CHCl3-Et,0O / 1:1). 'H NMR (500 MHz, DMSO-dg) § 0.89 (t, ] = 7.0 Hz, 3H, H-4"),
1.28-1.35 (4H, m, H-3/, H-2'), 1.62-1.68 (1H, m, H-1'B), 1.76-1.83 (1H, m, H-1’A), 2.24 (1H, d,
] =14.5Hz, H-7B), 2.42 (1H, d, ] = 14.5 Hz, H-7A), 3.25 (1H, ddd, ] = 11.2, 8.0, 6.4 Hz, H-3B),
3.77 (1H,ddd, ] =11.2,7.9,5.2 Hz, H-3A), 391 (1H, td, ] = 8.2, 6.4 Hz, H-2B), 4.00 (1H, td,
] =8.2,5.2 Hz, H-2A), 7.46 (1H, s, OH) ppm. 3C NMR (126 MHz, DMSO-dg) § 13.9 (C-4),
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22.2(C-3"),25.3 (C-2'), 35.9 (C-1"), 40.5 (C-3), 41.0 (C-7), 65.6 (C-2), 79.1 (q, ] = 29.8 Hz, C-6),
97.5 (C-7a), 124.0 (q, ] = 284.3 Hz, CF3), 170.2 (C-5) ppm. °F NMR (470 MHz, DMSO-dg) &
83.87 (s, CF3) ppm. IR v 3324 (O-H), 2996-2878 (C-H), 1710 (C=0), 1179-1148 (C-F) cm ..
HRMS (ESI): caled. for C11H;7F3NO3 [M + H]* 268.1155; found 268.1156.

(6R*,7aS*)-7a-Butyl-6-hydroxy-6-(trifluoromethyl)tetrahydropyrrolo[2,1-bi[1,3]oxazol-5(6 H)-
one (4c€). Yield 26 % (625 mg, method A); white solid; m.p. 129-130 °C (Et,O). IH NMR
(400 MHz, DMSO-d¢) 6 0.88 (3H, t, ] = 7.0 Hz, H-4"), 1.27-1.33 (4H, m, H-3", H-2’), 1.43 (1H,
dq,J=14.7,7.0Hz, H-1'B), 1.79 (1H, dq, ] = 14.7, 7.0 Hz, H-1’A), 2.19 (1H, d, ] = 15.3 Hz,
H-7B),2.73 (1H, d, ] = 15.3 Hz, H-7A), 3.28 (1H, ddd, | = 11.0, 7.5, 6.9 Hz, H-3B), 3.85 (1H,
ddd, J =11.0,7.9, 5.6 Hz, H-3A), 3.91-3.95 (2H, m, H-2), 7.22 (1H, s, OH) ppm. 3C NMR
(126 MHz, DMSO-dg) 6 13.8 (C-4"), 22.1 (C-3), 25.3 (C-2"), 34.5 (C-1"), 39.7 (C-3, overlapped
with DMSO), 41.5 (C-7), 64.4 (C-2), 78.5 (q, ] = 30.1 Hz, C-6), 96.5 (C-7a), 124.1 (q, | = 285.1
Hz, CF3), 171.9 (C-5) ppm. °F NMR (376 MHz, DMSO-dg) & 83.76 (s, CF3) ppm. IR v
3409 (O-H), 3008-2866 (C-H), 1709 (C=0), 1178-1112 (C-F) cm~!. HRMS (ESI): calcd. for
C11H17F3NO3 [M + H]* 268.1155; found 268.1154.

(6R*,7aR*)-6-Hydroxy-7a-phenyl-6-(trifluoromethyl)tetrahydropyrrolo[2,1-b][1,3Joxazol-5(6H)-
one (4d°). Yield 58 % (1499 mg, method A); white solid; m.p. 155-157°C (CHCl3-Et,O /
1:1). 'H NMR (500 MHz, DMSO-dg) & 2.70 (1H, d, Jap = 15.5 Hz, H-7B), 2.75 (1H, d,
Jap = 15.5 Hz, H-7A), 3.16 (1H, ddd, | = 11.2, 8.5, 4.6 Hz, H-3B), 3.51 (1H, td, ] = 8.5, 6.7 Hz,
H-2B), 3.91 (1H, ddd, | = 11.2, 8.3, 6.7 Hz, H-3A), 4.10 (1H, td, | = 8.5, 4.6 Hz, H-2A),
7.36-7.44 (6H, m, Ph, OH) ppm. 3C NMR (126 MHz, DMSO-dg) & 42.3 (C-3), 43.2 (C-7),
64.6 (C-2),78.5 (q, C-6, ] = 30.6 Hz), 96.8 (C-7a), 123.9 (q, CF3, | = 284.9 Hz), 124.9 (Co), 128.5
(Cp), 128.6 (Cm), 139.8 (Ci), 172.6 (C-5) ppm. *F NMR (470 MHz, DMSO-d) & 83.65 (s,
CF3). IR v 3394 (O-H), 3076-2978 (C-H), 1713 (C=0), 1179-1149 (C-F) cm . C13H1,F3NO;
(287.24). Calculated: C, 54.36; H, 4.21; N, 4.88; Found: C, 54.37; H, 4.22; N, 4.89. HRMS
(ESI): caled. for C13H 13F3NO3 [M + H]* 288.0842; found 288.0842.

Ethyl (R*)-3,3,3-trifluoro-2-hydroxy-2-(((6R*,7aS*)-6-hydroxy-5-oxo-6-(trifluoromethyl)tetra-
hydropyrrolo[2,1-bJoxazol-7a(5H)-yl)methyl)propanoate (5%). Yield 47% (1671 mg, method B),
56% (1106 mg, method D); white solid; m.p. 168-170°C. (MeCN). 'H NMR (500 MHz,
DMSO-dg) 6 1.25 (3H, t, ] =7.1 Hz, OCH,CH3), 2.20 (1H, d, ] = 14.0 Hz, H-1'B), 2.29 (1H, d,
J =149 Hz, H-7”B), 2.63 (1H, br. d, ] = 14.0 Hz, H-1"A), 2.99 (1H, d, | = 14.9 Hz, H-7"A),
3.35-3.41 (1H, m, H-3"B), 3.78-3.84 (2H, m, H-2"B, H-3"A), 3.86-3.92 (1H, m, H-2"A),
4.17 (1H, dq, ] = 10.8, 7.1 Hz, OCHBCH3), 4.29 (1H, dq, ] = 10.8, 7.1 Hz, OCHACH3), 7.08
(1H, d, ] = 1.6 Hz, C2-OH), 7.56 (1H, s, C®"-OH) ppm. 3C NMR (126 MHz, DMSO-dg) é
13.7 (OCH,CHj3), 37.9 (C-1"), 40.4 (C-3"), 42.1 (C-7"), 62.3 (OCH,CHy3), 66.3 (C-2"), 76.0 (q,
J=275Hz, C-2),78.8 (q, ] =30.0 Hz, C-6”), 95.3 (C-7a"), 123.7 (q, ] = 283.8 Hz, CF3), 123.9
(q, ] = 288.6 Hz, CF3), 167.8 (C-1), 169.9 (C-5") ppm. ’F NMR (470 MHz, DMSO-dg) J 83.83
(s, 3E, CF3), 84.92 (s, 3F, CF3) ppm. IR v 3456, 3284 (O-H), 2997-2924 (C-H), 1736, 1705
(C=0), 1167-1093 (C-F) cm~!. HRMS (ESI): calcd. for C14Hi5F3NO3 [M + H]* 396.0876;
found 396.0879.

Ethyl (S°)-3,3,3-trifluoro-2-hydroxy-2-(((6R",7aS)-6-hydroxy-5-oxo-6-(trifluoromethyl)tetrah-
ydropyrrolo[2,1-bJoxazol-7a(5H)-yl)methyl)propanoate (5°). Yield 18% (640 mg, method B), 15%
(296 mg, method D); white solid; m.p. 134-136 °C. (CHCl3-Et,0/2:1). 'H NMR (500 MHz,
DMSO-dg) 6 1.23 (3H, t, | = 7.1 Hz, CH3), 2.26 (1H, d, ] = 14.0 Hz, H-7"B), 2.50 (1H, d,
J=15.0Hz, H-1'B), 2.61 (1H, d, ] = 14.0 Hz, H-7"A), 2.67 (1H, dd, ] =15.0, 1.5 Hz, H-1'A),
3.40-3.46 (1H, m, H-3"B), 3.58-3.63 (m, 1H, H-2"B), 3.78-3.84 (m, 2H, H-2"A, H-3"A), 4.17
(dg, ] =10.8, 7.1 Hz, 1H, OCHB), 4.24 (dq, ] =10.8, 7.1 Hz, 1H, OCH*), 7.00 (d, ] = 1.5 Hz,
1H, C2-OH), 7.56 (s, 1H, C®"-OH). 3C NMR (126 MHz, DMSO-d,) § 13.6 (OCH,CH3), 40.8
(C-1"),42.6 (C-37),44.6 (C-7"), 62.1 (OCHy), 66.7 (C-2"), 75.4 (q, ] = 27.5 Hz, C-2), 78.6 (q,
J =29.8 Hz, C-6"), 95.4 (C-7a”), 123.7 (q, | = 284.2 Hz, CF3), 124.1 (q, ] = 288.4 Hz, CF3),
167.8 (C-1), 170.2 (C-5"). F NMR (376 MHz, DMSO-dg) 6 84.23 (s, 3F, CF3), 85.64 (s, 3F,
CF3). IR v 3487, 3316 (O-H), 2991 (C-H), 1738, 1705 (C=0), 1169-1090 (C-F) cm~'. HRMS
(ESI): caled. for C14H15F3NO3 [M + H]* 396.0876; found 396.0872.
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Ethyl 2-hydroxy-4-oxo-2-(trifluoromethyl)hexanoate (6b). A mixture of 1530 mg (9 mmol)
of ethyltrifluoropyruvate 1, 522 mg (1.8 mmol) of 2-butanone 2b, and 12 mg (0.1 mmol)
of L-proline in 10 mL of DMF was placed in a flat-bottomed flask. The reaction mass was
stirred for 2 days at a temperature (50°C). After completion of the reaction (TLC and '°F
NMR monitoring), the reaction mixture was poured into water (100 mL) and the organic
layer was extracted with chloroform (3 x 50 mL). The solvent was concentrated on a rotary
evaporator. The residue was purified by column chromatography (eluent: CHCl3—hexane /
2:1). A yellow oil was isolated. Yield 1699 Mr (78%). H NMR (500 MHz, DMSO-dg) 6 0.89
(3H, t, ] = 7.1 Hz, CH3"), 1.19 (3H, t, ] = 7.1 Hz, CH;3°%), 3.07 (1H, d, ] = 17.2 Hz, H-3A),
3.19 (1H, d, ] = 17.2 Hz, H-3B), 2.44 (2H, dq, ] = 11.0, 7.3 Hz, H-B®), 2.53 (2H, dq, ] = 11.0,
7.3 Hz, H-A®, ), 4.13-4.23 (2H, m, CH,®), 6.75 (1H, d, ] = 0.7 Hz, OH) ppm. 3C NMR
(126 MHz, DMSO-dg) 6 7.2 (C-6), 13.67 (OCH,CH3), 35.7 (C-5), 44.4 (C-3), 61.8 (OCH,CH3),
74.9 (q, ] = 28.1 Hz, C-2), 123.9 (q ] = 287.2 Hz, CF3), 167.7 (C-1), 205.4 (C-4) ppm. “F
NMR (376 MHz, DMSO-d¢)  84.83 (s, CF3) ppm. IR v 3482 (O-H), 2987-2908 (C-H), 1747,
1626 (C=0), 1222-1097 (C-F) cm~!. HRMS (ESI): calcd. for CoHy4F304 [M + H]* 243.0839;
found 243.0833.

(7R*,8aR*)-7-Hydroxy-8a-methyl-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-b][1,3]oxazi-
ne-6(7H)-one (8at) (mixed with 8a° in the ratio 84:16). Yield 28 % (603 mg, method A), 30 %
(358 mg, method C); white solid; m.p. 96-98°C (CHCl3-Et,O / 1:1). 'H NMR (500 MHz,
DMSO-dg) 6 1.47-1.58 (2H, m, H-3), 1.61 (3H, ¢, Me), 2.27 (2H, AB-system, Aap = 0.06 ppm,
Jap = 14.4 Hz, H-8), 3.21 (1H, dm, | = 13.0 Hz, H-4B), 3.75 (1H, dm, | = 11.5 Hz, H-2B),
3.86 (1H, dm, | = 13.0 Hz, H-4A), 3.98 (1H, dm, | = 11.5 Hz, H-2A), 7.21 (1H, s, OH) ppm.
13C NMR (126 MHz, DMSO-dg) § 20.3 (Me), 24.7 (C-3), 35.2 (C-4), 43.8 (C-8), 60.6 (C-2),
74.9 (q, ] = 29.9 Hz, C-7), 86.2 (C-8a), 124.4 (q, ] = 285.1 Hz, CF3), 166.2 (C-6), ppm. °F
NMR (470 MHz, DMSO-dg) b 84.22 (s, CF3). IR v 3430, 3351 (O-H), 2990-2885 (C-H), 1696
(C=0), 1168-1057 (C-F) cm~!. HRMS (ESI): calcd. for CoH13F3NO; [M + H]* 240.0842;
found 240.0849.

(7R*,8a5%)-7-Hydroxy-8a-methyl-7-(trifluoromethyltetrahydro-2H-pyrrolo[2,1-b][1,3]oxazi-
ne-6(7H)-one (8a€) (mixed with 8at in the ratio 89:11 ). Yield 44% (947 mg, method A), 62%
(741 mg, method C); white solid; m.p. 76-78 °C (CHCl3-Et,0/1:1). 'H NMR (500 MHz,
DMSO-dg) 6 1.49-1.64 (5H, m, Me, H-3), 2.15 (1H, br.d, | = 15.2 Hz, H-8B), 2.57 (1H, d,
J =152 Hz, H-8A),3.24 (1H, td, ] = 13.0, 4.0 Hz, H-4B), 3.76 (1H, dm, | = 12.2 Hz, H-2B),
3.88 (1H, dm, | = 13.0 Hz, H-4A), 4.01 (1H, td, ] = 12.2, 2.9 Hz, H-2A), 7.13 (1H, s, OH)
ppm. ¥C NMR (126 MHz, DMSO-d) § 20.3 (Me), 24.7 (C-3), 35.2 (C-4), 43.8 (C-8), 60.6
(C-2),74.9 (q, ] = 29.9 Hz, C-7), 86.2 (C-8a), 124.4 (q, ] = 285.1 Hz, CF3), 166.2 (C-6) ppm. '°F
NMR (470 MHz, DMSO-dg) 6 83.71 (s, CF3). IR v 3392, 3296 (O-H), 2997-2887 (C-H), 1702
(C=0), 1175-1058 (C-F) cm~!. HRMS (ESI): calcd. for CoH13F3NO3 [M + H]*" 240.0842;
found 240.0850.

(7R*,8aR*)-8a-Ethyl-7-hydroxy-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-b][1,3Joxazine-
6(7H)-one (8b*). Yield 21 % (478 mg, method A), 24 % (304 mg, method C); white solid; m.p.
68-70°C (CHCl3-Et,O / 1:1). 'H NMR (500 MHz, DMSO-dg) 6 0.84 (3H, t, ] = 7.3 Hz, H-2"),
1.49-1.55 (2H, m, H-3), 1.68 (1H, dq, ] = 14.5, 7.3 Hz, H-1'B), 2.10 (1H, d, ] = 14.8 Hz, H-8B),
2.28-2.36 (2H, m, H-8A, H-1"A), 3.16-3.22 (1H, m, H-4B), 3.72 (1H, dm, | = 12.1 Hz, H-2B),
3.84-3.90 (2H, m, H-4A, H-2A), 7.17 (1H, s, OH) ppm. 3C NMR (126 MHz, DMSO-dg) 4 7.1
(C-27),24.29 and 24.30 (C-3, C-1"), 35.0 (C-4), 41.0 (C-8), 60.0 (C-2), 74.9 (q, ] = 30.0 Hz, C-7),
88.5 (C-8a), 124.3 (q, ] = 284.6 Hz, CF3), 165.5 (C-6) ppm. F NMR (376 MHz, DMSO-d) J
84.14 (s, CF3) ppm. IR (ATR) v 3240 (O-H), 2970-2889 (C-H), 1674 (C=0), 1161-1092 (C-F)
cm~ 1. HRMS (ESI): caled. for C1oH;5F3NO3 [M + H]* 254.0999; found 254.1006.

(7R*,8aS*)-8a-Ethyl-7-hydroxy-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-b][1,3]oxazine-
6(7H)-one (8b°) (mixed with 8b* in the ratio 81:19). Yield 27 % (615 mg, method A), 62 % (784 mg,
method C); white solid; m.p. 98-100°C (CHCl3-Et,O / 1:1). 'H NMR (500 MHz, DMSO-dg)
50.82 (3H,t, ] = 7.3 Hz, H-2'), 1.47-1.71 (3H, m, H-3, H-1'B), 2.00 (1H, d, ] = 15.3 Hz, H-8B),
2.38 (1H, dq, ] = 14.6, 7.3 Hz, H-1’A), 2.51 (1H, d, | = 15.3 Hz, H-8A, overlapped with
DMSO), 3.22 (1H, td, ] = 13.0, 3.8 Hz, H-4B), 3.73 (1H, dm, ] = 12.2 Hz, H-2B), 3.87 (1H, dm,
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J =13.0 Hz, H-4A), 3.92 (1H, td, ] = 12.2, 2.7 Hz, H-2A), 7.13 (1H, s, OH) ppm. 3C NMR
(126 MHz, DMSO-dg) 6 6.9 (C-2’), 23.9 and 24.3 (C-1’, C-3), 35.5 (C-4), 40.4 (C-8), 60.1 (C-2),
74.8 (q, ] = 29.8 Hz, C-7), 88.6 (C-8a), 124.4 (q, ] = 285.0 Hz, CF3), 167.0 (C-6) ppm. “F NMR
(470 MHz, DMSO-dg) ¢ 83.85 (s, CF3) ppm. IR (ATR) v 3347 (O-H), 2983-2895 (C-H), 1695
(C=0), 1196-1131 (C-F) cm~!. HRMS (ESI): calcd. for C1oHi5F3NO3 [M + H]* 254.0999;
found 254.1019.

(7R*,8aR*)-8a-Butyl-7-hydroxy-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-b][1,3Joxazin-
6(7H)-one (8c*) (mixed with 8c€ in the ratio 90:10). Yield 24 % (608 mg, method A); white solid;
m.p. 80-83°C (CHCI3-Et,O / 1:1). 'H NMR (500 MHz, DMSO-dg) 6 0.91 (3H, t, ] = 7.3
Hz, H-4"), 1.19-1.37 (4H, m, H-2’, H-3’), 1.48-1.54 (2H, m, H-3), 1.63 (1H, ddd, | = 14.2,
10.8, 5.2 Hz, H-1'B), 2.12 (1H, d, | = 14.8 Hz, H-8B), 2.31 (1H, ddd, ] = 14.2, 10.7, 5.7 Hz,
H-1'A), 2.34 (1H, d, ] = 14.8 Hz, H-8A), 3.18-3.24 (1H, m, H-4B), 3.72 (1H, dm, ] = 12.0
Hz, H-2B), 3.83-3.91 (2H, m, H-2A, H-4A), 7.16 (1H, s, OH) ppm. 3C NMR (126 MHz,
DMSO-dg) 4 13.9 (C-4'), 22.0 (C-3"), 24.3 (C-3), 24.6 (C-2"), 31.1 (C-1"), 35.0 (C-4), 41.5 (C-8),
60.0 (C-2), 74.9 (q, ] =29.9 Hz, C-7), 88.2 (C-8a), 124.3 (q, ] = 284.5 Hz, CF3), 165.4 (C-6)
ppm."F NMR (376 MHz, DMSO-dg) & 84.13 (s, CF3) ppm. IR v 3305 (O-H), 2974-2869
(C-H), 1682 (C=0), 1174-1150 (C-F) cm~!. HRMS (ESI): calcd. for C1oH;9F3NO3 [M — HJ
280.1166; found 280.1167.

(7R*,8aS5%)-8a-Butyl-7-hydroxy-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-b][1,3]oxazin-
6(7H)-one (8c°). Yield 46 % (1164 mg, method A); white solid; m.p. 158-160°C (MeCN). 'H
NMR (500 MHz, DMSO-dg) 4 0.90 (3H, t, ] = 7.3 Hz, H-4’), 1.18-1.26 (2H, m, H-2"), 1.29-1.38
(2H, m, H-3’), 1.41-1.51 (2H, m, H-1'B, H-3B), 1.59 (1H, qt, ] = 12.8, 5.2 Hz, H-3A), 2.02 (1H,
d, ] =15.5 Hz, H-8B), 2.35-2.42" (1H, m, H-1'A), 2.51 (1H, d, ] = 15.5 Hz, H-8A, overlapped
with DMSO), 3.23 (1H, td, ] = 13.2, 3.8 Hz, H-4B), 3.73 (1H, br. dd, ] =12.2, 5.2 Hz, H-2B),
3.87 (1H, br. dd, ] = 13.2, 5.2 Hz, H-4A), 3.93 (1H, td, ] = 12.2, 2.7 Hz, H-2A), 7.12 (1H, s,
OH) ppm. 13C NMR (126 MHz, DMSO-dg) 6 13.9 (C-4"), 22.0 (C-3’), 24.3 (C-3), 24.6 (C-2'),
30.8 (C-1"), 35.5 (C-4), 41.0 (C-8), 60.2 (C-2), 74.8 (q, ] = 29.9 Hz, C-7), 88.3 (C-8a), 124.4 (q,
] = 284.6 Hz, CF3), 166.9 (C-6). ’F NMR (470 MHz, DMSO-dg) ¢ 83.83 (CF3) ppm. IR v
3313 (O-H), 2961-2869 (C-H), 1686 (C=0), 1189-1116 (C-F) cm~!. HRMS (ESI): calcd. for
C12H19F3NO3 [M + H]* 282.1312; found 282.1313.

(7R*,8aR*)-7-Hydroxy-8a-phenyl-7-(trifluoromethyl)tetrahydro-2H-pyrrolo[2,1-bl[1,3]oxazin-
6(7H)-one (8d"). Yield 58 % (1571 mg, method A); white solid; m.p. 143-145°C (MeCN). H
NMR (500 MHz, DMSO-dg) 6 1.46 (1H, dm, | = 13.0 Hz, H-3B), 1.63 (1H, qt, ] = 13.0, 5.1 Hz,
H-3A),2.22 (1H, d, | = 14.8 Hz, H-8B), 2.64 (1H, d, ] = 14.8 Hz, H-8A),2.97 (1H, td, ] = 13.1,
3.8 Hz, H-4B), 3.54 (1H, td, ] = 12.1, 2.2, H-2B), 3.83 (1H, ddm, | = 12.2, 4.6 Hz, H-2A), 4.02
(1H, ddm, ] =13.1, 5.2 Hz, H-4A), 7.23 (1H, s, OH), 7.32 (2H, dd, ] = 8.3, 1.4 Hz, Ho), 7.40
(1H, tt, ] =7.4,1.4 Hz, Hp), 7.49 (2H, t, ] = 7.6 Hz, Hm) ppm. 13C NMR (126 MHz, DMSO-dy)
6242 (C-3), 36.4 (C-4), 46.2 (C-8), 61.9 (C-2), 75.0 (q, ] = 30.0 Hz, C-7), 89.8 (C-8a), 124.1
(q] = 284.9 Hz, CF3,), 125.8 (Co), 128.4 (Cp), 129.2 (Cm), 139.6 (Ci), 167.1 (C-6) ppm. °F
NMR (470 MHz, DMSO-dg) 6 84.31 (s, CF3) ppm. IR v 3290 (O-H), 2968-2876 (C-H), 1695
(C=0), 1199-1121 (C-F) cm~!. HRMS (ESI): calcd. for C14H;5F3NO;3 [M + H]* 302.099;
found 302.0997.

Ethyl 3,3,3-trifluoro-2-hydroxy-2-[(7-hydroxy-6-oxo-7-(trifluoromethyl)tetrahydro-2H-pyrrol-
0[2,1-b][1,3]oxazin-8a(6H)-y)methyl)propanoate (mixture of 9:9” in the ratio ~ 1:1). Yield 69%
(2540 mg, method B); white solid; m.p. 135-137°C. (CHCI3-Et,O / 4:1). H NMR (500 MHz,
DMSO-dg) 6 1.20 (1.5H, t, | = 7.1 Hz, CH3™), 1.25 (1.5H, t, ] = 7.1 Hz, CH3*), 1.47-1.59
(2H, m, H-3"), 1.69 (0.5H, d, ] = 14.8 Hz), 2.02 (0.5H, d, | = 15.3 Hz), 2.06 (d, ] = 15.7 Hz,
0.5H), 2.57 (0.5H, d, ] = 15.2 Hz), 2.67 (0.5H, d, ] = 15.2 Hz), 3.15 (0.5H, d, ] = 15.3 Hz),
3.23 (0.5H, ddd, ] = 13.4, 12.6, 3.7 Hz), 3.29-3.37 (1H, m, overlapped with H,0O), 3.40 (d,
] =14.8 Hz, 0.5H), 3.65 (0.5H, dm, ] =12.5 Hz,), 3.73 (0.5H, dm, | = 12.5 Hz,), 3.80-3.90 (1.5H,
m), 4.05-4.13 (1.5H, m), 4.18 (0.5H, dq, ] = 10.8, 7.1 Hz, OCHF®), 4.23 (0.5H, dq, ] = 10.8,
7.1 Hz, OCHFY), 7.10 (0.5H, s, OH), 7.12 (0.5H, s, OH), 7.16 (1H, s, OH) ppm. 3C NMR
(126 MHz, DMSO-dg) 6 13.4 and 13.6 (CH3*), 23.8 and 24.0 (C-3”), 33.3 and 33.5 (C-1"), 35.7
and 36.3 (C-8”), 39.7 and 40.7 (C-4"), 60.8 and 61.0 (C-2"), 62.2 and 62.4 (OCHy,), 74.35 (q,
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J=30.0,C-2),74.38 (q, ] = 30.0, C-2),75.94 (q, ] =28.2, C-7"),75.95 (q, | =27.8, C-7"), 86.9
and 87.1 (C-8a ), 123.9 (q, ] = 288.3, CF3), 124.0 (q, | = 288.3, CF3), 124.2 (q, | = 284.6, CF3),
124.3 (q, ] = 285.0, CF3), 167.3, 167.4, 167.5 and 168.6 (C-1, C-6”) ppm. 9F NMR (470 MHz,
DMSO-dg) 0 83.78 (s, 3F, CF3), 84.25 (s, 3F, CF3), 85.23 (s, 3F, CF3), 85.72 (s, 3F, CF3) ppm.
IR v 3482, 3315 (O-H), 2994-2903 (C-H), 1749, 1699 (C=0), 1173-1157 (C-F) cm~!. HRMS
(ESI): caled. for C14H16FsNOg [M — H] 408.0887; found 408.0890.

Ethyl 3,3,3-trifluoro-2-hydroxy-2-[(6-hydroxy-8a-methyl-5-0xo-6-(trifluoromethyl)tetrahydro-
pyrrolo[2,1-boxazol-7a(5H)-yl)methyllpropanoate (mixture of 10:10” in the ratio 56:44). Yield 64%
(2356 mg, method B); white solid; m.p. 133-134°C. (CHCl3-Et,O / 2:1). 'H NMR (500 MHz,
DMSO-dg) 6 0.88 (d, ] = 6.8 Hz, 1.3H, Me), 1.08 (d, ] = 6.9 Hz, 1.7H, Me), 1.23 (t,] = 7.1 Hz,
3H, CH3"), 2.27-2.35 (m, 1H, H-1", H-7”), 2.62-2.73 (m, 2H, H-1’, H-7"), 3.40-3.62 (m, 2H,
H-2”,H-3"), 3.76-3.84 (m, 2H, H-2"”, H-3"), 4.16—4.23 (m, 2H, OCH>), 6.94, (d, ] = 1.5 Hz,
0.44H, OH), 6.96 (d, ] = 1.5 Hz, 0.56H, OH), 7.58 (s, 0.44H, OH), 7.66 (s, 0.56H, OH) ppm.
13C NMR (126 MHz, DMSO-dg) § 7.7 and 8.4 (Me), 13.7 (CH3"), 36.5 (C-1"), 41.6 and 42.9
(C-3"), 48.6 and 51.1 (C-7"), 62.0 (OCHy), 66.9 and 68.1 (C-2"), 75.2 (q,] = 27.1, C-2), 75.3 (q,
J=272,C-2),79.2(q, ] =28.3,C-6"),80.7 (q, ] = 28.3, C-6"), 97.3 and 97.5 (C-7a"), 123.6 (q,
J =285.2, CF3), 123.9 (q, | = 285.5, CF3), 124.2 (q, | = 288.7, CF3), 124.3 (q, ] = 288.8, CF3),
167.9 and 168.0 (C-1), 169.2 and 169.4 (C-5”) ppm. F NMR (376 MHz, DMSO-ds) 6 85.39
(s, 1.7F, CF3), 85.60 (s, 1.3F, CF3), 86.40 (s, 1.7F, CF3), 89.73 (s, 1.3F, CF3) ppm. IR v 3486,
3321 (O-H), 2992-2904 (C-H), 1736, 1702 (C=0), 1194-1114 (C-F) cm~!. HRMS (ESI): calcd.
for C14Hi13FsNOg [M + H]* 410.1036; found 410.1033.

Ethyl (R*)-3,3,3-trifluoro-2-hydroxy-2-(((R*)-4-hydroxy-1-(2-hydroxyethyl)-3-methyl-5-oxo-
4-(trifluoromethyl)-4,5-dihydro-1H-pyrrol-2-yl)methyl)propanoate (11a). Yield 8% (294 mg,
method B); white solid; m.p. 141-143 °C. (CHCl3-Et,O / 2:1). 'H NMR (500 MHz, DMSO-
dg) 6 1.22 (3H, t, ] = 7.1 Hz, CH3), 1.62 (3H, s, C*-Me), 3.17 (2H, s, H-1"), 3.40 (1H, ddt,
J =10.6,8.55.0 Hz, H-2"“B), 3.47 (1H, dq, ] = 10.6, 4.7 Hz, H-2""A), 3.57 (1H, dt, ] = 14.6,
4.7 Hz, H-1""B), 3.67 (1H, ddd, ] = 14.6, 8.5, 5.0 Hz, H-1"’A), 4.12 (1H, dq, ] = 10.8, 7.1 Hz,
OC-HP), 4.23 (1H, dq, ] = 10.8, 7.1 Hz, OC-H*), 4.92 (1H, t, ] = 4.9 Hz, C*"-OH), 7.17 (1H, s,
C*¥-OH), 7.26 (1H, s, C>-OH). 13C NMR (126 MHz, DMSO-dg) ¢ 8.7 (Me), 13.5 (CH3), 27.2
(CHy), 42.6 (C-17), 58.8 (C-2""), 62.5 (OCHy), 76.2 (q, ] =29.4, C-4"),77.4 (q, ] = 27 .4, C-2),
112.4 (C-3"),123.4 (q, ] = 286.8, CF3), 123.9 (q, ] = 288.1, CF3), 137.9 (C-2"), 167.2 (C-1), 172.2
(C-5”). 1F NMR (376 MHz, DMSO-dg) 6 85.67 (s, 3F, CF3), 85.69 (s, 3F, CF3). IR v 3494, 3302
(O-H), 29962903 (C-H), 1744, 1670 (C=0), 1174-1132 (C-F) cm~!. HRMS (ESI): calcd. for
C14H18FsNOg [M + H]* 410.1033; found 410.1034.

Ethyl (5*)-3,3,3-trifluoro-2-hydroxy-2-(((R*)-4-hydroxy-1-(2-hydroxyethyl)-3-methyl-5-oxo-
4-(trifluoromethyl)-4,5-dihydro-1H-pyrrol-2-yl)methyl)propanoate (11b). Yield 47% (1360 mg,
method B); white solid; m.p. 120-122°C. (Et,0O-hexane / 3:1). 'H NMR (500 MHz, DMSO-d)
5122 (3H, t, ] = 7.1 Hz, CH3), 1.55-1.61 (2H, m, H-2"), 1.63 (3H, s, C3"-Me), 2.97 (1H, d,
J =15.0 Hz, H-1'B), 3.19 (1H, dd, | = 15.0, 1.5 Hz, H-1’A), 3.30-3.40 (2H,m, H-3""), 3.51
(1H, ddd, ] =145, 7.5, 6.8 Hz, H-1""B), 3.60 (1H, ddd, ] = 14.5,7.5, 7.0 Hz, H-1""A), 4.12
(1H, dq, ] = 10.8, 7.1 Hz, OC-HB), 4.23 (1H, dq, ] = 10.8, 7.1 Hz, OC-HA), 453 (1H, t, ] = 4.9
Hz, C*”-OH), 7.14 (1H, s, C*"-OH), 7.23 (1H, d, | = 1.5 Hz, C2-OH). 13C NMR (126 MHz,
DMSO-dg) 6 8.73 (Me), 13.50 (CH3), 26.96 (CH3), 30.72 (C-2""), 37.32 (C-1""), 57.73 (C-3"),
62.58 (OCHy), 76.17 (q, ] = 29.5, C-4"), 77.24 (q, ] = 27.4, C-2), 113.03 (C-3"), 123.35 (q,
J = 286.7, CF3), 123.83 (q, ] = 288.1, CF3), 137.38 (C-2"), 167.21 (C-1), 172.12 (C-5”). F
NMR (376 MHz, DMSO-dg) ¢ 85.64 (s, 3E, CF3), 85.74 (s, 3F, CF3) ppm. IR v 3478, 3293
(O-H), 2992-2896 (C-H), 1751, 1670 (C=0), 1174-1134 (C-F) cm~!. HRMS (ESI): calcd. for
Ci5HpoFgNOg [M + H]* 424.1189; found 424.1186.

Ethyl (R*)-3,3,3-trifluoro-2-hydroxy-2-(((R*)-4-hydroxy-1-(3-hydroxypropyl)-3-methyl-5-oxo-
4-(trifluoromethyl)-4,5-dihydro-1H-pyrrol-2-yl)methyl)propanoate (11b’) (mixture of 11b:11b’ in
the ratio 72:28). Yield 76% (2893 mg, method B); white solid; m.p. 120-122 °C. (CHCls—
Et,O / 2:1). 'TH NMR (500 MHz, DMSO-dg) 6 1.66 (3H, s, C>"-Me), 3.08 (2H, AB-system,
Aap = 0.03 ppm, Jap = 15.4 Hz, CH,), 7.18 (1H, s, C*'-OH), 7.24 (1H, s, C2-OH) ppm; the
signals of other protons coincide with the signals of the major diastereomer 11b. 13C NMR
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(126 MHz, DMSO-d) 6 8.86 (Me), 13.54 (CH3), 27.14 (CH,), 30.73 (C-2"*), 37.18 (C-1""),
57.57 (C-3""), 62.58 (OCHy), 76.22 (q, | = 29.2, C-4"), 77.02 (q, ] = 28.0, C-2), 113.52 (C-3"),
123.52 (q, ] = 286.2, CF3), 123.83 (q, | = 288.1, CF3), 137.12 (C-2"), 167.40 (C-1), 171.98 (C-5")
ppm. F NMR (376 MHz, DMSO-dg) 6 85.81 (s, 3F, CF3), 86.01 (s, 3F, CF3) ppm. IR v 3475,
3292 (O-H), 2992-2896 (C-H), 1752, 1716 (C=0), 1173-1135 (C-F) cm~!. HRMS (ESI): calcd.
for C15H20F6NO6 [M + H]+ 4241189, found 424.1184

3.5. XRD Experiments

The X-ray studies for compounds 4d¢, 5%, 8¢ were performed on an Xcalibur 3
CCD (Oxford Diffraction Ltd., Abingdon, UK) diffractometer with a graphite monochro-
mator, A(MoK«) 0.71073 A radiation, T 295(2), for compound 11b was registered on an
XtaLAB Synergy (Oxford Diffraction Ltd., Abingdon, UK) diffractometer with hybrid
pixel monochromator, A(MoK«) 0.71073 A radiation, T 295(2). An empirical absorption
correction was applied. Using Olex2 [38], the structure was solved with the Superflip [39]
structure solution program using charge flipping and refined with the ShelXL [40] refine-
ment package using least squares minimization. All non-hydrogen atoms were refined
in the anisotropic approximation; H-atoms at the C-H bonds were refined in the “rider”
model with dependent displacement parameters. An empirical absorption correction was
carried out through spherical harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm by a program “CrysAlisPro” (Rigaku Oxford Diffraction).

The full set of X-ray structural data for compounds 4d¢, 5t 8¢, 11b was deposited at
the Cambridge Crystallographic Data Center (deposits CCDC-238736 (4d°), -2238737 (5%),
-2238738 (8¢©), -2238739 (11b).

Crystal Data for 4d°: C13Hp2F3NO3 (M = 287.24g/mol): triclinic, space group P-1,
a = 6.0290(7) A, b = 8.1542(10) A, ¢ = 13.4778(17) A, a = 79.481(10)°, B = 86.443(10)°,
v = 75.029(10), V = 629.27(14) A3, Z = 2, T = 295(2) K, u(CuKx) = 0.136 mm~2,
Deale = 1.516 g/cm?, 5481 reflections measured to (7.37 ° < 20 < 61.83°), 3339 unique
(Rint = 0.0434, Rsigma = 0.0881) which were used in all calculations. The final Ry was 0.0702
(I>20(I)) and wRy was 0.1634 (all data) (Table S1, Supplementary Materials).

Crystal Data for 5': C13H15FsNOg (M = 395.26 g/mol): monoclinic, space group P2 /n,
a=10.8844(8) A, b =13.1919(9) A, c = 11.3734(9) A, a =y =90°, B = 92.641(7)°, V = 1631.3(2)
A3, 7 =4, T =2952) K, w(CuKa) = 0.167 mm ™!, Deyje = 1.609 g/cm®, 11283 reflections
measured to (7.14° < 20 < 62.03°), 4404 unique (Rint = 0.0496, Rsjgma = 0.0604) which were
used in all calculations. The final Ry was 0.0544 (I > 20(I)) and wRy was 0.1455 (all data)
(Table S1, Supplementary Materials).

Crystal Data for 8c®: C1pHigFsNO3; (M = 281.27 g/mol): monoclinic, space group
P2;/c,a=10.6332(12) A, b = 13.8923(13) A, ¢ = 9.5664(15) A, « =y =90°, B = 102.235(13)°,
V =1381.03) A3, Z =4, T = 295(2) K, u(CuKoex) = 0.122 mm !, Dy = 1.353 g/cm?, 10666
reflections measured to (7.06° < 20 < 61.72°), 3779 unique (Rint = 0.0582, Rjgma = 0.0803)
which were used in all calculations. The final R was 0.0611 (I > 20(I)) and wR, was 0.1539
(all data) (Table S2, Supplementary Materials).

Crystal Data for 11b: C15H19NOgFg (M = 423.31g/mol): monoclinic, space group P21/c,
a=19.1431(10) A, b = 6.4882(4) A, c = 16.4430(9) A, « =y =90°, p = 107.551(6)°, V = 1947.2(2)
A3, 7 =4, T =295(22) K, w(CuKa) = 0.145 mm ™!, Dy = 1.444 g/cm®, 15118 reflections
measured to (5.00° < 20 < 52.74°), 3972 unique (Rint = 0.1526, Rsjgma = 0.0998) which were
used in all calculations. The final Ry was 0.0601 (I > 20(I)) and wR, was 0.1547 (all data)
(Table S2, Supplementary Materials).

4. Conclusions

A method for the synthesis of bicyclic y-lactam annulated oxazacycles has been devel-
oped based on the multicomponent reaction of ethyl trifluoropyruvate with methyl ketones
and 1,2-, 1,3-amino alcohols. Thus, the use of aminoethanol makes it possible to obtain
tetrahydropyrrolo[2,1-bJoxazol-5-ones, and the use of aminopropanol-tetrahydropyrrolo[2,1-
b][1,3]oxazine-6-ones. Variation of the methyl ketone component creates opportunities for
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the introduction of various substituents at the nodal carbon atom of these bicycles. The
method proposed by us is distinguished by the simplicity of execution and the availability
of initial reagents.

It has been shown that the structure of final y-lactams is determined by the stoichio-
metric amount of ethyl trifluoropyruvate and the nature of methyl ketone. At the same time,
distinctive features of the transformations of amino alcohols were found in comparison
with the previously studied reactions with 1,2-, 1,3-diamines, since the use of a double
excess of ethyl trifluoropyruvate results in the formation of bicyclic aldols rather than tri-
cyclic dipyrrolooxazacycles [35]. This feature is due to the fact that the oxygen atom in the
cycle does not have the opportunity for subsequent addition reactions, and, consequently,
the formation of tricycles. In addition, the reaction of a double excess of pyruvate with
2-butanone and aminopropanol stops at the stage of formation of N-hydroxypropyl-2,3-
dihydropyrrol-5-one, the possibility of its isolation is probably due to the lower reactivity
of the hydroxyl group compared to the amino function. It can also be noted that, in contrast
to the transformations of diamines, three-component cyclizations with amino alcohols
are less diastereoselective, since they predominantly lead to the formation of two cis- and
trans-isomers, the diastereomeric structure of which we were able to reliably establish using
NMR spectroscopy and X-ray diffraction.

The mechanism of formation of bicyclic y-lactams has been determined. It represents
successive domino reactions with the initial formation of an aldol and a bis-aldol from
pyruvate and methyl ketone, which becomes possible due to the increased electrophilicity
of the carbonyl group at the trifluoromethyl substituent.

The synthesized tetrahydropyrrolo[2,1-bJoxazol-5-ones and tetrahydropyrrolo[2,1-
b][1,3]oxazine-6-ones are of interest both for biological testing and for the following chemi-
cal transformations, for example, oxazole ring opening reactions to obtain new y-lactams.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28041983 /51, Table S1: Crystallographic parameters and X-ray
experiment details for 4d¢, 5%; Table S2: Crystallographic parameters and X-ray experiment details
for 8¢¢, 11b; Figure S1: 'H NMR spectrum of 4a'; Figure S2: 13C NMR spectrum of 4a; Figure S3:
19F NMR spectrum of 4a*; Figure S4: 'H NMR spectrum of 4a¢ (mixed with 5 (20%) and 4at (2%));
Figure S5: F NMR spectrum of 4a® (mixed with 5% (20%) and 4a® (2%)); Figure S6: '"H NMR
spectrum of 4b!; Figure S7: 'H NMR spectrum of 4b!; Figure S8: 1°F NMR spectrum of 4b'; Figure S9:
TH NMR spectrum of 4b¢ (mixed with 4bt in the ratio 90:10); Figure S10: 13C NMR spectrum of 4b¢
(mixed with 4bt in the ratio 90:10); Figure S11: F NMR spectrum of 4b° (mixed with 4b' in the ratio
90:10); Figure S12: "H NMR spectrum of 4ct (mixed with 4¢c€ in the ratio 90:10); Figure S13: 13C NMR
spectrum of 4ct (mixed with 4¢® in the ratio 90:10); Figure S14: 1°F NMR spectrum of 4c' (mixed
with 4¢€ in the ratio 90:10); Figure S15: 'H NMR spectrum of 4c; Figure S16: 3C NMR spectrum of
4c; Figure S17: F NMR spectrum of 4c¢; Figure S18: 'H NMR spectrum of 4d€; Figure $19: 13C
NMR spectrum of 4d€; Figure S20: F NMR spectrum of 4d€; Figure S21: 'H NMR spectrum of 5';
Figure S22: 13C NMR spectrum of 5'¢; Figure S23: 1°F NMR spectrum of 5; Figure S24: 'H NMR
spectrum of 5° (mixed with 5! in the ratio 80:20); Figure S25: 13C NMR spectrum of 5 (mixed
with 5% in the ratio 80:20); Figure S26: 1°F NMR spectrum of 5% (mixed with 5! in the ratio 80:20);
Figure 527: 1TH NMR spectrum of 6b; Figure S28: 13C NMR spectrum of 6b; Figure 529: 19F NMR
spectrum of 6b; Figure S30: 'H NMR spectrum of 8at (mixed with 8a°® in the ratio 84:16); Figure S31:
13C NMR spectrum of 8at (mixed with 8a¢ in the ratio 84:16); Figure $32: 1F NMR spectrum of 8at
(mixed with 8a® in the ratio 84:16); Figure S33: IH NMR spectrum of 8a° (mixed with 8at in the ratio
89:11); Figure S34: F NMR spectrum of 8a¢ (mixed with 8a' in the ratio 89:11); Figure S35: 3C NMR
spectrum of 8a® (mixed with 8at in the ratio 89:11); Figure S36: TH NMR spectrum of 8bt; Figure S37:
13C NMR spectrum of 8b!; Figure S38: 1°F NMR spectrum of 8b!; Figure S39: 'H NMR spectrum of
8b¢ (mixed with 8b! in the ratio 81:19); Figure S40: '*C NMR spectrum of 8b¢ (mixed with 8b! in the
ratio 81:19); Figure S41: 19F NMR spectrum of 8b¢ (mixed with 8bt in the ratio 81:19); Figure S42:
'H NMR spectrum of 8ct; Figure 543: 19 NMR spectrum of 8ct; Figure S44: 13C NMR spectrum of
8c!; Figure 545: 'H NMR spectrum of 8c¢; Figure S46: '3C NMR spectrum of 8c¢; Figure S47: 1°F
NMR spectrum of 8¢; Figure S48: 'H NMR spectrum of 8d!; Figure S49: 3C NMR spectrum of 8d;
Figure S50: F NMR spectrum of 8d!; Figure S51: 'H NMR spectrum of a mixture of 9:9” in the ~ 1:1;
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Figure S52: 13C NMR spectrum of a mixture of 9:9” in the ratio ~ 1:1; Figure S53: 1F NMR spectrum
of mixture of 9:9’ in the ratio = 1:1; Figure S54: 'H NMR spectrum of mixture of 10:10” in the ratio
56:44; Figure S55: 13C NMR spectrum of mixture of 10:10’ in the ratio 56:44; Figure S56: 1°F NMR
spectrum of mixture of 10:10” in the ratio 56:44; Figure S57: "H NMR spectrum of 11a; Figure S58: 13C
NMR spectrum of 11a; Figure S59: 19F NMR spectrum of 11a; Figure S60: 1H NMR spectrum of 11b;
Figure S61: 13C NMR spectrum of 11b; Figure S62: 19F NMR spectrum of 11b; Figure S63: 1TH NMR
spectrum of mixture of 11b:11b” in the ratio 72:28; Figure S64: 13C NMR spectrum of mixture of 11:11’
in the ratio 72:28; Figure S$65: 1°F NMR spectrum of mixture of 11:11 in the ratio 72:28.
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Abstract: Amino-[1,1']-biphenyl-containing 3-aryl-[1,2,4]triazolo[4,3-c]quinazoline derivatives with
fluorescent properties have been designed and synthesized. The type of annelation of the triazole ring
to the pyrimidine one has been unambiguously confirmed by means of an X-ray diffraction (XRD)
method; the molecules are non-planar, and the aryl substituents form the pincer-like conformation.
The UV/Vis and photoluminescent properties of target compounds were investigated in two solvents
of different polarities and in a solid state. The samples emit a broad range of wavelengths and display
fluorescent quantum yields of up to 94% in toluene solutions. 5-(4’-Diphenylamino-[1,1']-biphenyl-4-
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[1,2,4]triazolo[4,3-c]quinazolines. Moreover, the changes in absorption and emission spectra have
been demonstrated upon the addition of water to MeCN solutions, which confirms aggregate forma-
tion, and some samples were found to exhibit aggregation-induced emission enhancement. Further,
the ability of triazoloquinazolines to detect trifluoroacetic acid has been analyzed; the presence of
TFA induces changes in both absorption and emission spectra, and acidochromic behavvior was
observed for some triazoloquinazoline compounds. Finally, electronic-structure calculations with the
use of quantum-chemistry methods were performed for synthesized compounds.

Keywords: [1,2,4]triazolo[4,3-c]quinazolines; cross-coupling; fluorescence; solvatochromism; pH-sensor

1. Introduction

Heterocyclic scaffolds containing the triazole rings, which are annelated with natural
pyrimidine heterocycles, represent “lead compounds” for organic synthesis [1], medicinal
chemistry [2] and pharmacology [3,4]. Recently, the ability of some [1,2,4]triazolo[4,3-
c]quinazolines to act as penetrating DNA intercalators has been demonstrated [5,6]. 3,5-
Diphenyl[1,2,4]triazolo[4,3-c]quinazoline was reported as a selective A3A adenosine re-
ceptor antagonist [7], and 5-aryl-[1,2,4]triazolo[4,3-c]quinazoline-3-amine demonstrated

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

anticonvulsant activity [8].

The main advantage of the azolodiazine domain of 1,2,4-triazole-containing hybrid
molecules is associated with a planarized skeleton of aza-heterocyclic core, which has
an important effect on structural modifications [9], biological interactions [10] and chro-
mophore properties [11]. Benzoimidazol[1,2-a][1,2,3]triazolo[4,5-¢]pyrimidines A (Figure 1)
demonstrated aggregation-induced emissions (AIE) and acidochromic behaviour [12]. The
emission spectra of 2H-[1,2,3]triazolo[4,5-e][1,2,4]triazolo[1,5-a]pyrimidine derivatives B in

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/).
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acetonitrile solutions are sensitive to the presence of nitroaromatic explosives [13]. Fluores-
cent 2-aryl-1,2 3-triazolopyrimidine C was demonstrated to penetrate cells and selectively
accumulate in the cell membrane, Golgi complex and endoplasmic reticulum, which opens
up wide opportunities in bioimaging [11].

R

O ~ .
N-N IT/N\N R N_ N
_ /N _N
)\N/ N)\N/ S N

X=HF N [ )—ArEen NR*RS
R =Me, OMe, H, CI, NO, X =OR!, SR!, NR2R3
A B C

Figure 1. Representatives of triazolopyrimidine-containing chromophores (A-C).

The quinazolinyl moiety possesses a stronger electron-withdrawing ability than the
pyrimidinyl core due to extra electron delocalization into the fused benzene ring. Enhanced
intramolecular charge transfer (ICT) in quinazoline chromophores was illustrated by red-
shifted absorption and emission with regard to their pyrimidine analogs [14]. There is lim-
ited data on the optical properties of 3,5-diarylsubstituted [1,2,4]triazolo[4,3-c]quinazolines.
5-Fluorenyl-, 5-spirofluorenyl and 5-(3(4)-fluorenyl)phenyl substituted 3-(4-cyanophenyl)-
[1,2,4]triazolo[4,3-c]quinazolines (compounds D-F, Figure 2) were reported as novel elec-
tron transport heterocycles for efficient OLED materials possessing proper molecular dipole
moments, which are able to be in compact contact with other organic layers in the process
of forming a device [15]. Analogs of compounds D-F bearing a triphenyl-1,3,5-triazine
fragment instead of a cyanophenyl one were mentioned in patent [16], and some 5-phenyl-
, 5-biphenyl- and 5-napthyl- derivatives of [1,2,4]triazolo[4,3-c]quinazolines containing
triphenyl-1,3,5-triazine residue in position C(3) have been developed [17].

(0] N
o, . O
O OO
G O H O 1 O
R R R

R =NEt,, NPh,, 9H -carbazol-9-yl

Figure 2. Representatives of biphenyl-substituted quinazoline chromophores D-I.

Our research group is working on synthetic approaches to quinazoline fluorophores
and investigating the photophysical properties, as well as possible practical applications.
Recently, the 7-conjugated chromophores based on 2-aryl/thienyl-4-cyanoquinazolines,
including 2-(4’-amino[1,1’-biphenyl]-4-yl)-containing derivatives G-I (Figure 2), have been
studied [18,19]. 4-Cyanoquinazolines are shown to be less emissive in solvents and solid
state than quinazolin-4-ones [19] and morpholinyl [20] counterparts; the introduction of the
cyano group into position C(4) leads to orange/red coloured powder and dual emission
bands [19]. Annelation of the triazole cycle can be considered another way to enhance the
electron-acceptor character of the quinazoline core.

Herein, we develop the series of [1,2,4]triazolo[4,3-c]quinazolines bearing 3-aryl and 5-
aminobiphenyl fragments to handle the detailed investigation of photophysical properties
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and to discover preferable structures for practical applications. The synthetic approach in-
volves the cross-coupling of a bromo-derivative with boronic acid under typical conditions.
The target compounds appeared to exhibit fluorescent properties both in solution and solid
state; the fluorophores demonstrated changes in absorption and emission spectra upon
the addition of water to MeCN solutions. Moreover, triazoloquinazolines show sensing
properties toward acid.

2. Results
2.1. Synthesis

Triazoloquinazoline fluorophores 2a—i were obtained by a Suzuki-Miyaura cross-
coupling reaction. The approach involves a Pd-catalyzed interaction of the corresponding
4-bromophenyl derivative 1a—c with arylboronic acid or an arylboronic acid pinacol ester;
the yields were from moderate to good (25-65%), Scheme 1. The starting 3-(p-tolyl), 3-(4-
methoxyphenyl) or 3-(4-trifluoromethyl) substituted 5-(4-bromophenyl)-[1,2,4]triazolo[4,3-
c]quinazolines 1la—c were prepared from appropriate hydrazones by oxidative cyclization
with bromine in glacial acetic acid at room temperature, as previously described [21].

(1{0)2134<i>—NR2
")
& i{%z &
oLy O~ U oo
N
1 C

PdCly(PPh;),, PPh;, toluene,

la-c Br K,CO;, H,0, EtOH, argon, 2a-i
85°C,7-20h
NR
1a:R! = CH; 2a: R! = CHs, NR, = NEt, ?
1b: R! = OCH; 2b: R! = CH3, NR, = NPh,
1e:R' =CF; 2¢: R' = CH3, NR, = 9H-carbazol-9-yl

2d: R' = OCH3, NR, = NEt,

2e: R' = OCH;, NR, = NPh,

2f: R! = OCHj, NR, = 9H-carbazol-9-yl
2g: R! = CF;,NR, = NEt,

2h: R' = CF5, NR, = NPh,

2i: R! = CF;, NR, = 9H-carbazol-9-yl

Scheme 1. Synthesis of 3-aryl-5-(4’-amino[1,1']-biphenyl)[1,2 4ltriazolo[4,3-c]quinazolines 2a-i.

'H NMR, '*C NMR spectroscopy, mass spectrometry (Supplementary Materials—
Figures S1-59) and elemental analysis data confirmed the identity and purity of target
compounds. 3C NMR data for sample 2i has not been obtained due to its poor solubility
in organic solvents, including DMSO-dg under heating.

Single crystals of quinazolines 2a and 2e were obtained by a slow evaporation tech-
nique (MeCN and n-hexane/chloroform mixture, respectively, used as a solvent) and
analyzed by an X-ray diffraction method (XRD) (Figure 3, Supplementary Materials—
Tables S1-54, Figure 510). According to XRD data, compound 2a is crystallized in the
centrosymmetric space group of the monoclinic system. The molecule is non-planar,
and the aryl substituents form the pincer-like conformation (Figure 3). The mean bond
lengths and angles are near expectations. The configuration of the nitrogen atom in the
diethyl amino group is near to planar. The deviation of the N(34) atom from the plane
C(31)C(35)C(37) is 0.099 A. The C-N bond distances of the ethyl substituents at the amino
moiety are varied within a range of 1.456-1.462 A. The distance C(31)-N(34) of 1.387 A
is significantly shortened, and the conjugation between the N(34) atom and the aryl sub-
stituent is observed. The shortened 7-7 interactions between the heterocyclic part and
n-donating NEt;-phenyl substituent are observed, the distance C(5) ... C(29) [1 — x,y —
0.5, 1.5 — z] was found to be 3.274 A, which is 0.13 A less than sum of the V-d-W radii.
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2a 2e
(b)

Figure 3. (a) Molecular structure of 2a and 2e in the thermal ellipsoids of 50% probability. (b) Selected
torsion angles of compounds 2a and 2e.

Compound 2e is crystallized in the non-primitive centrosymmetric space group. As
well as 2a, molecule 2e is non-planar, and the aryl substituents form the pincer-like confor-
mation (Figure 3). The mean bond lengths and angles were also close to expectations. The
three N-C bonds at the triarylamino group are almost in the same plane. The deviation of
the N(34) atom from the C(31)C(35)C(39) plane is 0.10 A, significant torsion angles were
defined between all aryl substituents and the plane of the C—-N bonds. The C-N bond
distances of the triarylamino moiety are varied within the range of 1.409-1.443 A. The
T-shaped Csp?-H ... N 7-contacts take place with the participation of the nitrogen atom of
the triazolo moiety. No shortened 7-7t interactions in the molecular packing were found.

An undoubted significance of the XRD data obtained for compounds 2a, e is that the
type of annelation of the triazole moiety to the quinazoline one has been unambiguously
confirmed. Unfortunately, there is still conflicting information in the literature; in particular,
some patents report the formation of the [4,3-c] isomer of triazoloquinazoline [15,17] from
arylhydrazone, and others state the [1,5-c] isomer [16] in the presence of the same oxidant
PhI(OAc),. Evidence of structure, causes of different reactions, and Dimroth rearrangement
conditions were not provided.

2.2. UV/Vis and Fluorescence Spectroscopy

The UV /Vis absorption and photoluminescence (PL) spectroscopic data for toluene
and MeCN solutions of [1,2,4]triazolo[4,3-c]quinazoline fluorophores 2a-i are presented in
Table 1; the corresponding spectra are shown in Supplementary Materials Figures S11-523.
The solutions of a ¢ ~ 107> M concentration were prepared for the experiments.
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Table 1. Photophysical properties of [1,2,4]triazolo[4,3-c]quinazolines 2a-i in toluene and
MeCN solutions.

Compound  Sol Aaps, nM Aem, NM Avg 2 -1 D ¢, % Selid
P olvent (e M, 10* M—1em—1) ey Ve, cm F e Nemnm @S, %
) Toluene 361 (2.65) 491 7334 75 19 ]
a MeCN 356 (2.79), 260 (4.31) 612 11,750 34
Toluene 361 (0.81), 301 (0.75) 474 6604 3
2b MeCN 350 (4.10) 627 12,622 13 463 23
340 (6.25), 330 (6.40), ] .
2 Toluene 293 (8.09) 515 *, 467 9994 <1 1 2%
318 (2.05), 291 (2.34),
MeCN 25 (3.45) 550 13,264 1
2d Toluene 367 (2.54) 472 6062 63 512 <
MeCN 371 (2.58), 264 (2.52) 592 10,062 31
Toluene 360 (5.07) 474 6680 3
2e MeCN 350 (1.84) 625 12,571 18 447 43
M mee memmem o omaww
260 (2.10) 4
Toluene 371 (2.36) 502 7034 47
28 MeCN 357 (2.39) 640 12,386 24 501 34
Toluene 381 (3.33) 473 5105 94
zh MeCN 371 (3.12), 269 (4.82) 615 10,694 25 473 >95
Toluene 340 (5.02), 328 (4.97) 517,434 % 6370 <1 e .
MeCN 318 (4.55) 560 13,589 35

2 Stokes shifts were calculated considering the lowest energetic absorption band. P Relative to the major emission
peak (in bold). ¢ Absolute quantum yield in the solid state was measured by the integrated sphere method. * The
major emission peak.

Based on the nature of substituent R! in the aryl fragment, we have outlined the
grouping of [1,2,4]triazolo[4,3-c]quinazoline chromophores 2a-i for the discussion of optical
properties: Me-group (2a—c), MeO-group (2d-f) and CFs-group (2e-h); in each group of
compounds, the substituent NR; in the biphenyl fragment was NEt,, NPh, or 9H-carbazol-9-yl.

The positions of the longest wavelength absorption bands of Et,N and PhyN-containing
fluorophores 2a, b, d, e, g, h are observed in the UV region: 360-381 nm in toluene and
350-371 nm in MeCN (Table 1). The carbazolyl-derivatives 2c, 2f and 2i are characterized
by a blue-shifted (about 20-40 nm in toluene and 30-50 nm in MeCN) absorption band with
respect to their diethylamino or diphenylamino counterparts, which is due to the decrease
in conjugation length caused by the rigid structure of the carbazolyl unit. Notably, the
profile of absorption spectra and positions of maxima in toluene are similar for compounds
2¢, 2f and 2i and are not influenced by the nature of substituent R! in the aryl fragment (Me,
OMe or CF3), whereas the absorption band of CF3C¢Hj4-containing triazoloquinazolines
with a diethyl- or diphenyl-amino fragment (2g and 2h, respectively) is bathochromically
shifted with respect to the corresponding fluorophores 2a,d and 2b,e (Table 1).

Triazoloquinazolines 2a-i have fluorescence emission maxima at 412-502 nm in
toluene and 530-640 nm in MeCN, with quantum yields up to 94% (Table 1). We con-
sidered the influence of substituents R and R! on PL characteristics. For example, a
red shift in emission maximum was observed in the order 2d—2a—2g for diethylamino-
containing 2a, 2d and 2g both in toluene and MeCN solution (Supplementary Materials—
Figures 520a and S21a), which can be explained by the decrease in electron-donating
influence of the CHj group compared to MeO (compounds 2d and 2a) and by the in-
crease in electron-withdrawing ability of the aryltriazol fragment due to the replacement
of CH3 with CF3 (compounds 2a and 2g). For this set of compounds (2a, 2d and 2g), we
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observed the attenuation of PL emission intensity when going from toluene to MeCN,
which was probably caused by the reinforced charge transfer process in the excited state.
On the contrary, the emission band of diphenylamino-containing fluorophores 2b, 2e and
2h does not depend on the nature of the aryl unit at the triazole ring (Supplementary
Materials—Figures S20b and S21b). The QY of (trifluoromethyl)phenyl-[1,2,4]triazolo[4,3-
c]quinazoline 2h appeared to be the strongest in both solvents (Pr = 94% in toluene),
which clearly indicates that the trifluorophenyl group plays an essential role in the intense
emission for NPhy-containing derivatives 2b, e, h. Fluorophores 2¢, 2f and 2i bearing
the carbazolyl unit display the emission maxima at 530, 550 and 560 nm in MeCN and
show the same dependence of emission wavelength on aryl fragment nature, 2f—2c—2i
(Supplementary Materials—Figure 521c) as their diethylamino counterparts. It is worth
noting that derivatives 2c (R! = CH3) and 2i (R! = CF3) display a bimodal emission band
in non-polar solvent (toluene) with a peak in high energy region at 467 and 434 nm, re-
spectively, and at low energy, wavelengths at 515 and 517 nm, whereas compound 2f
(R! = OCH3) only shows the high energy band in toluene with a maximum at 412 nm
(Supplementary Materials—Figure S520c). The bimodal emission can arise, for example, due
to the existence of associates with solvents or aggregates. For the establishment of the exact
reasons, additional studies will be conducted.

Along each series of quinazolines (Me-group, MeO-group, and CF3-group), the
carbazolyl-containing fluorophores 2¢, 2f and 2i demonstrate emissions in the highest
energetic region in MeCN (Amax = 550, 530 and 560 nm, Table 1, Supplementary Materials—
Figure 523), which agrees with the low electron-donating ability of the carbazol-9-yl unit.
The introduction of NEt; or NPh; results in the bathochromically shifted emission band
(compounds 2a, b, d, e, g, h, Supplementary Materials—Figure 523).

The quinazoline-based fluorophores 2a-i display an emission in the range of 416-512 nm
in the solid state (powder), as shown in Table 1. The influence of the electron-donating
substituent NR; on the emission maximum is similar in each group of compounds; a blue
shift is observed in the order NEt;—NPh,—carbazol-9-yl. The quantum yield increases
in the order NEt,—NPhy, and obviously, the steric effect of a non-planar propeller-like
configuration of the NPh; group prevents molecules from packing via 7-m stacking and
quenching [22-26]. (Figure 4, Supplementary Materials—Figure 524, Table 1). A very high
quantum yield of the compound 2h (>95%) should be noted.
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Figure 4. Normalized emission spectra of quinazolinones 2a—c in solid state; inset: emission of

compounds 2a—c in solid state (powder). Photographs were taken in the dark upon irradiation with a
hand-held UV lamp (Aem = 366 nm).

It is interesting to compare the triazolo-containing fluorophores 2a—i with their 4-
morpholinylquinazoline, 4-cyanoquinazoline or quinazolin-4-one counterparts containing
the same 4’-amino[1,1’-biphenyl]-4-yl substituents [19,20]. We can conclude that the ab-
sorption maximum is not significantly influenced by the nature of the quinazoline core in
the set of triazoloquinazoline, 4-morpholinylquinazoline and quinazolin-4-one, whereas
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emission bands of compounds 2a-i undergo a shift to longer wavelengths in all cases
compared to their analogs. For example, compound 2a demonstrates an emission maxi-
mum at 491 nm in toluene and 612 nm in MeCN, whereas 2-(4’-N,N-diethylamino[1,1’-
biphenyl]-4-yl)quinazolin-4(3H)-one exhibits emissions with Amax = 450 nm in toluene and
535 nm in MeCN [19], and 2-(4’-N,N-diethylamino[1,1’-biphenyl]-4-yl)-4-(morpholin-4-
yl)quinazoline has Amax = 443 nm in toluene and 554 nm in MeCN [20]), which confirms
the reinforcement of interactions between the donor and acceptor part. Moreover, pho-
tophysical characteristics of 2a—i differ considerably from those of cyano derivatives (for
example, the absence of a shoulder in the red region of the absorption band, a higher
quantum yield both in solution and solid state, etc. [19]). Notably, in the series of triazolo-
quinazolines 2, the great bathochromic shift of the emission band is observed when the
electron donor NR; group changes from NEt; to NPh; and further to carbazolyl (78-87 nm,
Table 1), while for other types of fluorophores, the position of emission maximum is less
dependent on NRy. This is probably because the presence of an aryl fragment in the tria-
zole ring and the formation of a pincer-type structure prevents structure twisting, which
leads to a more considerable and dependent correlation between the aryl donor group and
emission maximum.

2.3. Effects of Solvent Polarity for 2a,d, g, h

A study of luminescent properties in solvents of different polarity was performed for
compounds 2a, 2d, 2g and 2h possessing high emission intensity in toluene ($y 47—94%)
and MeCN (®p 24—34%) (Supplementary Materials—Tables S5-S8, Figure S25). The
values of the emission maxima in different solvents are presented in Table 2. It has been
shown that with increasing solvent polarity, the emission maximum of these chromophores
underwent a red shift; the positive emission solvatochromism was observed. The most
significant changes in the emission spectrum were noticed for compound 2a (Aem = 451 nm
in cyclohexane and Aem = 648 nm in methanol) (Figure 5a).

Table 2. Emission maxima of triazoloquinazolines 2a, d, g, h in different solvents (excitation at
longest wavelength absorption maximum) and parameters Z and Et(30) for the chosen solvents.

Solvent Z, Er(30), Aem, 0
kcal/mol kcal/mol 2a 2d 2g 2h
Methanol 83.6 55.4 648 614 651 624
Acetonitrile 71.3 45.6 614 593 622 614
DMSO 71.1 45.1 632 616 643 624
DCM 64.7 40.7 555 531 565 554
THF 58.8 374 553 538 565 546
Toluene - 33.9 489 478 500 482
Cyclohexane - 30.9 451 424 *,452 460 427,468 *

* The major emission peak.

We observed a rather large difference in the emission maxima upon passing from
the least polar to the most polar solvent for other studied compounds 2d, g, h as well
(Supplementary Materials—Figure S25).

In addition, a mathematical analysis of the solvatochromic behavior was performed for
the obtained compounds according to the typical procedure based on the Lippert-Mataga
equation [27-29]. The data are presented in Table 3 and Figure 5b. The linearity of the plots
was found to confirm the positive solvatochromic effect in all the cases. The obtained values
of the difference between the dipole moments of the ground and excited states are in the
range of 17.54-22.34 D, and the maximum value of 22.34 D is observed for [1,2,4]triazolo[4,3-
c]quinazoline 2h bearing a triphenylamine donor moiety and p-(trifluoromethyl)phenyl
residue. Notably, the nature of the aryl substituent at the triazole ring has a significant
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impact on the Au value (the value increases in the order 2d—2a—2g). Thus, a pronounced
intramolecular charge transfer (ICT) process upon photoexcitation occurs in molecules 2a,
d g h
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Figure 5. (a) Fluorescence spectra of compound 2a in different solvents; (b) Lippert-Mataga plot of
fluorophores 2a, 2d, 2g, 2h in cyclohexane (for 2a, 2g), toluene, THF, DCM, DMSO, MeCN and MeOH.

Table 3. Data from Lippert-Mataga plot for quinazolines 2a, 2d, 2g and 2h.

Comp. Slopes R? a? A Ap, D
2a 17,874 0.93 4.71 19.26
2d 14,543 0.80 4.74 17.54
2g 18,893 0.94 4.78 20.24
2h 19,747 0.95 5.03 22.34

2 a—Onsager radius, calculated following the literature [30].

We analyzed the dependence of the emission maxima bathochromic shift on the quan-
titative polarity criteria of the solvents used, in particular, according to Kosower [31,32]
and Dimroth/Reichardt mathematical models [33,34]. In most cases, the longest wave-
length emission maximum is observed for methanol, and the shortest value corresponds
to cyclohexane. In general, the obtained values of the emission maxima correspond to
the criteria for the polarity of solvents. Deviations occur for compound 2d bearing the
4-methoxyphenyl substituent at position 3; in this case, the longest wavelength maximum
is characteristic of DMSO, but a very small difference between the values of emission
maxima in DMSO and methanol was noticed (2 nm). However, in all cases, the emission
maximum in DMSO corresponds with the longer wavelength than in the case of acetoni-
trile (the difference is 3-24 nm), even though the difference between their polarity criteria
is minimal.

The comparison of the obtained characteristics of 2a, 2d, 2g, 2h with the ones of
some early published (hetero)aryl-substituted quinazolines allowed us to conclude that
the condensation of an additional triazole ring led to a significant increase in Ap values.
Thus, in the case of 2-(hetero)aryl-4-(4-aminophenyl)quinazolines [35], the obtained Ap
values were 15.93-18.26 D. At the same time, it should be noted that the introduction of
the aromatic substituent, instead of the heteroaromatic one at position C(2) of quinazoline,
led to an increase in A values. For the group 2 compounds bearing aromatic substituents
at the analogs position C(5), developed in the current work, the larger Au values (up to
22.34 D) were determined.
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It should be noted that the revealed positive solvatochromism phenomenon opens
up a number of prospects for the application of novel group 2 compounds as potential
candidates for designing fluorescent probes and as components for fluorescent and non-
linear optical materials [36].

2.4. Absorption and Fluorescence Behavior of Compounds 2b, 2e and 2h in MeCN/water Mixture

Frequently, triphenylamino (TPA)-containing compounds demonstrate enhancement
of emission intensity (AIEE) or inducement of emission (AIE) upon aggregation [22-26].
The X-ray data (Figure 3) obtained for quinazoline derivative 2e bearing the TPA unit
confirms the non-planar structure of the studied molecules. We considered the absorption
and emission behavior of the compounds 2b, 2e and 2h upon the addition of water based
on the above-mentioned analysis on passing from MeCN solution to solid state. For this
aim, we registered absorption and emission spectra of fluorophores 2b, 2e and 2h (at
c =2 x 107° M) in pure MeCN and in MeCN/water mixtures with various water fractions
(fw); see Figure 6 and Supplementary Materials Figures S26-528. Figure 6 demonstrates
changes in fluorescence spectra of 2e in MeCN and MeCN/water mixtures (a) and a
plot of relative PL intensity (I/Ip) and wavelength at emission maxima of 2e versus the
composition of the water fraction (b) at room temperature. After the first portion of H,O,
we observe a dramatic attenuation of emission intensity and red shift of the band. After
70vol% of water, the band shifts toward the blue region with the regeneration of intensity,
and the strongest emission was measured at 80vol% of water. Other compounds (2b
and 2h) demonstrate similar changes in emission spectra. These changes are typical for
luminogens with a rotatable donor—acceptor (D-A) structure, which possess two excited
states: a locally excited (LE) state and a twisted intramolecular charge transfer (TICT) state.
When the polarity of media increases (upon the addition of water), the TICT state becomes
dominant, leading to red-shifted emission and the quenching of intensity. Further addition
of water most likely led to the formation of aggregates that are less polar than initial single
molecules, and this phenomenon resulted in blue-shifted emission. The intensity restores
due to the restriction of rotation in the TPA group and phenylene moieties and the reducing
non-radiative transitions. Thus, compounds 2b, 2e and 2h exhibited aggregation-induced
emission enhancement to some extent.
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Figure 6. (a) The fluorescence spectra of 2e in MeCN and MeCN/water mixtures with different water
fractions (fw); (b) a plot of relative PL intensity (I/Ip) and wavelength at emission maxima of 2e
versus the composition of the water fraction (vol %). T =23 °C.

As for UV /vis spectra for quinazolines 2b, 2e and 2h, we observed that the absorption
band registered at 90%, 80% and 70% water fraction, respectively, was bathochromically
shifted compared to pure MeCN, which can be ascribed to the formation of J-type aggre-
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gates with head-to-tail arrangement (Supplementary Materials—Figures 526c, S27a and
528¢) [37-39].

Additionally, we carried out a time-resolved fluorescence study of quinazolines
2b, 2e and 2h in a pure MeCN and MeCN/water mixture (Supplementary Materials—
Figures 526d, S27b, 528d and S29-531); fluorescence lifetimes were estimated to complete
the photophysical characterization of the fluorophores. The lifetime of compound 2b is
fitted with bi-exponential decay with an average lifetime of 2.38 ns, whereas compounds
2e and 2h are characterized by mono-exponential decay curves and lifetimes of 3.17 and
2.46 ns, respectively (Supplementary Materials—Table S9). Fluorescence decay profiles of
aggregated quinazolines at the highest emission intensity are fitted with three-exponential
decay. Notably, the highest fractional contribution is different for all three compounds.
While for p-tolyl-containing fluorophores, the highest fractional contribution at T, = 2.96 ns
was detected, for their methoxy counterparts, it was observed at T =7.76 ns. On the con-
trary, the introduction of an electron-withdrawing CF; group is reflected in the increased
contribution of shorter time, 13 = 1.36 ns (Supplementary Materials—Table S9). Generally,
the average lifetimes of compounds 2b and 2e increase (for 2e more considerable) and
were found to be 3.57 and 7.72 ns, respectively, while T,y of 2h decreases by 1.36 ns in the
MeCN /water mixture with respect to pure MeCN.

2.5. Absorption and Fluorescence Behavior of Compounds 2e and 2h in Acidic Media

Because triazoloquinazolines 2a—i bear nitrogen atoms that can bind with proton, we
intend to investigate the absorption and fluorescence sensory properties of some samples
toward acid. For the experiment, we have chosen quinazoline 2e, containing an electron-
donating p-methoxy substituent that reinforces the basicity of the triazole ring. On the
contrary, the p-(trifluoromethyl)phenyl residue (compound 2h) attenuates the basicity of
the nitrogen atoms, and this derivative possesses the strongest fluorescence intensity in
pure toluene, as was mentioned above. Nevertheless, both compounds demonstrate similar
behavior upon the addition of TFA to toluene solution under UV light and daylight by the
naked eye (Supplementary Materials—Figure S32). The color of the solution turns from
colorless to yellow (for 2e) or orange (for 2h) under daylight. The emission changes from
dark blue or blue to orange. Both compounds demonstrate the reversibility of absorption
and emission upon the consecutive addition of TFA and TEA. The titration experiment
shows that the longwave absorption peak is red-shifted (from 360 to 372 nm in the case of
2e and from 381 to 389 nm for 2h), forming a tail-shaped band in the region of 380—440 nm
and 420-460 nm, respectively, upon the addition of an excess of TFA (Figures 7a and S33a).
The emission behaviour of fluorophore 2e is more interesting in acidic media, and the
changes are observed at a lower equivalent than that of compound 2h (Figure 7). After
the first portion of acid, we observe the bathochromic shift of the emission band and
gradual enhancement of emission intensity. When 200 equivalents of TFA were added,
the fluorescent intensity reached the highest value, and the peak at 528 nm appeared. The
subsequent addition of acid resulted in the attenuation of intensity and further red shift by
540 nm at 500 eq of acid.

The emission band of compound 2h shifts to the red region with a gradual attenua-
tion of intensity (Supplementary Materials—Figure S33b). The appearance of red-shifted
absorption and emission bands in both cases can be associated with the reinforcement
of electron-withdrawing strength of the triazoloquinazoline core due to the protonation
of the nitrogen atom resulting in a stronger interaction of acceptor and donor units com-
pared to neutral molecules. Therefore, significant acidochromic behavior was observed
for compounds 2e, h. We can suppose that changes in emission intensity (enhancement
or quenching) of compounds 2e and 2h might be due to intramolecular photo-induced
electron transfer (PET) or photo-induced proton transfer [40], and the elucidation of the
exact interaction mechanism of the analyte with TFA is under progress.
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Figure 7. Changes in absorption (a) and emission (b) spectra of the toluene solution (c = 1073 M) of
2e upon gradual addition of TFA.

2.6. Quantum-Chemical Calculations

Furthermore, we performed the DFT calculations of quinazolines 2a-i in the gas phase
at the B3LYP/6-311 G* level using the Orca 4.0.1 software package [41-45] and conducted
the chemical optimization on their energy levels based on DFT/B3LYP/6-31G (d,p) using
Gaussian (9. The distribution plots of the HOMOs and LUMOs, as well as energy levels
and energy gaps, are presented in Figure 7. Notably, the distribution plots of the HOMOs
of diethylamino-containing fluorophores 2a and 2d are distinctly different from other
counterparts. For molecules 2a and 2d, the HOMO electrons are mainly distributed on
the 3-aryltriazolo[4,3-c]quinazoline fragment, which shows the considerable influence of
the electronic nature of the substituent at the para-position of the phenylene ring. For
compounds 2b, ¢, e-i, the HOMO electrons are mainly located at the electron-donating
arylamino unit, with the phenylene ring less involved in carbazolyl-derivatives 2¢, 2f and
2i, which confirms weaker 7-conjugation of these molecules due to twisting of the rigid
carbazolyl fragment and is consistent with photophysical data. The LUMOs plots are
similar for all the compounds 2a-i (Figure 8); electrons are distributed on the 5-(biphenyl-
4-y1)-[1,2,4]triazolo[4,3-c]quinazoline framework. In general, the value of the energy gap
decreases in each set of compounds bearing the same aminoaryl group with an increase
in electron-withdrawing ability of the aryl substituent at position C(3). It is worth noting
that energy levels of triazolo[4,3-c]quinazolines are closer to that of previously described
2-biphenylquinazolin-4(3H)-one derivatives than to ones for 4-morpholinyl or 4-cyano
counterparts [19,20].
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Figure 8. Optimized molecular structures and molecular orbitals of the HOMO and LUMO levels,
energy gaps and electron cloud distribution of triazoloquinazolines 2a—i.
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Obviously, different electronic distributions on HOMO and LUMO levels for com-
pounds 2a-i confirm the intense intramolecular charge transfer (ICT) process, which is
consistent with solvatochromic studies for the considered compounds.

3. Experimental Methods
3.1. General Information

Unless otherwise indicated, all common reagents and solvents were used from com-
mercial suppliers without further purification. Melting points were determined on Boetius-
combined heating stages. 'H NMR and '3C NMR spectra were recorded at room tem-
perature at 400 and 100 MHz, respectively, on a Bruker DRX-400 spectrometer (Bruker,
Rheinstetten, Germany). Hydrogen chemical shifts were referenced to the hydrogen res-
onance of the corresponding solvent (DMSO-dg, 6 = 2.50 ppm or CDCl3, 6 = 7.26 ppm).
Carbon chemical shifts were referenced to the carbon resonances of the solvent (DMSO-dg,
4 =39.5 ppm CDCl3, b = 77.2 ppm). Peaks are labelled as singlet (s), doublet (d), triplet
(t), quartet (q) and multiplet (m). Mass spectra were recorded on the SHIMADZU GCMS-
QP2010 Ultra instrument (Shimadzu, Duisburg, Germany) with the electron ionization
(EI) of the sample. Microanalyses (C, H, N) were performed using the Perkin—-Elmer 2400
elemental analyser (Perkin—-Elmer, Waltham, MA, USA).

3.2. Photophysical Characterization

UV /vis absorption spectra were recorded on the Shimadzu UV-1800 Spectrophotome-
ter (Shimadzu, Duisburg, Germany) using quartz cells with 1cm path length at room
temperature. Emission spectra were measured on the Horiba FluoroMax-4 (HORIBA Ltd.,
Kyoto, Japan) at room temperature using quartz cells with 1 cm path length. The fluores-
cence quantum yield of the target compounds in solution and solid state were measured
by using the Integrating Sphere Quanta-¢ of the Horiba-Fluoromax-4. Time-resolved
fluorescence measurements were carried out using time-correlated single-photon counting
(TCSPC) with a nanosecond LED (A = 370 nm).

3.3. Crystallography

The single crystal (light yellow block of 0.38 x 0.24 x 0.20) of compound 2a and the
single crystal (yellow block of 0.43 x 0.35 x 0.28) of compound 2e were used for X-ray
analysis. Structural studies were performed using equipment available in the Collabora-
tive Access Center “Testing Center of Nanotechnology and Advanced Materials” at the
Mikheev Institute of Metal Physics, Ural Branch, Russian Academy of Sciences. The X-ray
diffraction analysis was performed at room temperature on Rigaku OD XtaLAB Synergy-S
diffractometer (Rigaku Oxford Diffraction, Tokyo, Japan). Using Olex2 [46], the structure
was solved with the ShelXT structure solution program using Intrinsic Phasing and refined
with the ShelXL [47] refinement package using full-matrix least squares minimization. All
non-hydrogen atoms were refined in an anisotropic approximation; the H-atoms were
placed in the calculated positions and refined isotropically in the “rider” model. Crystal
data for 2a C3HyoN5, M = 483.60, monoclinic, a= 12.64210(10) A, b = 11.96340(10) A,
c=17.2021(2) A, a=90°, 3 =103.4260(10)°, vy =90°, V = 2530.59(4) A3, space group P2;/c,
Z = 4, u(Mo Ko) = 0.077 mm 1. On the angles 4.75 < 20 < 52.744°, 5154 reflections were
measured, 3812 unique (Rjn: = 0.1062), which were used in all calculations. Goodness to
fit at F? 1.151; the final Ry = 0.1290, wR, = 0.2736 (all data) and Ry = 0.0770, wR, = 0.2018
(I>20(I)). Largest diff. peak and hole 0.21 and -0.23 eA—s.

Crystal data for 2e C49Hp9Ns, M = 595.68, orthorhombic, a = 76.1636(13) Ab= 17.3954(3)
A, c=9.57464(12) A, oc = 90°, B = 90°, v = 90°, V = 12685.4(4) A3, space group Fdd2, Z = 16,
(Mo Ke) = 0.077 mm 1. On the angles 2.14 < 20 < 29.48°, 8203 reflections were measured,
3575 unique (Rjnt = 0.2091), which were used in all calculations. Goodness to fit at F2 0.975;
the final R; = 0.1695, wRy = 0.2165 (all data) and R; = 0.0605, wR, = 0.1491 (I > 20(I)).
Largest diff. peak and hole 0.18 and —0.20 éA 3.
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The results of the X-ray diffraction analysis for compounds 2a and 2e were deposited
with the Cambridge Crystallographic Data Centre (CCDC 2218321 for 2a and CCDC
2217179 for 2e). The data are free and can be accessed at www.ccdc.cam.ac.uk (accessed on
8 November 2022 for 2a and 3 November 2022 for 2e).

3.4. General Procedures of Suzuki Cross-Coupling

To the mixture of bromo derivative 1a—c (0.65 mmol) in toluene (10 mL), the corre-
sponding boronic acid or boronic acid pinacol ester (0.70 mmol), PdCl,(PPh3), (46 mg,
65 mol), PPhj; (34 mg, 130 umol), saturated solution of K,COs3 (3.7 mL) and EtOH (3.7 mL)
were added. The mixture was stirred at 85 °C for 7-20 h in argon atmosphere in a round-
bottom pressure flask. The reaction mixture was cooled. After cooling, the organic layer
was separated, washed sequentially with EtOAc (10 mL) and H,O (10 mL), dried over
NaySOy, and the organic layer was evaporated at reduced pressure. The product was
isolated by gradient column chromatography on silica gel, a mixture of hexane and ethyl
acetate was used as an eluent.

5-(4’-Diethylamino-[1,1']-biphenyl-4-yl)-3-(p-tolyl)-[1,2,4]triazolo[4,3-c]quinazoline
(2a). Yellow powder, yield 25%; mp 195-197 °C; 'H NMR (CDCl3, 400 MHz) 5 1.21 (6H,
t, 3] = 7.2 Hz, 2CH3), 2.24 (3H, s, CH3), 3.42 (4H, q, 3] = 7.2 Hz, 2CH,), 6.74 (2H, d,
3] = 8.3 Hz, 2CHphenylene), 6.91 (2H, d, *] = 7.8 Hz, 2CHphenylene), 7-08 (2H, d, *] = 7.8 Hz,
2CHphenylene), 7-23-7.30 (4H, m, 4CHppenylene), 7-36 (2H, d, 3] =8.3 Hz, 2CHphenylene), 7-73
(1H, m, CHguinaz), 7-81 (1H, m, CHgquinaz), 8.04 (1H, d, 3]=8.1Hz, m, CHguinaz), 8.76 (1H,
d,*] = 7.8 Hz, m, CHgyinaz); *C NMR (CDCl3, 100 MHz) 6 12.7 (2CH3), 21.4 (CH3), 44.5
(2CHy), 111.9, 116.5, 123.6, 125.0, 125.3, 126.7, 128.1, 128.4, 128.6, 129.1, 129.3, 129.5, 129.7,
131.8,139.5, 141.3, 143.7, 146.1, 147.8, 149.3, 150.0; EIMS m/z 484 [M + 1]* (26), 483 [M]*
(69), 469 (37), 468 (100) 234 (21); anal. C 79.47, H 14.48, N 8.94%, calcd for C3;Hy9N5 (483.62)
C79.40,H 6.12, N 14.11%.

5-(4’-Diphenylamino-[1,1’]-biphenyl-4-y1)-3-(p-tolyl)-[1,2,4]triazolo[4,3-c]quinazoline
(2b). Beige powder, yield 48%; mp 205-207 °C; 'H NMR (CDCl3, 400 MHz) § 2.24 (3H, s,
CH), 6.93 (2H, d, *] = 7.7 Hz, 2CHphenylene), 7-09-7.18 (10H, m), 7.28-7.36 (10H, m), 7.76
(1H, m, CHgquinaz), 7.84 (1H, m, CHguinaz), 8.06 (1H, d, 3] =8.0 Hz, CHguinaz), 8.78 (1H, d,
3] =7.9 Hz, CHguinaz); *C NMR (100 MHz, CDCl3) 6 21.4 (CH3), 116.6, 123.5, 123.6, 124.9,
125.0, 126.0, 127.9, 128.4, 128.6, 129.3, 129.4, 129.5, 129.7, 130.6, 131.9, 133.7, 139.5, 141.3,
143.1,145.8, 147.6, 148.1, 149.2, 150.0; EIMS m/z 580 [M + 1]* (44), 579 [M]* (100), 578 (11),
289 (17); anal. C 82.88, H 5.04, N 12.08%, calcd for C4oHy9N5 (579.71) C 82.88, H 5.01, N
12.00%.

5-(4’-(9H-Carbazol-9-y1)-[1,1']-biphenyl-4-y1)-3-(p-tolyl)-[1,2 Altriazolo[4,3-clquinazoline
(20). After cooling, the reaction mixture was filtered and washed with hexane. Colour-
less powder, yield 65%; mp 236-238 °C; 'H NMR (CDCl3, 400 MHz) § 2.27 (3H, s, CHj3),
6.97 (2H, d, 3] = 7.8 Hz, 2CHphenylene), 7-12 (2H, d, 3] =7.8 Hz, 2CHphenylene), 7-32 (2H, m,
2CHcarbaz), 7-42-7.50 (10H, m), 7.69 (4H, m), 7.77 (1H, m, CHquinaz), 7.84 (1H, m, CHguinaz),
8.07 (1H,d, *] = 8.1 Hz, CHquinaz), 8:17 (2H, d, *] = 7.8 Hz, 2CH_arpa,), 8.80 (1H, d, *] = 7.8 Hz,
CHguinaz); *C NMR (100 MHz, CDCl3) 6 21.5 (CH3), 109.9, 116.6, 120.3, 120.6, 123.6, 123.7,
125.0, 126.2, 126.6, 127.6, 128.5, 128.6, 128.7, 129.4, 129.6, 129.8, 131.6, 132.0, 137.8, 139.2,
139.6,140.9, 141.2, 142.6, 145.6, 149.1, 150.0; EIMS m/z 579 [M + 2]* (10), 578 [M + 1]* (45),
577 [M]* (100), 344 (11), 288 (24), 241 (11), 102 (17), 88 (12), 77 (14), 57 (10), 44 (39), 43 (28),
41 (13); anal. C 83.17, H4.71, N 12.12%, calcd for C4HyyN5 (577.69.) C 83.12, H4.11, N
12.15%.

5-(4’-Diethylamino-[1,1’]-biphenyl-4-y1)-3-(4-methoxyphenyl)-[1,2,4]triazolo[4,3-c]
quinazoline (2d). After cooling, the reaction mixture was filtered and washed with hexane.
The product was additionally recrystallized from CH,Cl, /hexane mixture. Yellow powder,
yield 29%; mp 189-191 °C; 'H NMR (CDCl3, 400 MHz) § 1.21 (6H, t, ?] = 7.0 Hz, 2CH3),
3.41 (4H, q,°] = 7.0 Hz, 2CHy), 3.63 (3H, s, OCH3), 6.62 (2H, d, °] = 8.5 Hz, 2CHphenylene)s
6.74 (2H, d, 3] = 8.5 Hz, 2CHphenylene), 7-11 (2H, d, 3] = 8.1 Hz, 2CHphenylene), 7-8 (4H,

109



Molecules 2023, 28, 1937

m, 4CHppenylene), 7-37 (2H, d, 3] =8.1 Hz, 2CHphenylene), 773 (1H, m, CHquinaz), 7.78 (1H,
m, CHguinaz), 8.03 (1H, d, *] = 7.3, CHguinaz), 8.75 (1H, d, 3] = 7.2, CHguinaz); °C NMR
(100 MHz, CDCl3) 12.8 (2CH3), 44.8 (2CHy), 55.5 (OCH3), 112.0, 113.4, 116.6, 120.2, 123.5,
125.3,126.7, 128.1, 128.4, 129.1, 129.4, 129.5, 131.2, 131.8, 141.3, 143.6, 146.1, 147.8, 149.1,
150.0, 160.6; EIMS m/z 500 [M + 1]* (32), 499 [M]* (85), 485 (34), 484 (100), 242 (47), 228 (11),
207 (10); anal. C 76.93, H 5.85, N 14.02%, calcd for C3;Hp9N50 (499.62) C 76.90, H 5.87, N
14.10%.
5-(4’-Diphenylamino-[1,1’]-biphenyl-4-y1)-3-(4-methoxyphenyl)-[1,2,4]triazolo[4,3-c]
quinazoline (2e). The product was additionally recrystallized from CH,Cl, /hexane mix-
ture. Pale yellow powder, yield 51%; mp 242-244 °C; 'H NMR (CDCl3, 400 MHz) & 3.64
(3H, s, OCHj3), 6.62 (2H, d, 3] = 6.6 Hz, 2CHphenylene), 7-02-7.16 (10H, m), 7.26-7.36 (10H,
m), 7.74 (1H, m, CHquinaz), 7.82 (1H, m, CHguinaz), 8.04 (1H, d, 3] =8.2Hz, CHguinaz), 8.76
(1H, d, 3] = 7.7 Hz, CHguinaz); *C NMR (100 MHz, CDCl3) 5 55.4 (OCHj3), 113.5, 116.6,
120.2, 123.5, 123.6, 124.8, 126.0, 127.9, 128.4, 129.3, 129.5, 129.5, 130.6, 131.2, 131.9, 133.7,
141.2,143.0, 145.8, 147.6, 148.1, 149.0, 149.9, 160.6; EIMS m/z 597 [M + 2]* (10), 596 [M + 1]*
(45), 595 [M]* (100), 298 (20); anal. C 80.65, H 4.91, N 11.76%, calcd for C49H9N50 (595.71)
C89.90, H4.77, N 11.44%.
5-(4’-(9H-Carbazol-9-yl)-[1,1']-biphenyl-4-y1)-3-(4-methoxyphenyl)-[1,2,4]triazolo
quinazoline (2f). After cooling, the reaction mixture was filtered and washed with hexane.
The product was additionally recrystallized from DMSO. Grey powder, yield 38%; mp
277—279 °C; 'H NMR (DMSO-ds, 400 MHz) & 3.64 (3H, s, OCH3), 6.68 (2H, d, °] = 8.5 Hz,
2CHphenylene), 7-17 (2H, d, 3] =8.6 Hz, 2CHphenylene), 7-31 (2H, m, 2CHcarbaz), 742 - 7.50 (m,
8H),7.74 (2H, d, 3] = 8.2 Hz, 2CHphenylene), 7-80-7.86 (3H, m), 7.91 (1H, m, CHguinaz), 8.04
(1H, d, 3] = 8.0 Hz, CHguina), 8-24 (2H, m, 2CH414,), 8.63 (1H, d, °] = 7.8 Hz, CHguinaz);
13C NMR (100 MHz, CDCl3) § 55.4(OCH3), 109.9, 113.5, 116.6, 120.2, 120.3, 120.6, 123.6,
123.7, 126.2, 126.6, 127.6, 128.5, 128.7, 129.4, 129.7, 131.3, 131.6, 131.9, 137.8, 139.2, 140.9,
141.2,142.5, 145.6, 148.9, 149.9, 160.6; EIMS m/z 594 [M + 1]* (44), 593 [M]* (100), 344 (16),
319 (14), 296 (30), 241 (17), 223 (12), 166 (17), 140 (12), 102 (12), 88 (17), 55 (16), 44 (32), 43
(38), 42 (19), 41 (11), 39 (17); anal. C 80.68, H 4.33, N 11.97%, calcd for C490H9N50 (593.69)
C 80.92, H 4.58, N 11.80%.
5-(4’-Diethylamino-[1,1']-biphenyl-4-y1)-3-(4-(trifluoromethyl)phenyl)-[1,2,4]triazolo
quinazoline (2g). The product was additionally recrystallized from CH,Cl, /hexane mix-
ture. Yellow powder, yield 46%; mp 202-204 °C; I'H NMR (CDCl3, 400 MHz) 5 1.21 (6H, t,
3] =7.1 Hz, 2CH3), 3.41 (4H, q, °] = 7.1 Hz, 2CHy), 6.72 (2H, d, 3] = 7.4 Hz, 2CHphenylene)s
7.30-7.42 (10H, m), 7.76 (1H, m, CHquinaz), 7-84 (1H, m, CHguinaz), 8.06 (1H, d, 3] =8.1 Hz,
CHguinaz), 8.77 (1H, d, 3] = 7.9 Hz, CHguinaz); '°F NMR (CDCl3, 376 MHz) 6 - 62.73 (3E, s,
CF3); 13C NMR (100 MHz, CDCl3) § 12.7 (2C, 2CH3), 44.5 (2C, 2CH,), 111.9, 116.3, 123.6
(1C, q, YJcr = 272.5 Hz, CF3) 123.7, 124.7 (2C, q, 3Jcr = 3.7 Hz, C¢H5CF3), 125.6, 126.2, 128.1,
128.3, 128.5, 128.9, 129.2, 129.3, 129.4, 130.0, 130.2, 131.2, 131.5, 131.7, 132.2, 141.4, 144.5,
145.5, 147.9, 148.0, 150.6; EIMS m/z 538 [M + 1]* (30), 537 [M]* (78), 523 (36), 522 (100), 465
(12), 390 (11), 261 (25), 176 (10), 161 (12), 146 (12), 49 (12); anal. C 71.50, H 4.88, N 13.03%,
calcd for C3yHpsF3N5 (537.59) C 71.40, H 4.98, N 13.00%.
5-(4’-Diphenylamino-[1,1’]-biphenyl-4-y1)-3-(4-(trifluoromethyl)phenyl)-[1,2 4ltriazolo
quinazoline (2h). Yellow powder, yield 64%; mp 197-199 °C; 'H NMR (CDCl3, 400 MHz)
§ 7.08 (2H, m, 2Hppeny1), 7.14-7.21 (6H, m, 4Hphenyl, 2Hphenylene), 7-27-7.33 (4H, m, 4
CHpheny1), 761 (2H, d, 3] = 6.5 Hz, 2CHphenylene), 7-76 (1H, m, CHquinaz), 7-80 (2H, d,
J =8.1Hz, 2Hpenylene), 7-85 (2H, d, 3] =8.0Hz, 2Hphenylene), 7-90 (1H, m, CHquinaz), 8.17
(1H, d, *] = 8.1 Hz, CHgyinaz), 8.56 (d, 2H, *] = 8.0 Hz, 2Hyhenylene), 8:67 (1H, d, ] = 7.9 Hz,
CHguinaz), 875 (2H, d, *] = 8.1 Hz, 2Hppenylene); - F NMR (CDCl3, 376 MHz) § - 62.73 (3F, s,
CF3); 3C NMR (100 MHz, CDCl3) & 117.4, 123.5, 123.6, 123.9, 124.3 (1C, q, 'Jcr = 271.7 Hz,
CF3), 124.9, 125.8, 125.9, 126.6, 128.1 (2C, q, *Jcr = 3.7 Hz, C¢H5CF3), 128.5, 129.0, 129.5,
130.0, 131.1, 132.1, 132.4, 133.6, 133.9, 143.2, 144.0, 146.3, 147.7, 148.2, 153.3, 162.8; EIMS m/z
635 [M + 2]* (14), 634 [M + 1]* (55), 633 [M]* (100), 318 (10), 317 (34), 231 (14), 218 (13), 167
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(21), 166 (15), 77 (19); anal. C 75.82, H 4.14, N 11.05%, calcd for C4oHy¢F3N5 (633.68) C 75.72,
H 4.18, N 10.98%.

5-(4’-(9H-Carbazol-9-yl)-[1,1’]-biphenyl-4-yl)-3-(4-(trifluoromethyl) pheny1)-[1,2,4]
triazolo[4,3-clquinazoline (2i). After cooling, the reaction mixture was filtered and washed
with hexane. Grey powder, yield 50%; mp 305-307 °C; 'H NMR (CDCl;, 400 MHz) & 7.32
(2H, m, 2CHcarbaz), 7-39-7.49 (12H, m), 7.69 (4H, m), 7.81 (1H, m, CHqyinaz), 788 (1H, t,
CHguinaz), 810 (1H, d, 3] =8.2Hz, CHguinaz), 817 (2H, d, 3] =79 Hz, 2CH_41bay), 8-81 (1H,
d, 3] =7.9 Hz, CHguinaz); '*F NMR (CDCl3, 376 MHz) & - 61.29 (3F, s, CF3); EIMS m/z 633
[M + 2]* (10), 632 [M + 1]* (45), 631 [M]* (100), 344 (16), 342 (11), 315 (34), 264 (12), 241 (19),
230 (24), 201 (11); anal. C 76.06, H 3.83, N 11.09%, calcd for C4oHy4F3N5 (631.66) C 76.04, H
3.80, N 11.15%.

4. Conclusions

Nine push-pull molecules based on [1,2,4]triazolo[4,3-c]quinazolines were designed
and synthesized by cross-coupling reactions. The structure of target compounds, namely
the arrangement of the triazole ring, has been confirmed by means of the X-ray data method.
The triazoloquinazolines 2 were shown to emit in solution and solid state. Photophysical
properties (absorption, emission and QY) are influenced by the nature of arylamino residue,
3-aryltriazole fragment, as well as solvent polarity. Variations of structure and media can
be used for the fine-tuning of characteristics that are necessary for practical application.
Moreover, fluorophores display solvatochromic behavior and their emission maxima show
bathochromic shifts with an increase in solvent polarity. Furthermore, changes in absorption
and emission spectra upon the addition of water to MeCN solution, attributed to the
aggregation process, have been shown. The twisted structure of fluorophores revealed
by X-ray analysis can inhibit intermolecular 7-7t stacking interactions, thus favoring the
strong solid-state emission and active aggregate forms. Additionally, triazoloquinazolines
display reversible changes in color and optical properties upon the treatment with TFA and
have the potential application as sensors. In general, this type of fluorophore represents a
promising group of compounds for different applications and further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28041937 /s1, Figures S1-59: NMR and mass spectra of
3-aryl-5-aminobiphenyl substituted [1,2,4]triazolo[4,3-c]quinazolines 2a—i; Tables S1-54: Selected
bond lengths and angles of compounds 2a, 2e; Figure S10: Planarity of compounds 2a and 2e;
Figures S11-523: Absorption and emission spectra of fluorophores 2a—i in toluene and MeCN; Figure
524: Emission spectra of fluorophores 2a—i in solid state; Tables S5-S8: Orientation polarizability
for solvents (Af), absorption and emission maxima (A,ps, Aem, Nm) and Stokes shift (nm, cmfl) of
compounds 2a, d, g, h in different solvents; Figure 525: Fluorescence spectra of compound 2d (a), 2g
(b), 2h (c) in different solvents; Figures 526-528: Absorption and emission behavior of compounds
2b, e, h in MeCN/water mixture; Table S9, Figures 529-531: Detailed data of the fluorescence
lifetime measurements of 2b, 2e, 2h. Figures S32 and S33: Absorption and fluorescence behavior of
compounds 2e and 2h in acidic media.
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Abstract: 1H-Imidazole derivatives establish one of the iconic classes of ESIPT-capable compounds
(ESIPT = excited state intramolecular proton transfer). This work presents the synthesis of 1-hydroxy-
4-(2-hydroxyphenyl)-5-methyl-2-(pyridin-2-yl)-1H-imidazole (LOHOH) as the first example of ESIPT-
capable imidazole derivatives wherein the imidazole moiety simultaneously acts as a proton acceptor
and a proton donor. The reaction of LOHOH with chloroacetone leads to the selective reduction of
the imidazolic OH group (whereas the phenolic OH group remains unaffected) and to the isolation
of 4-(2-hydroxyphenyl)-5-methyl-2-(pyridin-2-yl)-1H-imidazole (LHOH)y 5 monohydroxy congener
of LOHOH  Both LOHOH 3nq LHOH demonstrate luminescence in the solid state. The number of
OH- N proton transfer sites in these compounds (one for LOH and two for LOHOH) strongly

affects the luminescence mechanism and color of the emission: LHOH

emits in the light green region,
whereas LOHOH Juminesces in the orange region. According to joint experimental and theoretical
studies, the main emission pathway of both compounds is associated with T; — Sy phosphorescence
and not related to ESIPT. At the same time, LOHOH 3]s exhibits S; — S fluorescence associated
with ESIPT with one proton transferred from the hydroxyimidazole moiety to the pyridine moiety,

which is not possible for LEZOH due to the absence of the hydroxy group in the imidazole moiety.

Keywords: imidazole; 2-hydroxyphenyl group; hydrogen bond; ESIPT; luminescence

1. Introduction

Aromatic and heteroaromatic compounds featuring strong intramolecular hydrogen
bonds of the O-H:-Y and N-H--'Y types (Y = O, NR) can manifest photoinduced in-
tramolecular proton transfer reactions (Scheme 1) [1-14]. The photoexcitation of such
molecules in their most stable, or normal (N), form leads to the electron density redistribu-
tion, followed by the excited state intramolecular proton transfer (ESIPT) reaction yielding
the excited state tautomeric form (T). Radiative and non-radiative processes proceeding
in the tautomeric form convert this excited state form into the ground state. The last step
in this sequence of processes is the ground state intramolecular proton transfer (GSIPT)
reaction, converting the tautomeric form to the normal one.
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Scheme 1. The ESIPT and GSIPT processes in molecules featuring short intramolecular hydro-
gen bonds.

The ESIPT photoreaction (Scheme 1) is highly sensitive to substituents [15-27] and
coordinated metal ions [28-33], protonation/deprotonation [34—41], the state of aggrega-
tion [42,43], the polarity of solvent [44-48] and the presence of various analytes [49-56]. If
the excited state tautomerization (normal-to-tautomeric) is barrierless, the only form to emit
is the tautomeric one, which typically luminesces with rather large Stokes shift [57,58]. In
the case of barriers on excited state potential energy surfaces, the molecule can be trapped
in a local minimum of the normal form, leading to the emission of the normal form. Modi-
fying the barrier height in the excited state, one can achieve dual emission associated with
the luminescence of both forms [59-66]. The sensitivity of ESIPT-capable compounds to
various stimuli makes them an appealing platform for numerous applications [67-69].

1H-Imidazoles, 1,3-oxazoles, 1,3-thiazoles and their benzannulated congeners are often
used in the design of ESIPT-fluorophores [70-82]. Normally, when decorated with such
proton-donating groups as unsubstituted or substituted 2-hydroxyphenyl groups in the
o-position to aza-atoms, their free nitrogen atoms act as proton acceptors during the ESIPT
process [70-82]. Recently we proposed a new approach in the design of imidazole-based
ESIPT-fluorophores in which we switched the role of the imidazole cycle to the one of
a proton donor by introducing the hydroxy group in the position 1 and the pyridin-2-
yl group in the position 2 of the imidazole ring [83-87]. Importantly, both roles of the
imidazole ring in ESIPT-fluorophores, i.e., the proton acceptor and the proton donor ones,
can be combined in a single molecule if we introduce the proton-donating 2-hydroxyphenyl
group in the position 4 and the proton accepting pyridin-2-yl group in the position 2 of
the 1-hydroxy-1H-imidazole moiety. In this case, the molecule will feature two spatially
separated ESIPT-sites with two short O-H---N hydrogen bonds therein.

In this manuscript, we report the synthesis of 1-hydroxy-4-(2-hydroxyphenyl)-5-
methyl-2-(pyridin-2-yl)-1H-imidazole (LO*OH) as the first example of imidazole deriva-
tives wherein the central 1-hydroxy-1H-imidazole moiety simultaneously acts both as a
proton acceptor and a proton donor (Scheme 2). Along with the synthesis of LOHOH,
we report the reaction of LOFOH with chloroacetone leading to the selective formation
of a corresponding 1H-imidazole derivative, 4-(2-hydroxyphenyl)-5-methyl-2-(pyridin-
2-yl)-1H-imidazole (LHOH) (Scheme 2), and proceeding without affecting the phenolic
hydroxy group. Finally, we present the results of combined comparative experimental and
theoretical studies of the emission of LOHOH and LHOH and the ESIPT photoreactions in
both compounds.
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2. Results and Discussion
2.1. Synthesis of 1-Hydroxy-4-(2-Hydroxyphenyl)-5-Methyl-2-(Pyridin-2-yl)-1H-Imidazole
(LOHOH) and 4-(2-Hydroxyphenyl)-5-Methyl-2-(Pyridin-2-yl)-1H-Imidazole (LHOH)

The ESIPT-capable imidazole-based compounds LOHOH and LHOH yere synthesized
using the following reactions (Scheme 3). The first step, i.e., the nitrosation reaction,
required the protection of the hydroxy group in ortho hyroxypropiophenone with the
benzoyl group [88]. After this, the monoxime B was prepared by the nitrosation of 2-
benzoyloxypropiophenone (A) with isopropyl nitrite according to the procedure close to
the one reported by Mason [88]. The second step was the construction of the 1-hydroxy-
1H-imidazole moiety. The most convenient and widespread method for the synthesis
of 1-hydroxy-1H-imidazoles is the condensation of monoxime diketones with aldehydes
and ammonia or ammonium acetate [89]. The condensation of the monoxime B with
pyridinecarboxaldehyde and ammonia (cf. [83]) led to the isolation of 1-hydroxy-4-(2-
hydroxyphenyl)-5-methyl-2-(pyridin-2-yl)-1H-imidazole (L°"OH). Importantly, the ben-
zoyl protecting group removal occurred at this step along with the simultaneous formation
of the imidazole ring. The last step was the conversion of the 1-hydroxy-1H-imidazole
derivative LOHOH to the 1H-imidazole LF*OH. For this conversion, along with various
reducing agents (e.g., PCl3, (Ph)3P, trialkylphosphites, TiCl3, etc.), halogen-substituted
compounds with electron-withdrawing groups (e.g., BrCH,CO,;Me [90] and chloroace-
tone [91,92]) can be used. The interaction of 1-hydroxy-1H-imidazole with chloroacetone
allows the reaction to be carried out under mild conditions through the intermediate forma-
tion of a chlorine atom substitution product, followed by its fragmentation to form reduced
1H-imidazole. Importantly, the reaction of LOH.OH with chloroacetone (cf. [93]) proceeded
without affecting the phenolic hydroxy group, which greatly simplified the preparation of
the 1H-imidazole LEOH compound. Spectral and structural data for the compounds are
given in Supplementary Materials.
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Scheme 3. Synthesis of LOHOH and LHOH,
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2.2. X-ray Single Crystal Structure of
1-Hydroxy-4-(2-Hydroxyphenyl)-5-Methyl-2-(Pyridin-2-yl)-1H-Imidazole (LOHOH)

The dihydroxy derivative, LOFOH crystallizes in the monoclinic space group P2;/c
(Supplementary Materials, Table S1, Figures S9-511). There are two crystallographi-
cally independent LOH.OH molecules in the crystal structure (Figure 1). The 2-(pyridin-2-
yl)imidazole moiety in both independent molecules is practically planar with the torsions
smaller than 1°. On the other hand, the 4-(2-hydroxyphenyl) group deviates from the plane
of the imidazole cycle by ca. 7° in one and by ca. 12° in another LOHOH molecule. There
are two short intramolecular O-H---N hydrogen bonds in each molecule with the O---N
separations of 2.57-2.60 A.

Figure 1. Two crystallographically independent molecules in the structure of LOHOH,

The LOHOH molecules are assembled into corrugated ribbons running along the ¢
axis through weak C-H---O hydrogen bonds (Figure 2). The ribbons are further gathered
into 3D supramolecular structure via C-H::-C and C-H:--H-C van der Waals interactions
(Supplementary Materials, Figures 59-511).

Figure 2. A supramolecular ribbon in the structure of LOH/OH,

2.3. Tautomeric Forms of LEWOH and LOHOH: A Introduction

LHOH 5nd LOHOH a1y exist in various tautomeric forms. In this context, for the sake
of clarity we introduce the following abbreviations of these forms for further discussions
(Scheme 4). LOHOH K5 two proton transfer sites and therefore can exist in four tautomeric
forms: i) N,N-LOHOH (no proton transferred, corresponds to the global energy minimum
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and to the X-ray crystal structure), (ii) N,T-LOHOH (one proton transferred from the hydrox-
yphenyl moiety to the hydroxyimidazole moiety), (iii) T,N-LO®OH (one proton transferred
from the hydroxyimidazole moiety to the pyridine moiety), (iv) T,T-LOHOH (both protons
transferred). LY*OH has only one proton transfer site and can exist in two tautomeric forms:
(i) N-LHOH (no proton transferred) and (ii) T-LHOH (one proton transferred). The same
abbreviations are used for the energy minima of ground and excited states, e.g., So™N'N,

SlT’N, TlT, etc.
I N N I
=N =N® =N
0" N\ g 0" N\ O 0" NF
S —

N, N-LOH-OH T,N-LOMOH N-LH.0H

L f N / AN ] AN
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_——

Scheme 4. Tautomeric forms of LHOH gnd L OHOH

2.4. Absorption Properties of L'"OH and LOHOH jn MeCN

In acetonitrile, both LEOH and LOHOH 4hhsorh in the ultraviolet domain, with the
most intense peak centered at 320 and 342 nm, respectively (Figure 3). In order to test
the relevance of the chosen theory level for quantum chemical computations, theoretical
absorption spectra were calculated at the global energy minima of the ground state, SoN"N
(OPh-H 0.988 A, O'™id_H 1,010 A, Table 1) for LO®OH and S)N (OPh—H 0.980 A) for LOH.OH,
The energies and relative intensities of the calculated vertical singlet-to-singlet absorptions
are in good agreement with the experimental data (Figure 3), showing the relevance of the
functional and basis set used in this study. The most intense experimental peak corresponds
to the first vertical singlet-to-singlet transition (Sy — S;), computed at 336 nm for L&OH and
348 nm for LOHOH  In accordance with the experimental spectra, this transition indeed has
the highest oscillator strength (ca. 0.5) among the other transitions. In terms of molecular
orbitals, Sy — S; is a HOMO — LUMO transition. For both LEOH and LOH.OH HOMO
is distributed over hydroxyphenyl and imidazole moieties, while LUMO is located on
imidazole and pyridine moieties (Figure 3). Thus, the Sy — S; absorption implies charge
transfer from the hydroxyphenyl part of the molecule to the pyridine part. Despite there
being no visual differences between the HOMO and LUMO of LEOH and the HOMO and
LUMO of LOHOH respectively, the most intensive absorption peak of LOFOH is glightly
red-shifted compared with that of L"OH, and the computations fully reproduce this trend.
A series of higher lying singlet-to-singlet transitions form the high-energy absorption band
centered at ca. 260 nm for both ESIPT-emitters (Figure 3).
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Figure 3. Absorption spectra of LEOH (red) and LOHOH (blue) in MeCN. Vertical bars display the
positions and oscillator strengths of the singlet-to-singlet electronic transitions for LHOH (red) and
LOH.OH (p]ye).

Table 1. The most relevant geometric parameters for the optimized ground and excited state geome-
tries of LH/OH and LOHOH,

Cmpd. State Ofh_H, A OFh-H.NImd § Qlmid_pg A  Qmmid_H..NPy A 04,°2 0,,°"
SN 0.980 2.627 - - 14.97 0.38
N

LHOH T, 1.006 2.550 - - 5.79 0.20
T, " 1.841 2.603 - - 414 0.25

near-CI © 3.264 3411 - - 84.77 1.92

SN 0.988 2.628 1.010 2.616 14.78 0.92

SN 0.992 2.592 1.595 2.542 0.79 0.04

S 0.998 2.584 1.785 2.674 0.00 0.23

N,N _

LH,OH Ty 1.008 2.546 1.065 2.509 0.02 0.00
TN T 1.829 2.599 1.051 2.531 —0.01 0.00

T, TN 0.994 2.590 1.931 2.728 —0.02 0.00
T, T 1.807 2.593 1.787 2.648 —0.02 —0.01

near-CI ¢ 2.347 2.922 0.964 2.732 55.43 5.45

a9, is the dihedral angle between the planes of hydroxyphenyl and imidazole moieties. >—8, is the dihedral an-
gle between the planes of pyridine and imidazole moieties. “—geometries that are close to the conical intersection
between the Sy and S; states.

It is noteworthy that, in addition to the global energy minimum SN on the PES of
the ground state, LOH.OH h;5 a local minimum SOT'N (OPh—H 0.992 A, Omid_fy 1 595 A,
Figure 4, Table 1), and therefore its corresponding form T,N-LOHOH can also absorb light.
So™ is thermodynamically less favorable than SyNN by ca. 17 kJ/mol and is separated
from SoN'N by an energy barrier of ca. 20 k] /mol. Although such a low barrier may indicate
coexistence of the N,N-LOHOH a3nd T N-LOHOH {3:t0meric forms in solution, the fact that
the experimental absorption spectrum is completely reproduced by the transitions of the
N,N-LOHOH form points to the very small contribution of the T,N-LOHOH form to the
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absorption spectrum. In the case of LE*OH  there is only one minimum on the PEC of the
ground state, SN (Figure 5).
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Figure 4. The potential energy surfaces (PESes) of the Sy (a) and Ty (b) states of LOH,OH along the
proton transfer paths OP"—H..-N™id and O™id_H...NPY and their projections.
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Figure 5. The potential energy curves (PECs) of the Sy, S; and T; (right) states of LHOH along
the proton transfer path OPh_H...Nmid The arrows show the energy minima on these PECs. The
optimized geometries of the T1 and S; states with the OPP—H distance of 2.0 A are also depicted.
2.5. Excitation and Emission Properties of LFOH gnd [ OHOH
LH,OH and LOH,OH

are non-luminescent in MeCN solution, indicating the possible
predominance of various non-radiative deactivation pathways. In the solid state, LH-OH

emits in the light green region (Figures 6 and 7). The broad unstructured luminescence
band of LHOH js located in the region 400-750 nm with a maximum at 546 nm. The
intensity of this band depends on excitation wavelength: at Aex = 400—420 nm, it is three
times more intense than at Aex = 280-360 nm. However, a change in the excitation energy
does not lead to a shift of the emission maximum. LHOH exhibits a monoexponential
photoluminescence decay (Supplementary Materials, Figure S14), indicating that there
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Relative intensity

is likely only one emission mechanism. The lifetime of molecules in the excited state
(t) is 1.10 ps (Aex = 300 nm, Ager = 540 nm), so the observed emission is associated with
phosphorescence, i.e., with a spin-forbidden triplet-to-singlet transition. The width of the
phosphorescence band is associated with the vibrational satellite structure, which involves
an interplay of several transitions from the lowest vibrational level of the excited state to
various vibrational levels of the ground state.
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Figure 6. Excitation and emission spectra of LHOH (3) and LOHOH (b) in the solid state at room temperature.
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Figure 7. CIE 1931 diagram showing the chromaticity of the emission of LF"OH and LOHOH in, the
solid state at Aex = 320 nm.

LOHOH demonstrates luminescence in the orange region (Figures 6 and 7). As for
LHOH the emission spectrum is dominated by a broad band at 450-800 nm centered at
568 nm. In contrast to LF"OH, an additional low-energy shoulder at ca. 670 nm appears in
the case of LOHOH which is responsible for the orange color of luminescence. The emission
band is more or less equally intensive when excited at Aex = 280440 nm. The luminescence
decay of LOHOH js multiexponentional and more complex than for L*OH: the long part of
the photoluminescence decay reveals one lifetime in the microsecond range, T = 1.05 us
(similar to L'OH) whereas the short part reveals two lifetimes in the nanosecond range,
T=2ns and T = 21 ns (Supplementary Materials, Figure S15). Thus, LO®OH shows two
emission mechanisms, i.e., phosphorescence and fluorescence. The photoluminescence
quantum yield for LEOH and LOHOH g Jess than 1% in the solid state.
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Before turning to calculations that will help us identify the emission pathways, it is
worthwhile to make a visual inspection of the possible number and nature of the photolu-
minescence mechanisms by comparing the spectra of L"OH and LOHOH_ As mentioned
above, both compounds exhibit phosphorescence with similar lifetimes in the order of
one microsecond. Owing to the close wavelength of the maxima of the most intense band
(546 nm for LHOH 311d 568 nm for LOH'OH), we can assume that this band implies the same
emission mechanism for both compounds. The shoulder appearing at ca. 670 nm in the
case of LOHOH may be responsible for the short lifetimes and can therefore be attributed
to fluorescence. The absence of this shoulder for L'OH may indicate that the fluorescence
mechanism observed for LOFOH cannot be realized for LF"OH, We hypothesize that this
fluorescence mechanism is somehow related to the O™4—H...N™Y proton transfer site,
which is absent for LH/OH,

LH,OH LOH,OH

2.6. Elucidation of the Fluorescence and Phosphorescence Mechanisms for and

Geometry optimizations of the excited states were performed in order to establish
the photoluminescence mechanisms for LEOH and LOHOH and to verify our predictions
from the previous paragraph. The PEC of the first triplet excited state of L"*OH reveals two
minima, T{N and T;T (Figure 5). The TN optimized geometry is characterized by a slightly
enlarged OFPh_H distance (1.006 A for T;N vs. 0.980 A for SyN) and a shortened OFh...NImid
hydrogen bond length (2.550 A for TN vs. 2.627 A for SyIV) compared with the SoN relaxed
geometry. The calculated T{N — SN phosphorescence wavelength (578 nm) is in excellent
agreement with the maximum of the intensive emission band (568 nm). According to
the analysis of the frontier molecular orbitals, TN — SoNN is LUMO — HOMO transition
(Figure 8). LUMO is a mr*-orbital that is equally located on pyridine and imidazole moieties,
whereas HOMO is a m-orbital that is majorly located on hydroxyphenyl and imidazole
parts of the molecule. Therefore, the observed T;N — SoN phosphorescence is associated
with charge transfer from the pyridine moiety to the hydroxyphenyl moiety (this is directly
opposite to the SyN — S;N absorption mechanism discussed above). Although the second
minimum on the PEC of the T; state, T;T (O""-H 1.841 A, Figure 5), is thermodynamically
more stable than T;N by ca. 16 kJ/mol, the energy barrier separating T;N and Ty 7 is as
high as ca. 14 k] /mol, which impedes efficient ESIPT in the triplet manifold. Furthermore,
the computed T;T — Sy phosphorescence wavelength (1095 nm) is largely overestimated
compared with the position of the phosphorescence band. Thus, we attribute the observed
phosphorescence of LE'OH with 1 = 1.05 ps to the T{N — SyN transition of the N-LHOH
form, which is not related to the ESIPT process.

Having established the phosphorescence mechanism (T1N — SoN) for LEOH  the
following question arises: how can the molecules of L"*OH populate the T state? Classically,
in most compounds the triplet manifold is populated after Sy — S; excitation followed by
Sy — Ty intersystem crossing. Returning to our discussion of absorption properties, the So™
— SN vertical absorption is computed at 336 nm for LEVOH (Figure 3). At the same time,
the phosphorescence band of LHOH in the region 450-750 nm is predominantly excited at
Aex = 400420 nm. Obviously, such low energies cannot lead to the population of the S;
state. Therefore, we suggest that in the case of LIOH there is a direct population of the
triplet manifold from the ground state, SyN — T;N, since only triplets can be populated
with Aex = 400420 nm (Aqale. so-T1 = 462 nm, Aaic. so-T2 = 395 nm). However, the classical
mechanism of populating the T; state (SN — ;N — T¢N) is also feasible when molecules
are excited with high energy quanta (Acx < 336 nm).

In contrast to the triplet manifold, ESIPT is possible for the singlet manifold of
After SN — §;N excitation, the ESIPT process is barrierless in the S; state. There are no
minima on the PEC of the first singlet excited state, as shown in Figure 5. A non-constrained
geometry optimization of the S; state directly leads to a non-planar geometry near the
conical intersection (CI) between the Sy and S; states (Figure 9b). According to the literature,
ESIPT is often coupled with the radiationless deactivation via twisted intramolecular charge
transfer (TICT) states of a non-planar biradicaloid nature [83,85,94-99]. This non-planarity

LH,OH
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arises from the twisting around a double-like bond between proton-donating and proton-
accepting moieties (around the CP'~C™id bond in our case). Subsequent ultrafast internal
conversion via Sy/Sq CI results in the non-radiative deactivation of the excited twisted
phototautomer. Since LHOH does not luminesce in solution and weakly luminesces in the
solid state, we believe that this non-radiative deactivation is the predominant photophysical
process for LOH, which is responsible for emission quenching. It should be noted that the
precise geometry of the CI between the Sy and S; states can only be optimized using ab
initio methods such as CASSCF, CASPT2 or NEVPT2. However, our TDDFT optimization
of the S; state leads to the oscillations around the CI geometry, which may serve as an
indirect evidence of its existence. Figure 9b shows the geometry at the optimization step
closest to the real CI geometry (with the lowest Sp-S1 energy gap of only 2.2 kJ/mol;
the dihedral angle between the proton-donating hydroxyphenyl and proton-accepting
imidazole moieties reaches 85° at this geometry).
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Figure 8. Frontier molecular orbitals related to the emission processes observed for LEOH (a) and
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geometry of LHOH that is close to the conical intersection between the Sy and S; states.
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LOHOH hag two proton transfer sites and therefore provides more possible emission
mechanisms than LH"OH. The PES of the T; state shows four energy minima: T;N'N (OPh-H
1.008 A, OMid_H 1,065 A), T; TN (O"P-H 0.994 A, O'mid_H 1.931 A), T;N'T (OP-H 1.829 A,
OMmid_H 1,051 A) and T; 7T (OP"-H 1.807 A, O'™id_H 1.787 A, Figure 4). The mechanisms
of the population of the T; state for LOH/OH are similar to those for L'"OH. Upon excitation
with high energies (SON'N — S8, NN wheren > 1), the S;NN state can be reached, and the
T,NN state can be populated from S;NN via ;NN — T;NN intersystem crossing. Upon
excitation with lower energies, the S; NN state cannot be reached, and the T;NN state can
be populated only via direct SyNN — T;NN excitation. In comparison with SyN'N, both
hydrogen bonds become stronger in the T{N'N energy minimum (OP"—H...NI™id: 2 628 A
for SyNN vs. 2.546 A for T{NN; Omid_H...NTY: 2,616 A for SyNN vs. 2.509 A for T;NN).
The computed T1NN — SyNN phosphorescence wavelength (586 nm) is in good agreement
with the experimental emission maximum (546 nm). It corresponds to LUMO (7*) —
HOMO () transition of the N,N-LOHOH form which is not related to ESIPT and has both
protons at the oxygen atoms. Same as for L!"OH, this transition represents charge transfer
from the pyridine heterocycle to the hydroxyphenyl moiety (Figure 8).

Three other minima on the T; state PES of LOHOH j o T,IN TNT and T; 7T, are
energetically more favorable than T;™'N by ca. 58, 14 and 43 kJ /mol, respectively (Figure 4).
However, these three minima do not lead to emission for the following reasons. Firstly, the
population of the T{™N'T minimum after Sy™N'N — T, NN excitation is kinetically restricted due
to the high energy barrier between the T;N"N and T;N'T minima (ca. 14 kJ/mol). Secondly,
although the energy barriers for the T{NN — T; "N and T;NN — T;TT ESIPT processes are
significantly lower (ca. 1 kJ/mol), the calculated T;PN — 8N and T;TT — §,TT phospho-
rescence wavelengths (959 and 1301 nm, respectively) are located in the infrared region
and hugely overestimated compared with the experimental phosphorescence band. Owing
to the fact that we do not observe luminescence in the infrared region, the molecules that
populate the T; "N and T; T minima most likely deactivate non-radiatively, for example
via S/ Tj conical intersections. Thus, among four possible radiative deactivation channels
in the triplet manifold associated with four energy minima, only one (T;NN — S;NN) takes
place according to the experimental data.

We did not plot the PES of the S; state for LOYOH because geometry optimizations
of the S; state with almost all initial guess structures directly lead to the non-planar
near-CI geometry and oscillate around it, proving that most of the molecules that are
excited to the S; state deactivate non-radiatively through a conical intersection. A typical
evolution of (i) the energy, (ii) dihedral angle 0 between the planes of hydroxyphenyl and
hydroxyimidazole parts and (iii) the So-S; energy gap during the geometry optimization is
shown in Figure 10. Starting from the planar geometry with the OP"~H distance of 0.95 A,
this distance tends to increase during each optimization cycle. In parallel with the energy
stabilization, the Sy-S; energy gap decreases during the optimization process. At the OP"-H
distance of 1.75 A, the dihedral angle 6 starts to increase drastically and reaches 55° at the
near-CI geometry with the 5y-S; energy gap of only 7.3 k] /mol. After the 16th optimization
cycle, the optimization process starts oscillating around this near-CI geometry.

However, there is one exemption to the above-mentioned trend of radiationless de-
activation via CI for LOFOH, The geometry of the T,N-LO*OH form can be successfully
optimized in the S; state without falling into Sy/S; CI. The corresponding S; IN _, g,IN
transition (Ae. = 731 nm, f = 0.0367) is in accordance with the position of the low-energy
shoulder in the experimental luminescence spectrum of LOHOH, This transition represents
charge transfer from the n*-orbital located on pyridine moiety (LUMO) to the m-orbital
located on both hydroxyimidazole and hydroxyphenyl moieties (HOMO, Figure 8). Thus,
short lifetimes of the excited states observed for LOHOH (1 = 2 ns and T = 21 ns) are due to
the S; "N — Sy 'N fluorescence. Now it becomes obvious that the same low-energy shoul-
der does not appear for LOH due to the lack of the O™4_H...N"Y proton transfer site.
Summing up, two major emission channels have been established for LOHOH: (i) T{N.N
— SoNN phosphorescence of the N,N-LOHOH form related to the most intensive emission
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band at 500-800 nm; and (ii) S; "N — SoT'N fluorescence of the T,N-LOHOH form related to
the low-energy shoulder at ca. 670 nm (Figure 11).
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Figure 10. Evolution of energy, dihedral angle 6 and the Sy-S; energy gap during the geometry

optimization of the S; state for LOH"OH, The number of the optimization cycle is shown near the
energy curve (black).
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Figure 11. Photophysical and photochemical properties of LOHOH in the solid state summa-
rized in a simplified energy level diagram. ISC—intersystem crossing, phosph.—phosphorescence;
fluor—fluorescence.

3. Materials and Methods
3.1. General Information

Elemental analysis was performed with a EuroEA3000 analyzer using standard tech-
nique. The IR spectra were recorded in KBr on a Bruker Vector-22 spectrometer.'H and
13C NMR spectra were recorded on Bruker AV-400 (400.13 and 100.61 MHz) and Bruker
DRX-500 (500.13 and 125.76 MHz) spectrometers using the residual signals of the solvent
(CDCl3) at 7.24 ppm for 'H and 76.9 ppm for 13C with respect to TMS as the internal stan-
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dard. Corrected photoluminescence spectra were recorded on a Fluorolog 3 spectrometer
(Horiba Jobin Yvon).

3.2. 1-(2-Benzoyloxyphenyl)-2-(Hydroxyimino) Propan-1-One (B)

A solution of isopropyl nitrite (0.74 g, 8.3 mmol) in methanol (5 mL) and then conc.
HCl acid (1.4 mL) were added dropwise to a solution of 2-(benzyloxy)propiophenone (A)
(synthesized according to the procedure reported in ref. [88]) (1.27 g, 5 mmol) in methanol
(25 mL) under heating at 40 °C. The reaction mixture was stirred at 4045 °C for 8 h, cooled
and neutralized with a solution of NaHCOj3. After evaporation to remove methanol, the
aqueous layer was extracted with CHCl; and dried over MgSOy. After solvent removal
under reduced pressure, the residue was purified by column chromatography (silica gel,
CHCl3) and then triturated with hexane to give the title product. Yield: 0.78 g (55%), m.p.
102-103 °C (100-101 °C [88]). Anal. Calc. for C14H13NO4: C, 67.84; H, 4.62; N, 4.95. Found:
C, 67.97; H, 4.62; N, 5.02%. '"H NMR (400.13 MHz, CDCl3) § (ppm): 8.30 (s, 1H, OH), 8.08
(d,2H, ] = 7.4 Hz, Hy,), 7.61 (t, 1H, ] = 7.4 Hz, Hp,), 7.57-7.52 (m, 2H, Hy,), 7.47 (m, 2H,
Ha,), 7.33-7.27 (m, 2H, Hy,), 1.97 (s, 3H, Me). 3C NMR (125.76 MHz, CDCl3) & (ppm):
189.30, 164.61, 156.71, 148.41, 133.68, 132.04, 130.88, 130.05, 129.98, 128.68, 128.46, 125.53,
122.93, 8.95. IR (KBr, v cm™'): 3311, 1713 (C=0), 1670 (C=0), 1603, 1279, 1269, 1203, 1178,
1115, 1086, 1018, 906, 702, 656.

3.3. 1-Hydroxy-4-(2-Hydroxyphenyl)-5-Methyl-2-(Pyridin-2-yl)-1H-Imidazole (LOH-OH)

Conc. NH4OH (19 mL) and pyridine-2-carboxaldehyde (0.44 g, 4.1 mmol) were added
to a solution of 1-(2-benzoyloxyphenyl)-2-(hydroxyimino)propan-1-one (1.13 g, 4 mmol)
in a mixture of 1,4-dioxane (16 mL) and EtOH (4 mL). The reaction mixture was stirred at
room temperature for 3 days. After removing of the solvent, the residue was purified by
column chromatography (silica gel, CHCl3) and recrystallized from the hexane-ethylacetate
mixture (10:1) to afford the title product. Yield: 0.91 g (85%), m.p. 121-122 °C. Anal. Calc.
for C15H13N30,: C, 67.40; H, 4.90; N, 15.72. Found: C, 67.45; H, 5.02; N, 15.81%. 'H NMR
(400.13 MHz, CDCl3) & (ppm): 13.02 (br. s, 1H, OH), 8.43 (ddd, 1H, ] =5.1, 1.5, 0.5 Hz, Ha,),
7.99 (dt, 1H, ] =7.8, 1.3 Hz, Hy,), 7.88 (dt, 1H, ] = 7.8, 1.3 Hz, Hy,), 7.50 (dd, 1H, ] = 7.8,
1.3 Hz, Ha,), 7.28 (ddd, 1H, ] = 7.5, 5.1, 1.1 Hz, Ha,), 7.16 (ddd, 1H, ] = 8.1, 7.5, 1.5 Hz, Hy,),
7.01(dd, 1H, ] =8.1, 1.1 Hz, Hy,), 6.88 (dt, 1H, ] = 7.8, 1.3 Hz, Ha,), 2.57 (s, 3H, Me). 13C
NMR (125.76 MHz, CDCl3) 6 (ppm): 156.40, 148.37, 145.61, 138.47, 132.56, 128.60, 127.77,
125.42,122.48, 121.61, 119.42, 118.71, 117.79, 117.08, 9.19. IR (KBr, v cm™1): 1603, 1566, 1489,
1439, 1389, 1288, 1255, 1178, 1153, 1126, 1014, 773, 741, 652.

3.4. 4-(2-Hydroxyphenyl)-5-Methyl-2-(Pyridin-2-yl)-1H-Imidazole (LHOH)

A mixture of 1-hydroxy-4-(2-hydroxyphenyl)-5-methyl-2-(pyridin-2-yl)-1H-imidazole
(LOHOH) (0,19 g, 0.71 mmol), chloroacetone (0.066 g, 0.71 mmol) and dried K,CO3 (0.11 g,
0.8 mmol) in dried dimethylformamide (6 mL) was stirred at room temperature for 1 h and
then at 40-45 °C for 4 h. After cooling the reaction mixture was diluted with water, the
residue formed was filtered, washed with water, dried and purified by column chromatog-
raphy (silica gel, CHCl3). The recrystallization of the residue from EtOH afforded LHOH.
Yield: 0.16 g (89%), m.p. 202-203 °C. Anal. Calc. for C15H13N30: C, 71.70; H, 5.21; N, 16.72.
Found: C, 71.62; H, 5.34; N, 16.65%. "H NMR (400.13 MHz, CDCl3) & (ppm): 12.38 (s, 1H,
NH), 11.04 (br. s, 1H, OH), 8.51 (ddd, 1H, ] = 5.1, 1.3, 0.5 Hz, Hy,), 8.07 (dt, 1H, ] = 8.0,
12Hz,Hy,), 7.79 (dt, 1H, ] = 7.8, 1.2 Hz, Hy,), 747 (dd, 1H, ] = 7.8, 1.2 Hz, Hy,), 7.25 (ddd,
1H,]=75,5.1,1.2 Hz, Hy,), 717 (ddd, 1H, ] = 8.0, 7.5, 1.4 Hz, Ha,), 7.03 (dd, 1H, ] = 7.8,
1.4 Hz, Hyp,), 6.88 (dt, 1H, ] = 7.5, 1.3 Hz, Hy,), 2.53 (s, 3H, Me). >*C NMR (100.61 MHz,
CDCl;) 6 (ppm): 156.38, 148.64, 147.49, 141.49, 137.62, 136.87, 127.97, 125.68, 124.42, 123.37,
120.15, 118.91, 118.30, 117.25, 12.47. IR (KBr, v em™1): 3311, 1597, 1578, 1443, 1400, 1286,
1244, 1134, 999, 825, 783, 756, 742, 700.
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3.5. X-ray Crystallography

Diffraction data for single-crystal LOTOH were obtained at 291 K on an automated
four-circle Agilent Xcalibur diffractometer equipped with an area AtlasS2 detector (graphite
monochromator, AMoK«) = 0.71073 A, w-scans with a step 0.25°). Integration, absorption
correction, and determination of unit cell parameters were performed using the CrysAlisPro
program package [100]. The structure was solved by dual space algorithm (SHELXT [101])
and refined by the full-matrix least squares technique (SHELXL [102]) in the anisotropic
approximation (except hydrogen atoms). Positions of hydrogen atoms were calculated
geometrically and refined in the riding model. The crystallographic data and details of
the structure refinements are summarized in Supplementary Materials (Table S1). CCDC
2237906 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Center at
http:/ /www.ccdc.cam.ac.uk/structures/ (accessed on 26 January 2023).

3.6. Computational Details

The quantum chemical calculations presented in this study were conducted using
density functional theory (DFT), time-dependent DFT (TDDFT) and Tamm-Dancoff ap-
proximated DFT (TDADFT) methods in Gaussian 16 software package [103]. We used the
hybrid exchange-correlation functional PBEQ [104] since our previous studies demonstrated
its satisfying performance in modeling photophysical and photochemical properties of
organic ESIPT-emitters [83,85]. Compared with probably the best known hybrid functional
B3LYP, PBEO provides absorption energies that are closer to the experimental data, while
B3LYP tends to red-shift some vertical absorptions for LEXOH and LOHOH (Supplementary
Materials, Figures 512 and S13). The 6-31 + G(d) basis set was used for all atoms [105-109].
Absorption spectra were calculated on ground state geometries using TDDFT. Singlet
excited state geometries (S1) as well as S1-Sy fluorescence energies were also determined
using the TDDFT approach. The optimizations of the lowest triplet excited state (T1) ge-
ometries of LHOH and LOHOH yere carried out by an unrestricted DFT (uDFT) method.
Subsequent single-point TDADFT computations on T; optimized geometries revealed
T1-Sp phosphorescence energies. The use of TDADFT rather than TDDFT in the latter case
is justified by the fact that the Tamm-Dancoff approximation tends to strongly correct the
computed triplet state energies comparatively to TDDFT. Relaxed T; state geometries can
also be obtained using TDDFT or TDADFT approaches; however, the uDFT method is
more preferable because it requires much less computational cost. In the case of absorption
spectra, the solvent effects of acetonitrile molecules were considered by the polarizable
continuum model (PCM), and all other computations were performed in the gas phase. The
D3 version of Grimme’s dispersion with Becke-Johnson damping was employed for each
calculation. Potential energy curves (PECs) and surfaces (PESes) of the desired states (Sp,
51, T1) along the proton transfer reaction were plotted by scanning the O...H bond distance
between 0.95 and 2.00 A with a step of 0.05 A. All frequencies in the harmonic approxima-
tion for the calculated global minimum energy geometries were positive, confirming that
the optimized molecular geometries correspond to the real minima on the potential energy
surfaces. The atomic coordinates of all optimized geometries are given in Supplementary
Materials (Tables S3-516). The geometries and molecular orbitals were visualized using
ChemCraft software [110].

4. Conclusions

In this work we presented the synthesis of imidazole-based ESIPT-capable compounds,
1-hydroxy-4-(2-hydroxyphenyl)-5-methyl-2-(pyridin-2-y1)-1H-imidazole (L°HOH) and 4-(2-
hydroxyphenyl)-5-methyl-2-(pyridin-2-y1)-1H-imidazole (L*©H). In the LOHOH trinuclear
molecule, the central moiety, i.e., the 1-hydroxy-1H-imidazole one, is decorated with the
proton-donating and proton-accepting peripheral groups and, therefore, under photoex-
citation can act both as a proton acceptor and a proton donor in the ESIPT reactions.
Importantly, we found a convenient synthetic pathway for the conversion of 1-hydroxy-4-
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(2-hydroxyphenyl)-1H-imidazoles to 4-(2-hydroxyphenyl)-1H-imidazoles. This synthetic
pathway is based on the reaction of the 1-hydroxy-4-(2-hydroxyphenyl)-1H-imidazole
derivative with chloroacetone. Despite chloroacetone being known to interact with phe-
nolic hydroxy groups, in our case the reaction proceeded selectively with the imidazolic
hydroxy group only, leaving the phenolic hydroxy group unaffected. Thus, this reaction
has high synthetic potential for selective reduction of 1-hydroxy-1H-imidazoles decorated
with hydroxyphenyl groups to corresponding 1H-imidazoles.

A slight structural difference between these two compounds leads to significant
changes in their photoluminescence response. LHOH emits in the light green region,
while LOHOH Juminesces in the orange region. According to our computations, both
emitters share the same emission mechanism, i.e., phosphorescence of the normal form of
the molecule (T;N — SN for the N-LHOH form and T;NN — SyNN for the N,N-LOHOH
form), which is not related to ESIPT. After the ESIPT process, both compounds can decay
non-radiatively through Sy /S; and Sy/T; conical intersections, which explains their low
photoluminescence quantum yield. The phosphorescence band is the most intensive for
both compounds. However, LOHOH 4156 exhibits fluorescence of the T,N-LOHOH form,
S1PN — SN, with one proton transferred from the hydroxyimidazole moiety to the
pyridine moiety. This fluorescence mechanism is responsible for the appearance of the
low-energy shoulder in the emission spectrum of LOFOH, Thus, owing to the presence
of two proton transfer sites, LOHOH appears to be a rare example of ESIPT-emitters that
exhibit fluorescence and phosphorescence simultaneously.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28041793/s1, Tables S1-516 and Figures S1-515: char-
acterization data and quantum chemical calculations data.
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Abstract: Despite the obvious advantages of heterogeneous photocatalysts (availability, stability,
recyclability, the ease of separation from products and safety) their application in organic synthesis
faces serious challenges: generally low efficiency and selectivity compared to homogeneous photocat-
alytic systems. The development of strategies for improving the catalytic properties of semiconductor
materials is the key to their introduction into organic synthesis. In the present work, a hybrid
photocatalytic system involving both heterogeneous catalyst (TiO;) and homogeneous organocata-
lyst (N-hydroxyphthalimide, NHPI) was proposed for the cross-dehydrogenative C—C coupling of
electron-deficient N-heterocycles with ethers employing t-BuOOH as the terminal oxidant. It should
be noted that each of the catalysts is completely ineffective when used separately under visible light
in this transformation. The occurrence of visible light absorption upon the interaction of NHPI with
the TiO, surface and the generation of reactive phthalimide-N-oxyl (PINO) radicals upon irradiation
with visible light are considered to be the main factors determining the high catalytic efficiency.
The proposed method is suitable for the coupling of n-deficient pyridine, quinoline, pyrazine, and
quinoxaline heteroarenes with various non-activated ethers.

Keywords: Minisci reaction; heterogeneous photocatalysis; N-hydroxyphthalimide; titanium dioxide;
green chemistry; visible light photocatalysis

1. Introduction

Heterogeneous photocatalysis in organic synthesis is a young and fast-growing
area [1-5]. The semiconductor materials used in photocatalysis are inexpensive and widely
available; their advantages include the ease of separation from organic products, stability
and recyclability [1,5]. However, the development of this area is still hindered by several
formidable obstacles, such as low catalytic efficiency due to the low degree of charge
separation in photoexcited states and the fast recombination of electron-hole pairs [6,7],
low visible light absorption and low selectivity due to the strong oxidation power of photo-
generated valence-band (VB) holes in popular semiconductors (TiOy, ZnO, Bi,O3, WO3,
etc.) [1,8]. This situation is reflected in the comparatively low number of synthetic methods
in fine organic synthesis based on heterogeneous photocatalytic systems compared to the
mainstream applications of heterogeneous photocatalysis: oxidative destruction of pollu-
tants [9-11], hydrogen generation [12,13], CO, reduction [14-16] and water splitting [17].

Currently, the scope of synthetic transformations enabled by heterogeneous photo-
catalysis is much less diverse compared to the scope of homogeneous photoredox-catalyzed
reactions. Heterogeneous catalysis is mainly used in comparatively simple reactions; for
example, alkylarene benzylic oxidation [18-20], the oxidation of benzylamines [4,5,21,22],
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alcohols [4,5] and sulfides [4,23], oxidative esterification [4], nitro-group reduction [4], tiol-
ene reaction [24], alkene amination with aqueous ammonia [25] and the decarboxylation of
carboxylic acids [26-28]. Cross-coupling reactions are much less developed and usually
demand transition metal co-catalysts, such as palladium or nickel complexes [29-33].

UV irradiation, which is used frequently for the excitation of heterogeneous photo-
catalysts, is inconvenient due to safety issues, the comparatively high cost of UV light
sources, incompatibility with common laboratory glassware (UV-transparent quartz is
necessary) and possible side reactions due to the high energy of the light. The modification
of heterogeneous photocatalysts, such as TiO,, in order to shift their photoactivity spec-
trum from UV to visible light [10,34-37] is the key task for expanding the scope of their
applications in organic synthesis, increasing selectivity and making the of use cheap and
available light sources for catalyst activation possible. At present, the following modifi-
cation approaches have been proposed: the immobilization of dyes (organic compounds
or metal complexes) on the photocatalyst surface [34,38—41], doping with metal ions or
non-metal elements [42,43], semiconductor coupling [7,44-49] and modification with or-
ganic molecules bearing hydroxyl or carboxyl groups [34,50-56], which demonstrate the
occurrence of visible light absorption when adsorbed on the surface of a semiconductor.

NHPI/TiO; is one of the efficient catalytic systems activated by visible light based
on industrially available substances (Scheme 1). The interaction of NHPI with the TiO,
surface leads to the occurrence of visible light absorption, resulting in the photogeneration
of phthalimide-N-oxyl radicals (PINO) [20,22]. In our previous work [20], we demon-
strated that the NHPI/TiO; system could be successfully applied to the aerobic oxidation
of alkylarenes under visible light irradiation (Scheme 1A). The conceptual novelty of this
system arises from the conjunction of heterogeneous photocatalysis with homogeneous
radical chain organocatalysis. A distinguishing feature of this system is the migration of
PINO into the volume of solution, where the PINO/NHPI catalyzed radical chain process,
once initiated on the TiO, surface, produces the target product without the need for addi-
tional light absorption [20]. Thus, the energy efficiency of photocatalysis is fundamentally
improved by combining heterogeneous photocatalysis with homogeneous organocataly-
sis. In the presence of additional organocatalyst (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) the effective oxidative homocoupling of benzylamines [22] was achieved previ-
ously (Scheme 1B).

NHPI/TiO, photocatalytic system in organic synthesis
Previous works: oxidation of simple benzylic substrates

NHPI/TiO, (cat.) OOH o)
/\
Ph 0, (1 atm.
2 ( ) Ph)\ or Ph)J\
10 W Blue LED
A N NHPI/TIO, (cat.)
r 2 TEMPO (3mol%) = ~.. 2~
3 W Blue LED N™ Ar

This work: cross-dehydrogenative C—C coupling

X
X NHPI/TIO, (cat) g~ |
~ ]\+j)\ t-BuOOH SN

k\N ojg 10 W Blue LED 0\5

Scheme 1. Applications of NHPI/TiO, photocatalytic system in organic synthesis: CH-oxygenation

(A) [20], oxidative homocoupling of benzylamines (B) [22], and Minisi-type corss-dehydrogenative
C—C coupling reported in the present work (C).

In the present study, we demonstrate the successful application of the NHPI/TiO,
system to a more challenging cross-dehydrogenative C—C coupling process (Scheme 1C).
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In this case, previously reported CH-oxygenation processes [20] should be suppressed,
which is a difficult task. In addition, the process of C-O coupling between NHPI-derived
PINO radicals and CH-reagents [57-59] must be avoided. The oxidative coupling of ethers
with m-deficient N-heteroaromatic compounds (a Minisci-type reaction) was chosen as a
model reaction due to the practical importance for the functionalization of N-containing
heterocycles with C—C bond formation. Minisci-type reactions [60—68] are based on the
addition of nucleophilic C-centered radicals to electron-deficient arenes and represent one
of the most important methods for the functionalization of such arenes, along with the
nucleophilic aromatic substitution of hydrogen [69-71], and functionalization via transition-
metal-catalyzed C(sp?)-H bond activation [72-76]. The products of the Minisci reaction
are of great value for medicinal chemistry [61,64]. Thus, the development of new, milder,
more efficient methods tolerant to a large number of functional groups based on Minisci
chemistry remains a hot research topic.

To date, many photochemical protocols have been developed for the Minisci reaction, both
with the use of metal complex photocatalysts [60,77-80] and organic photocatalysts [8§1-83]. In
some specific cases, the Minisci reaction proceeds without a photocatalyst [84-87]. At the
same time, examples of the application of heterogeneous photocatalysis for the Minisci
reaction that are attractive from the practical point of view remain rare [88-91]. In this work,
we demonstrate the use of the developed hetero-/homogeneous NHPI/TiO; photocatalytic
system for the Minisci reaction between 7-deficient heteroarenes (pyridines, quinolines,
isoquinolines, pyrazines, and quinoxaline) and non-activated ethers.

2. Results and Discussion
2.1. Optimization of Photocatalytic System Composition

Based on our previous work [20], TiO, with high specific surface area (anatase
nanopowder, Hombikat UV100) and industrially available N-hydroxyphthalimide were
chosen as the components of the photochemical system. Blue LEDs (455 nm) with an input
power of 10 W were used as light sources. In the first step, we optimized the conditions
of the photochemical cross-dehydrogenative Minisci reaction between 4-methylquinoline
1a and tetrahydrofuran 2a (Table 1). Tert-butyl hydroperoxide (TBHP) was used as an
inexpensive, easily available and metal-free oxidant.

The starting conditions (10 mg of TiO,, 20 mol.% of NHPI, 4 mmol of TBHP, 5 h,
run 1) yielded 45% of the product 3aa. The absence of either TiO, or NHPI resulted in the
zero conversion of 1a (runs 2, 3), proving that both components of the catalytic system
are essential. Without +-BuOOH, the reaction proceeded with low efficiency: only trace
amounts of the product were formed (run 4). As a rule, the addition of a strong Brensted
acid, such as HC1 [85] or TFA [77,79,82,84,86], increases the efficiency of the Minisci reaction.
Acids protonate m-deficient N-containing heterocycles, making them more susceptible to
attack by nucleophilic C-centered radicals [67]. However, in our case, the addition of
trifluoroacetic acid (TFA, run 5) had no significant effect on the yield and conversion. The
addition of 0.5 mL of water resulted in a drop in 3aa yield (run 6). Water breaks down
the stable suspension of TiO, in THE, causing the catalyst particles to aggregate in the
water droplets. Both an increase and a decrease in the amount of THF lead to a decrease
in the yield of 3aa (runs 7, 8). The dilution of the reaction mixture with such co-solvents
as hexafluoroisopropanol (HFIP, run 9) and acetonitrile (MeCN, run 10) slowed down the
reaction, and dilution with dichloroethane (DCE, run 11) led to the complete suppression
of the target process. It is known that hydrogen peroxide can be used as the oxidant for
the photocatalytic Minisci reaction [85]. However, the change of the oxidant from TBHP to
aqueous HyO; led to a dramatic drop in the yield (run 12). The lower efficiency of H,O,
compared to TBHP can be explained by the fact that H,O, can not only initiate free-radical
reactions but can also be an inhibitor via the formation of HOOe radicals [92-94]. The
use of other organic peroxides, such as meta-chloroperoxybenzoic acid (m-CPBA, run 13),
cumene hydroperoxide (run 14) and dicumyl peroxide (run 15) led to low yields or did not
provide the product at all. Dibenzoylperoxide (BzZOOBz, run 16) showed a yield comparable
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to TBHP, but the formation of a large amount of benzoic acid, which is poorly soluble
in the system, complicates the isolation of the products and limits the scalability of the
procedure. Therefore, TBHP was chosen as the optimal oxidant. The standard version
of the Minisci reaction often uses inorganic persulfates as oxidants. In our system, the
use of persulfates was less efficient than TBHP, and led to a significant drop in yield with
increasing reaction time, presumably due to the overoxidation of the product (runs 17-20).
An inert atmosphere did not increase the selectivity of the process (run 21), so we decided
to carry out the reaction under air.

Table 1. Influence of photocatalytic system composition, irradiation power, and nature of oxidant on
the conversion of 4-methylquinoline 1a and yield of 3aa in photocatalytic Minisci reaction.

TiO5 (10 mg)
= T NHPI (20 mol.%) = |
\N e} TBHP 70% aq. (4 mmol) \N
1a 2a

10 W Blue LED 3aa

(1 mmol) (25 mmol) 25°C, 5 h o

Run Changes to the General Conditions Conversion 2 1a, % Yield @ 3aa, %
1 none 53 45
2 no TiO, 0 0
3 no NHPI 0 0
4 no TBHP 6 4
5 TFA (1.5 mmol) added 52 45
6 H,O (0.5 mL) added 23 9
7 THF (12.5 mmol) 38 36
8 THF (50 mmol) 32 27
9 HFIP (1 mL) added 18 16
10 MeCN (1 mL) added 17 16
11 DCE (1 mL) added 0 0
12 H,0, 34% agq. P 9 3
13 m-CPBA 75% aq. © 28 0
14 PhCH(CH3),OOH 80% 15 15
15 PhCH(CH3),OOPhCH(CHj3), 98% ° 16 0
16 BzOOBz 75% aq. (1 mmol) 59 44
17 (NH,4),S,0g b© 39 33
18 Na,S,05 < 36 22
19 K,S,0g P* 44 39
20 K;S,05 b€, 16 I, Argon atmosphere 90 27
21 Argon atmosphere 44 39

2 The conversion of 1a and the yield of 3aa were determined by 'H NMR using C,H,Cly as an internal standard.
b instead of TBHP. ¢ 1 mL of water was used as co-solvent to dissolve the persulfate.

In the next step, we optimized the NHPI/TiO, /TBHP ratio and irradiation time to
achieve the maximum yield of the coupling product 3aa (Table 2).

Increasing the amount of TiO, increases the yield of 3aa (runs 1-4). However, when
switching from the TiO; loading of 20 mg to 40 mg, the efficiency increased only slightly.
Therefore, the TiO, loading of 20 mg was chosen as the optimal amount. Similarly, large
loadings of NHPI resulted in an increase in the 3aa yield (runs 5-8), but the step from 20 to
40 mol.% of NHPI increased the yield of 3aa slightly, and a slight drop in selectivity was
observed. The optimum excess of THBP was 4 mmol per 1 mmol of 1a (runs 9-11). The
reaction proceeded with almost complete conversion in 8 h (run 15). It should be noted
that visible-light-active heterogeneous photocatalyst g-C3N4 was ineffective for the model
coupling reaction under the same conditions (run 16). The conditions of experiment 15
were chosen as optimal for further studies of the substrate scope for the developed method.
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Table 2. Optimization of NHPI/TiO, /TBHP ratio and reaction time for the synthesis of 3aa.

TiO, (2.5-40 mg)
= T O NHPI (5-40 mol.%) = |
SN 0O TBHP 70% aq. (1-6 mmol). SN
1a 2a

10 W Blue LED

(1 mmol) (25 mmol) 25°C, 1-8 h 3aa O
Run TiO,, mg NHPI, TBHE, Time, h Cor:versmn : Yield 2 3aa, %
mmol mmol 1a, %

1 25 0.1 2 5 5 5

2 5 0.1 2 5 12 11
3 20 0.1 2 5 44 40
4 40 0.1 2 5 55 46
5 10 0.05 2 5 0 0

6 10 0.1 2 5 39 36
7 10 0.2 2 5 44 39
8 10 0.4 2 5 52 41
9 10 0.1 1 5 31 27
10 10 0.1 4 5 49 42
11 10 0.1 6 5 38 38
12 10 0.1 2 1 5 4
13 10 0.1 2 2 20 15
14 10 0.1 2 5 34 28
15 20 0.2 4 8 9% 89
16 -b 0.2 4 8 9 7

2 The conversion of 1a and the yield of 3aa were determined by 'H NMR using C,H,Cly as an internal standard.
b Bulk g-C3Ny (20 mg) was used instead of TiO, as heterogeneous photocatalyst.

2.2. Application of the Designed Photocatalytic NHPI/TiO, System to the Minisci Reaction

With the optimal conditions in hand (Table 2, run 15), we have synthesized a wide
range of coupling products between N-heterocycles and ethers. The scope of ethers was
explored first (Scheme 2). For substrates demonstrating lower conversions compared to 1a,
the reaction time increased in some cases up to 48 h (the reaction times and conversions are
given in Scheme 2).

Among the tested ethers, we obtained the best result with THEF: after 8 h of reaction, the
almost complete conversion of 4-methylquinoline 1a and a high yield of product 3aa (89%)
were observed. As a rule, the reaction proceeds more slowly and with lower selectivity
for other ethers. In the reaction of 4-methylquinoline with 2-methyltetrahydrofuran 2b,
a mixture of products 3ab (as a diastereomeric mixture, major) and 3ab’ (minor) was
observed. The observed regioselectivity can be explained by the fact that although the
hydrogen atom abstraction is most favored from the weakest tertiary CH-bond (position 2 of
2-methyltetrahydrofuran) [95], the resulting C-centered radical is more stable and sterically
hindered than the secondary radical and reacts less efficiently with 4-methylquinoline. For
1,3-dioxolane 2¢, two isomeric products 3ac and 3ac” were formed, and the major product
3ac corresponds to the breaking of the weakest C2-H bond in 1,3-dioxolane. With dioxane
and tetrahydropyran, the reaction proceeded more slowly, but with a longer reaction time,
its selectivity decreased simultaneously with an increase in conversion. With glyme, the
dehydrogenative coupling product was not observed even after 24 h of reaction.

In the case of diethyl ether as a substrate, the reaction under the standard conditions
was not effective due to the immiscibility of Et,O and H,O contained in TBHP (70% aq.),
which led to the aggregation of TiO, particles in water droplets and the low conversion
of 1a. The solution to the problem was the use of anhydrous TBHP, prepared before the
reaction (See experimental details for Scheme 2). The same problem limited the reaction
time for the coupling of 1a with Et,O since the water generated during TBHP reduction
accumulated in the reaction mixture and made the TiO, suspension unstable.
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TiO, (20 mg)
NHPI (20 mol.%)
= =
I ¥ TBHP 70% aq. (4 mmol) |
1a 10 W Blue LED N >
(1 mmol) (25 mmol) 25°C,8-32h 3ab-3ag
! @& ' !
! N t !
! N ° N o:
: 3ab 3ab' t 3ac !
1 28% dr 1.3:1, C=40%, 8h 7% 11 54%, C=61%, 16h 5
155% dr 1.1:1, C=69%, 16h 12% 11 25%, C=75%, 24h@ 8%2 24h :
NS
N O] \N 0]
3ad 0 3ae 3ag

0%, C=0%, 16h 6%, C=32%, 16h 0%, C= 11%, 16h  N.D., C=15%, 24h"’1
20%, C=52%,16h? 32%, C=68%, 24h® 36%, C=73%, 24h°
15%, C=68%,24h?
2 TFA (1.5 mmol) was added. ® Anhydrous TBHP was used. C stands for the
conversion of 1.

Scheme 2. Scope of ethers for the photocatalytic Minisci reaction with 4-methylquinoline 1a.

In the next step, the scope of the electron-deficient N-heterocycles was tested (Scheme 3).

N-heterocycles with electron-donor groups reacted slower compared to substrates
with electron-withdrawing groups, but at the same time, higher selectivity was observed
(products 3ba, 3ea in comparison with 3ca). The reaction is sensitive to steric hindrance:
2-chloro-5-bromoquinoline 2d did not yield the target product of 3da, presumably due
to the presence of a bulky Br substituent near the 4th position of the quinoline. Our
photochemical system is also applicable to quinoxalines and pyrazines. It is worth noting
that the products of 3ga and 3ha have not been previously reported (See Supplementary
Materials for additional information). In general, the reaction is inefficient for pyridines
with no substituents or with electron-donor substituents (pyridine, picolines, lutidine), but
good yields have been obtained for pyridines with electron-acceptor substituents, such as
pyridine-3-carboxylic acid methyl ester (product 3ia). 4-Methylquinoline-N-oxide reacted
with the preservation of the N-oxide function (product 3ja). Good yields have also been
obtained in the reaction with isoquinoline (product 3ka). In the reaction with imidazo
[1,2-a]pyridine 21, it was only possible to isolate the product of deep oxidation with the
destruction of the ring—3la’. It should also be noted that the addition of acid (TFA) afforded
increased yields in some cases (products 3ba, 3ca, 3ea, 3ga, 3ha,3ja and 3ka).

It turned out that carrying out the reaction to complete the conversion of n-deficient
arenes in the NHPI/TiO, photochemical system leads to a sharp drop in selectivity for
target product 3. We assumed that product 3 could undergo further oxidation under the
reaction conditions. To find out what role the individual components of the system play
in oxidation, we performed control experiments in which the pure reaction product 3aa
was placed under standard reaction conditions or irradiated in an inert atmosphere in the
absence of NHPI or TBHP (Scheme 4).
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TiO, (20 mg) X

X
N o) NHPI (20 mol.%) N
R | R |
Sy T \_/ _TBHP70%aq. (4mmol) o
1 2a 10 W Blue LED
(1 mmol) (25 mmol) 25°C,8-48h 3ba-3la
0 0 0 0
Br
N NS
N~ “OMe SNl SN al N
3ba 3ca 3da 3ea
0%, C=3%, 16h 12%,C=57%, 8h  N.D, C=20%, 16h®  23%, C=27%, 8h

41%, C=44%, 16h®  30%, C=30%, 8h®  N.D, C=31%, 32h® 75%, C=78%, 24h?
53%, C=58%, 32h?  37%, C=37%, 16h?

X (L., C
\NLLO) N/ o N/ 0
3fa 3ga 3ha

56%, C=81%, 24h 9%, C=50%, 16h  <5%, C=33%, 16h  57%, C=60%, 16h
23%, C=100%, 24h? 40%, C=43%, 24h? 46%, C=100%, 32h® 24%, C=70%, 24h?

3ja 0O

N N A
4 = r.
7 N / o
. O XN 0] .
3la 3la’ I
14%, C=51%, 16h !
22% G=63% 24h  54%, C=85%, 8h N.D., C=100%, 48h  30%

28%. C=72%. 24ha  65%, C=99%, 16h® ' _______. Ar=4-BrCeH,
34%, C= 89%, 24h?

2 TFA (1.5 mmol) added; ® under Ar atmosphere; C stands for the conversion of 1

MeO,C

A
®

3ka

Scheme 3. Scope of m-deficient arenes for the photocatalytic Minisci reaction with tetrahydrofuran.

NHPI (20 mol%), TiO, (10 mg)
N TBHP 70% ag. (2 mmol) = oot
N7 O 10 W Blue LED N o e
MeCN (1 mL), 25 °C, 8 h
3aa 3aa’

(0.5 mmol) major product
confirmed by HRMS and '3C NMR
Conditions Conversion of 3aa, %
A. Air 86
B. Air, without TBHP 88
C.Ar 56
D. Ar, without NHPI 34

Scheme 4. Control experiments disclosing side processes of the photocatalytic Minisci reaction.

Under the standard conditions, an 86% conversion of 3aa was observed in 8 h
(Scheme 4, A). In the absence of TBHP under an air atmosphere, the product is also
oxidized (88% conversion, Scheme 4, B), which suggests that a significant role in the decom-
position of the product is played by air as an oxidant. The primary oxidation product was
hydroperoxide 3aa’, which was detected in a mixture of oxidation products by 3C NMR
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and was confirmed by HRMS (See Supplementary Materials). The '*C signal with chemical
shift typical for geminal alkoxyhydroperoxide fragment was observed [96]. However,
carrying out the reaction under an argon atmosphere (Scheme 4, C) does not completely
suppress the oxidation of product 3aa since TBHP or residual amounts of oxygen can serve
as oxidants. The lowest conversion of the product was observed when the reaction was
carried out in an argon atmosphere without the addition of NHPI (Scheme 4, D), implying
that NHPI-derived PINO radicals play an important role in 3aa oxidation.

Based on the collected data, we proposed the following mechanism (Scheme 5). Upon
irradiation with visible light, PINO radicals are generated from NHPI on the TiO, surface.
Simultaneously, the tert-butyl hydroperoxide decomposes on the TiO, surface with the
formation of tert-butoxyl radicals. Tert-butoxyl radicals can regenerate PINO by abstracting
a hydrogen atom from the NHPI in solution [59]. Tert-butoxyl radicals can also generate tert-
butylperoxy radicals from t-BuOOH [97,98]. Either tert-butoxy, tert-butylperoxy [99-101],
or PINO radicals [59,95] can abstract a hydrogen atom from the «-CH bond in ether to
form C-centered radical A. However, considering the fact that no cross-dehydrogenative
coupling was observed without the addition of NHP]I, the main role in H-atom abstraction
is assumed to be played by the PINO radicals. Then, radical A undergoes addition to a
heteroarene with the formation of the intermediate radical B, which is further subjected to
HAT with the retrieval of aromaticity.

443 nm NHPI
t-BuOOH

+ Hy0
t-BuQ’

NHPI \, +-BuOO*

)
| or ,
t-BuOOH K t-BuO
5
A

t-BuOH t-BuOO* O PINO

t-BuOO*
or PINO X
~
N 0]

3aa

Scheme 5. Plausible mechanism of the photocatalytic Minisci reaction.

3. Materials and Methods
3.1. General

Room temperature (rt) stands for 23-25 °C.

Commercial TiO; Hombikat UV 100 (anatase, specific surface area, BET: 300 m?2- g_l,
primary crystal size according to Scherrer <10 nm) was used as is. N-hydroxyphthalimide
(NHPI, 98%, Acros Organics), 4-methylquinoline (99%, Acros Organics), 2-methylquinoline (97%,
Acros Organics), 2-chloroquinoline (99%, Acros Organics), isoquinoline (97%, Acros Organics),
quinoxaline (99%, Acros Organics), pyrazine (99+%, Acros Organics), 2-methylpyrazine (99+%,
Acros Organics), Methyl nicotinate (99%, Acros Organics), 2-methoxyquinoline, 5-bromo-
2-chloroquinoline were used as is from commercial sources. 4-methylquinoline 1-oxide
was synthesized according to the literature procedure [102], 2-(4-bromophenyl)imidazo
[1,2-a]pyridine was synthesized according to the procedure in the literature [103]. Bulk
g-C3Ny4 was prepared analogously to previously reported methods [104,105], and the urea
was heated in a covered alumina crucible for 4 h at 550 °C (heating rate 5 °C-min—1).
MeCN was distilled over P,Os, and Ethers (THF, 2-Methyltetrahydrofuran, 1,3-dioxolane,
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1,4-dioxane, tetrahydropyran and diethyl ether, dimethoxyethane, bis(2-methoxyethyl)
ether) were distilled over LiAlH,. The reaction mixtures were sonicated in an ultrasonic
bath (HF-Frequency 35 kHz, ultrasonic nominal power 80 W) before the irradiation.

Experimental details for Table 1

General reaction conditions: 4-methylquinoline 1a (1 mmol, 143.2 mg), TiO; (10 mg),
NHPI (0.2 mmol, 32.6 mg), t-BuOOH (70% aq., 4 mmol, 515 mg), THF 2a (25 mmol, 2 mL)
and a magnetic stir bar (6 x 10 mm) were placed in a 50 mL round-bottom flask. The
obtained mixture was sonicated for 5 min in an ultrasonic bath, then magnetically stirred
(500 rpm) in a thermostated water bath at 25 °C (£1 °C) under irradiation of 10 W blue LED
for 5 h under an air atmosphere (closed flask). Then, the solvent was rotary evaporated, and
C,H,Cly (40-60 mg, 0.4-0.61 mmol) was added as a standard for NMR yield determination.
The reaction mixture was centrifuged, and the NMR spectrum was recorded.

Experimental details for Table 2

4-methylquinoline 1a (1 mmol, 143.2 mg), TiO, Hombikat UV 100 (2.5-40 mg), NHPI
(0.05-0.4 mmol, 8.2-65.2 mg), t-BuOOH 70% aq. (1-6 mmol, 129-772 mg) and THF 2a
(25 mmol, 2 mL) and a magnetic stir bar (6 x 10 mm) were placed in a 50 mL round-bottom
flask. The obtained mixture was sonicated for 5 min in an ultrasonic bath, then magnetically
stirred (500 rpm) in a thermostated water bath at 25 °C (£1 °C) under irradiation of 10 W
blue LED for 1-16 h under an air atmosphere (closed flask). Then, the solvent was rotary
evaporated, C;H,Cly (40-60 mg, 0.4-0.61 mmol) was added as a standard for NMR yield
determination. The reaction mixture was filtrated through a Celite layer, and the NMR
spectrum was recorded.

Experimental details for Schemes 2 and 3

Heterocycle 1 (1 mmol), TiO; (20 mg), NHPI (0.2 mmol, 32.6 mg), --BuOOH 70% aq.
(4 mmol, 515 mg), CH-reagent 2 (25 mmol) and a magnetic stir bar (6 x 10 mm) were
placed in a 50 mL round-bottom flask. The obtained mixture was sonicated for 5 min in an
ultrasonic bath, then magnetically stirred (500 rpm) in a thermostated water bath at 25 °C
(£1 °C) under irradiation of 10 W blue LED for 8 h under an air atmosphere (closed flask).
If needed, another 4 mmol of the reaction t-BuOOH was added, and the reaction mixture
was irradiated for another 8 h. At the end of the required time, the reaction mixture was
poured into 20 mL of water and extracted with 3x 15 mL of CH,Cl,. The combined organic
extracts were washed with 2 x 20 mL of NaHCOj5 saturated solution. The extracts were
dried over MgSO, and the solvent was evaporated in a vacuum membrane pump. The
residue was purified using column chromatography to afford products 3aa—3ka. For the
reaction of 1a with Et,O, anhydrous -BuOOH was prepared. t-BuOOH 70% aq. (12 mmol,
1545 mg) was extracted with CH,Cl, (10 mL). The organic layer was dried over MgSOy, and
the solvent was rotary evaporated. The obtained anhydrous t-BuOOH was used instead of
t-BuOOH 70% aq. For the longer reaction times, the new portion of anhydrous -BuOOH
(4 mmol, 360 mg) was added each 8 h.

Experimental details for Scheme 4

4-methyl-2-(tetrahydrofuran-2-yl)quinoline 3aa (0.5 mmol), TiO; (10 mg), NHPI (0.1 mmol,
16.3 mg), t-BuOOH 70% aq. (2 mmol, 257 mg) and a magnetic stir bar (6 x 10 mm) were
placed in a 50 mL round-bottom flask. The obtained mixture was sonicated for 5 min in an
ultrasonic bath. For the entries of C and D, the flask was vacuumed and then filled with Ar
three times. The mixture was magnetically stirred (500 rpm) in a thermostated water bath
at 25 °C (£1 °C) under irradiation of 10 W blue LED for 8 h. The conversion of 3aa was
determined by 'H NMR in MeCN using C,H,Cly as the internal standard.

3.2. Characterization Data of the Cross-Dehydrogenative C—C Coupling Products

4-Methyl-2-(tetrahydrofuran-2-yl)quinoline 3aa [91] was isolated using column chro-
matography (Petroleum ether/EtOAc = 2/1) as a colorless viscous liquid (190 mg, 89%).
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'H NMR (300.13 MHz, CDCl3) & 8.07-7.99 (m, 1H), 7.92-7.85 (m, 1H), 7.66-7.58 (m, 1H),
7.48-7.41 (m, 1H), 7.40 (s, 1H), 5.10 (t, ] = 6.9 Hz, 1H), 4.16-4.08 (m, 1H), 4.02-3.94 (m, 1H),
2.63 (s, 3H), 2.53-2.38 (m, 1H), 2.11-1.90 (m, 3H)."*C{*H}NMR (75.48 MHz, CDCl3) 6 163.0,
147.3,144.8,129.5,129.0, 127.4, 125.7, 123.6, 118.6, 82.0, 69.1, 33.2, 25.9, 18.8.
2-(2-hydroperoxytetrahydrofuran-2-yl)-4-methylquinoline 3aa’. '>*C{'H}NMR (75.48 MHz,
CDCls) 6 159.4, 146.0, 145.7,128.8, 128.7,127.2,126.1, 123.4,119.7, 113.3, 69.5, 36.8, 24.8, 19.0.
HR-MS (ESI): m/z = 246.1125, calcd. for C14H1sNOs+H™: 246.1123.
Anti-4-methyl-2-(5-methyltetrahydrofuran-2-yl)quinoline 3ab was isolated using
column chromatography (Petroleum ether/EtOAc = 2/1) as a colorless liquid (66 mg,
29%). 'H NMR (300 MHz, Chloroform-d) § 8.07-8.02 (m, 1H), 7.98-7.93 (m, 1H), 7.66 (ddd,
J=84,6.8,15Hz, 1H),7.50 (ddd, ] =8.2, 6.8, 1.3 Hz, 1H), 7.46 (s, 1H), 5.26 (t, ] = 7.1 Hz,
1H), 4.51-4.33 (m, 1H), 2.70 (s, 3H), 2.63-2.49 (m, 1H), 2.24-2.02 (m, 2H), 1.75-1.59 (m,
1H), 1.36 (d, ] = 6.1 Hz, 3H). 3C{'H}NMR (75.48 MHz, CDCl3) 6 163.6, 147.3, 145.1, 129.6,
129.2, 127.5, 125.9, 123.8, 118.6, 81.8, 76.7, 34.1, 34.0, 21.5, 19.0; FTIR (KBr): Vmax = 2968,
2928, 2869, 1602, 1509, 1447, 1379, 1311, 1225, 1181, 1074, 910, 883, 760 cm~!. HR-MS (ESI):
m/z =228.1389, calcd. for C;5sH17;NO+H™*: 228.1383.
Syn-4-methyl-2-(5-methyltetrahydrofuran-2-yl)quinoline 3ab’ was isolated using col-
umn chromatography (Petroleum ether /EtOAc = 2/1) as a colorless liquid (59 mg, 26%).
H NMR (300 MHz, Chloroform-d) 5 8.08-8.03 (m, 1H), 7.97 (dd, | = 8.4, 1.5 Hz, 1H), 7.68
(ddd, J =84, 6.9,1.5Hz, 1H), 7.58-7.46 (m, 2H), 5.13 (dd, | = 7.6, 6.5 Hz, 1H), 4.33—4.21 (m,
1H), 2.72 (d, ] = 0.7 Hz, 3H), 2.60-2.42 (m, 1H), 2.21-1.99 (m, 2H), 1.69-1.50 (m, 1H), 1.44 (d,
J = 6.1 Hz, 3H).13C{'H}NMR (75.48 MHz, CDCl3) § 163.3, 147.3, 145.2, 129.6, 129.3, 127.6,
126.0,123.8,118.8, 82.5, 76.9, 33.5, 33.2, 21.4, 19.1; FTIR (KBr): vmax = 2970, 2928, 2870, 1736,
1602, 1563, 1509, 1447, 1380, 1090, 1032, 913, 882, 760 cm~!. HR-MS (ESI): m/z = 228.1388,
caled. for C15H;7NO+H™: 228.1383.
4-methyl-2-(2-methyltetrahydrofuran-2-yl)quinoline 3ab’ was isolated using column
chromatography (Petroleum ether/EtOAc = 2/1) as a colorless liquid (28 mg, 12%). 'H
NMR (300 MHz, Chloroform-d)  8.07 (d, ] = 8.4, 1H), 7.99-7.94 (m, 1H), 7.67 (ddd, ] = 8.4,
6.8, 1.5 Hz, 1H), 7.62-7.60 (m, 1H), 7.51 (ddd, | = 8.3, 6.9, 1.3 Hz, 1H), 4.13-4.02 (m, 1H),
3.95-3.83 (m, 1H), 2.88-2.75 (m, 1H), 2.71 (d, | = 1.0 Hz, 3H), 2.14-1.95 (m, 2H), 1.89-1.74
(m, 1H), 1.65 (s, 3H). 3C{'H}NMR (75.48 MHz, CDCl3) § 166.6, 147.5, 144.6, 129.9, 129.0,
127.2, 125.8, 123.7, 118.5, 86.2, 68.1, 37.7, 28.3, 26.1, 19.1; FTIR (KBr): Viax = 2977, 2931,
1600, 1447, 1383, 1363, 1196, 1101, 1033, 761 cm~!. HR-MS (ESI): m/z = 228.1380, calcd. for
Ci5H17NO+H*: 228.1283.
2-(1,3-dioxolan-2-yl)-4-methylquinoline 3ac [65] was isolated using column chro-
matography (Petroleum ether/EtOAc = 2/1) as a colorless liquid (54 mg, 25%). 'H NMR
(500 MHz, Chloroform-d) 6 8.16 (d, ] = 8.4 Hz, 1H), 7.98 (d, | = 8.3 Hz, 1H), 7.74-7.67 (m,
1H), 7.59-7.53 (m, 1H), 7.49 (s, 1H), 5.95 (s, 1H), 4.27-4.19 (m, 2H), 4.16-4.08 (m, 2H), 2.71 (s,
3H). BC{'H}NMR (75.48 MHz, CDCl3) & 156.7, 147.2, 145.7,130.2, 129.5, 128.4, 126.9, 123.8,
118.7,104.3, 65.8, 19.0.
2-(1,3-dioxolan-4-yl)-4-methylquinoline 3ac’ [65] was isolated using column chro-
matography (Petroleum ether/EtOAc = 2/1) as a colorless liquid (18 mg, 8%). 'H NMR
(300 MHz, Chloroform-d) 6 8.05 (d, | = 8.4 Hz, 1H), 8.00 (dd, | = 8.4, 1.4 Hz, 1H), 7.71 (ddd,
J=84,638,14Hz 1H),7.60-7.52 (m, 1H), 7.48 (s, 1H), 5.34 (s, 1H), 5.33-5.26 (m, 1H), 5.15 (s,
1H), 4.47-4.36 (m, 1H), 4.08 (dd, | = 8.3, 5.6 Hz, 1H), 2.73 (s, 3H). 3C{'H}NMR (75.48 MHz,
CDCls) 4 160.0, 147.1, 146.0, 129.7, 129.5, 127.8, 126.5, 123.9, 118.8, 96 .4, 78.3, 71.1, 19.1. FTIR
(KBr): Vmax = 2925, 2855, 16001, 1509, 1449, 1157, 1088, 1029, 936, 760 cm~!. HR-MS (ESI):
m/z = 238.0841, calcd. for C13H3NO,+Na*: 238.0838.
2-(1,4-dioxan-2-yl)-4-methylquinoline 3ad [85] was isolated using column chromatog-
raphy (Petroleum ether/EtOAc = 2/1) as white crystals (45 mg, 20%). Mp = 81-82 °C (lit.
Mp = 82-83 °C [10.1039/C90B02653C]). 'H NMR (300 MHz, Chloroform-d) & 8.10 (d,
] =8.5Hz, 1H), 7.98 (d, ] = 8.7 Hz, 1H), 7.76-7.64 (m, 1H), 7.59-7.51 (m, 1H), 7.47 (s, 1H),
4.92 (dd, ] =10.3,2.9 Hz, 1H), 4.25 (dd, | = 11.7, 2.9 Hz, 1H), 4.06-3.94 (m, 2H), 3.88-3.74 (m,
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2H), 3.70-3.57 (m, 1H), 2.73 (s, 3H). *C{'H}NMR (75.48 MHz, CDCl3) § 157.9, 147.4, 145.3,
129.9,129.4,127.7,126.3,123.8,119.2, 78.9, 71.2, 67.2, 66.5, 18.9.

4-methyl-2-(tetrahydro-2H-pyran-2-yl)quinoline 3ae [85] was isolated using column
chromatography (Petroleum ether/EtOAc = 2/1) as a colorless liquid (73 mg, 32%). 'H
NMR (300 MHz, Chloroform-d) & 8.06 (d, | = 8.4 Hz, 1H), 7.98-7.89 (m, 1H), 7.70-7.60
(m, 1H), 7.52-7.46 (m, 1H), 7.45 (s, 1H), 4.60 (dd, ] = 11.0, 2.3 Hz, 1H), 4.25-4.15 (m, 1H),
3.75-3.60 (m, 1H), 2.68 (s, 3H), 2.16-2.04 (m, 1H), 2.03-1.88 (m, 1H), 1.83-1.66 (m, 2H),
1.66-1.51 (m, 2H). ">*C{'H}NMR (75.48 MHz, CDCl3) § 162.2, 147.2, 145.1,129.7, 129.1, 127.6,
125.9,123.7,118.9, 81.6, 68.9, 32.8, 25.9, 23.8, 18.9.

2-(1-ethoxyethyl)-4-methylquinoline 3af [85] was isolated using column chromatog-
raphy (CH,Cl,/EtOAc = 20/1) as a colorless liquid (77 mg, 36%). 'H NMR (300 MHz,
Chloroform-d) 6 8.07 (d, ] = 8.4 Hz, 1H), 7.97 (d, ] = 8.3 Hz, 1H), 7.68 (t, ] = 8.4 Hz, 1H),
7.57-7.48 (m, 1H), 7.44 (s, 1H), 4.69 (q, | = 6.6 Hz, 1H), 3.57- 3.45 (m, 1H), 3.47-3.34 (m,
1H), 2.72 (s, 3H), 1.53 (d, ] = 6.6 Hz, 3H), 1.22 (t, ] = 7.1 Hz, 3H)."*C{'H}NMR (75.48 MHz,
CDCl3) 5 164.1,147.2,145.5, 129.6, 129.3, 127.8, 126.1, 123.8, 118.4, 79.7, 64.8, 22.7, 19.1, 15.6

2-methoxy-4-(tetrahydrofuran-2-yl)quinoline 3ba was isolated using column chro-
matography (EtOAc/petroleum ether 1/2) as a colorless liquid (122 mg, 53%). 'H NMR
(300 MHz, Chloroform-d) 6 7.89 (d, | = 8.4 Hz, 1H), 7.81-7.72 (m, 1H), 7.68-7.54 (m, 1H),
7.44-7.31 (m, 1H), 7.07 (s, 1H), 5.52 (t, | = 6.9 Hz, 1H), 4.27-4.13 (m, 1H), 4.08 (s, 3H),
4.08-3.95 (m, 1H), 2.65-2.47 (m, 1H), 2.14-1.92 (m, 2H), 1.92-1.78 (m, 1H). 3C{'H]NMR
(75.48 MHz, CDCl3) 6 162.8, 152.3, 147.1, 129.2, 128.1, 123.8, 123.3, 122.9, 108.5, 76.8, 69.1,
53.4,33.7,26.0. FTIR (KBr): vmax = 2979, 2949, 1612, 1575, 1473, 1438, 1387, 1366, 1340, 1238,
1195, 1080, 1055, 1024, 761 cm 1. HR-MS (ESI): m/z = 230.1181, caled. for C14HisNO,+H*:
230.1176

2-chloro-4-(tetrahydrofuran-2-yl)quinoline 3ca was isolated using column chromatog-
raphy (Petroleum ether/EtOAc = 2/1) as a slightly yellow liquid (87 mg, 37%). 'H NMR
(300.13MHz, CDCl3) $8.04 (d, ] =8.5Hz, 1H),7.85(dd, ] =8.4, 1.4 Hz, 1H), 7.71 (ddd, | = 8.4,
6.9, 1.4 Hz, 1H), 7.60-7.49 (m, 1H), 7.54 (s, 1H), 5.55 (t, ] = 7.1 Hz, 1H), 4.22 (m, 1H), 4.02
(m, 1H), 2.70-2.55 (m, 1H), 2.13-1.95 (m, 2H), 1.94-1.76 (m, 1H)."3C{'H}NMR (75.48 MHz,
CDCl3) 6 153.1,151.4, 148.1, 130.2, 129.5, 126.8, 124.5, 123.4, 117.9, 76.7, 69.2, 34.0, 26.1. FTIR
(KBr): vmax = 2965, 2928, 2871, 1586, 1560, 1506, 1292, 1264, 1145, 1099, 1081, 1041, 1021, 878,
855,792, 763 cm ™. HR-MS (ESI): m/z = 234.0688, calcd. for C13H;,CINO+H*: 234.0680.

2-methyl-4-(tetrahydrofuran-2-yl)quinoline 3ea [91] was isolated using column chro-
matography (Petroleum ether/EtOAc =2/1) as a colorless liquid (161 mg, 75%). IH NMR
(300 MHz, Chloroform-d) 6 8.03 (d, ] =8.3 Hz, 1H), 7.81 (d, ] = 8.4 Hz, 1H), 7.69-7.57 (m, 1H),
7.50-7.41 (m, 1H), 7.42 (s, 1H), 5.53 (t, ] = 7.1 Hz, 1H), 4.24-4.14 (m, 1H), 4.00 (q, = 7.1 Hz,
1H), 2.65-2.47 (m, 1H), 2.12-1.89 (m, 2H), 1.86-1.72 (m, 1H). BC{'H}NMR (75.48 MHz,
CDCl3) 5 159.1,149.4, 147.9,129.4, 129.0, 125.5, 123.9, 123.0, 117.2, 76.8, 69.0, 33.9, 26.0, 25.6.

2-(tetrahydrofuran-2-yl)quinoxaline 3fa [66] was isolated using column chromatog-
raphy (Petroleum ether/EtOAc = 2/1) as a colorless liquid (113 mg, 56%). 'H NMR
(300.13 MHz, CDCl3) § 9.02 (s, 1H), 8.12-8.07 (m, 1H), 8.07-8.01 (m, 1H), 7.76-7.69 (m, 2H),
5.21 (t,] = 7.0 Hz, 1H), 4.17 (q, ] = 7.0 Hz, 1H), 4.05 (dd, ] = 7.2 Hz, 1H), 2.57-2.46 (m, 1H),
2.21-2.11 (m, 1H), 2.11-2.00 (m, 2H). 3C{'H}NMR (75.48 MHz, CDCl3) § 157.7, 143.6, 142.0,
141.7,130.2,129.6, 129.3, 129.2, 80.6, 69.5, 33.0, 26.1.

2-(tetrahydrofuran-2-yl)pyrazine 3ga was isolated using column chromatography
(CH,Cl, /MeOH = 50/1) as a colorless liquid (59 mg, 40%).'H NMR (300 MHz, Chloroform-
d) 5 8.68 (s, 1H), 8.52-8.36 (m, 2H), 5.01 (t, | = 6.4 Hz, 1H), 4.14-4.02 (m, 1H), 4.00-3.87 (m,
1H), 2.49-2.29 (m, 1H), 2.11-1.86 (m, 3H). 3 C{'H}NMR (75.48 MHz, CDCl3) § 158.2, 143.8,
143.5,142.7,79.8, 69.3, 32.9, 25.9. FTIR (KBr): vmax = 3389, 2959, 2882, 1724, 1701, 1406, 1304,
1140, 1052, 1020 cm~!. HR-MS (ESI): m/z = 151.0873, calcd. for CgHigN,O+H*: 151.0866.

2-methyl-3-(tetrahydrofuran-2-yl)pyrazine 3ha was isolated using column chromatog-
raphy (CH,Cl, /MeOH = 50/1) as a slightly yellow liquid (76 mg, 46%)."H NMR (300 MHz,
Chloroform-d) 6 8.37 (d, ] = 2.6 Hz, 1H), 8.34 (d, ] = 2.6 Hz, 1H), 5.15 (t, | = 7.0 Hz, 1H),
4.13-4.04 (m, 1H), 3.99-3.89 (m, 1H), 2.63 (s, 3H), 2.31-2.19 (m, 2H), 2.17-1.96 (m, 2H).
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BC{IH}NMR (75.48 MHz, CDCl3) § 154.5, 152.5, 142.6, 141.5,78.3, 69.2, 30.4, 26.3, 21.6. FTIR
(KBr): vmax = 3240, 3051, 2959, 2878, 1774, 1726, 1701, 1405, 1299, 1169, 1130, 1105, 1055, 988,
923, 857,732 cm ™. HR-MS (ESI): m/z = 165.1023, calcd. for CoH;oN,O+H™*: 165.1022.

Methyl 6-(tetrahydrofuran-2-yl)nicotinate 3ia [91] was isolated using column chro-
matography (EtOAc/DCM = 1/20—1/5) as an orange liquid (119 mg, 57%). 'H NMR
(300.13 MHz, CDCl3) 6 9.11 (d, J = 2.2 Hz, 1H), 8.25 (dd, | = 8.2, 2.2 Hz, 1H), 7.52 (d,
] =8.2 Hz, 1H), 5.11-4.95 (m, 1H), 4.32-3.74 (m, 5H), 2.57-2.33 (m, 1H), 2.09-1.81 (m, 3H).
BC{'H}NMR (75.48 MHz, CDCl3) & 167.8, 165.9, 150.4, 137.9, 124.6, 119.4, 81.2, 69.3, 52.4,
33.2,25.8.

4-methyl-2-(tetrahydrofuran-2-yl)quinoline 1-oxide 3ja [76] was isolated using col-
umn chromatography (Petroleum ether/EtOAc =2/1) as a colorless liquid (78 mg, 34%).
'H NMR (300 MHz, Chloroform-d) 5 8.81-8.74 (m, 1H), 7.99-7.92 (m, 1H), 7.80-7.71 (m,
1H), 7.67-7.59 (m, 1H), 7.44 (s, 1H), 5.58 (t, ] = 6.7 Hz, 1H), 417 (q, ] = 6.9 Hz, 1H), 4.02
(q, J =7.1Hz, 1H), 2.90-2.76 (m, 1H), 2.68 (s, 3H), 2.13-1.98 (m, 1H), 1.99-1.82 (m, 2H).
IBC{'H}NMR (75.48 MHz, CDCl3) 5 150.8, 141.1, 135.4, 130.3, 128.8, 128.0, 124.8, 119.9, 118.9,
76.1,69.5,31.2,26.0, 18.6.

1-(tetrahydrofuran-2-yl)isoquinoline 3ka [91] was isolated using column chromatog-
raphy (CH,Cly /EtOAc from 5/1 to 5/2) as a colorless liquid (130 mg, 65%). 'H NMR
(300.13 MHz, CDCl3) 6 8.50 (d, | =5.8 Hz, 1H), 8.34 (d, ] =8.3 Hz, 1H), 7.82 (d, ] = 8.1 Hz,
1H), 7.75-7.52 (m, 3H), 5.72 (t, ] = 7.1 Hz, 1H), 420 (q, ] = 7.3 Hz, 1H), 4.03 (q, ] = 7.5 Hz,
1H), 2.60-2.32 (m, 2H), 2.27-2.01 (m, 2H)."3C{'H}NMR (75.48 MHz, CDCl3) & 159.7, 141.4,
136.7,130.1,127.5,127.3,126.7, 125.5, 120.7, 79.2, 69.1, 30.9, 26.3.

2-(4-bromophenyl)imidazo [1,2-alpyridine-3-carboxylic acid 3la’ [106] was isolated
using column chromatography (CH,Cl, /EtOAc = 5/2) as slightly yellow crystals (82 mg,
30%). 'H NMR (300 MHz, Chloroform-d) § 9.27 (bs, 1H, NH), 8.41 (d, ] = 8.4 Hz, 1H),
8.28-8.19 (m, 1H), 7.84 (d, | = 8.5 Hz, 2H), 7.81-7.74 (m, 1H), 7.62 (d, | = 8.5 Hz, 2H), 7.09
(dd, ] = 7.3,4.9 Hz, 1H). BC{'H}NMR (75.48 MHz, CDCl3) 6 165.1, 151.5, 147.1, 139.3, 133.1,
132.2,129.2,127.4,120.2, 114.8.

4. Conclusions

In this work, a new visible-light active heterogeneous photocatalyst system based on
industrially available and non-toxic TiO, and NHPI was proposed for the cross-dehydrogenative
C—C coupling of electron-deficient N-heterocycles with ethers. In this photocatalytic system,
phthalimide-N-oxyl radicals photogenerated on the surface of titanium oxide become active
mediators of the reaction, which leads to 1) an increase in efficiency due to the homogeneous
organocatalytic process in solution and 2) allows the selective cleavage of the weak CH
bonds. We have proposed a new mild method for the generation of C-centered radicals
from non-activated esters for the Minisci reaction. Despite the fact that acidic additives are
frequently used in Minisci-type reactions, the addition of acid was not necessary in our
procedure in the case of several substrates. Optimal conditions were chosen for the Minisci
reaction between m-deficient pyridine, quinoline, pyrazine, and quinoxaline heteroarenes
with non-activated ethers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28030934/s1, copies of NMR spectra of the synthesized
products, the comparison of the developed method with the literature procedure, the determination
of the side products of the studied reaction.
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Abstract: The reaction between dithiomalondianilide (N,N’-diphenyldithiomalondiamide) and alkyl
3-aryl-2-cyanoacrylates in the presence of morpholine in the air atmosphere leads to the formation
of alkyl 6-amino-4-aryl-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo[3,4-b]- pyridine-5-
carboxylates in 37-72% yields. The same compounds were prepared in 23-65% yields by ternary
condensation of aromatic aldehydes, ethyl(methyl) cyanoacetate and dithiomalondianilide. The
reaction mechanism is discussed. The structure of ethyl 6-amino-4-(4-methoxyphenyl)-7-phenyl-3-
(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo[3,4-b]pyridine-5-carboxylate was confirmed by X-ray
crystallography. Two of the prepared compounds showed a moderate growth-stimulating effect on
sunflower seedlings. Three of the new compounds were recognized as strong herbicide safeners with
respect to herbicide 2,4-D in the laboratory and field experiments on sunflower.

Keywords: active methylene thioamides; Michael addition; dithiomalondianilide; cyanoacetic esters;
[1,2]dithiolo[3,4-b]pyridines; herbicide safeners

1. Introduction

[1,2]Dithiolo[3,4-b]pyridine belongs to a rather rare class of heterocyclic systems.
There are only a few papers that reported the preparation of such compounds. Histor-
ically, the first example of the synthesis is probably the preparation of dithiolopyridine
1 in low yield by reaction of 2-thioxonicotinic acid with phosphorus pentasulfide [1]
(Scheme 1). Later the same approach was reported in other papers [2—4]. Compound 2
can also be prepared from 2-mercaptonicotinthioamides 3 upon treatment with P4S;q [4]
or from 2,2’-dithionicotinic acid [5]. Dithiolopyridines 4 were synthesized in low yields
by sequential treatment of 2-thioxonicotinic acid with thionyl chloride and then with
ethyl glycinate [6] or from 2-bromo-N-phenylpyridine-3-thiocarboxamide and sulfur un-
der Cu(I)-catalyzed cross-coupling conditions in 83% yield [7]. When nicotinthioamides
3 were treated with iodine or SOCI, /pyridine, mixtures of isothiazolopyridines 5 with
isomeric 3-(R-imino)-[1,2]dithiolo[3,4-b]pyridines 6 were isolated [8]. The formation of
dithiolopyridine 7 was observed when cyclopalladated complex 8 reacted with morpholi-
nesulphenyl chloride (MfSCI) [9] (Scheme 1). [1,2]Dithioloquinolines 9 can be prepared by
reaction of ortho-chloroacetophenones with phenyl isothiocyanate followed by Ce(NO3)s3-
catalyzed oxidative cyclization of the intermediate 4-(2-chlorobenzoyl)-5-(phenylamino)-
3-(phenylimino)-3H-1,2-dithiols [10]. When treated with P4S;o, ketene dithioacetals 10
afforded [1,2]dithioloisoquinolines in good yields [11].

The reactions of [1,2]dithiolo[3,4-b]pyridine 2 have also been studied in a limited
number of papers [3-6,8,12-14]. Information about the synthesis and properties of partially
saturated [1,2]dithiolo[3,4-b]pyridines is even more scarce. Thus, the only known synthesis

Molecules 2023, 28, 609. https:/ /doi.org/10.3390 /molecules28020609 151

https://www.mdpi.com/journal /molecules



Molecules 2023, 28, 609

of 4,5,6,7-tetrahydro[1,2]dithiolo[3,4-b]pyridine is not general and is based on the reaction
of heterocyclic 1,4-dipol 11 with sulfur [15]. Finally, the reaction of dithiomalondianilide
(N,N’-diphenyldithiomalondiamide) 12 with arylmethylene malononitriles yielded 4,7-
dihydro[1,2]dithiolo[3,4-b]pyridines 13 [16] (Scheme 1).
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4 S
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N/ SH 75% | — /S 2 | —
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Scheme 1. The reported methods [1-16] for construction of [1,2]dithiolo[3,4-b]pyridine system.

Meanwhile, the antimicrobial, antitubercular [4] and antitumor [10] effects of [1,2]dithiolo
[3,4-b]pyridines have been reported. Compounds of this type are of interest as starting
reagents for the preparation of biologically active isothiazolopyridines and 2-mercaptonico-
tinthioamides [4,5,12,13]. As structural analogs and bioisosters of thieno[2,3-b]pyridines
(for recent reviews see [17,18]), dithiolopyridines can be considered as promising molecules
with still undiscovered potential.
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In the context of our interest in exploring the chemistry of dithiomalondianilide
12 and its transformations leading to [1,2]dithiolo[3,4-b]pyridines [16,19-21], it seemed
reasonable to study the reactions of dithiomalondianilide 12 with other Michael acceptors.
It is noteworthy that despite the long-standing and active use of thioamide 12 as a bidentate
S,5-chelating agent towards heavy metals (e.g., [22-25]), the heterocyclization reactions of
12 have been little studied to date [26-29].

This work presents the results of our studies of the reactions of N,N’-diphenyldithioma-
londiamide 12 with 2-cyanoacrylates derived from cyanoacetic esters.

2. Results and Discussion
2.1. Synthesis

Earlier, we proposed a cascade method for the preparation of [1,2]dithiolo[3,4-b]
pyridines 13 (Scheme 1) from N,N’-diphenyldithiomalondiamide 12 based on the morpholine-
catalyzed Michael addition with arylmethylene malononitriles followed by heterocycliza-
tion and further air oxidation of 3-thiocarbamoylpyridine-2-thiolate intermediate [16]. As
the continuation of this research, we have decided to look into the possibility to using
other electron-deficient alkenes as Michael acceptors to prepare dithiolopyridines and we
focused our attention on 3-aryl-2-cyanoacrylates 14. The precursors 14 were prepared by
Knoevenagel condensation of cyanoacetic esters with aromatic aldehydes in the presence
of piperidine or morpholine.

Previous studies on the reactions involving cyanoacetates and active methylene
thioamides and proceeding through the formation of Michael adducts A (Scheme 2) already
showed that the further heterocyclization may follow two different reaction pathways.
The first one suggests an intramolecular 6-exo-trig process involving ester fragment COOR
and leads to 3-cyanopyridin-2(1H)-ones B or related products (e.g., [30-33]). (pathway
A, Scheme 2). An alternative path would be 6-exo-dig heterocyclization, which leads to
heterocyclic enamino esters C or its transformation products [34-37] (pathway B, Scheme 2).

R'R2C=0

base L L base

Knoevenagel Knoevenagel
- (0] HN -

condensation condensation

RO+ 0O

NC R2
base H— N) base NC R EWG
Michael R EWG = ichael l +
addition S additon |RO
adduct A R3

pathway A pathway B
R! R?
j/\)i ROOCﬁEWG

Scheme 2. Two possible directions for heterocyclization reactions of active methylene thioamides

EWG

S
NH NC

R3

with cyanoacetic esters or 2-cyanoacrylates.

First, when a mixture of N,N’-diphenyldithiomalondiamide 12 and (E)-ethyl 2-cyano-
3-(4-methoxyphenyl)acrylate 14a in EtOH were treated with excessive morpholine, a yellow
crystal of ethyl 6-amino-4-(4-methoxyphenyl)-7-phenyl- 3-(phenylimino)-4,7-dihydro-3H-
[1,2]dithiolo[3,4-b]pyridine-5-carboxylate 15a was isolated in 72% yield (Scheme 3). The
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structure of 15a was unambiguously confirmed by single crystal X-ray diffraction analysis
(CCDC # 2219352, Figure 1).

HoN CO,Et
morpholine
EtOH 25°C
J EtO Ph—N OCH3
CN 2%
OCHj Ssg N 15a
Ph

Scheme 3. Synthesis of compound 15a.

Figure 1. ORTEP drawing of the X-ray structure for ethyl 6-amino-4-(4-methoxyphenyl)-7-phenyl-
3-(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo[3,4-b]pyridine-5-carboxylate 15a (CCDC deposition
number 2219352). Thermal ellipsoids for non-hydrogen atoms are shown at 50% probability. Blue:
nitrogen, gray: carbon atoms, red: oxygen atoms, yellow: sulfur atoms.

At this point, some efforts to optimize the reaction conditions and examine the scope
and limitation of the reaction were made. The reaction proceeded smoothly in MeOH or
EtOH; other tested solvents (i-PrOH, acetone, DMF) gave rather unsatisfactory results. The
nature of amine (morpholine, piperidine, triethylamine) does not significantly affect the
yields of products. Along with Michael addition of 12 to other 2-cyanoacrylates 14a—g
(Method A, Scheme 4), we also investigated the three-component reaction of dithiomalon-
dianilide 12, cyanoacetic esters and aldehydes in the presence of morpholine (Method B,
Scheme 4). However, Method B gives somewhat lower yields of dithiolopyridines 15.
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Scheme 4. Synthesis of compounds 15a—g.

Extended refluxing of the reaction mixture does not favor the formation of dithiolopy-
ridines 15. Thus, when a mixture of 14a and 12 in ethanol was heated under reflux in
the presence of morpholine for as long as 15 h, a contaminated deep-brown material was
obtained from which dithiolopyridine 15a was isolated by recrystallization in only 13%
yield. Less prolonged heating (1.5 h) was also accompanied by side processes and led to
decreased yields; in this case, compound 15a was obtained in 30% yield.

When the reaction of 12 with 14a was conducted in inert atmosphere under nitrogen
stream, dithiolopyridine 15a was not isolated. This fact proves the crucial role of air
oxygen for the final step of dithiolopyridine system formation. Nevertheless, the addition
of oxidizing agents (hydrogen peroxide or iodine) leads to resinification of the reaction
mixture. Aldehydes with both electron-donor and electron-withdrawing substituents are
reacted well. However, we failed to obtain any products in the case of furfural or 2-cyano-
3-(furan-2-yl)acrylates even if less nucleophilic and milder base triethylamine was taken
instead of morpholine. This is probably due to the strong tendency of furan-ring-bearing
electron-withdrawing substituents to undergo a nucleophilic attack at the C-5 position to
form a complex mixture of furan-ring-cleavage/recyclization products.
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In the IR spectra of compounds 15, the absorption bands corresponding to NH;
valence vibrations (v 3371-3474 cm ™! and v 3263-3290 cm~!), RO(C=0) group bands
(v 1651-1661 cm ') and imino group C=N-Ph bands at v 1622-1638 cm ! were observed
while the bands corresponding to C=N groups were absent. 'H NMR spectra of 15 revealed
characteristic singlets attributed to H-4 protons at 6 5.02-5.94 ppm and a very broadened
peak of NH; protons at 6 7.00-7.19 ppm. It is interesting that in some cases the signal of
OCH; protons is detected not as a typical quartet but as a complex multiplet, probably
due to the hindered rotation caused by the intramolecular hydrogen bond C=0...H-NH.
Alternatively, the observed splitting of OCHj signal can be caused by the shielding effect
of the aromatic ring at C-4, which affects one of OCH, protons. 1*C NMR spectra lacked
signals attributed to C=S carbons and revealed the peaks of C=0 (5 168.7-169.1 ppm), C=N
(6 163.0-163.4 ppm), C-3a (6 111.1-113.7 ppm), C-5 (6 76.5-78.4 ppm) and C-4 carbons (5
33.5-38.6 ppm). The NMR, FTIR and HRMS spectra are shown in Supplementary Materials
Figures 51-56, S8-531 and Tables S1, S8 and S9. The crystal data is shown in Supplementary
Materials Tables S2-57.

2.2. Agrochemical Studies

The new compounds were tested as herbicide safeners with respect to 2,4-dichlorophen-
oxyacetic acid (2,4-D) and as plant growth regulators. 2,4-D is an herbicide that is widely
used for plant protection and was reported to show no significant toxicity to humans [38].
However, the use of 2,4-D has negative side effects, including its inhibition effect on the
crops themselves that gives a decrease in yield by ~15-60%. To eliminate such negative
effects and to raise crop yields, herbicide safeners (also called herbicide antidotes or detox-
ifiers) are successfully used. Herbicide safeners [39—41] can be defined as agrochemicals
that are able to neutralize phytotoxins in plants, thus protecting crop plants from herbicide
injury. Safeners are harmless to crop plants (or even have a growth-stimulating effect), but
do not affect the activity of herbicides against weeds.

It is known that 3-aminothieno[2,3-b]pyridines, which can be considered as structural
analogs of the prepared 3-imino-3H-[1,2]dithiolo[3,4-b]pyridines 15, are reported to be
effective herbicide safeners [42,43] and plant growth regulators [44]. We studied the effi-
ciency of new 3-imino-3H-[1,2]dithiolo[3,4-b]pyridines as 2,4-D antidotes using sunflower
seedlings using the reported procedure [42] (see also Materials and Methods). The antidote
effect A was determined as a ratio of the hypocotyl (or root) length of sunflower seedlings
in the “herbicide + antidote” experiments to the length in the reference group (where the
seedlings were treated with 2,4-D only) (Equation (1)):

A = (Lexp/Lyes) X 100%, )

where Lexp is an organ length (mm) in the group of seedlings treated with herbicide and
antidote, and L, is an organ length (mm) in the reference group of sunflower seedlings.

We found that three of the new compounds, dithiolopyridines 15a,c,f, exhibited a
strong 2,4-D antidote effect in the laboratory experiments (Table 1).

As we can see from the Table 1, the use of 3H-[1,2]dithiolo[3,4-b]pyridines 15a,c,f as
safeners against 2,4-D strongly reduce the toxic effects of the herbicide. Compounds 15a,c,f
reduced the negative effect of 2,4-D on sunflower seedling hypocotyls by 34-60% and by
40-55% on sunflower seedling roots.

The antidote activity of 3H-[1,2]dithiolo[3,4-b]pyridines 15a,c,f was also studied in
field experiments on sunflower in the experimental field of the Federal Scientific Center for
Biological Protection of Plants (Krasnodar, Russia). Sunflower plants of cv. Master in the
phase of 10-16 leaves were treated with an aqueous solution of 2,4-dichlorophenoxyacetic
acid at a dose of 18 g/ha and 3 days later a safener solution was applied at a dose of
100 g/ha with the working fluid rate of 300 L /ha.
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Table 1. The antidote effects of the most active compounds 15a,c,f with respect to herbicide 2,4-D.

Antidote Effect A at Different Concentrations, % 1

N Compound Organ

102 103 104 10-5
roots 146 151 155 151

1
hypocotyls 157 160 154 151
roots 140 143 143 140

2
hypocotyls 137 134 140 148
roots 133 151 155 151

3
hypocotyls 148 154 148 151

15f

1 The differences are reliable at p = 0.95.

The field tests included the following variants:

- Control group—untreated plants;
- "“Herbicide” (reference) group—plants treated with herbicide 2,4-D only;
- “Herbicide + antidote” group—plants treated with herbicide 2,4-D and an antidote.

Experiments were conducted in plots of 2.8 m? with five-fold repetition. Sunflower
harvesting was performed at the time of full seed maturity. The field antidote effect Ar was
determined by the absolute value of the crop yield increase to the herbicide reference by
the Equation (2):

-V
Y2

where Ar is antidote effect, %; Y1 is crop yield in “herbicide + antidote” group; and Y5 is
crop yield in “herbicide” (reference) group.

The obtained data were statistically processed using Student’s f-test. The field test
results are presented in Table 2. As it can be seen, the use of compounds 15a,c¢,f as herbicide
safeners under field conditions provides an antidote effect in the range of 41.4-51.4%.

The growth-stimulating activity of compounds 15a,c,f was evaluated in laboratory
experiments using the known procedure [45] on cv. Master sunflower seedlings (Table 3).
The effect was evaluated by the elongation of stems and roots of treated seedlings in
comparison to control (untreated seeds) (Equation (3)):

Ap = x 100%, )

E= (Ltreated / Lcontrol) x 100%, (3)

where E is growth-stimulating effect, %; Lyyeste4 is the length (mm) of stems/roots in the
treated group of seedlings; and L.ontro1 is the length (mm) of stems/roots in the control
(untreated) group of seedlings.

As we can see from the Table 3, compounds 15a and 15f are more active than 15¢
and favored stem elongation by 12-20% relative to control and stimulated root growth
by 13-22%, depending on the concentration. In general, the growth-stimulating effect of
compounds 15a and 15f can be considered as moderate.

The study of the acute toxicity of the new compounds is in progress. According to
preliminary data, the compounds do not possess obvious phytotoxicity; this is indirectly
indicated by the observed plant growth-stimulating effect of the tested samples (Table 3).
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Table 2. Results of field tests on the antidote activity of 3H-[1,2]dithiolo[3,4-b]pyridines 15a,c,f against
the herbicide 2,4-D on sunflower cv. Master.

Field Test Variants

“Herbicide” (Reference)

Group (2,4-D Only) Herbicide + Antidote” Group

N Compound
Antidote Activity
Crop Yield, Crop Yield, -
Quintals per Hectare Quintals per Hectare Quintals per Af, %
Hectare !
1 14.0 20.8 6.8 4861
2 14.0 19.8 5.8 4141
3 14.0 21.2 7.2 5141
! The differences are reliable at p = 0.90.
Table 3. The growth-stimulating effects of compounds 15a,c,f.
Growth-Stimulating Effect F at Different Concentrations, % !
N Compound Organ
102 103 104 105
ocr roots 116 120 119 118
1
stems 115 120 120 122
roots 108 112 114 112
2
stems 114 115 115 116
roots 112 117 117 118
3
stems 113 117 116 112

! The differences are reliable at p = 0.95.

3. Materials and Methods

'H and 13C DEPTQ NMR spectra and 2D NMR experiments were recorded in solutions
of DMSO-d¢ on a Bruker AVANCE-III HD instrument (Bruker BioSpin AG, Faillanden,
Switzerland) (at 400.40 or 100.61 MHz, respectively). Residual solvent signals were used
as internal standards in DMSO-dg—2.49 ppm for 'H, and 39.50 ppm for '*C nuclei. Single
crystal X-ray diffraction analysis of compound 15a was performed on an automatic four-
circle diffractometer Agilent Super Nova, Dual, Cu at zero, Atlas S2. HRMS spectra were
recorded using a Bruker MaXis Impact quadrupole time-of-flight mass spectrometer (Bruker
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Daltonics, Bremen, Germany) equipped with an electrospray ionization source in positive
ion detection mode. The voltage at the ionization source was 3.5 kV, the drying gas flow
rate was 8 L/min, the spray gas pressure was 2 bar, the temperature of the ionization source
was 250 °C, the mass scanning range (1/z) was 50-1000, the scanning speed was 3 Hz. The
data were processed using Bruker Data Analysis 4.1 software. See Supplementary Materials
File for NMR, FTIR and HRMS spectral charts and X-ray analysis data.

FT-IR spectra were measured on a Bruker Vertex 70 instrument equipped with an
ATR sampling module (Bruker Optics GmbH & Co. KG, Ettlingen, Germany). Elemental
analyses were carried out using a Carlo Erba 1106 Elemental Analyzer (Carlo Erba Stru-
mentazione, Cornaredo, Italy) Reaction progress and purity of isolated compounds were
controlled by TLC on Sorbfil-A plates (Imid Ltd, Krasnodar, Russia), eluent-acetone:hexane
1:1 or ethyl acetate:light petroleum 3:1; the spots were visualized with UV-light and io-
dine vapors. N,N’-Diphenyldithiomalondiamide (dithiomalondianilide) 12 was prepared
from acetylacetone and phenyl isothiocyanate as described earlier [19,46]. Aldehydes,
cyanoacetic esters, morpholine and solvents were purchased from commercial vendors and
purified by distillation (Galachem, Moscow, Russia).

General procedure for the preparation of dithiolopyridines 15 (Method A). A vial
was charged, under air, with dithiomalondianilide 12 (300 mg, 1.047 mmol), 3-aryl-2-
cyanoacrylate 14 (1.1 mmol) and EtOH (6-8 mL). A mixture was treated with morpholine
(0.14 mL, 1.57 mmol) at 25 °C. Complete dissolution of starting materials and formation of
a deep-yellow solution occurred for a very short time (a matter of minutes). The solution
was stirred for 3 h and left to stand to allow slow evaporation in air at ambient temperature.
After evaporating the solvent, the resulting tarry residue was triturated with an appropriate
solvent (usually acetone : EtOH (1:1) or n-BuOH were used). The yellow or light-brown
crystalline solid was filtered off, washed with EtOH and hexane and recrystallized from
acetone (if appropriate) to give pure dithiolopyridines 15.

General procedure for the preparation of dithiolopyridines 15 (Method B). To a
solution of ethyl(methyl) cyanoacetate (1.1 mmol) and an aromatic aldehyde (1.1 mmol)
in EtOH(MeOH) (2-3 mL), morpholine (2 drops) was added. Under vigorous stirring, a
mixture was warmed up to 50 °C and left to cool to generate 3-aryl-2-cyanoacrylate 14 in
situ. Then, 300 mg (1.05 mmol) of dithiomalondianilide 12 and 0.13 mL of morpholine were
added. The solution formed was treated as above. The crystals of dithiolopyridine were
filtered off, washed with EtOH and hexane and recrystallized (if appropriate).

Ethyl 6-amino-4-(4-methoxyphenyl)-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]di- thiolo
[3,4-blpyridine-5-carboxylate (15a). This compound was prepared via Method A in a yield of
388 mg (72%). Alternatively, this compound was prepared via Method B employing ethyl
cyanoacetate (0.12 mL), anisaldehyde (0.13 mL) and thioamide 12 (300 mg) in a yield of
351 mg (65%), bright yellow crystals. FTIR, vimax, cm~1: 3400, 3273 (N-H); 1651 (COEt);
1628 (C=N). 'H NMR (400 MHz, DMSO-dg): 1.09 (t, 3] = 7.1 Hz, 3H, CH3CH}), 3.71 (s, 3H,
MeO), 3.89-4.03 (m, 2H, CH3CHo), 5.02 (s, 1H, H-4), 6.84-6.86 (m, 4H, H Ar), 7.00 (very
br s, 2H, NH,), 7.05-7.09 (m, 1H, H-4 Ph), 7.31-7.34 (m, 4H, H Ar), 7.60-7.66 (m, 5H, H
Ar). 13C DEPTQ NMR (101 MHz, DMSO-dy): 14.4* (CH3), 38.0* (C-4), 54.9* (OCH3), 58.6
(OCHy), 78.4 (C-5), 113.2* (2C, CH Ar), 113.5 (C-3a), 120.1* (2C, C2 C-6 Ph), 124.3* (C-4
Ph), 128.5* (2C, CH Ar), 129.7* (2C, C-3 C-5 Ph), 130.0* (2C, CH Ph), 130.5* (2C, CH Ph),
131.1* (C-4 Ph), 135.6 (C-1 Ph), 138.9 (C-1 Ar), 150.9 (C-1 Ph), 152.7 (C-6), 153.7 (C-8a), 157.6
(C-OMe), 163.3 (C=N), 168.7 (C=0). *Signals with a negative phase. Elemental Analysis
(Ca8H25N303S; M 515,65): calculated (%): C, 65.22; H, 4.89; N, 8.15; found (%): C, 65.15; H,
5.00; N, 8.12. HRMS (ESI) m/z: calculated for CogHpsN3O3S, [M + H]*: 516.14156, found
516.1411 (A 0.89 ppm).

3.1. X-ray Studies for Single Crystals of 15a

Single crystals of 6-amino-4-(4-methoxyphenyl)-7-phenyl-3-(phenylimino)-4,7- dihydro-
3H-[1,2]dithiolo[3,4-b]pyridine-5-carboxylate 15a (C2sH25N3035;, M 515.63) were grown
from EtOH-acetone solution. The crystal was kept at 423.15(10) K during data collection.
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Using Olex2 [47], the structure was solved with the olex2.solve structure solution program
using Charge Flipping and refined with the SHELXL [48] package using Gauss—Newton
minimization. The crystals are orthorhombic, at 423.15(10) K: a = 10.2422(4) Ab= 12.9088(5)
A, c=19.2052(7) A, x =90°, B = 90°, v = 90°, V = 2539.21(17) A3, T = 423.15(10), space group
P212121 (no. 19), Z = 4, u(Cu Ky) = 2.190 mm !, d.y1c = 1.349 mg/mm?, F(000) = 1080.0; a
total of 21,592 reflections measured, 4994 unique (Rint = 0.0510), which were used in all
calculations. The final wR, was 0.1035 (all data) and Ry was 0.0379 (I >20(I)). A full set of
crystallographic data has been deposited in the Cambridge Crystallographic Data Center
(CCDC 2219352).

Ethyl 6-amino-4-(4-nitrophenyl)-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo- [3,4-
blpyridine-5-carboxylate (15b). This compound was prepared via Method A in a yield of 344
mg (62%), bright-yellow powder. Alternatively, this compound was prepared via Method
B employing ethyl cyanoacetate (0.11 mL), 4-nitrobenzaldehyde (160 mg) and thioamide 12
(300 mg) in a yield of 240 mg (43%). FTIR, Vmax, cm1: 3445, 3263 (N-H); 1661 (CO,Et); 1630
(C=N); 1524 (NO; asym); 1346 (NO sym). 'H NMR (400 MHz, DMSO-de): 0.92 (t, 3] = 7.0 Hz,
3H, CH3CHy), 3.81-3.95 (m, 2H, CH3CHy), 5.94 (s, 1H, H-4), 6.72 (d, 3] = 7.6 Hz, 2H, H-2
H-6 Ph), 7.02-7.06 (m, 1H, H-4 Ph), 7.19 (very br s, 2H, NH;), 7.26-7.30 (m, 2H, H-3 H-5 Ph),
7.38-7.42 (m, 1H, H-4 Ph), 7.65-7.80 (m, 8H, H Ar). 3C DEPTQ NMR (101 MHz, DMSO-dy):
14.1* (CH3), 34.6* (C-4), 58.5 (OCHy), 76.9 (C-5), 111.7 (C-3a), 120.0* (2C, C2 C-6 Ph), 123.6*
(CH Ar), 124.2* (C-4 Ar), 127.2* (CH Ar), 129.4* (2C, C-3 C-5 Ar), 130.3* (2C, CH Ph), 130.5*
(2C, CH Ph), 131.3* (C-4 Ph), 133.0* (CH Ar), 135.2 (C-1 Ph), 141.1 (C-1 Ar), 148.8 (C-NOy),
150.6 (C-1 Ph), 153.1 (C-6), 154.6 (C-8a), 163.0 (C=N), 168.7 (C=0). *Signals with a negative
phase. Elemental Analysis (Co7H2N4O4S; M 530,62): calculated (%): C, 61.12; H, 4.18; N,
10.56; found (%): C, 61.03; H, 4.31; N, 10.41. HRMS (ESI) m/z: calculated for CoyHp3N4O4S;
[M + H]J*: 531.11607, found 531.1169 (A —1.56 ppm).

Ethyl  6-amino-7-phenyl-3-(phenylimino)-4-(2-thienyl)-4,7-dihydro-3H-[1,2]dithiolo[ 3,4~
blpyridine-5-carboxylate (15¢). This compound was prepared via Method A in a yield of
201 mg (39%). Alternatively, this compound was prepared via Method B employing ethyl
cyanoacetate (0.11 mL), thiophene-2-carbaldehyde (0.10 mL) and thioamide 12 (300 mg)
in a yield of 120 mg (23%), light brown powder. FTIR, vimax, cm~1: 3380, 3269 (N-H); 1653
(CO,Et); 1630 (C=N). 'H NMR (400 MHz, DMSO-dq): 1.12 (t, 3] = 7.1 Hz, 3H, CH3CH,),
4.05 (q, 3] = 7.1 Hz, 2H, CH3CHy), 5.39 (s, 1H, H-4), 6.92-6.95 (m, 4H, H-3 H-4 thienyl
and H-2 H-6 Ph overlapped), 7.09-7.12 (m, 3H, H-4 Ph and NH, overlapped), 7.28 (dd,
3] =4.9 Hz, *] = 1.5 Hz, 1H, H-5 2-thienyl), 7.34-7.38 (m, 2H, H-3 H-5 Ph), 7.51-7.54 (m, 2H,
H-3 H-5 Ph), 7.63-7.65 (m, 3H, H-2 H-6 H-4 Ph). '*C DEPTQ NMR (101 MHz, DMSO-dy):
14.5* (CHs), 33.5* (C-4), 58.7 (OCHy), 78.0 (C-5), 112.7 (C-3a), 120.1* (2C, C2 C-6 Ph), 122.8*
(C-2 thienyl), 123.6* (C-5 thienyl), 124.4* (C-4 Ar), 126.7* (C-4 thienyl), 129.7* (2C, C-3 C-5
Ph), 129.9* (2C, C-3 C-5 Ph), 130.6* (2C, C-2 C-6 Ph), 131.1* (C-4 Ph), 135.5 (C-1 Ph), 150.9
(C-1Ph), 151.1 (C-1 thienyl), 153.1 (C-6), 154.2 (C-8a), 163.4 (C=N), 168.5 (C=0). *Signals
with a negative phase. Elemental Analysis (Co5Hp1N30,53 M 491,65): calculated (%): C,
61.07; H, 4.31; N, 8.55; found (%): C, 60.98; H, 4.45; N, 8.45. HRMS (ESI) m/z: calculated for
Co5H2oN30,53 [M + H]*: 492.0874, found 492.0868 (A 1.22 ppm).

Ethyl 6-amino-4-(4-chlorophenyl)-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo-
[3,4-blpyridine-5-carboxylate (15d). This compound was prepared via Method A in a yield of
300 mg (55%). Alternatively, this compound was prepared via Method B employing ethyl
cyanoacetate (0.11 mL), 4-chlorobenzaldehyde (150 mg) and thioamide 12 (300 mg) in a
yield of 240 mg (46%), yellow powder. FTIR, Vimax, cm~1: 3371, 3271 (N-H); 1655 (CO,Et);
1638 (C=N). 'H NMR (400 MHz, DMSO-dg): 1.07 (t, 3] = 7.0 Hz, 3H, CH3CH,), 3.96 (q,
3] =7.0 Hz, 2H, CH3CHb), 5.04 (s, 1H, H-4), 6.83 (d, °] = 7.6 Hz, 2H, H-2 H-6 Ph), 7.05-7.09
(m, 3H, H-4 Ph and NH; overlapped), 7.30-7.35 (m, 4H, H Ar), 7.41 (d, 3] = 8.4 Hz, 2H,
H Ar), 7.50-7.55 (m, 1H, H-4 Ph), 7.64-7.67 (m, 4H, H Ar). 13C DEPTQ NMR (101 MHz,
DMSO-dg): 14.3* (CHs), 38.6* (C-4), 58.7 (OCHy), 77.7 (C-5), 112.6 (C-3a), 120.1* (2C, C2
C-6 Ph), 124.3* (C-4 Ph), 127.8* (2C, CH Ar), 129.5* (2C, CH Ar), 129.7* (2C, C-3 C-5 Ph),
130.1* (2C, CH Ph), 130.5* (2C, CH Ph), 131.2* (C-4 Ph), 135.4 (C-1 Ph and C-Cl overlapped),
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145.6 (C-1 Ar), 150.8 (C-1 Ph), 152.8 (C-6), 154.2 (C-8a), 163.2 (C=N), 168.6 (C=0). *Signals
with a negative phase. Elemental Analysis (Co7HppCIN3O,S; M 520,07): calculated (%): C,
62.36; H, 4.26; N, 8.08; found (%): C, 62.30; H, 4.41; N, 8.05. HRMS (ESI) m/z: calculated for
Co7H23CIN3O,S; [M + H]*: 520.09202, found 520.0913 (A 1.38 ppm).

Ethyl  6-amino-4-(2,4-dichlorophenyl)-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]-
dithiolo[3,4-b]pyridine-5-carboxylate (15e). This compound was prepared via Method A
in a yield of 215 mg (37%). Alternatively, this compound was prepared via Method B
employing ethyl cyanoacetate (0.11 mL), 2,4-dichlorobenzaldehyde (180 mg) and thioamide
12 (300 mg) in a yield of 175 mg (30%), brownish-yellow powder. FTIR, Vimax, cm L 3474,
3290 (N-H); 1657 (CO,Et); 1634 (C=N). 'H NMR (400 MHz, DMSO-dg): 1.05 (t, 3] = 7.0 Hz,
3H, CH3CH,), 3.87-3.99 (m, 2H, CH3CHy), 5.36 (s, 1H, H-4), 6.79 (d, 3] = 8.3 Hz, 2H, H-2
H-6 Ph), 7.02-7.06 (m, 1H, H-4 Ph), 7.14 (very br s, 2H, NH,), 7.27-7.31 (m, 2H, H-3 H-5
Ph), 7.35 (dd, 3] = 8.6 Hz, 4] = 2.0 Hz, 1H, H-5 Ar), 7.42 (d, *] = 2.0 Hz, 1H, H-3 Ar), 7.52 (d,
3] = 8.6 Hz, 1H, H-6 Ar), 7.55-7.67 (m, 5H, H Ph). 13C DEPTQ NMR (101 MHz, DMSO-d;):
14.3* (CH3), 37.9* (C-4), 58.6 (OCHy), 76.5 (C-5), 111.1 (C-3a), 120.1* (2C, C-2 C-6 Ph), 124.2*
(C-4 Ph), 126.7* (CH Ar), 128.3* (CH Ar), 129.5* (2C, C-3 C-5 Ph), 130.4* (2C, CH Ph), 130.5*
(2C, CH Ph), 130.9 (C-Cl), 131.3* (C-4 Ph), 133.7* (C-3 Ar), 133.8 (C-Cl), 135.3 (C-1 Ph),
142.7 (C-1 Ar), 150.3 (C-1 Ph), 152.9 (C-6), 154.7 (C-8a), 162.2 (C=N), 168.7 (C=0). *Signals
with a negative phase. Elemental Analysis (CoyH21CloN3O25, M 554,51): calculated (%):C,
58.48; H, 3.82; N, 7.58; found (%): C, 58.60; H, 3.95; N, 7.41. HRMS (ESI) m/z: calculated for
C27H22C12N30282 [M + H]+: 554.05305, found 554.0532 (A —-0.27 ppm)

Methyl  6-amino-4-(4-methoxyphenyl)-7-phenyl-3-(phenylimino)-4,7-dihydro-3H-[1,2]di-
thiolo[3,4-blpyridine-5-carboxylate (15f). This compound was prepared via Method A in
a yield of 330 mg (63%). Alternatively, this compound was prepared via Method B employ-
ing methyl cyanoacetate (0.09 mL), 4-methoxybenzaldehyde (0.13 mL) and thioamide 12
(300 mg) in MeOH in a yield of 230 mg (44%), bright-yellow powder. FTIR, Vmax, cm ™'
3452, 3281 (N-H); 1661 (CO;Me); 1622 (C=N). 'H NMR (400 MHz, DMSO-dy): 3.51 (s, 3H,
COOMe), 3.71 (s, 3H, MeO-Ar), 5.04 (s, 1H, H-4), 6.84-6.88 (m, 4H, H Ar), 7.00 (very br
s, 2H, NH,), 7.06-7.10 (m, 1H, H-4 Ph), 7.30-7.35 (m, 4H, H Ar), 7.55-7.66 (m, 5H, H Ar).
13C DEPTQ NMR (101 MHz, DMSO-dg): 37.7* (C-4), 50.5* (CO,CHj3), 54.9* (ArOCH3), 78.1
(C-5), 113.4* (2C, CH Ar), 113.7 (C-3a), 120.1* (2C, C-2 C-6 Ph), 124.3* (C-4 Ph), 128.2* (2C,
CH Ar), 129.7* (2C, C-3 C-5 Ph), 130.0* (2C, CH Ph), 130.5* (2C, CH Ph), 131.1* (C-4 Ph),
135.6 (C-1 Ph), 138.8 (C-1 Ar), 150.9 (C-1 Ph), 153.0 (C-6), 153.6 (C-8a), 157.6 (C-OMe), 163.2
(C=N), 169.1 (C=0). *Signals with a negative phase. Elemental Analysis (C27H23N3035; M
501,62): calculated (%): C, 64.65; H, 4.62; N, 8.38; found (%): C, 64.47; H, 4.70; N, 8.25. HRMS
(ESI) m/z: calculated for Cp7H4N303S, [M + H]*: 502.12591, found 502.1248 (A 2.21 ppm).

Methyl 6-amino-7-phenyl-3-(phenylimino)-4-(2-thienyl)-4,7-dihydro-3H-[1,2]dithiolo[3,4-
blpyridine-5-carboxylate (15g). This compound was prepared via Method A in a yield of
360 mg (72%). Alternatively, this compound was prepared via Method B employing methyl
cyanoacetate (0.09 mL), thiophene-2-carbaldehyde (0.09 mL) and thioamide 12 (300 mg)
in MeOH in a yield of 326 mg (65%), yellow powder. FTIR, vimax, cm—1: 3440, 3273 (N-H);
1660 (CO;Me); 1627 (C=N). 'H NMR (400 MHz, DMSO-ds): 3.55 (s, 3H, COOMe), 5.40 (s,
1H, H-4), 6.91-6.95 (m, 4H, H-3 H-4 thienyl and H-2 H-6 Ph overlapped), 7.10-7.14 (m, 3H,
H-4 Ph and NH, overlapped), 7.26 (dd, 3] = 5.0 Hz, 4] = 1.5 Hz, 1H, H-5 2-thienyl), 7.32-7.36
(m, 2H, H-3 H-5 Ph), 7.50-7.54 (m, 2H, H-3 H-5 Ph), 7.60-7.66 (m, 3H, H-2 H-6 H-4 Ph). 13C
DEPTQ NMR (101 MHz, DMSO-dg): 34.0* (C-4), 51.1* (CO,CH3), 78.1 (C-5), 112.8 (C-3a),
120.1* (2C, C2 C-6 Ph), 122.7* (C-2 thienyl), 123.7* (C-5 thienyl), 124.3* (C-4 Ar), 126.6* (C-4
thienyl), 129.7* (2C, C-3 C-5 Ph), 130.0* (2C, C-3 C-5 Ph), 130.5* (2C, C-2 C-6 Ph), 131.0* (C-4
Ph), 135.7 (C-1 Ph), 150.8 (C-1 Ph), 151.0 (C-1 thienyl), 153.3 (C-6), 154.1 (C-8a), 163.4 (C=N),
169.0 (C=0). *Signals with a negative phase. Elemental Analysis (Co4H19N302S3 M 477,62):
calculated (%): C, 60.35; H, 4.01; N, 8.80; found (%): C, 60.23; H, 4.15; N, 8.75. HRMS (ESI)
m/z: calculated for CpsHpoN30,53 [M + H]*: 478.0718, found 478.0722 (A —0.84 ppm).
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3.2. Herbicide-Safening Effect Studies

Germinated sunflower seeds (cv. Master) with 2-4 mm long embryo roots were placed
in a solution of 2,4-D (1073% by weight) for 1 h to achieve 40-60% inhibition of hypocotyl
growth. After treatment, the seedlings were washed with pure water and placed into a
solution of the corresponding compound 15a,c¢,f (concentrations 102,103,110~ or 10°%
by weight, “herbicide + antidote” experiments). After 1 h the seedlings were washed
with pure water and placed on paper strips (10 x 75 cm, 20 seeds per strip). The strips
were rolled and placed into beakers with water (50 cm®). The reference group of seedlings
(“herbicide” experiments) was kept in 2,4-D solution (1073%) for 1 h and then in water for
1 h. The “control” seedlings were kept in water for 2 h. The temperature of all solutions
was maintained at 28 °C. The seedlings were then thermostated for 3 days at 28 °C. Each
experiment was performed in triplicate; 20 seeds were used in each experiment. The results
are given in Table 1.

3.3. Growth-Stimulating Effect Studies

Sunflower seeds were treated with a solution of a test compound at different concen-
trations (1072 to 107> by weight) for 1 h. After 1 h, the seeds were spread evenly on strips of
filter paper, rolled up, placed in beakers with water and thermostated at 28 °C for 3 days.
Then stem and root length were measured, and the data were statistically processed using
Student’s t-test, p = 0.95. Each experiment was carried out in triplicate with 100 seeds. The
results are given in Table 3.

4. Conclusions

Generally, a new preparative method for synthesis of alkyl 6-amino-4-aryl-7-phenyl- 3-
(phenylimino)-4,7-dihydro-3H-[1,2]dithiolo[3,4-b]pyridine-5-carboxylates 15 based on the
base-catalyzed cascade reaction of dithiomalondianilide 12 with alkyl 3-aryl-2-cyanoacrylates
was developed. Alternatively, the same compounds can also be prepared in a single step
starting from aromatic aldehydes, ethyl (or methyl) cyanoacetate and dithiomalondianilide.
Related reactions of dithiomalondianilide 12 with other Michael acceptors are currently
underway in our laboratory. Some compounds showed a strong antidote effect with
respect to herbicide 2,4-D accompanied by moderate growth-regulating activity in the
experiments on sunflower seedlings. Thus, compounds 15a,c,f reduced the negative effect
of 2,4-D on sunflower seedling hypocotyls by 34—60% and by 40-55% on sunflower seedling
roots in the laboratory experiments and showed an antidote effect of 41.4-51.4% in the
field experiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28020609/s1, Figure S1. FTIR spectrum of dithiolopy-
ridine 15a; Figure S2. 'H NMR spectrum of dithiolopyridine 15a, DMSO-dg (400 MHz); Figure S3.
13C DEPTQ NMR spectrum of dithiolopyridine 15a, DMSO-dg (101 MHz); Figure S4. 'H-13C HSQC
NMR spectrum of the dithiolopyridine 15a, DMSO-dg (400/101 MHz); Figure S5. 'H-13C HMBC
NMR spectrum of the dithiolopyridine 15a, DMSO-dg (400/101 MHz); Figure S6. 'H-13C HMBC
NMR spectrum of the dithiolopyridine 15a, DMSO-dg (400/101 MHz) (fragments); Table S1. The
observed correlations in the "H-13C HSQC and 'H-'*C HMBC 2D NMR spectra of dithiolopyridine
15a; Figure S7. ORTEP drawings of the crystal structure showing 50% probability thermal ellip-
soids (CCDC 2219352) of the single crystal of compound 15a; Table S2. Crystal data and structure
refinement for dithiolopyridine 15a; Table S3. Fractional Atomic Coordinates (x 10%) and Equivalent
Isotropic Displacement Parameters (A2 x10°) for 15a. Ueq is defined as 1/3 of of the trace of the
orthogonalised UIJ tensor; Table S4. Anisotropic Displacement Parameters (A% x10%) for 15a. The
Anisotropic displacement factor exponent takes the form: -2m2[h2a*2Uqq +...+2hkaxb x Uy, ]; Table S5.
Bond Lengths for dithiolopyridine 15a; Table S6. Bond Angles for dithiolopyridine 15a; Table S7.
Hydrogen Atom Coordinates (A x10%) and Isotropic Displacement Parameters (A2 x10%) for 15a;
Figure S8. FTIR spectrum of dithiolopyridine 15b; Figure S9. 'H NMR spectrum of dithiolopyridine
15b, DMSO-dg (400 MHz); Figure S10. 13C DEPTQ NMR spectrum of dithiolopyridine 15b, DMSO-dg
(101 MHz); Figure S11. FTIR spectrum of dithiolopyridine 15¢; Figure S12. TH NMR spectrum of
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dithiolopyridine 15¢, DMSO-dg (400 MHz); Figure S13. 13C DEPTQ NMR spectrum of dithiolopyri-
dine 15¢, DMSO-dg (101 MHz); Figure S14. 'H-13C HSQC NMR spectrum of the dithiolopyridine 15¢,
DMSO-dg (400/101 MHz); Figure S15. '"H-'3C HMBC NMR spectrum of the dithiolopyridine 15¢,
DMSO-dg (400/101 MHz); Figure S16. "H-'3C HMBC NMR spectrum of the dithiolopyridine 15c,
DMSO-dg (400/101 MHz) (fragment); Table S8. The observed correlations in the ITH-13C HSQC and
1H-13C HMBC 2D NMR spectra of dithiolopyridine 15¢; Figure S17. FTIR spectrum of dithiolopyri-
dine 15d; Figure S18. 'H NMR spectrum of dithiolopyridine 15d, DMSO-dg (400 MHz); Figure S19.
13C DEPTQ NMR spectrum of dithiolopyridine 15d, DMSO-dg (101 MHz); Figure S20. FTIR spectrum
of dithiolopyridine 15f; Figure S21. "H NMR spectrum of dithiolopyridine 15f, DMSO-dg (400 MHz);
Figure S22. 13C DEPTQ NMR spectrum of dithiolopyridine 15f, DMSO-dg (101 MHz); Figure S23.
TH-13C HSQC NMR spectrum of the dithiolopyridine 15f, DMSO-dg (400/101 MHz); Figure S24.
1H-13C HMBC NMR spectrum of the dithiolopyridine 15f, DMSO-d¢ (400/101 MHz); Figure S25.
'H-13C HMBC NMR spectrum of the dithiolopyridine 15f, DMSO-dg (400/101 MHz) (fragment);
Table S9. The observed correlations in the 'H-13C HSQC and 'H-'*C HMBC 2D NMR spectra of
dithiolopyridine 15f; Figure 526. HRMS spectrum of dithiolopyridine 15a; Figure S27. HRMS spec-
trum of dithiolopyridine 15b; Figure 528. HRMS spectrum of dithiolopyridine 15¢; Figure S29. HRMS
spectrum of dithiolopyridine 15d; Figure 5S30. HRMS spectrum of dithiolopyridine 15e; Figure S31.
HRMS spectrum of dithiolopyridine 15f.
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Abstract: A convenient pathway to a new series of a-CF3-substituted x-amino acid derivatives
bearing pharmacophore isoquinolone core in their backbone has been developed. The method
is based on [4+2]-annulation of N-(pivaloyloxy) aryl amides with orthogonally protected internal
acetylene-containing x-amino carboxylates under Rh(Ill)-catalysis. The target annulation products
can be easily transformed into valuable isoquinoline derivatives via a successive aromatization/cross-

coupling operation.

Keywords: acetylenes; amino acids; C-H activation; annulation; catalysis; isoquinolones

1. Introduction

Isoquinolin-1(2H)-ones and analogues are important nitrogen heterocycles possessing
diverse bioactivities and presented in many candidates, including antitumor, anti-diabetic,
anti-inflammatory and cardiovascular drugs [1-7] (Figure 1). They are also widely used
as key intermediates in variety of organic transformations to access more potent bioactive
molecules [8-14].

SO,Me
? MeO i
e
“C L
>
7
cl CO,Me MeO I CO,Et
Tumor necrosis
DPP-4 inhibitor JNK inhibitors factor inhibitor
Cl

H OMe

N Me NMe

o o AMe
Cl N H OMe

N MeO X ~N
N
P % NEt, _
=
Me MeO
Papaverine Quinisocaine

(anesthetic)

LCK kinase inhibitor (antispasmatic agent)

Figure 1. Selected bioactive isoquinolones and isoquinolines.

Transition-metal-catalyzed annulation reactions via C-H activation have gained great
importance as a powerful step- and atom-economical strategy for the preparation of com-
plex molecules from simple starting materials [15-18]. In particular, [Cp*RhIH]-wtalyzed
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annulation of the akynes with (hetero)arenes bearing different directing groups has become
one of the most efficient and robust synthetic methodologies for the construction of various
functionalized heterocycles [19-25]. In 2010, Fagnou and co-workers discovered that the
N-pivaloyloxy group can act both as a directing group and as an internal oxidant through
N-O bond cleavage during the synthesis of isoquinolones [26,27]. Mechanistically, this
redox-neutral [4+2]-annulation process between alkynes and N-pivaloyloxy aryl amides
has shown to proceed via the formation of a seven-membered rhodacycle intermediate,
which undergoes a C-N bond forming/N-O bond cleaving event to yield the free NH iso-
quinolones suitable for further useful transformations [28-34]. Despite significant advances
made in the field, the development of effective strategies employing new coupling partners
to construct functionally substituted quinolin-2(1H)-ones remains of great demand.

On the other hand, modern peptide-based drug design very often aims on selective
derivatizing of the peptide backbone through the introduction of additional functional
groups or proven heterocyclic pharmacophores in order to modulate the required prop-
erties [35—41]. In this respect, a-fluoroalkyl-containing «-amino acids are of particular
interest since they find widespread bio-organic applications as biological tracers, mech-
anistic probes, and enzyme inhibitors as well as medical applications including blood
pressure control, allergies, and tumor growth [42—46]. The incorporation of fluorinated
a-amino acids into key positions of bioactive peptides is one of the most common strategies
to improve their pharmacokinetic profiles, conformational and proteolytic stability, and
membrane permeability [43-50]. Therefore, the development of new representatives of
a-fluoromethyl-a-amino acids, including those decorated with pharmacophore heterocycle
rings, is of high interest.

Recently, we have elaborated an efficient strategy for the preparation of novel o-CF3-ox-
amino acid derivatives and their phosphorus counterparts with isoquinolone moiety in their
backbone based on [Cp*Rh!"']-catalyzed [4+2]-annulation of terminal propargyl-containing
x-CF3-substituted x-amino carboxylates and a-propargyl-a-amino phosphonates with
N-pivaloyloxy aryl amides [51] (Scheme 1).

Previous work

CF; 0
(0] AX
_H
N/OPiv = HN-PG N CF;
H R Pz X
R H NH-PG
X =CO,Me; P(O)(OEt),
This work CF3
CO,Me 0
HN-PG CF,
OP|v CO,Me
NH-PG
SN CF; R
COzMe
NH-PG

Scheme 1. Previous and present work.

In continuation of our current research on metal-catalyzed C-H bond activation [52-55],
here we want to disclose a convenient regio-selective approach to new isoquinolone-
containing o-amino acid derivatives derived from internal aryl acetylenes bearing protected
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x-CF3-o-amino carboxylate framework under rhodium(Ill)-catalysis, and their further syn-
thetic transformations into highly functionalized isoquinolines (Scheme 1).

2. Results and Discussion

We commenced our study by examining a model reaction between phenyl hydroxam-
ate 1a and the readily available internal phenyl acetylene 2a [56] bearing an N-Boc-protected
o-CF3-a-amino ester group for the screening of optimal conditions for the annulation. The
rhodium catalytic system [Cp*RhCl;], /CsOAc, as the most competent catalyst for such type
of transformation, was initially tested to activate the process. As a result, the reaction was
found to smoothly proceed in the presence of 5 mol% [Cp*RhCl; ] and 2.0 equiv. of cesium
acetate in methanol at room temperature for 4 h to give the corresponding isoquinolone
derivative 3a in 70% NMR yield (Table 1, entry 1), along with noticeable amounts of starting
materials. Encouraged by this result, we screened some solvents and bases for the reaction
(entries 2-5). The best conversion of the starting materials and isolated yield of 3a (mea-
sured by 1F NMR spectroscopy) were achieved by the usage of 2,2 2-trifluoroethanol (TFE)
and CsOAc (entry 2). Subsequent reduction of catalyst and additive loading (entries 2-6)
has revealed the optimal reaction conditions: [Cp*RhCl;], (3 mol%) and CsOAc (1 equiv.),
r.t., 2 hin MeOH (entry 8). Iridium-, cobalt- and ruthenium-based complexes have proved
to be absolutely inactive in the process (entries 10-12). The reaction does not take place in
the absence of any catalyst or base, expectedly (entries 13, 14).

Table 1. Optimization of [4+2]-annulation of aryl hydroxamate 1a with acetylene 2a.

1 _OPiv CF; condition® CF,
” + Ph/:l\tggg e T CO.Me
1a 2a NH—Boc
Entry Catalyst (mol. %) Additive (equiv.) Solvent Yield ® (%)

1 [Cp*RhCL ], (5) CsOAc (2) MeOH 70(60 €)
2 [Cp*RhCLy]; (5) CsOAc (2) TFE 87(72°¢)
3 [Cp*RhCly], (5) CsOAc (2) toluene 65
4 [Cp*RhCL], (5) NaOAc (2) MeOH 73
5 [Cp*RhCLy]; (5) KOAc (2) MeOH 69
6 [Cp*RhCly], (3) CsOAc (2) MeOH 73
7 [Cp*RhCLy], (3) CsOAc (2) TFE 80
8 [Cp*RhCl2]; (3) CsOAc (1) TFE 84(71°)
9 [Cp*RhCL]; (3) CsOAc (1) MeOH 68
10 [Cp*IrCLy], (5) CsOAc (2) MeOH NR
11 [Cp*Colz], (5) CsOAc (2) MeOH NR
12 [(p-cymene)RuCl, ], (5) CsOAc (2) MeOH NR
13 - CsOAc (2) MeOH NR
14 [Cp*RhCly]; (5) - MeOH NR

2 Reagents and conditions: aryl hydroxamate 1a (0.2 mmol), acetylene 2a (0.2 mmol), solvent (2 mL), r.t.;
P Determined by °F NMR spectroscopy; © Isolated yield.

With these found conditions in hand, different aryl hydroxamates were involved in
[4+2]-annulation with different internal acetylene-containing amino ester 2a—e (Scheme 2).
The latter were easily synthesized via an addition of Grignard reagent (CH,=C=CH-MgBr),
generated from propargyl bromide, to orthogonally protected o-CF3-a-imino carboxy-
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lates followed by Sonogashira coupling with aryl halogenides according to the previ-
ously described protocol [56]. As a result, a series of the corresponding isoquinolinone-
containing «-CF3-amino carboxylates 3a-r were obtained in good yields and high degree
of regio-selectivity. The observed selectivity of the [4+2]-annulation process of 1 with
a-(arylpropargyl)-a-amino esters 2a—e bearing donor substituents in aryl group could
be probably explained by alkyne insertion into initially formed 5-membered rhodacycle
intermediate [26,27], according to its inherent polarity (for proposed mechanism see Supple-
mentary Materials, Scheme S1). The nature of the substituents in hydroxamate component
did not significantly affect the outcome of the reaction in all investigated cases (Scheme 2).

(0]
N-OPV [Cp*RhCly, (3 mol%)
H .
R . CF3 CsOAc (1 equiv.),
ﬂCogMe TFE, rt
1
Ar HN—PG
2a-e
o =
o
NH CF3 NH CF3
NH CFs P CO,Me ¥z CO,Me
COMe NH-PG NH-PG
NH-PG
PG = Boc, 3a (71%) PG = Boc, 3¢ (81%) PG = Boc, 3e (79%)
Cbz, 3b (73%) Me Cbz, 3d (69%) OMe Cbz, 3f (88%)
0 0

CO,Me  OoN

PG = Boc, 39 (84%) PG = Boc, 3i (86%) PG = Boc, 3k (89%)

Cbz, 3h (79%) Me Cbz, 3j (82%) OMe Cbz, 31 (83%)
o)
NH CFs
COMe _ — CO,Me
FiC NH-PG '3 NH-Cbz
PG = Boc, 3m (85%) PG = Boc, 30 (89%) PG = Boc, 39 (90%)
Cbz, 3n (73%) Me Cbz, 3p (70%) OMe Cbz, 3r (82%)

Scheme 2. Synthesis of isoquinolone-containing x-amino carboxylates 3.

However, the presence of an electron-withdrawing nitro group in para-position of aryl
substituent of acetylene component leads to a mixture of the corresponding regioisomers 3s
and 3t in a ratio of 3:2 respectively, which were easily separated by column chromatography
on silica gel. The absence of selectivity in this case can be likely addressed to a change in the
polarity of the triple bond due to the influence of strong acceptor group. The structure of
each regio-isomer was assigned by 2D NOESY experiments (see Supplementary Materials).
Thus, an intensive cross peak between proton of CH, group of amino acid residue and
ortho-proton of phenyl ring was found in the spectrum of isomer 3t that has not been
observed for compound 3s; instead, a cross peak between the ortho-protons of close located
phenyl moieties appeared (Scheme 3).
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o) CF,
_OPi P CO,Me
G)LH Vo, = NH.Cbz [CP*RACLl; (3 mol%)
CsOAc (1 equiv.),
1a O5N 2f TFE, rt

MeO,C NH-Cbz

NO2 35 (30%) 3t (25%)
Scheme 3. Reaction of 1a with para-nitrophenyl acetylene 2f.

All synthesized compounds were fully characterized by physicochemical methods.
In addition, the structure of isoquinolone 3a was confirmed by X-ray crystallographic
analysis (Figure 2).

o

Vo
‘A'

NI

i
Al

Figure 2. ORTEP representation of the molecular structure of 3a (CCDC 2217085). Thermal ellipsoids
are drawn at the 30% probability level).

Considering the fact that isoquinolines are key structural elements of many bioactive
compounds including drugs [57-59] (see Figure 1), we were interested in further inves-
tigation of synthetic potential of obtained isoquinolones as universal precursors of the
corresponding isoquinoline derivatives decorated with amino acid residues. Thus, we
found that the isoquinolones 3 could easily undergo an aromatization into the isoquino-
lines under treatment with triflic anhydride in the presence of pyridine. The reactions
proceed in CH,Cl, under mild conditions and go to completion within 15 min at ambient
temperature furnishing the corresponding 1-OTf-substituted isoquinolines 4a—o in good to
high yields (Scheme 4).
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(0] OTf
NH CF; TH,0/Py /@@\/ccs
P COZMe = COZMe
R NH-PG CH,Cl, 0-20°C R NHPG
Ar 3 4 Ar

OoTf

T
~N CF3
= COoMe
NH-Boc
PG = Boc, 4c (89%) 4e (70%)

PG = Boc, 4a (77%)

Cbz, 4b (92%) Me Cbz, 4d (90%)  ©OMe
oTf oTf
oTf
SN CF3 NN CF;
CFs ON = COMe = CO,Me
ON COMe V2 NH-Boc 2 NH-PG
2 NH-PG ! I
PG = Boc, 4f (79%) 4h (82%) PG = Boc, 4i (88%)
Cbz, 4g (89%) Me OMe Cbz, 4j (94%)

PG = Boc, 4k (81%) PG = Boc, 4m (70%) 40 (93%)
Cbz, 41 (80%) Me Cbz, 4n (92%) OMe

Scheme 4. Synthesis of 1-OTf-substituted isoquinolines 4.

The well-known pseudo-halogen nature of the TfO group pushed us to explore some
further useful transformations of the synthesized isoquinoline derivatives 4, such as Pd-
catalysed cross-coupling reactions. As a result, it turned out that the compounds 4 could
serve as suitable cross-coupling partners in Suzuki reaction with various aryl boronic
acids. It was revealed that the reactions of 4d,f,1 with 4-metoxy phenyl boronic acid readily
proceeded in dioxane-water mixture under catalysis with Pd(PPh;3),Cl, /NaHCOj3 system
at 100 °C, leading to the formation of the expected cross-coupling products 5a—c in high

yields (Scheme 5a).

The same isoquinoline-containing «-amino acid derivatives 4d,f,m were included
in coupling with phenyl acetylene under the classical Sonogashira reaction conditions to
afford the corresponding products 6a—c in good yields (Scheme 5b). Finally, we found
that the OTf group could be successfully removed in the presence of catalytic amounts of
PdCl,(dppf) complex and excess of formic acid to give isoquinolines 7a,b in acceptable

yields (Scheme 5c).
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OMe
oTf
SN CFy (HO)ZBOOMe O
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4d.fl 100 °C R = CO,Me
” NH-PG
(3 Ar
OMe 5a-c
OMe OMe
SN CFy q §
_ CO,Me N CF3co y N CFsco .
NHBoc = 2Me = oMe
O O2N NHBoc  F3C NHCbz
5 (92%) O 5b (88%) O 5¢ (87%)
Me
T
4d.f,m
Pd(PPhs),Cl, (5 mol%) SN CF3
Cul (0.1 equiv.); R = COMe  gac
b) TEA, DMF, rt. NH-PG
Ar
Ph
Ph I
q SN CFs
CO,Me N CFs fo _ CO,Me
NH-Cbz o N = COMe T3 NH-Boc
2 NH-Boc
o (o C 9
a (58%) 6b (60%) Me  6¢(67%)
oTf <
Q PACI(dppf) (5 mol%) N CFs
(c) N CF3 — _— CO,Me
CO.Me HCO4H (2.4. equiv.); NH-PG
= 2 TEA, DMF, rt. Bh
NH-PG
Ph PG = Boc, 7a (50%)
4a,b Cbz, 7b (61%)

Scheme 5. Transformations of the OTf-substituted isoquinolines 4 under Pd-catalysis: (a) Suzuki

reaction; (b) Sonogashira reaction; (c) removal of OTf group.

In addition, in order to demonstrate a feasibility for the further synthetic applications
of the compounds obtained, e.g., in peptide synthesis or other useful derivatizations, we
have performed selective deprotections of the N-PG-x-amino esters. Thus, the ester 3a was
saponified using 5% solution of potassium hydroxide in methanol to get free carboxylic
acid 8 in high yield. The Boc-protective group of compound 3q was selectively removed
by the treatment of its solution in methylene chloride with excess of trifluoroacetic acid at

room temperature furnishing free amino ester 9 in 85% yield (Scheme 6).
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0 0
NH CF, COH/MeOH NH CF,
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_ CO,Me —_— _ CO,Me
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o, g
q 9 (85%)
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e
Scheme 6. Removal of protective groups.

3. Materials and Methods
3.1. General Information

All solvents used in the reactions were freshly distilled from appropriate drying
agents before use. All other reagents were distilled as necessary. The corresponding
starting acetylenes were easily synthesized via the previously described protocol [56].
Analytical TLC was performed with Merck silica gel 60 Fys4 plates; visualization was
accomplished with UV light or spraying with Ce(SO4); solution in 5% HySO,. Chromatog-
raphy was carried out using Merck silica gel (Kieselgel 60, 0.063-0.200 mm) and petroleum
ether/ethyl acetate as an eluent. The NMR spectra were obtained with Bruker AV-300,
AV-400, AV-500 and Inova-400 spectrometers operating at 300, 400, and 500 MHz, respec-
tively, for 'H (TMS reference), at 101 and 126 for 13C {*H}, and at 282 and 376 MHz for
I9F (CCI3F reference). Analytical data (C, H, N content) were obtained with a Carlo Erba
model 1106 microanalyzer.

3.1.1. General Procedure for C-H Activation/Annulation of Aryl Hydroxamate with
Acetylenes. Synthesis of the Compounds 3a-r

A dried 10 mL Shlenk tube equipped with a magnetic stirring bar was subsequently
charged with a corresponding acetylene (0.1 g, 0.27 mmol, 1.0 equiv.), TFE (2 mL), corre-
sponding aryl hydroxamate (0.06 g, 0.27 mmol, 1.0 equiv.), [Cp ' RhCl,], (4.9 mg, 8.0 umol,
3 mol%) and CsOAc (0.05 g, 0.27 mmol, 1.0 equiv.) under Ar. The reaction mixture was
stirred at room temperature for 4 h until the completion of the reaction, monitored by TLC
and 'F NMR. By this time, the product precipitate had been formed and then was isolated
from the reaction mixture by filtration.

3.1.2. General Procedure for the Synthesis of TfO-Derivatives 4a—o

To a solution of the corresponding isoquinolone (0.1 g, 0.2 mmol, 1 equiv.) in dry
dichloromethane (15 mL), pyridine (1.5 equiv.) and Tf,0O (1.5 equiv.) were added at 0 °C.
After having been stirred at 0 °C for 30 min, the reaction mixture was treated with water and
extracted with dichloromethane. The organic layer was washed with saturated NaHCOj3
(aqg.), dried over anhydrous MgSQy, filtered, and evaporated to dryness. The residue was pu-
rified by column chromatography on silica gel (eluent petroleum ether/ethyl acetate = 15/1)
to give the desired product.

3.1.3. General Procedure for the Suzuki Reaction. Synthesis of the Compounds 5a—c

A 25 mL round-bottom flask equipped with a magnetic stir bar and a reflux con-
denser was charged with corresponding triflate-derivative (0.1 g, 0.16 mmol, 1 equiv.),
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corresponding boronic acid (0.02 g, 0.16 mmol, 1 equiv.), 1,4-dioxane—water mixture
(3:1, 4 mL), NaHCO3 (0.04 g, 0.5 mmol, 3 equiv.), and Pd(PPh;3),Cl, (1.1 mg, 1.6 pmol,
1 mol %). The resulting mixture was deaerated with argon and refluxed at 100 °C un-
der argon for 1 h until the completion (monitored by TLC). On completion, the mixture
was poured into water (7 mL) and extracted with dichloromethane (3 x 5 mL). The com-
bined organic phases were washed with brine, dried over anhydrous MgSQy, filtered, and
and evaporated to dryness. The crude product was purified by column chromatography
(eluent petroleum ether/ethyl acetate = 10/1) to give the desired product.

3.1.4. General Procedure for the Sonogashira Reaction. Synthesis of the Compounds 6a—c

A dried 10 mL Shlenk tube was charged with a magnetic stir bar, DMF (5.5 mL)
and corresponding triflate derivative (0.1 g, 0.15 mmol, 1.0 equiv.), and the solution was
degassed three times. Then, (Ph3P),PdCl; (5.2 mg, 7.5 pmol, 5 mol%) was added and the
degassing procedure repeated. After that, EtzN (0.28 mL) and phenyl acetylene (0.02 g,
0.22 mmol, 1.5 equiv.) was added and the mixture was degassed. Then, copper iodide
(2.8 mg, 0.01 mmol, 10 mol%) was added and the reaction was stirred at room temperature
overnight. After the completion (monitored by TLC) the reaction mixture was poured into
1M HCl (20 mL) and extracted with ethyl acetate (3 x 10 mL). The organic layers were
dried over anhydrous MgSQOy, filtered and evaporated to dryness. The crude product was
purified by column chromatography (eluent petroleum ether/ethyl acetate = 10/1) to give
the desired product.

3.1.5. General Procedure for the Reduction of Triflate-Group. Synthesis of the Compounds 7a,b

To a dried 10 mL Shlenk tube equipped with a magnetic stir bar corresponding triflate
(0.1 g, 0.16 mmol, 1.0 equiv.), (dppf)PdCl; (5.8 mg, 8.0 pmol, 5 mol%), TEA (0.05 mL,
0.48 mmol, 3.0 equiv.), DMF (2.5 mL) and HCOOH (0.01 mL, 0.38 mmol, 2.4 equiv.) were
added. The mixture was stirred at room temperature for 3 h. After the completion of
the reaction (monitored by TLC), the solution was poured into 1M HCI (10 mL) and
extracted with Et;O (3 x 10 mL). The organic layers were washed with water and dried
over anhydrous MgSQOy, filtered and evaporated to dryness. The crude product was
purified by column chromatography (eluent petroleum ether/ethyl acetate = 8/1) to give
the desired product.

3.1.6. General Procedure for Ester Hydrolysis. Synthesis of the Compound 8

The corresponding isoquinolone 3a (0.3 g, 0.6 mmol) was dissolved in 5% KOH/MeOH-
H,O (1:1) (13 mL) and stirred at room temperature for 2 h. After evaporation of solvents
under reduced pressure, water (15 mL) was added to a residue, and the suspension was
washed with diethyl ester (3 x 10 mL) before being acidified with HCI conc. until pH 34
and extracted with ethyl acetate (3 x 7 mL). The ethyl acetate extracts were combined and
dried over anhydrous MgSOy, filtered, and evaporated to dryness.

3.1.7. General Procedure for the Removing of the Boc-Protecting Group. Synthesis of the
Compound 9

A solution of Boc-protected isoquinolone 3q (0.25 g, 0.42 mmol) in a biphasic mixture
of trifluoroacetic acid/dichlormethane (4 mL/10 mL) was stirred at room temperature for
1.5 h. After evaporation of solvents under reduced pressure, water (15 mL) was added to the
residue and the resulting water solution was neutralized with saturated solution of sodium
bicarbonate until pH 7. Then the mixture was extracted with diethyl ether (3 x 10 mL).
The organic layer was dried over anhydrous MgSO, and evaporated to dryness.

3.2. Characterization Data for the Products
Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-1,2-dihydroiso quinolin-
3-yl)methyl)propanoate (3a).
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Yield 71% as a white solid. M.p. 213-215 °C. 1'H NMR (400 MHz, DMSO-dg): 6 10.87 (s,
1H, NH), 8.26 (d, ] = 7.9 Hz, 1H, Ar), 8.15 (s, 1H, NH), 7.62 (t, ] = 7.6 Hz, 1H, Ar), 7.54-7 .43
(m, 4H, Ar), 7.26 (d, ] = 7.3 Hz, 1H, Ar), 7.10 (d, ] = 7.5 Hz, 1H, Ar), 6.97 (d, ] = 8.2 Hz, 1H,
Ar), 3.48 (s, 3H, OCH3), 3.18 (d, ] = 14.8 Hz, 1H, CH3), 2.91 (d, ] = 14.7 Hz, 1H, CH,), 1.37 (s,
9H 3 CH3). 3C{'H} NMR (126 MHz, DMSO-d;): § 164.8, 161.9, 159.2, 138.3 and 137.1, 137.1,
135.3 and 135.0, 133.5 and 133.1, 132.2 and 132.1, 131.3, 130.6 and 130.5, 129.8 and 129.5,
128.9 and 128.8,128.4 and 128.2, 127.1 and 127.0, 125.6 and 125.5, 125.3 and 125.2, 124.6 (q,
] =285.6 Hz, CF3), 118.9, 115.8, 81.2 and 80.7, 62.7 (q, | = 29.1 Hz, >C<), 53.0, 31.8 and 31.5,
28.3. 9F NMR (376 MHz, DMSO-d): § —74.13 (s, 3F, CF3). Elemental analysis calcd (%) for
Cy5Hp5F3N,05: C, 61.22; H, 5.14; N, 5.71; found: C, 61.18; H, 5.01; N, 5.65.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-1,2-dihydroiso quinolin-
3-yl)methyl)propanoate (3b).

Yield 73% as a white solid. M.p. 168-170 °C. 'H NMR (400 MHz, acetone-ds): 6 10.45
(s, 1H, NH), 8.37 (d, ] = 7.9 Hz, 1H, Ar), 7.65-7.47 (m, 6H, Ar), 7.29-7.21 (m, 6H, Ar, 1H,
NH), 7.04 (d, ] = 8.1 Hz, 1H, Ar), 4.96 (s, 2H, OCH,), 3.67 (s, 3H, OCH3), 3.47 (d, ] = 15.2 Hz,
1H, CH,), 3.33 (d, ] = 15.3 Hz, 1H, CH5). 1*C{'H} NMR (126 MHz, DMSO-d;): 5 164.0, 161.4,
154.4, 137.8, 136.0, 134.5, 132.6, 131.6, 131.5, 130.8, 129.0, 128.5, 128.4, 128.2, 128.0, 127.9,
126.7,126.6, 126.3 (q, | = 289.5 Hz, CF3), 125.2, 124.8, 118.6, 66.5, 64.0 (q, | = 27.0 Hz, >C<),
52.7. YF NMR (376 MHz, acetone-dg): 6 —75.08 (s, 3F, CF3). Elemental analysis calcd (%)
for CpgHp3F3N,Os: C, 64.12; H, 4.42; N, 5.34; found: C, 64.44; H, 4.66; N, 5.71.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-p-tolyl-1,2-dihydroiso quinolin-
3-yl)methyl)propanoate (3c).

Yield 81% as a white solid. M.p. 224-226 °C. 'H NMR (500 MHz, DMSO-dg): 6 10.83 (s,
1H, NH), 8.25 (d, ] = 7.9 Hz, 1H, Ar), 8.13 (s, 1H, NH), 7.61-7.59 (m, 1H, Ar), 7.52-7.49 (m,
1H, Ar), 7.32 (d,] =7.8 Hz, 1H, Ar),7.29 (d, ] = 7.8 Hz, 1H, Ar), 7.13 (d, ] = 7.7 Hz, 1H, Ar),
6.99-6.96 (m, 2H, Ar), 3.48 (s, 3H, OCH3), 3.20 (d, /] = 15.0 Hz, 1H, CH3), 2.92 (d, ] = 15.0 Hz,
1H, CH,), 2.38 (s, 3H, CH3), 1.37 (s, 9H 3 CH3). 3C{!H} NMR (126 MHz, DMSO-d;): 6
164.4, 161.4, 153.9, 138.1, 137.1, 132.6, 131.6, 131.5, 131.4, 130.7, 129.6, 129.0, 126.6, 126.5,
125.2,124.8, 124.1 (q, ] = 288.0 Hz, CF3), 118.4, 80.2, 63.9 (q, | = 23.3 Hz, >C<), 52.5, 31.1,
27.8,20.9. F NMR (376 MHz, CDCl3): 6 —75.21 (s, 3F, CF3). Elemental analysis calcd (%)
for CpeHp7F3N,Os: C, 61.90; H, 5.39; N, 5.55; found: C, 62.04; H, 5.55; N, 5.63.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-p-tolyl-1,2-dihydroiso quinolin-
3-yl)methyl)propanoate (3d).

Yield 69% as a white solid. M.p. 184-185 °C. 'H NMR (500 MHz, CDCl3):  12.45
(s, 1H, NH), 8.46 (d, ] = 7.9 Hz, 1H, Ar), 7.57 (t, ] = 7.7 Hz, 1H, Ar), 7.47 (t, ] = 7.2 Hz,
2H, Ar), 7.32-7.28 (m, 2H, Ar), 7.15 (d, ] = 8.0 Hz, 2H, Ar), 7.08-7.05 (m, 3H, Ar), 7.01 (d,
J=7.7Hz, 1H, Ar), 6.93 (s, 1H, Ar, 1H, NH), 4.82 (s, 2H, OCH,), 3.59 (s, 3H, OCH3), 3.47 (d,
J =15.1 Hz, 1H, CH,), 3.28 (d, ] = 15.2 Hz, 1H, CH,), 2.45 (s, 3H, CH3). 3C{'H} NMR (126
MHz, CDCl3): 4 165.0, 164.0, 155.1, 138.9, 138.2, 135.8, 133.0, 131.6, 131.4, 130.9, 130.8, 129.9,
129.6,128.3,127.9,127.6,127.4,127.1, 126.0, 124.4, 124.1 (q, ] = 287.5 Hz, CF3), 121.9, 67.1,
64.9 (q, ] = 27.6 Hz, >C<), 53.3, 31.9, 21.5. 19F NMR (282 MHz, CDCl3): § —75.48 (s, 3F, CF3).
Elemental analysis calcd (%) for Co9Hy5F3N,Os: C, 64.68; H, 4.68; N, 5.20; found: C, 64.79;
H, 4.85; N, 5.51.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-1-oxo-1,2-dihy-
droisoquinolin-3-yl)methyl)propanoate (3e).

Yield 79%. M.p. 220-221 °C. 'H NMR (500 MHz, DMSO-dg): ¢ 10.84 (s, 1H, NH),
8.25(d,J =79 Hz, 1H, Ar), 8.13 (s, 1H, NH), 7.61 (t, ] = 7.6 Hz, 1H, Ar), 7.50 (t, ] = 7.5 Hz,
1H, Ar), 7.17 (d, ] = 7.8 Hz, 1H, Ar), 7.09-6.99 (m, 4H, Ar), 3.82 (s, 3H, OCH3), 3.49 (s, 3H,
OCHj3;), 3.22 (d, ] =14.9 Hz, 1H, CH,), 2.91 (d, ] = 15.0 Hz, 1H, CH,), 1.37 (s, 9H, 3 CH3).
1BC{'H} NMR (126 MHz, DMSO-d): § 164.4, 161.4, 158.7, 153.9, 138.3, 132.8, 132.5, 132.0,
131.8, 126.6, 126.5, 126.4, 125.2, 124.8, 124.1 (q, ] = 286.9 Hz, CF3) 118.2, 114.4, 113.9, 80.2,
63.9 (q, ] = 23.9 Hz, >C<), 55.1, 52.5, 31.1, 27.8. 1F NMR (376 MHz, CDCl3): § —75.07 (s, 3F,
CF3). Elemental analysis caled (%) for CosHp7F3N»Og: C, 60.00; H, 5.23; N, 5.38; found: C,
60.27; H, 5.55; N, 5.53.
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Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-1-oxo-1,2-dihyd-
roisoquinolin-3-yl)methyl)propanoate (3£).

Yield 88% as a white solid. M.p. 200-201 °C. 'H NMR (500 MHz, DMSO-d;): 6 10.83
(s, 1H, NH), 8.61 (s, 1H, NH), 8.25 (d, ] = 8.0 Hz, 1H, Ar), 7.61 (t, ] = 7.6 Hz, 1H, Ar), 7.51 (t,
J=75Hz, 1H, Ar), 7.37 (s, 5H, Ar), 7.17 (d, ] = 8.4 Hz, 1H, Ar), 7.07 (d,] =7.1 Hz, 1H, Ar),
7.04-6.99 (m, 3H, Ar), 5.09 (d, ] = 12.2 Hz, 1H, OCH,), 5.02 (d, ] = 12.2 Hz, 1H, OCH,), 3.82
(s, 3H, OCH3), 3.49 (s, 3H, OCH3), 3.25 (d, | = 15.0 Hz, 1H, CH,), 2.95 (d, ] = 14.9 Hz, 1H,
CH,). BC{'H} NMR (126 MHz, DMSO-d;): & 164.1, 161.4, 158.7, 154.5, 138.2, 136.0, 132.7,
132.6,132.0, 131.6, 128.5, 128.2, 128.0, 126.7, 126.5, 126.4, 125.2, 125.0 (q, ] = 290.1 Hz, CF3),
124.8,118.3,114.3,113.9, 66.5, 64.0 (q, | = 25.8 Hz, >C<), 55.1, 52.7, 31.2. 1F NMR (376 MHz,
DMSO-ds): 6 —73.99 (s, 3F, CF3). Elemental analysis calcd (%) for CogHasF3N»Og: C, 62.81;
H, 4.54; N, 5.05; found: C, 63.07; H, 4.78; N, 5.28.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-1-oxo-4-phenyl-1,2-dihydroi-
soquinolin-3-yl)methyl)propanoate (3g).

Yield 84% as a white solid. M.p. 173-175 °C. 'H NMR (400 MHz, DMSO-de): & 11.33
(s, 1H, NH), 8.49 (d, ] = 8.8 Hz, 1H, Ar), 8.24 (d, ] = 9.0 Hz, 1H, Ar), 8.17 (br. s, 1H, NH),
7.75 (s, 1H, Ar), 7.60-7.50 (m, 3H, Ar), 7.33 (d, ] =7.1 Hz, 1H, Ar),7.17 (d, ] =7.4 Hz, 1H,
Ar), 3.50 (s, 3H, OCH3), 3.21 (d, ] = 14.9 Hz, 1H, CH,), 2.96 (d, ] = 14.9 Hz, 1H, CH,), 1.37 (s,
9H, 3 CH3). 3C{'H} NMR (126 MHz, DMSO-d;): 6 164.4, 160.6, 153.9, 149.9, 138.5, 133.5,
131.6,131.0, 130.2, 129.7, 129.4, 129.3, 128.8, 128.6, 128.3, 124.1 (q, ] = 288.3 Hz, CF3), 121.4,
120.2, 118.3, 80.4, 63.8 (q, ] = 26.9 Hz, >C<), 52.7, 27.9. 9F NMR (376 MHz, DMSO-dy): 6
—74.30 (s, 3F, CF3). Elemental analysis caled (%) for CosHpaF3N3O7: C, 56.08; H, 4.52; N,
7.85; found: C, 56.04; H, 4.55; N, 7.81.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-1-oxo-4-phenyl-1,2-dihydrois-
oquinolin-3-yl)methyl)propanoate (3h).

Yield 79% as a yellow solid. M.p. 206-208 °C. 'H NMR (300 MHz, DMSO-d): 6 11.30
(s, 1H, NH), 8.63 (s, 1H, NH), 8.49 (d, ] = 8.8 Hz, 1H, Ar), 8.25 (d, ] = 8.8 Hz, 1H, Ar),
7.74 (s, 1H, Ar), 7.61-7.53 (m, 3H, Ar), 7.37 (s, 6H, Ar), 717 (d, ] = 7.4 Hz, 1H, Ar), 5.08
(d, J=12.2Hz, 1H, OCHy), 5.01 (d, ] = 12.2 Hz, 1H, OCHy,), 3.50 (s, 3H, OCH3), 3.20 (d,
J =15.9 Hz, 1H, CH,), 3.00 (d, ] = 15.2 Hz, 1H, CH,). 13C{*H} NMR (126 MHz, DMSO-d;):
6 164.4,160.6, 153.9, 149.9, 138.5, 133.5, 131.6, 131.0, 130.2, 129.7, 129.4, 129.3, 129.1, 129.0,
128.8,128.6, 128.3,124.1 (q, ] = 288.9 Hz, CF3), 120.2, 118.3, 114.8, 80.4, 63.8 (q, | = 23.6 Hz,
>C<), 52.7, 31.3, 27.9. F NMR (282 MHz, DMSO-d¢): 6 —74.17 (s, 3F, CF;). Elemental
analysis caled (%) for CogHorF3N3O7: C, 59.05; H, 3.89; N, 7.38; found: C, 59.31; H, 4.08;
N, 7.52.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-1-oxo-4-p-tolyl-1,2-dihydroi-
soquinolin-3-yl)methyl)propanoate (31i).

Yield 86% as a white solid. M.p. 211-212 °C. 'H NMR (400 MHz, CDCl3): 6 11.56 (s,
1H, NH), 8.60 (d, | = 8.8 Hz, 1H, Ar), 8.22 (d, ] = 8.8 Hz, 1H, Ar), 7.97 (s, 1H, Ar), 7.36 (d,
J=7.7Hz, 2H, Ar),7.15(d, ] =79 Hz, 1H, Ar), 7.09 (d, ] = 7.8 Hz, 1H), 6.15 (s, 1H, NH),
3.68 (s, 3H, OCH3), 3.49 (d, | = 14.9 Hz, 1H, CH,), 3.33 (d, ] = 15.0 Hz, 1H, CHy), 2.47 (s,
3H, CH3), 1.18 (s, 9H, 3 CH3). 3C{*H} NMR (101 MHz, CDCl3): J 165.8, 161.9, 154.3, 150.5,
139.6, 138.9, 133.8, 131.1, 130.7, 130.5, 130.4, 130.2, 129.6, 128.6, 123.7 (q, ] = 288.3 Hz, CF3),
121.3,120.8, 120.4, 81.8, 64.9 (q, ] = 28.1 Hz, >C<), 53.8, 31.9, 27.9, 21.4. 9F NMR (376 MHz,
CDCl3) 6 —74.97 (s, 3F, CF3). Elemental analysis calcd (%) for CoHsF3N3O7: C, 56.83; H,
4.77; N, 7.65; found: C, 56.71; H, 4.57; N, 7.63.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-1-oxo-4-p-tolyl-1,2-dihydrois-
oquinolin-3-yl)methyl)propanoate (3j).

Yield 82% as a yellow solid. M.p. 215-216 °C. 'H NMR (500 MHz, DMSO-dg): 6 11.26
(s, 1H, NH), 8.61 (s, 1H, NH), 8.48 (d, ] = 8.8 Hz, 1H, Ar), 8.24 (d, ] = 8.8 Hz, 1H, Ar),
7.76 (s, 1H, Ar), 7.39 (m, 7H, Ar), 7.19 (d, ] = 7.8 Hz, 1H, Ar), 7.05 (d, ] = 7.7 Hz, 1H, Axr),
5.08 (d, ] = 12.3 Hz, 1H, OCHy), 5.02 (d, ] = 12.3 Hz, 1H, OCHy), 3.49 (s, 3H, OCH3), 3.27
(d, ] =15.3 Hz, 1H, CH,), 3.00 (d, ] = 15.1 Hz, 1H, CH,), 2.42 (s, 3H, CH3). 3C{!H} NMR
(126 MHz, DMSO-dg): 6 164.1, 160.4, 154.4, 149.9, 138.6, 137.8, 135.9, 134.4, 131.3, 130.8,
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130.4,129.9, 129.3, 129.2, 128.5, 128.3, 128.2, 128.0, 123.9 (q, ] = 287.4 Hz, CF3), 120.3, 120.2,
118.3, 66.5, 64.0 (q, ] = 26.7 Hz, >C<), 54.9, 52.8, 31.3. 'F NMR (282 MHz, CDCl3): § —73.84
(s, 3F, CF3). Elemental analysis calcd (%) for Co9HpsF3N3O7: C, 59.69; H, 4.15; N, 7.20;
found: C, 59.93; H, 4.43; N, 7.35.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-6-nitro-1-oxo-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3k).

Yield 89% as a white solid. M.p. 198-200 °C. 'H NMR (500 MHz, acetone-dg): 6 10.16
(s, 1H,NH), 8.54 (d, | = 8.7 Hz, 1H, Ar), 8.24 (d, ] = 7.7 Hz, 1H, Ar), 7.92 (s, 1H, Ar), 7.38 (d,
J=7.8Hz, 1H, Ar), 7.28 (d, ] =79 Hz, 1H, Ar), 7.16 (t, ] = 6.7 Hz, 2H, Ar), 7.08 (s, 1H, NH),
3.91 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.50 (d, | = 14.9 Hz, 1H, CH}), 3.37 (d, | = 14.9 Hz,
1H, CHy), 1.27 (s, 9H, 3 CH3). 3C{'H} NMR (126 MHz, acetone-ds): § 167.7, 161.1, 160.9,
155.4,151.4, 140.8, 139.9, 135.9, 133.7, 133.6, 130.2, 127.0, 124.8 (q, ] = 287.0 Hz, CF3), 121.7,
1209, 119.7, 115.8, 115.5, 114.8, 81.8, 66.2 (q, | = 27.0 Hz, >C<) 55.8, 54.2, 28.3. °F NMR
(376 MHz, CDCl3): § —75.08 (s, 3F, CF3). Elemental analysis caled (%) for CysHpF3N30s:
C,55.22; H, 4.63; N, 7.43; found: C,55.31; H, 4.57; N, 7.27.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-6-nitro-1-oxo-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (31).

Yield 83% as a yellow solid. M.p.207-209 °C. TH NMR (500 MHz, DMSO-dg): 6 11.25 (s,
1H, NH), 8.60 (s, 1H, NH), 8.48 (d, ] = 8.7 Hz, 1H, Ar), 8.23 (d, ] = 8.8 Hz, 1H, Ar), 7.78 (s, 1H,
Ar), 7.37 (s, 5H, Ar), 7.24 (s, 1H, Ar), 7.14-7.07 (m, 3H, Ar), 5.08 (d, ] = 12.2 Hz, 1H, OCH,),
5.02 (d,] =12.4 Hz, 1H, OCH,), 3.84 (s, 3H, OCH3), 3.50 (s, 3H, OCH3), 3.28 (d, ] = 15.7 Hz,
1H, CHy), 3.00 (d, ] = 15.1 Hz, 1H, CH,). '3C{'H} NMR (126 MHz, DMSO-d;): 6 164.0, 160.4,
159.1, 154.5, 149.9, 138.9, 136.0, 134.6, 132.7, 132.2, 129.2, 128.5, 128.4, 128.3, 128.1, 125.2,
123.9 (q, | = 287.9 Hz, CF3), 120.3, 120.2, 118.1, 114.7, 114.2, 66.6, 64.0 (q, | = 26.5 Hz, >C<),
55.2,52.9,31.3. F NMR (282 MHz, DMSO-d;): § —74.07 (s, 3F, CF3). Elemental analysis
caled (%) for CogHp4F3N3Og: C, 58.10; H, 4.04; N, 7.01; found: C, 58.49; H, 4.30; N, 7.32.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-6-(trifluoromethyl)-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3m).

Yield 85% as a white solid. M.p. 181-183 °C. 'H NMR (400 MHz, DMSO-d): & 11.21
(s, 1H, NH), 8.47 (d, ] = 8.3 Hz, 1H, Ar), 8.17 (br. s, 1H, NH), 7.84 (d, ] = 8.4 Hz, 1H, Ar),
7.58-7.47 (m, 3H, Ar), 7.31(d, | =7.2 Hz, 1H, Ar), 7.21 (s, 1H, Ar), 7.14 (d, ] =7.4 Hz, 1H,
Ar), 3.50 (s, 3H, OCH3), 3.19 (d, ] = 15.0 Hz, 1H, CH,), 2.95 (d, ] = 15.0 Hz, 1H, CH,), 1.37 (s,
9H, 3 CH3). *C{'H} NMR (126 MHz, DMSO-dg): 6 164.4, 160.7, 153.9, 138.1, 134.0, 133.6,
132.4 (q, ] = 31.9 Hz, C4,-CF3), 131.5, 130.9, 130.1, 129.4, 128.8, 128.6, 128.5, 127.3, 124.1 (q,
J =288.1 Hz, CF3), 123.7 (q, ] = 273.0 Hz, CF3), 122.5, 121.8, 118.2, 80.4, 63.8 (q, ] = 26.6 Hz,
>C<), 52.7, 27.9. F NMR (376 MHz, CDCl3) § —63.08 (s, 3F, CF3), —75.05 (s, 3F, CF3).
Elemental analysis caled (%) for CpsHo4FsNOs: C, 55.92; H, 4.33; N, 5.02; found: C, 55.71;
H,4.57;N, 5.27.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-6-(trifluoromethyl)-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3n).

Yield 73% as a white solid. M.p. 195-196 °C. "H NMR (500 MHz, DMSO-dy): & 11.18 (s,
1H, NH), 8.63 (s, 1H, NH), 8.47 (d, | = 8.3 Hz, 1H, Ar), 7.84 (d, ] = 8.3 Hz, 1H, Ar), 7.57-7.48
(m, 3H, Ar), 7.37-7.33 (m, 5H, Ar), 7.30 (d, ] = 7.2 Hz, 1H, Ar), 7.20 (s, 1H, Ar), 7.14 (d,
J=7.6 Hz, 1H, Ar), 5.08 (d, ] = 12.3 Hz, 1H, OCHy), 5.02 (d, ] = 12.2 Hz, 1H, OCHy,), 3.51 (s,
3H, OCH3), 3.22 (d, ] = 15.1 Hz, 1H, CHy), 2.99 (d, | = 15.1 Hz, 1H, CH,). 3C{'H} NMR
(126 MHz, DMSO-ds): 6 164.0, 160.6, 154.4, 138.0, 136.0, 133.8, 133.6, 132.3 (q, ] = 31.8 Hz,
Car-CF3), 131.4,130.9, 129.3, 128.7, 128.6, 128.5, 128.2, 128.1, 127.2, 123.9 (q, | = 288.0 Hz,
CF3), 123.9 (q, ] = 273.1 Hz, CF3), 122.5, 121.8, 118.2, 66.5, 64.0 (q, | = 26.6 Hz, >C<), 52.9,
31.3. F NMR (282 MHz, CDCl3): § —62.98 (s, 3F, CF3), —75.16 (s, 3F, CF;). Elemental
analysis caled (%) for CooHyFgN,Os: C, 58.79; H, 3.74; N, 4.73; found: C, 59.01; H, 3.81;
N, 4.95.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-p-tolyl-6-(trifluoromethyl)-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (30).
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Yield 89% as a white solid. M.p. 201-203 °C. 1'H NMR (400 MHz, CDCl3) 6 11.99 (s,
1H, NH), 8.58 (d, ] = 8.4 Hz, 1H, Ar), 7.70 (d, | = 8.4 Hz, 1H, Ar), 7.40-7.33 (m, 3H, Ar),
7.14-7.08 (m, 2H, Ar), 6.49 (s, 1H, NH), 3.65 (s, 3H, OCH3), 3.49 (d, ] = 15.1 Hz, 1H, CHy,),
3.32(d, J = 15.1 Hz, 1H, CHy), 2.46 (s, 3H, CH3), 1.14 (s, 9H, CH3). 1*C{'H} NMR (101 MHz,
CDCly): 6 165.6,162.9, 154.4, 139.0, 138.7, 134.4 (q, | = 32.2 Hz, C4,-CF3), 132.9, 131.2, 130.8,
130.7,130.3,130.0, 128.6, 127.1,123.9 (q, | = 288.2 Hz, CF3), 123.7 (q, ] = 273.0 Hz, CF3), 123.1,
122.9,121.0, 81.5,64.9 (q, ] = 27.2 Hz, >C<), 53.5,31.9, 27.9, 21.5. 19F NMR (376 MHz, CDCl;)
6 —63.03 (s, 3E, CF3), —75.05 (s, 3F, CF3). Elemental analysis calcd (%) for Co7HsFgIN2Os:
C,56.64; H,4.58; N, 4.89; found: C, 56.71; H, 4.57; N, 4.77.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-p-tolyl-6-(trifluoromethyl)-
1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3p).

Yield 70% as a white solid. M.p. 213-214 °C. 'H NMR (500 MHz, DMSO-de): & 11.16
(s, 1H, NH), 8.62 (s, 1H, NH), 8.47 (s, 1H, Ar), 7.83 (s, 1H, Ar), 7.36-7.17 (m, 9H, Ar), 7.02
(s, 1H, Ar), 5.08 (d, ] = 12.4 Hz, 1H, OCHy,), 5.02 (d, ] = 12.5 Hz, 1H, OCHy), 3.50 (s, 3H,
OCHs), 3.24 (d, ] = 15.5 Hz, 1H, CHy), 2.98 (d, ] = 15.2 Hz, 1H, CHy), 2.39 (s, 3H, CH3).
13C{TH} NMR (126 MHz, DMSO-dy): 6 164.1, 160.6, 154.5, 138.2, 137.7, 136.0, 133.8, 132.3
(q, ] =31.6 Hz, C4,-CF3), 131.2, 130.8, 130.5, 129.9, 129.3, 128.6, 128.5, 128.2, 128.1, 127.3,
123.9 (q, ] =286.1 Hz, CF3), 123.7 (q, ] = 272.8 Hz, CF3), 122.4, 121.8, 118.1, 66.5, 64.0 (q,
J =28.3 Hz, >C<), 52.8,31.3,20.9. ’F NMR (376 MHz, CDCl3): § —62.98 (s, 3F, CF3), —75.20
(s, 3F, CF3). Elemental analysis calcd (%) for C30HpF¢N2Os: C, 59.41; H, 3.99; N, 4.62;
found: C, 59.67; H, 4.15; N, 4.89.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-1-oxo-6-(triflu-
oromethyl)-1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3q).

Yield 90% as a white solid. M.p. 206-207 °C. 'H NMR (300 MHz, CDCl3): 6 11.30 (s,
1H, NH), 8.57 (d, ] = 8.3 Hz, 1H, Ar), 7.69 (d, ] = 8.4 Hz, 1H, Ar), 7.38 (s, 1H, Ar), 7.19-7.05
(m, 4H, Ar), 6.09 (s, 1H, NH), 3.91 (s, 3H, OCHj3), 3.70 (s, 3H, OCHj3), 3.48 (d, ] = 15.0 Hz,
1H, CH,), 3.36 (d, ] = 14.9 Hz, 1H, CH,), 1.19 (s, 9H, 3 CHj3). *C{'H} NMR (126 MHz,
CDCly): 6 166.0, 162.3,159.8, 154.4, 139.2, 134.3 (q, ] = 32.5 Hz, C4,-CF3), 133.1, 132.5, 132.1,
128.7,127.3,126.0, 123.8 (q, ] = 287.8 Hz, CF3), 123.7 (q, | = 273.3 Hz, CF3), 123.0,122.9, 120 4,
114.9,114.8, 81.9, 65.1 (q, ] = 27.4 Hz, >C<), 55.5, 53.9, 27.9. ’F NMR (282 MHz, CDCl3): 6
—62.98 (s, 3E, CF3), —75.03 (s, 3F, CF3). Elemental analysis calcd (%) for Co7HFsN2Og: C,
55.10; H, 4.45; N, 4.76; found: C, 55.21; H, 4,57; N, 4.73.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-1-oxo-6-(trifluo-
romethyl)-1,2-dihydroisoquinolin-3-yl)methyl)propanoate (3r).

Yield 82% as a white solid. M.p. 199-200 °C. "H NMR (500 MHz, DMSO-d;): & 11.15 (s,
1H, NH), 8.61 (s, 1H, NH), 8.46 (d, | = 8.3 Hz, 1H, Ar), 7.82 (d, | = 8.4 Hz, 1H, Ar), 7.36 (s, 5H,
Ar),7.25(s, 1H, Ar), 7.21 (d, ] =7.9 Hz, 1H, Ar), 7.11-7.04 (m, 3H, Ar), 5.08 (d, ] = 12.3 Hz,
1H, OCHy), 5.02 (d, ] = 12.4 Hz, 1H, OCH,), 3.83 (s, 3H, OCH3), 3.51 (s, 3H, OCH3), 3.26 (d,
J =155 Hz, 1H, CHy), 2.98 (d, ] = 15.1 Hz, 1H, CHy). '3C{'H} NMR (126 MHz, DMSO-dj):
6164.1,160.7,159.0, 154.5, 138.4, 136.0, 133.9, 132.6, 132.5 (q, | = 31.7 Hz, C4,-CF3), 132.2,
128.5, 128.3, 128.1, 127.3, 125.4, 124.0 (q, ] = 288.5 Hz, CF3), 123.7 (q, ] = 272.8 Hz, CF3),
122.4,121.9,117.9,114.6, 114.1, 66.5, 64.0 (q, | = 27.7 Hz, >C<), 55.2, 52.9, 31.3. 19F NMR
(282 MHz, DMSO-dg): 6 —61.70 (s, 3F, CF3), —74.06 (s, 3F, CF3). Elemental analysis calcd
(%) for C3pHp4FsN,Og: C, 57.88; H, 3.89; N, 4.50; found: C, 57.79; H, 4.05; N, 4.61.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-nitrophenyl)-1-oxo-1,2-dihydrois-
oquinolin-3-yl)methyl)propanoate (3s).

Yield 30% as a yellow solid (eluent petroleum ether/ethyl acetate = 5/1). 'H NMR
(500 MHz, DMSO-d;): 6 10.98 (s, 1H, NH), 8.62 (s, 1H, NH), 8.39 (d, ] = 8.6 Hz, 1H, Ar), 8.34
(d, ] =8.4Hz 1H, Ar), 8.29 (d, ] = 8.0 Hz, 1H, Ar), 7.65-7.60 (m, 2H, Ar), 7.55 (t, ] = 7.6 Hz,
1H, Ar), 742 (d, ] = 8.5 Hz, 1H, Ar), 7.36 (s, 5H, Ar), 6.94 (d, | = 8.1 Hz, 1H, Ar), 5.07
(d, J=12.4 Hz, 1H, OCHy,), 5.01 (d, ] = 12.2 Hz, 1H, OCH,), 3.50 (s, 3H, OCH3), 3.19 (d,
] =15.4 Hz, 1H, CH,), 3.03 (d, ] = 15.2 Hz, 1H, CH,). 3C{'H} NMR (126 MHz, DMSO-d;):
6164.8,161.9,154.9, 147.5,142.5, 137 4, 136.4, 133.9, 133.4, 133.1, 132.5, 128.9, 128.7, 128.5,
127.5,127.3,125.3,125.2,124.5, 124.3 (q, | = 287.3, CF3), 123.9, 117.2, 66.9, 64.5 (q, ] = 26.2 Hz,
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>C<), 53.4,31.9. 1F NMR (282 MHz, DMSO-d;): § —73.83 (s, 3F, CF3). Elemental analysis
caled (%) for CogHpoF3N3O7: C, 59.05; H, 3.89; N, 7.38; found: C, 59.31; H, 4.07; N, 7.61.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-nitrophenyl)-1-oxo-1,2-dihydrois-
oquinolin-3-yl)methyl)propanoate (3t).

Yield 25% as a yellow solid (eluent petroleum ether/ethyl acetate = 4/1). '"H NMR
(400 MHz, acetone-dg): 6 10.46 (s, 1H, NH), 8.36 (d, ] = 8.0 Hz, 1H, Ar), 8.31 (d, ] = 8.2 Hz,
2H, Ar), 7.88 (d, ] =7.9 Hz, 3H, Ar), 7.78 (t, ] = 7.8 Hz, 1H, Ar), 7.58 (t, | = 7.6 Hz, 1H, Ar),
7.41-7.30 (m, 5H, Ar), 6.49 (s, 1H, NH), 4.99 (d, ] = 12.4 Hz, 1H, OCH,), 4.91 (d, ] = 12.4 Hz,
1H, OCHy), 3.84 (d, ] = 16.0 Hz, 1H, CH,), 3.59 (d, | = 16.0 Hz, 1H, CH,), 3.27 (s, 3H,
OCH3). 13C{'H} NMR (151 MHz, DMSO-dg): 6 165.3, 161.3, 154.5, 147.6, 140.7, 139.8, 137.7,
136.3,132.2,132.0, 131.3, 128.4, 128.3, 128.1, 127.9, 127.5, 126.9, 126.7, 126.2 (q, ] = 288.2 Hz,
CF3), 125.4, 123.3, 106.3, 66.0, 64.3 (q, ] = 26.6 Hz, >C<), 52.3, 28.9. °F NMR (376 MHz,
acetone-dg): & —73.99 (s, 3F, CF3). Elemental analysis calcd (%) for CogH»F3N3Oy: C, 59.05;
H, 3.89; N, 7.38; found: C, 59.27; H, 4.11; N, 7.40.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-phenyl-1-(trifluoromethyl-sulfony-
loxy)isoquinolin-3-yl)methyl)propanoate (4a).

Yield 77% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
152-154 °C. 'H NMR (400 MHz, CDCl3): é 8.12 (d, | = 8.2 Hz, 1H, Ar), 7.73-7.66 (m,
2H, Ar), 7.60-7.56 (m, 1H, Ar), 7.55-7.50 (m, 2H, Ar), 7.41 (t, | = 8.8 Hz, 2H, Ar), 7.23-7.20
(m, 1H, Ar), 6.85 (s, 1H, NH), 3.87-3.84 (m, 3H, OCHj3, 1H, CH3), 3.53 (d, ] = 15.9 Hz, 1H,
CH,), 1.28 (s, 9H 3 CH3). '3C{'H} NMR (101 MHz, CDCl3): 6 166.9, 153.7, 150.8, 143.4, 139.9,
134.7,134.5,132.2,130.3, 130.0, 129.3, 128.8, 128.7, 126.6, 126.3, 124.2 (q, ] = 288.7 Hz, CF3),
122.7,118.7 (q, ] = 320.2 Hz, CF3), 118.5, 80.2, 64.4 (q, ] = 28.2 Hz, >C<), 53.7, 33.8, 28.0. 1°F
NMR (282 MHz, CDCl3): 6 —73.69 (s, 3F, CF3), —73.95 (s, 3F, CF3). Elemental analysis calcd
(%) for CogHpsFgN>O5S: C, 50.16; H, 3.89; N, 4.50; found: C, 50.07; H, 4.01; N, 4.58.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-phenyl-1-(trifluoromethyl-sulfo-
nyloxy)isoquinolin-3-yl)methyl)propanoate (4b).

Yield 92% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
140-142 °C. 'H NMR (400 MHz, CDCl3): 6 8.09 (d, J = 8.0 Hz, 1H, Ar), 7.74-7.67 (m,
2H, Ar), 7.57-7.51 (m, 3H, Ar), 7.38 (d, ] = 8.1 Hz, 1H, Ar), 7.21-7.17 (m, 2H, Ar), 7.07-7.06
(m, 2H, Ar), 6.95-6.93 (m, 3H, Ar), 6.85 (s, 1H, NH), 5.05 (d, ] = 12.3 Hz, 1H, OCH,), 4.84
(d, ] =12.2 Hz, 1H, OCHy), 4.08 (d, ] = 16.1 Hz, 1H, CH,), 3.92 (s, 3H, OCHj3), 3.62 (d,
J =16.4 Hz, 1H, CHy). 3C{'H} NMR (101 MHz, CDCl;): 6 166.6, 153.9, 150.6, 142.9, 139.9,
136.5, 134.7, 134.3, 132.0, 130.3, 129.9, 129.2, 128.7, 128.6, 127.9, 127.7, 127 .4, 126.3, 124.1
(q, ] =289.0 Hz, CF3), 122.6, 118.6 (q, ] = 320.2 Hz, CF3), 118.2, 66.7, 64.4 (q, | = 27.0 Hz,
>C<), 54.2,32.9,29.8. FNMR (376 MHz, CDCl3): § —74.11 (s, 3F, CF3), —74.67 (s, 3F, CF3).
Elemental analysis calcd (%) for Co9H»FgN»O7S: C, 53.05; H, 3.38; N, 4.27; found: C, 53.37;
H, 3.49; N, 4.52.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-p-tolyl-1-(trifluoromethyl-sulfony-
loxy)isoquinolin-3-yl)methyl)propanoate (4c).

Yield 89% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
145-146 °C. 'H NMR (500 MHz, CDCl): é 8.12 (d, | = 7.4 Hz, 1H, Ar), 7.71-7.66 (m,
2H, Ar),7.46 (d, ] =7.6 Hz, 1H, Ar), 7.38 (d, ] = 7.5 Hz, 1H, Ar), 7.33 (d, ] =7.4 Hz, 1H, Ar),
7.28 (s, 1H, Ar), 7.09 (d, ] = 7.3 Hz, 1H, Ar), 6.85 (s, 1H, NH), 3.87-3.84 (s, 3H, OCH3, 1H,
CHy),3.52 (d, ] = 15.9 Hz, 1H, CH5), 2.48 (s, 3H, CH3), 1.28 (s, 9H, 3 CH3). 13C{1H} NMR
(126 MHz, CDCls): 4 167.0, 153.7, 150.7, 143.5, 140.1, 138.6, 134.7, 132.1, 131.7, 130.2, 129.9,
129.8, 129.6, 128.8, 126.5, 124.3 (q, ] = 288.4 Hz, CF3), 122.7, 119.1 (q, ] = 320.2 Hz, CF3),
118.5,80.2, 64.4 (q, ] = 27.9 Hz, >C<), 53.7, 33.8, 28.0, 21.5. 19F NMR (282 MHz, CDCl3): 6
—73.67 (s, 3F, CF3), —73.83 (s, 3F, CF3). Elemental analysis calcd (%) for Co7HFsN2O7S: C,
50.94; H, 4.12; N, 4.40; found: C, 51.04; H, 4.25; N, 4.43.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-p-tolyl-1-(trifluoromethyl-sulfonylo-
xy)isoquinolin-3-yl)methyl)propanoate (4d).

Yield 90% as a thick oil (eluent petroleum ether/ethyl acetate = 15/1). IH NMR
(500 MHz, CDCl3): 4 8.07 (d, | = 8.0 Hz, 1H, Ar), 7.72-7.66 (m, 2H, Ar), 7.40 (d, ] = 8.2 Hz,
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1H, Ar), 7.35 (d, ] = 7.8 Hz, 1H, Ar), 7.31 (d, | = 7.7 Hz, 1H, Ar), 7.08-7.03 (m, 4H, Ar),
6.98-6.92 (m, 3H, Ar), 6.83 (s, 1H, NH), 5.03 (d, ] = 12.5 Hz, 1H, OCHy), 4.84 (d, ] = 12.6 Hz,
1H, OCH,), 4.06 (d, ] = 16.6 Hz, 1H, CH>), 3.90 (s, 3H, OCH3), 3.59 (d, ] = 16.5 Hz, 1H, CHy),
2.47 (s, 3H, CH3). 3C{'H} NMR (126 MHz, CDCl3): § 166.7, 153.9, 150.5, 143.0, 140.1, 138.5,
136.6, 134.5, 131.9, 131.6, 130.1, 129.9, 129.8, 129.5, 128.6, 128.0, 127.7, 1274, 126.5, 124.1
(q, ] = 288.8 Hz, CF3), 122.6, 118.7 (q, ] = 320.2 Hz, CF3), 1183, 66.7, 64.5 (q, ] = 28.1 Hz,
>C<), 54.1,33.0, 21.5. ’F NMR (282 MHz, CDCl3): § —74.01 (s, 3F, CF3), —74.52 (s, 3F, CF3).
Elemental analysis calcd (%) for C3oH24FsN2O7S: C, 53.73; H, 3.61; N, 4.18; found: C, 53.98;
H, 3.90; N, 4.25.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-1-(trifluoro-
methylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4e).

Yield 70% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
112-114 °C. 'H NMR (300 MHz, CDCl3): 6 8.11-8.09 (m, 1H, Ar), 7.71-7.68 (m, 2H, Ar),
7.48-7.47 (m, 1H, Ar), 7.32-7.29 (m, 1H, Ar), 7.11-7.03 (m, 3H, Ar), 6.84 (s, 1H, NH), 3.91
(s, 3H, OCH3, 0.5 CHy), 3.84 (s, 3H, OCH3, 0.5 CH,), 3.52 (d, ] = 16.0 Hz, 1H, CHy), 1.27
(s, 9H, 3 CH3). 13C{'H} NMR (126 MHz, CDCl,): 6 167.0, 159.9, 153.7, 150.7, 143.7, 140.3,
134.4, 132.1, 131.6, 131.2, 128.8, 126.7, 126.4, 124.3 (q, | = 288.4 Hz, CF3), 122.7, 118.7 (q,
] =320.2 Hz, CF3), 118.5, 114.6, 114.5, 80.1, 64.4 (q, ] = 27.5 Hz, >C<), 55.5, 53.7, 33.8, 28.0.
19F NMR (282 MHz, CDCl3): § —73.70 (s, 3F, CF3), —73.89 (s, 3F, CF3). Elemental analysis
caled (%) for Co7HpeFgN2OsS: C, 49.69; H, 4.02; N, 4.29; found: C, 49.64; H, 4.05; N, 4.23.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-4-phenyl-1-(trifluoro methyl-
sulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4f).

Yield 79% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
162-164 °C. 'H NMR (400 MHz, CDCl3): 6 8.49 (d, ] = 9.2 Hz, 1H, Ar), 8.39 (s, 1H, Ar), 8.34
(d, ] =9.2Hz, 1H, Ar), 7.73-7.66 (m, 3H, Ar), 7.53 (s, 1H, Ar), 7.31 (s, 1H, Ar), 6.56 (s, 1H,
NH), 4.14 (d, ] = 16.5 Hz, 1H, CHy), 3.95 (s, 3H, OCH3), 3.69 (d, | = 16.5 Hz, 1H, CH3), 1.28
(s, 9H, 3 CH3). 13C{'H} NMR (101 MHz, CDCl3): § 166.7, 153.4, 150.4, 149.6, 146.6, 139.5,
135.9,133.2,130.1,129.9, 129.8,129.7, 129.3,125.2, 124.1 (q, ] = 288.3 Hz, CF3), 122.4, 122.2,
120.2,118.7 (q, ] = 320.0 Hz, S-CF3),80.2, 64.2 (q, ] = 26.6 Hz. >C<), 54.0, 33.5,27.9. 19F NMR
(376 MHz, CDCl3): 6 —73.63 (s, 3F, CF3), —74.85 (s, 3F, CF3). Elemental analysis calcd (%)
for CpeHp3FsN3O0S: C, 46.78; H, 3.47; N, 6.29; found: C, 46.71; H, 3.49; N, 6.09.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-4-phenyl-1-(trifluoro methyls-
ulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4g).

Yield 89% as a yellow solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
123-125 °C. 'H NMR (400 MHz, CDCl3): 6 8.40 (s, 1H, Ar), 8.21 (s, 2H, Ar), 7.57 (s, 3H, Ar),
7.20 (s, 2H, Ar), 7.03 (s, 2H, Ar), 6.88 (s, 3H, Ar), 6.58 (s, 1H, NH), 4.97 (d, ] = 12.4 Hz, 1H,
OCHy), 4.76 (d, ] = 12.6 Hz, 1H, OCH,), 4.18 (d, ] = 16.9 Hz, 1H CH,), 3.91 (s, 3H, OCH3),
3.66 (d, ] = 17.0 Hz, 1H, CH,). 3C{'H} NMR (101 MHz, CDCl3): 6 166.4, 153.6, 150.2, 149.5,
146.0, 139.4, 136.5, 135.7, 133.1, 130.0, 129.8, 129.7, 129.6, 129.2, 127.9, 127.7, 127.6, 125.1,
124.0 (q, ] = 290.0 Hz, CF3), 122.3, 121.9, 119.9, 118.6 (q, ] = 320.0 Hz, CF3), 66.7, 64.3 (q,
] = 28.5 Hz, CF3), 54.4, 32.9. '"F NMR (282 MHz, CDCl3): § —73.84 (s, 3F, CF3), —75.29 (s,
3E CF3). Elemental analysis calcd (%) for Co9Hp1 FgN3O9S: C, 49.65; H, 3.02; N, 5.99; found:
C,49.52; H,3.01; N, 5.87.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((6-nitro-4-p-tolyl-1-(trifluoromethyls-
ulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4h).

Yield 82% as a white solid (eluent petroleum ether/ethyl acetate = 9/1). M.p. 154-155 °C.
'H NMR (500 MHz, CDCl3): 5 8.41 (d, ] = 9.3 Hz, 1H, Ar), 8.37 (s, 1H, Ar), 8.26 (d, ] = 9.2 Hz,
1H, Ar),7.45(d, ] =7.8 Hz, 1H, Ar), 7.38 (d, ] = 7.8 Hz, 1H, Ar), 7.32 (d, ] =7.9 Hz, 1H, Ar),
712 (d, ] = 6.9 Hz, 1H, Ar), 6.49 (s, 1H, NH), 4.08 (d, | = 16.4 Hz, 1H, CHy), 3.88 (s, 3H,
OCHj3;), 3.62 (d, ] = 16.4 Hz, 1H, CH,), 2.51 (s, 3H, CH3), 1.22 (s, 9H, CHj3). 13C{'H} NMR
(126 MHz, CDCls): 6 166.7, 153.4, 150.3, 149.6, 146.7, 139.6, 136.2, 130.5, 130.1, 130.0, 129.9,
129.8, 125.1, 124.1 (q, ] = 288.6 Hz, CF3), 122.5, 122.1, 120.2, 118.7 (q, ] = 320.3 Hz, CF3),
114.2,80.2,64.2 (q, ] = 28.1 Hz, >C<), 54.0, 33.5, 27.9, 21.6. 1F NMR (282 MHz, CDCl3): 6
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—73.56 (s, 3F, CF3), —74.68 (s, 3F, CF3). Elemental analysis calcd (%) for Co7Hp5FsN3OgS: C,
47.58; H, 3.70; N, 6.17; found: C, 47.61; H, 3.77; N, 6.15.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-6-nitro-1-(trifl-
uoromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4i).

Yield 88% as a white solid (eluent petroleum ether/ethyl acetate = 9/1). M.p. 149-150 °C.
'H NMR (500 MHz, CDCl3): 5 8.41 (d, ] = 9.1 Hz, 1H, Ar), 8.38 (s, 1H, Ar), 8.26 (d, ] = 9.1 Hz,
1H, Ar), 7.37 (d, ] = 8.4 Hz, 1H, Ar), 7.18-7.14 (m, 2H, Ar), 7.10 (d, | = 8.5 Hz, 1H, Ar), 6.48
(s, 1H, NH), 4.10 (d, ] = 16.3 Hz, 1H, CH,), 3.95 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.63
(d,] = 16.4 Hz, 1H, CH,), 1.21 (s, 9H, 3 CH3). 3C{'H} NMR (126 MHz, CDCl3): 6 166.7,
160.4, 153.4,150.2, 149.6, 146.9, 139.8, 135.9, 131.4, 131.2, 125.1, 125.0, 124.1 (q, ] = 288.5 Hz,
CF3), 122.5,122.0, 120.2, 118.7 (q, ] = 320.2 Hz, CF3) 115.1, 115.0, 80.2, 64.2 (q, ] = 28.6 Hz,
>C<), 55.5, 54.0, 33.5, 27.9. "F NMR (282 MHz, CDCl3): 6 —73.54 (s, 3F, CF3), —74.72 (s, 3F,
CF3). Elemental analysis calcd (%) for Co7H5FgN3O010S: C, 46.49; H, 3.61; N, 6.02; found: C,
46.62; H, 3.64; N, 6.12.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-6-nitro-1-(triflu-
oromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4j).

Yield 94% as a yellow solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
152-154 °C. 'H NMR (400 MHz, CDCl3): 6 8.41 (d, | = 9.2 Hz, 1H, Ar), 8.28 (s, 1H, Ar),
8.19 (d, ] = 9.1 Hz, 1H, Ar), 7.14-7.02 (m, 6H, Ar), 6.89 (s, 3H, Ar), 6.58 (s, 1H, NH), 4.97 (d,
J=12.3 Hz, 1H, OCH;), 4.77 (d, ] = 12.1 Hz, 1H, OCHy), 4.21 (d, | = 16.4 Hz, 1H CHy), 3.95
(s, 3H, OCH3), 3.93 (s, 3H, OCH3), 3.66 (d, ] = 16.8 Hz, 1H, CH,). 3C{'H} NMR (126 MHz,
CDCly): 6 166.4,160.4, 153.7, 150.0, 149.5, 146.4, 139.7, 136.5, 135.7, 131.4, 131.0, 127.9, 127.6,
127.5,125.1,124.9,124.0 (q, ] = 285.8 Hz, CF3), 122.5,121.8,119.9, 118.6 (q, | = 320.4 Hz, CF3),
115.0, 114.9, 66.7, 64.3 (q, | = 28.5 Hz, >C<), 55.5, 54.5, 32.9. ’F NMR (282 MHz, CDCl3): 6
—73.83 (s, 3F, CF3), —75.22 (s, 3F, CF3). Elemental analysis calcd (%) for C3pHy3FsN3O1¢S:
C,49.25 H, 3.17; N, 5.74; found: C, 49.29; H, 3.08; N, 5.84.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-phenyl-6-(trifluoromethyl)-1-(trifl-
uoromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4k).

Yield 81% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
146-148 °C. 'H NMR (500 MHz, CDCl3): & 8.25 (d, ] = 8.8 Hz, 1H, Ar), 7.87 (d, ] = 8.8 Hz,
1H, Ar), 7.72 (s, 1H, Ar), 7.63 (s, 1H, Ar), 7.57 (s, 2H, Ar), 7.44 (s, 1H, Ar), 7.24 (s, 1H, Ar),
6.59 (s, 1H, NH), 4.01 (d, ] = 16.1 Hz, 1H, CHy), 3.87 (s, 3H, OCH3), 3.60 (d, ] = 16.3 Hz,
1H, CH,), 1.24 (s, 9H, 3 CHj3). 13C{'H} NMR (126 MHz, CDCl3): é 166.8, 153.5, 150.5,
145.6, 139.2, 135.1, 133.8 (q, | = 33.5 Hz, C4,-CF3), 133.7, 130.1, 129.9, 129.6, 129.4, 129.2,
124.6, 124.2 (q, ] = 288.4 Hz, CF3), 124.2, 123.9-123.8 (m), 123.3 (q, | = 273.2 Hz, CF3),
119.5,118.7 (q, ] = 320.2 Hz, CF3), 80.2, 64.3 (q, ] = 28.4 Hz, >C<), 53.9, 33.5, 27.9. ’F NMR
(282 MHz, CDCl3): 6§ —73.69 (s, 3F, CF3), —73.89 (s, 3F, CF3). Elemental analysis calcd (%)
for Co7Hy3F9gN,O7S: C, 46.96; H, 3.36; N, 4.06; found: C, 46.87; H, 3.32; N, 4.05.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-phenyl-6-(trifluoromethyl)-1-(triflu-
oromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (41).

Yield 80% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
109-111 °C. 'H NMR (300 MHz, CDCl3): 6 8.18 (d, ] = 8.8 Hz, 1H, Ar), 7.87 (d, ] = 8.8 Hz,
1H, Ar), 7.60-7.53 (m, 4H, Ar), 7.18-7.12 (m, 2H, Ar), 7.01 (s, 2H, Ar), 6.87 (s, 3H, Ar),
6.62 (s, 1H, NH), 4.99 (d, ] = 12.5 Hz, 1H, OCH,), 4.76 (d, | = 12.5 Hz, 1H, OCH,), 4.12 (d,
J =16.9 Hz, 1H, CH,), 3.92 (s, 3H, OCH3), 3.63 (d, | = 16.8 Hz, 1H, CH,). ¥C{'H} NMR
(101 MHz, CDCl3): ¢ 166.5, 153.7, 150.3, 145.0, 139.1, 136.6, 134.9, 133.6 (q, | = 33.1 Hz,
Car-CF3), 133.5,130.1, 129.8, 129.5, 129.2, 129.0, 127.8, 127.6, 127.4, 124.3, 124.2, 124.0 (q,
J =289.1 Hz, CF3), 123.9, 123.4 (q, | = 274.3 Hz, CF3), 119.2, 118.6 (q, ] = 320.4 Hz, CF3), 66.7,
64.3 (q, ] = 28.8 Hz, >C<), 54.4, 32.8. %F NMR (282 MHz, CDCl3): § —63.22 (s, 3F, CF3),
—73.92 (s, 3F, CF3), —75.08 (s, 3F, CF3). Elemental analysis calcd (%) for C3oHp1FoN»O7S: C,
49.73; H, 2.92; N, 3.87; found: C, 49.75; H, 2.96; N, 3.83.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-p-tolyl-6-(trifluoromethyl)-1-(trifl-
uoromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4m).
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Yield 70% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
134-136 °C. 'H NMR (500 MHz, CDCl3): & 8.24 (d, ] = 8.8 Hz, 1H, Ar), 7.86 (d, ] = 8.9 Hz,
1H, Ar), 7.77 (s, 1H, Ar), 7.42 (d, ] = 7.8 Hz, 1H, Ar), 7.36 (d, | = 7.7 Hz, 1H, Ar), 7.30 (d,
J=78Hz, 1H, Ar), 7.11 (d, ] =7.8 Hz, 1H, Ar), 6.61 (s, 1H, NH), 4.01 (d, ] = 16.2 Hz, 1H,
CHy), 3.86 (s, 3H, OCH3), 3.59 (d, ] = 16.3 Hz, 1H, CHy), 2.50 (s, 3H, CH3), 1.24 (s, 9H,
3 CHj;). 13C{'H} NMR (126 MHz, CDCl3) § 166.8, 153.5, 150.4, 145.7, 139.3, 139.2, 135.4,
133.7 (q, ] = 32.9 Hz, C4,-CF3), 130.5, 130.3, 130.0, 129.9, 129.8, 124.5, 124.2 (q, ] = 288.4 Hz,
CF3), 124.1, 123.9-123.9 (m), 123.3 (q, | = 274.2 Hz, CF3), 120.1, 118.7 (q, ] = 320.2 Hz,
CF3), 80.2, 64.3 (q, ] = 28.0 Hz, >C<), 53.9, 33.6, 27.9, 21.5. 9F NMR (282 MHz, CDCl3) 6
—63.17 (s, 3F, CF3), —73.58 (s, 3F, CF3), —74.38 (s, 3F, CF3). Elemental analysis calcd (%) for
CagHpsF9N,0O7S: C, 47.73; H, 3.58; N, 3.98; found: C, 47.71; H, 3,57; N, 3.94.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-p-tolyl-6-(trifluoromethyl)-1-(triflu-
oromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (4n).

Yield 92% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
101-103 °C. 'H NMR (300 MHz, CDCl3): 6 8.17 (d, ] = 8.8 Hz, 1H, Ar), 7.86 (d, ] = 8.8 Hz,
1H, Ar), 7.65 (s, 1H, Ar), 7.38 (d, ] = 7.8 Hz, 1H, Ar), 7.33 (d, ] = 7.8 Hz, 1H, Ar), 7.06-6.98
(m, 4H, Ar), 6.88 (s, 3H, Ar), 6.63 (s, 1H, NH), 499 (d, | = 12.5 Hz, 1H, OCHy), 4.77
(d, ] =125 Hz, 1H, OCH,), 4.14 (d, | = 16.8 Hz, 1H, CH,), 3.92 (s, 3H, OCH3), 3.63 (d,
] =16.8 Hz, 1H, CH,), 2.49 (s, 3H, CH3). 13C{1H} NMR (126 MHz, CDCly): § 166.6, 153.7,
150.2, 145.1, 139.3, 139.0, 136.6, 135.2, 133.5 (q, | = 32.7 Hz, C4,-CF3), 130.4, 130.2, 129.9,
129.7, 129.6, 127.8, 127.6, 127.4, 124.2, 124.1, 124.0, 123.4 (q, | = 273.2 Hz, CF3), 124.1 (q,
J =288.4 Hz, CF3), 119.2,118.6 (q, ] = 319.9 Hz, CF3), 66.7, 64.4 (q, ] = 28.6 Hz, >C<), 54.4,
32.9. PFNMR (282 MHz, CDCl;): 6 = —63.17 (s, 3F, CF3), —73.91 (s, 3F, CF3), —74.98 (s, 3F,
CF3). Elemental analysis calcd (%) for C31Ha3F9N>O7S: C, 50.41; H, 3.14; N, 3.79; found: C,
50.63; H, 3.32; N, 4.01.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(4-methoxyphenyl)-6-(trifluoromethyl)-
1-(trifluoromethylsulfonyloxy)isoquinolin-3-yl)methyl)propanoate (40).

Yield 93% as a thick oil (eluent petroleum ether/ethyl acetate = 15/1). 'H NMR
(500 MHz, CDCls): 6 8.17 (d, ] = 8.8 Hz, 1H, Ar), 7.86 (d, ] = 8.8 Hz, 1H, Ar), 7.67 (s, 1H, Ar),
7.12-7.01 (m, 6H, Ar), 6.87 (s, 3H, Ar), 6.62 (s, 1H, NH), 4.99 (d, ] = 12.5 Hz, 1H, OCH,),
4.77 (d, ] = 12.5 Hz, 1H, OCH,), 4.16 (d, ] = 16.7 Hz, 1H, CH,), 3.93 (s, 6H, 2 CH3), 3.64
(d, ] =16.7Hz, 1H, CH,). BBC{'H} NMR (126 MHz, CDCl3): § 166.6, 160.1, 153.7, 150.1,
145.4, 139.5, 136.6, 134.9, 133.5 (q, | = 33.0 Hz, C4,-CF3), 131.4, 131.0, 127.9, 127.6, 127 4,
125.4,124.2,124.1, 124.0 (q, ] = 288.7 Hz, CF3), 124.0, 123.4 (q, ] = 273.2 Hz, CF3), 119.2,
118.6 (q, ] = 320.4 Hz, S-CF3), 114.8, 114.7, 66.7, 64.4 (q, ] = 28.5 Hz, >C<), 55.5, 54.4, 32.9.
19F NMR (282 MHz, CDCls): 6 —63.16 (s, 3F, CF3), —73.93 (s, 3F, CF3), —75.01 (s, 3F, CFj).
Elemental analysis calcd (%) for C31Hy3F9N>OgS: C, 49.34; H, 3.07; N, 3.71; found: C, 49.44;
H, 3.02; N, 3.85.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-(4-methoxyphenyl)-4-p-tolyl-isoqu-
inolin-3-yl)methyl)propanoate (5a).

Yield 92% as a white solid (eluent petroleum ether/ethyl acetate = 10/1). M.p.
214-215°C. 'H NMR (500 MHz, CDCl3): J 8.57 (s, 1H, NH), 8.22 (d, ] = 8.2 Hz, 1H,
Ar),7.77 (d, ] = 8.1 Hz, 2H, Ar), 7.56-7.52 (m, 2H, Ar), 7.46 (d, | = 8.3 Hz, 1H, Ar), 7.35 (d,
J=77Hz,1H, Ar),7.31(d, ] =7.8 Hz, 1H, Ar),7.24 (d, ] =7.8 Hz, 1H, Ar), 7.10 (d, ] = 8.0 Hz,
3H, Ar), 3.92 (s, 3H, OCH3), 3.71-3.67 (m, 3H, OCHj3;, 1H, CHj), 3.49 (d, ] = 14.7 Hz, 1H,
CH,), 2.48 (s, 3H, CH3), 1.37 (s, 9H, 3 CH3). 3C{'H} NMR (126 MHz, CDCl3): 6 167.4,
160.4, 158.2, 154.2, 144.7, 137.9, 137.7, 132.9, 131.9, 131.7, 131.6, 130.5, 130.3, 130.2, 129.7,
129.3,127.7,126.9,126.4,125.2, 124.5 (q, ] = 288.0 Hz, CF3), 115.3, 114.0, 80.0, 67.2, 64.8 (q,
J =25.4 Hz, >C<), 55.6, 53.0, 34.2, 28.3, 21.5. YF NMR (282 MHz, CDCl3): § —72.96 (s, 3F,
CF3). Elemental analysis calcd (%) for C33H3s3F3N»Os: C, 66.66; H, 5.59; N, 4.71; found: C,
66.35; H, 5.21; N, 4.43.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((1-(4-methoxyphenyl)-6-nitro-4-phen-
ylisoquinolin-3-yl)methyl)propanoate (5b).

182



Molecules 2022, 27, 8488

Yield 88% as a yellow solid (eluent petroleum ether/ethyl acetate = 10/1). M.p.
180-181 °C. 'H NMR (500 MHz, CDCl3): 6 8.38 (d, ] =9.2 Hz, 1H, Ar), 8.33 (d, ] = 1.7 Hz,
1H, Ar), 8.23 (ds, ] = 9.2, 2.3 Hz, 1H, Ar), 7.73 (d, ] = 8.3 Hz, 2H, Ar), 7.67 (br. s, 1H, NH),
7.64-7.61 (m, 1H, Ar), 7.58-7.56 (m, 2H, Ar), 7.42 (d, ] =7.0 Hz, 1H, Ar), 7.26-7.25 (m, 1H,
Ar),7.13(d, ] =8.3 Hz, 2H, Ar), 3.94 (s, 3H, OCH3), 3.82 (d, ] = 15.3 Hz, 1H, CH,), 3.66 (s, 3H,
OCH3), 3.59 (d, ] = 15.5 Hz, 1H, CH,), 1.29 (s, 9H, 3 CH3). 13C{'H} NMR (126 MHz, CDCl3):
6167.3,160.9, 158.6, 153.7, 148.3, 147.2,137.1, 134.6, 132.8, 131.7, 130.5, 130.2, 130.0-129.9
(m), 129.5, 129.1, 129.0, 126.7, 124.4 (q, | = 287.3 Hz, CF3), 122.4, 120.0, 114.2, 100.1, 80.2,
64.7 (q, ] = 27.7 Hz, >C<), 55.6, 53.4, 34.1,28.2. 19F NMR (282 MHz, CDCl3): § —73.71 (s, 3F,
CF3). Elemental analysis caled (%) for C3,H3gF3N3O7: C, 61.44; H, 4.83; N, 6.72; found: C,
61.18; H, 4.61; N, 6.56.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((1-(4-methoxyphenyl)-4-phenyl-6-(trif-
luoromethyl)isoquinolin-3-yl)methyl)propanoate (5c).

Yield 87% as a white solid (eluent petroleum ether/ethyl acetate = 10/1). M.p.
107-108 °C. 'H NMR (400 MHz, CDCl3): § 8.30 (d, ] = 7.8 Hz, 1H, Ar), 7.92 (s, 1H, NH),
7.68-7.66 (m, 2H, Ar), 7.62-7.50 (m, 5H, Ar), 7.22-7.20 (m, 2H, Ar), 7.14-7.05 (m, 5H, Ar),
6.95-6.94 (m, 2H, Ar), 5.07 (d, | = 11.9 Hz, 1H, OCH,), 4.88 (d, | = 12.0 Hz, 1H, OCH,),
3.88 (s, 3H, OCH3, 1H, CH,), 3.65 (s, 3H, OCH3), 3.59 (d, ] = 16.1 Hz, 1H, CH,). BC{1H}
NMR (126 MHz, CDCls): 6 167.2, 160.6, 158.5, 154.2, 145.8, 136.7, 136.5, 134.9, 132.2, 131.8 (q,
J =32.3 Hz, C4,-CF3), 131.7, 130.6, 130.5, 130.1, 129.3, 129.1, 128.9, 128.7, 128.3, 127.9, 127.8,
126.0,125.5,124.3 (q, | = 287.9 Hz, CF3), 123.9 (q, | = 273.0 Hz, CF3), 123.8-123.7 (m), 122.4,
114.0, 66.9, 64.8 (q, ] = 28.5 Hz, >C<), 55.6, 53.6, 33.8. 'F NMR (376 MHz, CDCl3): § —62.99
(s, 3F, CF3), —73.68 (s, 3F, CF3). Elemental analysis caled (%) for CsgHygFgN»Os: C, 63.34;
H, 4.13; N, 4.10; found: C, 63.18; H, 4.01; N, 4.25.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-(phenylethynyl)-1-p-tolyInaphthalen-
2-yl)methyl)propanoate (6a).

Yield 58% as a white solid (eluent petroleum ether/ethyl acetate = 10/1). M.p.
180-182 °C. 'H NMR (400 MHz, CDCl3): § 8.52 (d, ] = 8.4 Hz, 1H, Ar), 8.03 (s, 1H, NH),
7.70-7.61 (m, 4H, Ar), 7.44-7.40 (m, 4H, Ar), 7.33-7.29 (m, 2H, Ar), 7.16-7.12 (m, 2H, Ar),
7.08-7.02 (m, 5H, Ar), 5.07 (d, ] = 12.5 Hz, 1H, OCHy), 4.96 (d, | = 12.8 Hz, 1H, OCHy), 3.85
(s, 3H, OCHj3, 1H, CH,,), 3.56 (d, ] = 15.5 Hz, 1H, CH)), 2.47 (s, 3H, CH3). 13C{'H} NMR
(126 MHz, CDCl3): 6 167.4, 154.3, 145.5, 141.9, 138.1, 136.6, 136.5, 133.1, 132.5, 132.3, 130.7,
130.4,129.9, 129.6, 129.5, 129.3, 128.7, 128.3, 127.9, 127.8, 127.7, 127 4, 126.9, 126.3, 124.4 (q,
] = 287.2 Hz, CF3), 122.3,94.0, 86.8, 66.7, 64.9 (q, | = 27.8 Hz, >C<), 53.6, 33.9, 21.5. 19F NMR
(282 MHz, CDCl3): 6 —73.59 (s, 3F, CF3). Elemental analysis calcd (%) for C37HpgF3NOy:
C,71.37; H, 4.69; N, 4.50; found: C, 71.14; H, 4.48; N, 4.27.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((7-nitro-1-phenyl-4-(phenyl-ethynyl)
naphthalen-2-yl)methyl)propanoate (6b).

Yield 60% as a white solid (eluent petroleum ether/ethyl acetate = 10/1). M.p.
98-99 °C. 'H NMR (500 MHz, CDCl3): § 8.68 (d, ] = 8.0 Hz, 1H, Ar), 8.37 (d, ] = 7.8 Hz,
1H, Ar), 8.32 (s, 1H, Ar), 7.75 (s, 2H, Ar), 7.62 (s, 2H, Ar), 7.58 (s, 2H, Ar), 7.48 (s, 3H, Ar),
7.41 (s, 1H, Ar), 7.26 (br. s, 1H, NH), 3.89 (m, 3H, OCHj;, 1H, CH,), 3.59 (d, ] = 14.8 Hz,
1H, CH,), 1.30 (s, 9H, 3 CH3). 3C{'H} NMR (126 MHz, CDCl5): é 167.4, 153.6, 148.9, 148.2,
145.3,144.9, 134.3, 134.0, 132.5, 130.5, 130.1, 129.5, 129.4, 129.3, 129.1, 128.9, 128.3, 124.4 (q,
J =290.4 Hz, CF3), 122.6,121.7,121.0, 90.4, 85.9, 66.6, 64.7 (q, ] = 27.2 Hz, >C<), 60.6, 53.6,
29.8,28.2. 9F NMR (282 MHz, CDCl3): § —73.71 (s, 3F, CF3). Elemental analysis calcd (%)
for Ca3HpgF3N3O4: C, 63.97; H, 4.56; N, 6.78; found: C, 63.83; H, 4.41; N, 6.54.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-(phenylethynyl)-1-p-tolyl-7-(triflu-
oromethyl)naphthalen-2-yl)methyl)propanoate (6c).

Yield 67% as a white solid (eluent petroleum ether/ethyl acetate = 15/1). M.p.
198-200 °C. 'H NMR (400 MHz, CDCl3): 6 8.65 (d, ] = 8.7 Hz, 1H, Ar), 7.82 (d, ] = 8.8 Hz,
1H, Ar), 7.77-7.74 (m, 3H, Ar), 7.61 (s, 1H, NH), 7.47-7.46 (m, 3H, Ar), 7.38 (d, ] = 7.7 Hz,
1H, Ar), 7.33(d,] =7.6 Hz, 1H, Ar), 7.23 (d, ] = 8.0 Hz, 1H, Ar), 7.08 (d, ] = 7.7 Hz, 1H, Ar),
3.84 (s, 3H, OCH3, 1H, CHy), 3.54 (d, ] = 15.3 Hz, 1H, CH3), 2.49 (s, 3H, CH3), 1.32 (s, 9H,
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3 CHj). *C{'H} NMR (126 MHz, CDCly): § 167.5, 153.8, 147.6, 142.1, 138.7, 135.8, 133.7,
132.4, 132.3 (q, ] = 32.3 Hz, C4,-CF3), 131.4, 130.3, 130.0, 129.9, 129.8, 129.6, 128.8, 128.6,
128.4,124.3 (q, ] = 288.3 Hz, CF3), 123.9-123.9 (m), 123.7 (q, ] = 273.0 Hz, CF3), 123.3, 121.9,
94.9, 86.3,80.1, 64.7 (q, ] = 27.3 Hz, >C<), 53.4, 34.2, 28.2, 21.5. YF NMR (282 MHz, CDCl;):
6 —62.99 (s, 3E, CF3), —73.60 (s, 3F, CF3). Elemental analysis calcd (%) for C35H30FgIN2Oy:
C,64.02; H,4.61; N, 4.27; found: C, 64.29; H, 4.41; N, 4.25.

Methyl 2-(tert-butoxycarbonylamino)-3,3,3-trifluoro-2-((4-phenylisoquinolin-3-yl)methyl)-
propanoate (7a).

Yield 50% as a white solid (eluent petroleum ether/ethyl acetate = 5/1). M.p. 124-126 °C.
'H NMR (400 MHz, CDCl3): 6 9.19 (s, 1H, Ar), 8.01-7.99 (m, 1H, Ar), 7.94 (br. s, 1H,
NH), 7.59-7.48 (m, 5H, Ar), 7.31 (s, 2H, Ar), 7.19 (m, 1H, Ar), 3.78 (s, 3H, OCH3), 3.66 (d,
J =15.9 Hz, 1H, CH,), 3.47 (d, ] = 15.2 Hz, 1H, CH,), 1.35 (s, 9H, 3 CH3). 3C{'H} NMR (101
MHz, CDCl3): § 167.8,153.9, 150.6, 145.7, 136.2, 135.9, 132.8, 130.8, 130.5, 130.1, 128.9, 128.6,
128.3,127.6,127.1,125.7,124.5 (q, ] = 288.4 Hz, CF3), 80.1, 66.5, 64.6 (q, | = 24.0 Hz, >C<),
53.2,34.5,28.2. YF NMR (376 MHz, CDCl3): 6 —72.99 (s, 3F, CF3). Elemental analysis calcd
(%) for Co5Ho5F3N>Oy: C, 63.28; H, 5.31; N, 5.90; found: C, 63.08; H, 5.01; N, 5.75.

Methyl 2-(benzyloxycarbonylamino)-3,3,3-trifluoro-2-((4-phenylisoquinolin-3-yl)methyl)-pro-
panoate (7b).

Yield 61% as a white solid (eluent petroleum ether/ethyl acetate = 8/1). M.p. 136-137 °C.
'H NMR (400 MHz, CDCls): 6 9.13 (s, 1H, Ar), 7.98 (s, 1H, Ar, 1H, NH), 7.2-7.58 (m, 2H,
Ar), 7.53-7.48 (m, 3H, Ar), 7.35(d, ] =7.8 Hz, 1H, Ar), 7.23 (d, ] = 7.6 Hz, 1H, Ar), 7.20-7.10
(m, 6H, Ar), 5.09 (d, ] =12.5 Hz, 1H, OCH,), 4.94 (d, ] = 12.5 Hz, 1H, OCH),), 3.81 (s, 3H,
OCHj3;, 1H, CHy), 3.55 (d, ] = 15.6 Hz, 1H, CH,). 3C{1H} NMR (126 MHz, CDCl3): 6 167.6,
154.3, 150.4, 145.3, 136.6, 136.2, 135.8, 132.8, 130.7, 130.5, 130.1, 128.9, 128.6, 128.4, 128.2,
127.9,127.7,127.2,127.1,125.7, 124.4 (q, | = 286.9 Hz, CF3), 66.7, 64.8 (q, | = 28.2 Hz, >C<),
53.5,34.0. ”F NMR (282 MHz, CDCl3): § —73.27 (s, 3F, CF3). Elemental analysis calcd (%)
for CpgHp3F3N2Oy: C, 66.14; H, 4.56; N, 5.51; found: C, 66.31; H, 4.89; N, 5.76.

2-(tert-Butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-1,2-dihydroisoquinolin-3-yl)
methyl)propanoic acid (8).

Yield 83% as a white solid. M.p. 176-177 °C. 'H NMR (300 MHz, DMSO-ds): & 10.84
(s, 1H, NH), 8.26 (d, ] = 7.7 Hz, 1H, Ar), 8.00 (s, 1H, Ar), 7.60 (t, ] = 7.5 Hz, 1H, Ar),
7.51-7.42 (m, 4H, Ar), 7.25-7.23 (m, 2H, Ar), 6.92 (d, ] = 8.2 Hz, 1H, Ar), 3.36 (br. s, 1H,
OH), 3.10 (d, ] =14.8 Hz, 1H, CHy), 2.87 (d, ] = 14.8 Hz, 1H, CH,), 1.37 (s, 9H, 3 CH3).
I3C{'H} NMR (126 MHz, DMSO-d;): 6 165.3, 161.4, 153.7, 138.2, 134.6, 132.5, 132.2, 132.0,
130.8, 128.7,128.5, 127.8, 126.6, 126.3, 125.2, 124.7, 124.4 (q, ] = 287.6 Hz, CF3), 118.6, 79.8,
64.0 (q. ] = 30.8 Hz, >C<), 31.2, 27.9. F NMR (282 MHz, acetone-dy): 6§ —74.93 (s, 3F,
CF3). Elemental analysis caled (%) for Cp4Hp3F3N,>Os: C, 60.50; H, 4.87; N, 5.88; found:
C,63.38 H,5.03 N, 5.77.

2-(tert-Butoxycarbonylamino)-3,3,3-trifluoro-2-((1-oxo-4-phenyl-1,2-dihydroisoquinolin-3-yl)
methyl)propanoic acid (9).

Yield 85% as a white solid. M.p. 184-185 °C. 'H NMR (400 MHz, DMSO-dg): 6 8.43 (d,
J=83Hz, 1H, Ar), 7.79 (d, ] =8.4 Hz, 1H, Ar), 7.25 (s, 1H, Ar), 7.20 (d, ] = 7.8 Hz, 2H, Ar),
7.16-7.09 (m, 2H, Ar, 1H, NH), 3.85 (s, 3H, OCH3), 3.61 (s, 3H, OCH3), 3.31 (s, 2H, NH)),
3.06 (d, ] = 15.0 Hz, 1H, CH,), 2.93 (d, ] = 14.9 Hz, 1H, CH,). 3C{'H} NMR (126 MHz,
CDCl3): § 166.6, 161.4, 159.7, 139.2, 134.3, 134.1 (q. | = 32.4 Hz, C4,-CF3), 132.2, 131.9,
128.7,127.5,126.2,124.0 (q. | = 286.9 Hz, CF3), 123.8 (q. | = 273.0 Hz, CF3), 122.9-122.9 (m),
122.5-122.5 (m), 118.0, 114.8, 114.6, 64.6 (q. | = 27.8 Hz, >C<), 55.5, 54.1, 31.2. ’F NMR
(282 MHz, CDCl3): 6 —62.95 (s, 3F, CF3), —79.00 (s, 3F, CF3). Elemental analysis calcd (%)
for CooH1gFsN>Oy4: C, 54.10; H, 3.71; N, 5.74; found: C, 54.22; H, 3.99; N, 5.82.

3.3. X-ray Structure Determination of 3a

A single-crystal X-ray diffraction experiment was carried out with a Bruker SMART
APEX II diffractometer (graphite monochromated Mo-K radiation, A = 0.71073 A, w-
scan technique). The structure was solved with direct methods and refined by the full-
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matrix least-squares technique against F?,with the anisotropic thermal parameters for
all non-hydrogen atoms using the SHELXL [60] program package. Hydrogen atoms of
the NH groups were located in the different Fourier maps and freely refined without
constraints. The remaining hydrogen atoms were placed in calculated positions and refined
using a riding model with Uj,(H) = 1.5U,(C) for hydrogen atoms of methyl groups and
Ujso(H) = 1.2U¢,(C) for other carbon atoms. The crystal data and structure refinement
details are presented in Supplementary Materials (Table S1). Single-crystal X-ray diffraction
analysis was performed using the equipment of the JRC PMR IGIC RAS.

4. Conclusions

In conclusion, we have elaborated a convenient pathway to a new series of «-CFs-
substituted x-amino acid derivatives bearing a pharmacophore isoquinolone core in their
backbone. The method is based on [4+2]-annulation of N-(pivaloyloxy) aryl amides with
orthogonally protected internal acetylene-containing «-amino carboxylates under Rh(III)-
catalysis. The reaction smoothly proceeds at an ambient temperature in trifluoroethanol in
the presence of 3 mol/% of rhodium dimer complex (Cp*RhCl,), and 1 equiv. of cesium
acetate to afford the target products in good yields. The latter compounds proved to
be suitable substrates for further conversion to valuable isoquinoline derivatives via a
subsequent aromatization/cross-coupling synthetic operation. The biological activity of
the obtained compounds is currently being studied.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27238488 /s1, Figures S1-S92. 'H and 13C NMR spectra
of compounds. Figure 593. H-bonded dimer in the crystal of 3a. Scheme S1. Proposed mechanism.
Table S1. Crystal data, data collection and structure refinement parameters for 3a.
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Abstract: We developed a straightforward synthetic route to pharmacologically important 1,5-
substituted pyrrolidin-2-ones from donor-acceptor cyclopropanes bearing an ester group as one of the
acceptor substituents. This method includes a Lewis acid-catalyzed opening of the donor—acceptor
cyclopropane with primary amines (anilines, benzylamines, etc.) to y-amino esters, followed by
in situ lactamization and dealkoxycarbonylation. The reaction has a broad scope of applicability;
a variety of substituted anilines, benzylamines, and other primary amines as well as a wide range
of donor-acceptor cyclopropanes bearing (hetero)aromatic or alkenyl donor groups and various

Citation: Boichenko, MLA. acceptor substituents can be involved in this transformation. In this process, donor-acceptor cy-
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clopropanes react as 1,4-C,C-dielectrophiles, and amines react as 1,1-dinucleophiles. The resulting
di- and trisubstituted pyrrolidin-2-ones can be also used in subsequent chemistry to obtain various
nitrogen-containing polycyclic compounds of interest to medicinal chemistry and pharmacology,
such as benz[g]indolizidine derivatives.
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chemistry (Figure 1). Among 1,5-diarylpyrrolidin-2-ones, there are selective and effec-
tive inhibitors of histone deacetylases 5 and 6 [3-5], cannabinoid receptor 1 (CB1) [6,7],
cyclin-dependent kinase CDK; [8], tankyrase [9], etc. They are also capable of inhibiting glu-

taminyl cyclase [10] and the glucagon receptor [11]. In addition, 5-aryl-1-benzylpyrrolidones
have been shown to antagonize the dual orexin receptor at the submicromolar level [12,13]
and calcitonin gene-related peptide type I receptors at the subnanomolar level [14]. There-
fore, the synthesis of these promising azaheterocycles is an urgent problem in synthetic
organic and pharmaceutical chemistry.

Although many methods for the y-lactam synthesis are known [15-18], the devel-
opment of new and simple strategies that also make it possible to introduce desired sub-
stituents into the resulting products remains an urgent task. Our interest in this problem is
related to the possibility of solving it using the donor—acceptor (DA) cyclopropane [19-33]
reactivity, which has been the subject of our studies in recent years [27,28,34-39].

In general, two types of transformations of DA cyclopropanes can be used for the
synthesis of 1,5-substituted pyrrolidin-2-ones. The first one is the (3 + 2)-cycloaddition
of 2-aryl- or 2-alkenylcyclopropane-1,1-diesters with the appropriate isocyanates [40,41].
This process directly afforded the corresponding pyrrolidones (Scheme 1a); however, the

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 2022, 27, 8468. https:/ /doi.org/10.3390/molecules27238468 188 https://www.mdpi.com/journal /molecules



Molecules 2022, 27, 8468

resulting products contain two acceptor substituents at the C(3) atom; these groups must
be removed to obtain the aforementioned bioactive compounds.

e O

N

//
CO,H Ar

dual orexin receptor nootropics and aptidepressants
antagonists
N @]
M O
®/Q§ o
@) NH
NH N
N=/

Cl 7
CB1 inhibitor g[utaminy[ cyc[ase inhibitor tankyrase inhibitor

Figure 1. Bioactive molecules containing 1,5-diarylpyrrolidin-2-one or 5-aryl-1-benzylpyrrolidin-2-
one frameworks.

Alternatively, these DA cyclopropanes can undergo a small ring opening with N-
nucleophiles followed by cyclization producing the target y-lactams. For example, we
have recently developed a method for the synthesis of 1,5-substituted pyrrolidin-2-ones,
the key step of which is the opening of the DA cyclopropane ring with an azide ion
(Scheme 1b) [37-39]. This method includes isolation and purification of the intermediate
azides; a simpler and general approach to the synthesis of 1,5-disubstituted pyrrolidin-2-
ones 2, 3 can be developed based on the reaction of DA cyclopropanes 1 with the corre-
sponding primary amines, such as anilines, benzylamines, etc.

The reactions of DA cyclopropanes with primary amines affording both acyclic and
various cyclic products, depending on the structure of the reagents and reaction conditions,
have been well studied [29,42-70]. However, only a few examples of the use of this reactiv-
ity for the synthesis of 1,5-functionalized pyrrolidin-2-ones have been described [59-70].
Usually, these examples were reported as postmodifications of the primary acyclic prod-
ucts [59-64] that provides not the principal advantage over other stepwise transforma-
tions. The one-step formation of the requisite pyrrolidones was achieved either on specific
substrates [65-70] (Scheme 1c), i.e., has limited application, or proceeded under harsh
conditions, giving pyrrolidones in moderate yields [62,64].
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b) DA cyclopropane opening With azide ion in the synthesis of 2-pyrrolidones
(our previous WOrK, ref. 37):

1) i) NaN; Et;N-HCI, DMF, A mW
R Tt al o
Ar >

O:R  2)i)@—CgHsPPhy A Ar'CHO L
NaBH;CN, MeOH, AcOH, A Ar'

¢) DA cyclopropane opening With amines in the synthesis of 2-pyrrolidones

(previous WOrKS).
1) PMPNH, fmmsmmmssmmmmo-oes

CO,Me E(OTf)s/(R)-Yb[P]%

A U L
Ph - A Phw o . . 2
O,Me  2)LiCl, DMSO, H0, :

N
_ 3) NaH, THF, A PMP OO RyP]
racemic : 11% for 3 steps )
ref. 60, example o Tor p
single P 96% e L
O Arl
Ar
0 Ar'NH,, DME, rt AL, N
C?< or DCM, A > ROCL):O
RO e
refs. 68, 70 CO,H
70-98%

d) Synthesis of pyrrolidin-2-ones and their post-modification (this work)
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Scheme 1. Synthesis of pyrrolidin-2-ones from DA cyclopropanes. (a—c) The reported methods for
the synthesis of 1,5-substitutted pyrrolidine-2-ones from DA cyclopropanes. (d) Transformations
reported in this work.

In this paper, we demonstrate that the transformation of DA cyclopropanes to 1,5-
substituted pyrrolidones can be implemented as a one-pot process via a Lewis acid-initiated,
three-membered ring opening with anilines, benzylamines, and other primary amines,
followed by lactamization, as well as further modifications of the obtained pyrrolidones to
polycyclic molecules such as benz[g]indolizidine derivatives (Scheme 1d).

2. Results and Discussion

We started our investigation with the study of the reaction of model cyclopropane
1a with aniline, leading to the acyclic product 4a (Table 1). To catalyze the reaction, we
tested several available Lewis acids, which are commonly used for initiating reactions of
DA cyclopropanes with N-nucleophiles. The reaction was carried out in dichloroethane
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(DCE) at room temperature for 1 h for all tested initiators. We found that Al(OTf); did not
induce the target transformation (Table 1, entry 1). Conversely, in the presence of Fe(OTf)s,
Sc(OTf)3, or Zn(OTf),, cyclopropane 1a reacted with aniline affording acyclic product 4a
in reasonable to good yields (Table 1, entries 2-5). The best results were achieved using
20 mol% Ni(ClO4)2-6H0 or Y(OTf)3; with these catalysts, compound 4a was obtained in
more than a 90% yield (Table 1, entries 6, 9). The decrease in nickel perchlorate loading
led to a decrease in the product yield (Table 1, entries 7-9). The yield also decreased
with increasing reaction time or when the reaction was carried out with heating; in both
cases, the formation of byproducts was detected. When Brensted acid, TEOH, was used,
no reaction occurred at all presumably due to its neutralization with an excess of amine
(Table 1, entry 10). With all the studied Lewis acids, only the acyclic product 4a was formed;
its cyclization to pyrrolidin-2-one did not occur at room temperature.

Table 1. Optimization of reaction conditions for the model cyclopropane 1a opening with aniline 1

MeO CO,Me <)\NH CO,Me

CO,Me PhNH,’ catalyst MeO
DCE, 20 ¢, 1h CO,Me
Me molecular sieves 4A
1a Me 4a
Entry Catalyst (mol%) Yield of 4a, % 2

1 Al(OTf); 20 -

2 Fe(OTf)3 20 783
3 Sc(OTH)3 10 6034
4 Sc(OTf)3 20 84
5 Zn(OTf), 20 803
6 Y(OTf)3 20 93
7 Ni(ClOy),-6H,O 5 213
8 Ni(ClOy),-6H,0 10 503
9 Ni(ClOy),-6H,O 20 92
10 TfOH 20 -

1 Concentration of 1a was 0.2 M. 2 Isolated yield. > NMR yields (hexamethyldisiloxane was used as internal
standard). * Concentration of 1a was 0.03 M.

Then, the lactamization of y-aminoester 4a was investigated. We found that the cy-
clization of compound 4a proceeded under the reflux of its toluene solution with acetic acid.
Moreover, we showed that the crude reaction mixture obtained by a nickel perchlorate-
induced reaction of cyclopropane 1a with aniline, when refluxing with 2 equiv. acetic
acid in toluene efficiently produced the corresponding pyrrolidin-2-one in a one-vessel
operation. This compound was obtained as a mixture of two diastereomers due to the
presence of an ester group at the C(3) atom of the pyrrolidone ring. To obtain the target
bioactive 1,5-diarylpyrrolidin-2-ones, this group must be removed by one of the known
dealkoxycarbonylation methods. To further simplify the synthetic sequence and increase
the practicality of this strategy, we realized this transformation in one pot using alkaline
saponification of the ester group followed by thermolysis (Scheme 2). As a result, pyrroli-
done 2a was synthesized by a four-step procedure, requiring chromatographic purification
only at the last stage, with an overall yield of 70%.

With the optimized conditions in hand, we investigated the reaction scope using
diversly substituted DA cyclopropanes and a range of anilines (Scheme 3). We found
that this one pot transformation was efficient for a series of DA cyclopropanes where the
electron-rich het(aryl) group or styryl group was the donor substituent. A broad variety
of substituents on the aromatic moiety of both DA cyclopropanes and anilines, such as
halogen, alkyl, and alkoxy, were well-tolerated in these transformations. The yields of
the obtained pyrrolidones 2 varied considerably from moderate to good; however, it
should be taken into account that these yields were given for four-step procedures. This
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is also reflected in the complex dependence of the obtained yields on the structure of the
starting compounds. For example, DA cyclopropanes bearing electron-abundant aromatic
substituents are typically more reactive than DA cyclopropanes with less electron-rich
donors; i.e., the conversion time is shorter. However, their side reactions also proceed faster,
and that can provide lower yields of the target products. For multistage processes, the
overall effect of the substituent on the reaction yields is even more complex and cannot be
followed by any simple model.

B CO,Me |
1) PhNH, MeO
MeO CO,Me Ni(C|o48:2 6H,0
CO,Me DCE N~ O
2) AcOH
Me PhMe, A Me
1a
1) NaOH MeQ
EtOH, H,O N“O
PhMe, A
2) Me
2a, 70%

Scheme 2. One-pot synthesis of pyrrolidone 2a.

For example, the moderate yield of pyrrolidone 2f obtained from highly reactive
furyl-substituted DA cyclopropane presumably resulted from the well-known tendency
of the furan ring to undergo various acid-induced transformations [71,72]. In contrast,
compound 2b was formed in a 79% yield. Other reactive DA cyclopropanes, thienyl- and
styryl-derived, produced the corresponding pyrrolidones 2g,h in about a 60% yield. Less
reactive 2-phenyl- and 2-(p-tolyl)cyclopropane-1,1-diesters produced the corresponding
pyrrolidones 2¢,d in 47 and 45% yields. The structure of the compound 2¢ was unambigu-
ously proven by single-crystal X-ray data [73]. Cyclopropane-1,1-diesters containing the
2-nitrophenyl or 3-pyridyl groups at the C(2) atom of the small ring afforded the expected
pyrrolidones 2i,j in low yields. However, the yield of 2i was improved by replacing the
nickel perchlorate with 20 mol% Y(OTf)3. Anilines containing both electron-withdrawing
and electron-donating substituents, including fluorine or bromine in the ortho position,
reacted well. The exceptions were 4-nitroaniline, for which the first step occurred only
when the reaction mixture was refluxed, and 2-nitroaniline and 1,2-phenylenediamine,
which did not afford the desired products 2k,1 at all. With these anilines, the process
was stopped after the formation of the open-chain products 4b,c (see below); cyclization
products were not detected in the reaction mixtures even in trace amounts.

To demonstrate the efficiency of this one pot process, we scaled up the synthesis of
compound 2b using 1.00 g (3.08 mmol) of 3,4,5-trimethoxyphenyl-substituted cyclopropane
1b and 472 mg (3.08 mmol) of 2-fluoroaniline. With this loading, the yield of compound 2b
was 841 mg (79%).

It is worth noting that, despite the potential ability of anilines to serve as ambident
nucleophiles, in the studied reactions, they attacked the three-membered ring exclusively
with the nitrogen atom, providing no isomeric products via the Friedel-Crafts alkylation of
the electron-rich aromatic ring.
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Scheme 3. Synthesis of N-aryl and N-benzyl-substituted y-lactams 2, 3. L Y(OTf); was used.

Benzylamines are known to be more nucleophilic than the corresponding anilines.
The increased reactivity of benzylamines allowed us to synthesize pyrrolidones 3 in good
yields by their direct reaction with DA cyclopropanes 1 by refluxing a dichloroethane
solution in the presence of Ni(ClO4),-6H,O without an additional lactamization step. Next,
we used two methods of dealkoxycarbonylation of 3-substituted pyrrolidones. The first
one included alkaline hydrolysis followed by decarboxylation according to the method
developed for pyrrolidones 2 (method A, Scheme 4). Alternatively, dealkoxycarbonylation
using a NaCl-promoted Krapcho reaction in wet DMSO at 160 °C under microwave (MW)
irradiation provided pyrrolidones 3 in reasonable yields (method B, Scheme 4). For example,
benzylamine and alkoxy-substituted benzylamines produced compounds 3a-d in up to
70% yields. In the reactions of DA cyclopropane with furfurylamine and (1H-indol-3-
yl)methylamine, the corresponding pyrrolidones 3e and 3f were obtained in 32% and 42%
yields. Given that these yields corresponded to a four-step sequence realized as a one pot
procedure, these yields can be considered reasonable.
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Scheme 4. Synthesis of y-lactams 3. ! The reaction was performed at room temperature. 2 The
reaction included a lactamization step under reflux in presence of AcOH in toluene.

Moreover, we applied the developed approach to the synthesis of 1-alkyl-5-
arylpyrrolidones from DA cyclopropanes and some aliphatic amines (Scheme 4). Cy-
clobutylamine and propargylamine were found to participate quite efficiently in this
transformation, affording the corresponding pyrrolidones 3h,i in yields close to those of
3cf, although these substrates required a long reaction time (see Section 3). In contrast,
tryptamine gave rise to the corresponding 3g product in only an 11% yield. A significant
tarring of the reaction mixture was detected in this reaction. When simple primary aliphatic
amines, such as methylamine or ethylamine, were reacted with cyclopropane 1a under the
same reaction conditions, only unidentified byproducts were formed.

It was pointed out that above that, o-nitroaniline and 1,2-phenylenediamine did
not produce the target products 2 under standard conditions. We tested their reactivity
toward DA cyclopropanes 1 in the presence of the same catalysts in more detail (Scheme 5).
We found that the full consumption of 2-phenylcyclopropane-1,1-dicarboxylate 1k in its
reaction with o-nitroaniline catalyzed by Ni(ClO4),-6H,O required 2 h of refluxing the
solution in dichloroethane. Under these conditions, the expected acyclic product 4b was
obtained in a 71% yield. The reaction of 3,4-dimethoxyphenyl-substituted cyclopropane
1j with 1,2-phenylenediamine under the same conditions produced the acyclic product
4c only in a low yield. Heating this reaction mixture at 100 °C in chlorobenzene resulted
in a complex mixture of unidentified products. However, the acyclic compound 4c was
obtained in a reasonable yield at room temperature using Y(OTf)3 as an initiator (Scheme 5).
This product was unstable, and all attempts to cyclize it were unsuccessful.
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Scheme 5. Synthesis of acyclic products 4b—f.

To test the generality of the DA cyclopropane ring opening with anilines, we tried to in-
volve substrates with other acceptor groups in this reaction (Scheme 5). 2-Phenylcyclopropane-
1,1-dicarbonitrile was found to undergo ring opening with aniline or 2-bromo-4-methylaniline
under catalysis with 25 mol% Y(OTf)3 at room temperature for 4 days. The full con-
version of these substrates required a significantly longer reaction time compared to
the corresponding 1,1-diesters. Despite the mild reaction conditions, 4d,e were isolated
only in 41% and 43% yields, presumably due to the competitive realization of the side
processes resulting from the coexistence of the amino and cyano groups. 2-Phenyl-1-
cyanocyclopropanecarboxylate turned out to be a less reactive substrate, which did not
undergo conversion to amine 4f even at a high temperature. Other Lewis acids, such as
Fe(OTf)3, Sc(OTf)3, and Ni(ClOy4),-6H,0, failed also to induce the reaction of this substrate
with anilines.

Most biologically active compounds bearing chiral centers have different activities for
different stereoisomers. This means that methods of their preparation in an optically pure
form are highly desirable. Obviously, this also applies to bioactive-substituted pyrrolidones
of types 2 and 3, which can be considered as cyclic analogs of GABA. We tested the
possibility of using the developed procedure for the synthesis of chiral pyrrolidones 2
starting from optically active DA cyclopropane 1 as a substrate. We found that dimethyl
(5)-2-(p-tolyl)cyclopropane-1,1-dicarboxylate (S)-1c was converted to the corresponding
v-lactam with a full inversion of the absolute configuration of the chiral center (Scheme 6).
This result is consistent with previous investigations demonstrating that the nucleophilic
ring opening of DA cyclopropanes under catalysis with moderately activating Lewis acids
proceeds by an Sy2-like mechanism, and subsequent stages (cyclization, saponification,
and decarboxylation) do not affect the chiral center.
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Scheme 6. Synthesis of (R)-y-lactam (2d).

The synthetic utility of the developed transformations can be significantly extended by
diverse postmodifications of their multiple functionalities of the synthesized pyrrolidones
2,3, that allows for preparing complex azaheterocycles. In particular, the treatment of
pyrrolidone 2h with PPA at 100 °C produced benz[g]indolizidine 5 in an acceptable yield
(Scheme 7). Based on NOESY spectroscopy [73] and a comparison of its spectra with
spectral data for the related compounds described earlier [74], the hydrogen atoms at the
stereogenic centers in compound 5 have a cis arrangement.

H
e =0
NN PPA, 100 °C ©
20min  Ph
2h 5 54%

Scheme 7. Synthesis of benz[g]indolizidine 5.

3. Experimental Section
3.1. General Information

The structures of synthesized compounds were elucidated with the aid of 1D NMR
(*H, 13C) and 2D NMR (NOESY, HSQC and HMBC 'H-3C) spectroscopy. NMR spectra
were acquired on Avance 600 and Avance 500 (Bruker, Billerica, MA, USA) and 400-MR
(Agilent, Santa Clara, CA, USA) spectrometers at room temperature; the chemical shifts
5 were measured in ppm with respect to solvent (1H: CDCl3, 6 = 7.27 ppm; CD;0D,
5 =3.35 ppm; 13C: CDCl;, 5 = 77.0 ppm; CD30D: 1BC: 5 =499 ppm). Splitting patterns
were designated as s, singlet; d, doublet; m, multiplet; dd, double doublet; and br, broad.
Coupling constants (J) were in Hertz. Infrared spectra were recorded on an FTIR spec-
trometer ALPHA II (Bruker, Billerica, MA, USA) in KBr for solid substances and as thin
film for oils. High resolution and accurate mass measurements were carried out using a
micrOTOF-Q™ ESI-TOF (Electrospray lonization/Time of Flight, Bruker, Billerica, MA,
USA). Elemental analyses were performed with an EA-1108 CHNS elemental analyzer in-
strument (Fisons, Ipswich, UK). Melting points (mp) were measured using a Stuart® SMP3
melting point apparatus (Cole-Parmer, Stone, Staffordshire, UK). Microwave reactions were
performed in a Monowave 200—Anton Paar microwave reactor in sealed reaction vessels.
The temperature was monitored with installed IR detector. X-Ray analysis was performed
on STOE STADI VARI PILATUS-100K diffractometer (Stoe & Sie, Darmstadt, Germany).
Analytical thin-layer chromatography (TLC) was carried out with silica gel plates (silica gel
60, Fps4, supported on aluminum); visualization was performed using a UV lamp (365 nm).
Column chromatography was performed on silica gel 60 (230-400 mesh, Merck, Darmstadt,
Germany). Enantiomeric purity of the optically active compounds was determined by
chiral HPLC with a Hitachi LaChrome Elite-2000 chromatograph (Hitachi Hugh-Tech Corp,
Toranomonon Minato-Ku, Japan) using a Daicel (Daicel Corp, Osaka, Japan) Chiralcel
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OD-H column (0.46 x 25 cm) at room temperature. The column was eluted with heptane/i-
PrOH = 70:30 at a flow rate of 1 mL/min, and peak detection was accomplished using a UV
detector at 219 nm. Optical rotation was measured on a Kriiss P8000 polarimeter (A. Kriiss
Optronic GmbH, Hamburg, Germany). All reactions were carried out using freshly distilled
and dry solvents. Cyclopropanes 1 were prepared by Knoevenagel/Corey—Chaykovsky
reaction sequences from the corresponding aldehydes [75,76]. Compounds 2¢,j, 3b,c, and
(25)-1d were described previously [15-17,39,77,78]. Commercial reagents employed in the
synthesis were analytical-grade, obtained from Sigma-Aldrich (St. Louis, MO, USA) or
Alfa Aesar (Ward Hill, MA, USA). The 'H NMR and '3C NMR for synthesized compounds
as well as 2D (HSQC and HMBC) NMR spectra for selected compounds are available in
the Supplementary Materials.

3.2. Synthesis of Pyrrolidin-2-ones 2,3 from Anilines and Benzylamines
3.2.1. General Procedure 1

To a 0.2 M solution of aniline or benzylamine (1.0-1.2 equiv.) in DCE in the presence
of molecular sieves, 4 A Ni(ClOy4),-6H,0 or Y(OTf); (0.2 equiv.) was added under Ar
atmosphere; then, cyclopropane 1 (1-4 mmol, 1.0 equiv.) was added. The resulting mixture
was stirred at room temperature for 1-3 h, diluted with dichloromethane (DCM), and
filtered through a short pad of silica gel using EtOAc as the eluent. The filtrate was
concentrated under vacuum; the residue was dissolved in toluene (0.13 M). Next, acetic
acid (2.0 equiv.) was added, and the reaction mixture was stirred under reflux for 7 h. Then,
solvent was removed under vacuum, and residue was dissolved in ethanol (0.17 M); 1M agq.
solution of sodium hydroxide (2.0 equiv.) was added in one portion. The reaction mixture
was stirred at room temperature for 2 h, and after that, ethanol was removed under vacuum.
The residue was diluted with water, and 1M HCI was added until pH 1. The resulting
mixture was extracted with ethyl acetate (3 x 10 mL). Combined organic layers were dried
with NaySO,4 and concentrated in vacuo. The residue was dissolved in toluene (0.07 M)
and was refluxed for 7 h. The solvent was removed under vacuum; the pure product was
isolated by silica gel column chromatography.

3.2.2. General Procedure 2

To a 2 M solution of cyclopropane 1 (1 equiv.) and benzylamine (1.2 equiv.) in DCM or
DCE in the presence of molecular sieves, 4 A Ni(ClOy);-6H,0 (0.1 equiv.) was added under
Ar atmosphere The reaction mixture was placed into oil bath, which was preheated to 45 °C,
and stirred at the same temperature for 1-2.5 h, and after, it was cooled to room temperature
and diluted with DCM. The resulting solution was passed through a plug of silica using 1:1
petroleum ether:EtOAc system as an eluent. Concentration under reduced pressure gave a
residue, which was dissolved in DMSO/H,O mixture (3:1, 0.16 M). To this solution, NaCl
(1.5 equiv.) was added; the resulting mixture was heated at 160 °C under MW irradiation
for 4-6 h. Then, the reaction mixture was diluted with H,O and extracted with EtOAc
three times. Combined organic layers were washed with brine, dried with Nay;SO4, and
concentrated in vacuo. Pure product was isolated by silica gel column chromatography.

5-(3,5-Dimethoxyphenyl)-1-phenylpyrrolidin-2-one (2a) was obtained from dimethyl 2-
(3,5-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.02 mmol), aniline (0.1 mL,
1.10 mmol), Ni(ClO4),-6H,0O (75 mg, 0.2 mmol), DCE (5.1 mL), AcOH (120 pL), toluene
(8.0 mL), NaOH (84 mg, 2.1 mmol), ethanol (5.9 mL), and water (2.0 mL) according to the
general procedure 1. Yield: 210 mg (69%); white solid, Ry = 0.34 (ethyl acetate:petroleum
ether; 1:1). '"H NMR (CDCl3, 600 MHz): 5 7.44 (d, 3] = 7.9 Hz, 2H, Ph), 7.27-7.25 (m, 2H,
Ph), 7.08-7.06 (m, 1H, Ph), 6.37 (d, 4] = 2.0 Hz, 2H, Ar), 6.33-6.32 (m, 1H, Ar), 5.17 (dd,
3] =7.2Hz, 3] =4.2 Hz, 1H, CH), 3.73 (s, 6H, 2 x CH30), 2.80-2.74 (m, 1H, CHy), 2.64-2.56
(m, 2H, CH,), 2.03-1.97 (m, 1H, CH,). 13C{'H} NMR (CDCl;, 150 MHz): § 174.8 (CO), 161.3
(2 x €), 144.0 (C), 138.3 (C), 128.7 (2 x CH), 124.9 (CH), 122.0 (2 x CH), 103.9 (2 x CH),
99.2 (CH), 63.9 (CH), 55.3 (2 x CH30), 31.3 (CH,), 29.3 (CHy). IR (KBr, cm~!) 2996, 2980,
2941, 2904, 2874, 2840, 1693, 1654, 1613, 1594, 1538, 1499, 1490, 1482, 1461, 1443, 1429, 1370,
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1352, 1318, 1284, 1250, 1227, 1201, 1162, 1145, 1117, 1066, 1030, 1011, 978. HRMS ESI-TOF:
m/z =298.1435 [M + H]* (298.1438 calcd. for C1gHyoNO3%).
5-(3,4,5-Trimethoxyphenyl)-1-(2-fluorophenyl)pyrrolidin-2-one (2b) was obtained from
dimethyl 2-(3,4,5-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (1.00 g, 3.08 mmol),
2-fluoroaniline (472 mg, 3.08 mmol), Ni(ClO4),-6H,0 (226 mg, 0.62 mmol), DCE (15.4 mL),
AcOH (355 pL), toluene (26.7 mL), NaOH (247 mg, 6.18 mmol), ethanol (17.8 mL), and
water (3.1 mL) according to the general procedure 1. Yield: 841 mg (79%); yellowish viscous
oil, Rf = 0.42 (ethyl acetate:petroleum ether; 1:2). 'H NMR (CDCl3, 400 MHz): § 7.19-7.10
(m, 2H, Ar), 7.04-7.00 (m, 2H, Ar), 6.43 (s, 2H, Ar), 5.14-5.11 (m, 1H, CH), 3.75 (s, 6H,
2 x CH30), 3.74 (s, 3H, CH;0), 2.78-2.58 (m, 3H), 2.09-2.00 (m, 1H). 13C{1H} NMR (CDCl;,
100 MHz): § 174.7 (CO), 157.2 (d, Jcg = 250 Hz), 153.2 (2 x C), 137.1 (C), 136.3 (C), 128.4 (d,
3Tcr = 7 Hz, CH), 127.9 (CH), 125.0 (d, ?Jcr = 12 Hz, C), 124.1 (CH), 116.4 (d, ?JcF = 20 Hz,
CH), 103.0 (2 x CH), 64.7 (CH), 60.5 (CH30), 55.8 (2 x CH30), 30.5 (CHy), 29.6 (CH,). IR
(film, cm~—1): 2840, 2827, 1703, 1593, 1504, 1237, 1131. HRMS (ESI/TOF): m/z = 346.1449
[M + H]* (346.1449 calcd. for C19H1FNO4™).
1,5-Diphenylpyrrolidin-2-one (2c) [17] was obtained from dimethyl 2-phenylcyclopropane-
1,1-dicarboxylate (100 mg, 0.4 mmol), aniline (38.6 uL, 0.4 mmol), Ni(ClOy),-6H,0O (30.8 mg,
0.08 mmol), DCE (2 mL), AcOH (46 uL), toluene (2.7 mL), NaOH (35 mg, 0.8 mmol), ethanol
(2.5 mL), and water (0.4 mL) according to the general procedure. Yield: 47 mg (47%);
yellow crystals; mp = 109-112 °C (dec.); lit. 100 °C [17]; 106— 108 [16]; R¢ = 0.25 (ethyl
acetate:petroleum ether; 1:3). 'H NMR (CDCls, 600 MHz): § 7.43 (d, °] = 8.0 Hz, 2H, Ph),
7.32-7.30 (m, 2H, Ph), 7.26-7.22 (m, 5H, Ph), 7.07 (m, 1H, Ph), 5.27-5.25 (m, 1H), 2.80-2.74
(m, 1H), 2.67-2.59 (m, 2H), 2.04-1.98 (m, 1H). 13C{'H} NMR (CDCl;, 150 MHz MHz):
5175.0,141.4,138.3,129.1 (2 x C), 128.8 (2 x C), 127.8,126.0 (2 x C), 125.0,122.2 (2 x C),
64.0, 31.3, 29.3. The spectral data were in accordance with the literature [17]. IR (KBr, cm’l):
3379, 3107, 3095, 3083, 3042, 3028, 2992, 2969, 2952, 2895, 1709, 1596, 1497, 1480, 1456, 1415,
1367, 1356, 1324, 1308, 1281, 1238, 1224, 1194, 1179, 1194, 1114, 1077, 1052, 1031, and 1002.
HRMS (ESI/TOF): m/z = 238.1226 [M + H]* (238.1228 calcd. for C14H14NOY).
1-(4-Methoxyphenyl)-5-(p-tolyl)pyrrolidin-2-one (2d) was obtained from dimethyl 2-(4-
methylphenyl)cyclopropane-1,1-dicarboxylate (182 mg, 0.73 mmol), p-anisidine (91 mg,
0.73 mmol), Ni(ClOy),-6H,O (55 mg, 0.15 mmol), DCE (5.0 mL), AcOH (90 uL), toluene
(4.9 mL), NaOH (55.6 mg, 1.39 mmol), ethanol (3.9 mL), and water (1.4 mL) according to
the general procedure 1. Yield: 92 mg (45%); ivory solid; mp 112-114 °C; Ry = 0.47 (ethyl
acetate:petroleum ether; 2:1). 'H NMR (CDCl3, 600 MHz): § 7.28 (d, °] = 8.9 Hz, 2H, Ar),
7.10 (s, 4H, Ar), 6.76 (d, 3] = 8.9 Hz, 2H, Ar), 5.14 (dd, 3] = 7.4 Hz, 3] = 4.6 Hz, 1H, CH), 3.63
(s, 3H, CH30), 2.77-2.70 (m, 1H, CH,), 2.62-2.55 (m, 2H, CH,), 2.29 (s, 3H, CH3), 2.00-1.95
(m, 1H, CH,). 13C NMR (CDCl3, 150 MHz): § 174.6 (CO), 156.8 (C), 138.4 (C), 137.4 (C),
131.2 (C), 129.5 (2 x CH), 126.0 (2 x CH), 124.2 (2 x CH), 113.9 (2 x CH), 64.1 (CH), 55.2
(CH30), 31.1 (CH,), 29.1 (CH}), 21.0 (CH3). IR (KBr, cm™1): 2835, 1694, 1512, 1248, 1035.
HRMS (ESI/TOF): m/z = 282.1492 [M + H]* (282.1489 calcd. for C1gHy)NO,*). Anal. calcd.
for C1gH19NO;: C, 76.84; H, 6.81, N, 4.95. Found: C, 76.63; H, 6.85; N, 4.98.
(R)-1-(4-Methoxyphenyl)-5-(p-tolyl)pyrrolidin-2-one (5R)-2d) was obtained from dimethyl
(S)-2-(p-tolyl)cyclopropane-1,1-dicarboxylate [79] (80 mg, 0.32 mmol, ee 95%, [a]p?® -130°
(c 1.0, CHCI3)), 4-methoxyaniline (40 mg, 0.32 mmol), Ni(ClO4),-6H0 (24 mg, 0.066 mmol),
DCE (1.6 mL), AcOH (37 uL), toluene (2.1 mL), NaOH (27 mg, 0.68 mmol), ethanol (1.9 mL),
and water (0.65 mL) according to the general procedure. Yield 32 mg (35%); ivory solid; mp
112-114 °C; [a]p?? = +100 (c 0.024, CH30H); R¢ = 0.47 (ethyl acetate:petroleum ether; 2:1).
Spectral data were identical to those of 2d.
5-(3-Chlorophenyl)-1-(4-nitrophenyl)pyrrolidin-2-one (2e) was obtained from dimethyl
2-(3-chlorophenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.11 mmol), 4-nitroaniline
(170 mg, 1.22 mmol), and Ni(ClO4)2-6H,O (82 mg, 0.223 mmol) in DCE (5.6 mL) according
to the modified general procedure 1 (2.5 h under reflux for the first step and 12 h for
the second step). Yield: 151 mg (43%); yellowish solid, mp 64-66 °C, Ry = 0.56 (ethyl
acetate:petroleum ether; 1:1). 'H NMR (CDCl3, 600 MHz): § 8.09 (d, 3] = 9.6 Hz, 2H, Ar),
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7.66 (d, 3] = 9.6 Hz, 2H, Ar), 7.30-7.22 (m, 2H, Ar), 7.20 (s, 1H, Ar), 7.07 (dt, 3] = 7.2 Hz,
4] =1.8 Hz, 1H, Ar), 5.30 (dd, 3] = 7.9 Hz, 3] = 4.2 Hz, 1H, C(5)H), 2.83-2.60 (m, 3H, C(3)H,,
C(4)H,), 2.07-1.99 (m, 1H, C(4)H,). 13C NMR (CDCls, 150 MHz): § 175.2 (CO), 143.7 (C),
143.6 (C), 142.4 (C), 135.4 (C), 130.7 (CH), 128.5 (CH), 125.8 (CH), 124.5 (2 x CH), 123.6
(CH), 120.7 (2 x CH), 62.8 (C(5)H), 31.0 (C(3)H3), 28.8 (C(4)Hy). IR (KBr, cm~'): 1708, 1592,
1510, 1496, 1335, 1323, 1296, 1286, 1219, 1194, 112, 848. HRMS ESI-TOF: m/z = 317.0687
[M + H]+ (317.0687 calcd. for C]6H14N203+).
1-(3,4-Dimethoxyphenyl)-5-(5-methylfuran-2-yl)pyrrolidin-2-one (2f) was obtained from
dimethyl 2-(5-methylfuran-2-yl)cyclopropane-1,1-dicarboxylate (300 mg, 1.26 mmol), 3,4-
dimethoxyaniline (193 mg, 1.26 mmol), Ni(ClO4),-6H,0 (92.0 mg, 0.25 mmol), DCE
(5.6 mL), AcOH (144 uL), toluene (8 mL), NaOH (104 mg, 2.6 mmol), ethanol (7.3 mL),
and water (2.5 mL) according to the general procedure 1 (at 0 °C for the first step). Yield:
150 mg (40%); yellowish oil, Ry = 0.39 (ethyl acetate:petroleum ether; 2:1). TH NMR (CDCl3,
600 MHz): § 6.87 (d, *] = 2.0 Hz, 1H, Ar), 6.78 (d, 3] = 8.6 Hz, 1H, Ar), 6.73 (dd, 3] = 8.6 Hz,
4] =2.0 Hz, 1H, Ar), 6.00 (d, 3] = 2.7 Hz, 1H, Fu), 5.83 (d, 3] = 2.7 Hz, 1H, Fu), 5.05-5.00 (m,
1H, CH), 3.83 (s, 3H, CH;0), 3.79 (s, 3H, CH;0), 2.87-2.81 (m, 1H, CH,), 2.62-2.56 (m, 1H,
CH,), 2.53-2.46 (m, 1H, CH,), 2.33-2.28 (m, 1H, CH,), 2.25 (s, 3H, CHj). 3C NMR (CDCl3,
150 MHz): 6 174.4 (CO), 152.0 (C), 151.0 (C), 148.6 (C), 147.0 (C), 130.9 (C), 116.3 (CH), 110.8
(CH), 108.8 (CH), 108.4 (CH), 106.1 (CH), 58.7 (CH), 55.8 (CH30), 55.6 (CH30), 30.9 (CH)),
25.2 (CHy), 13.4 (CH3). IR (film, cm~1): 2837, 1674, 1565, 1511, 1239, 1022, 911, 538. HRMS
ESI-TOF: m/z = 302.1389 [M + H]* (302.1387 calcd. for C1yHyoNO4*).
1-(2-Bromo-4-methylphenyl)-5-(thiophen-2-yl)pyrrolidin-2-one (2g) was obtained from
dimethyl 2-(thiophen-2-yl)cyclopropane-1,1-dicarboxylate (200 mg, 0.79 mmol), 2-bromo-4-
methylaniline (147 mg, 0.78 mmol), Ni(ClO4),-6H,0 (61.8 mg, 0.17 mmol), DCE (4.2 mL),
AcOH (96 uL), toluene (5.3 mL), NaOH (63 mg, 1.57 mmol), ethanol (4.8 mL), and water
(1.7 mL) according to the general procedure 1. Yield: 162 mg (58%); colorless solid; mp
127-129 °C; Ry = 0.54 (ethyl acetate). 'H NMR (CDClg, 600 MHz): § 7.26 (dd, 3] = 8.2 Hz,
4] =2.0 Hz, 1H, Ar), 7.22 (d, 3] = 5.0 Hz, 1H, Ar), 7.15 (br. s, 1H, Ar), 7.05 (d, 3] = 8.2 Hz, 1H,
Ar), 6.87-6.84 (m, 1H, Ar), 6.83-6.81 (m, 1H, Ar), 5.32-5.26 (m, 1H, CH), 2.87-2.81 (m, 1H,
CHy), 2.77-2.71 (m, 1H, CHy), 2.70-2.64 (m, 1H, CH3), 2.41-2.34 (m, 1H, CH,), 2.11 (s, 3H,
CHj3). 3C NMR (CDCl3, 150 MHz): § 173.7 (CO), 143.5 (C), 137.3 (C), 135.7 (C), 132.4 (CH),
130.9 (CH), 130.0 (C), 126.9 (CH), 126.8 (CH), 125.8 (CH), 119.1 (CH), 60.7 (CH), 30.9 (CH)),
29.6 (CH,), 18.0 (CH3). IR (KBr, cm~1): 3100, 2853, 1694, 1528, 716, 525. HRMS ESI-TOF:
m/z = 336.0052 [M + H]* (336.0052 calcd. for C15Hy5 Br/?NOSH).
(E)-1-Phenyl-5-styrylpyrrolidin-2-one (2h) was obtained from dimethyl 2-(E)-
styrylcyclopropane-1,1-dicarboxylate (300 mg, 1.15 mmol), aniline (107 mg, 1.15 mmol),
Ni(ClOy);-6H,0 (84 mg, 0.23 mmol), DCE (5.7 mL), AcOH (140 uL), toluene (8 mL), NaOH
(99 mg, 2.48 mmol), ethanol (6.9 mL), and water (2.4 mL) according to the general procedure
1. Yield: 182 mg (60%); yellow solid; mp 71-73 °C; Ry = 0.38 (ethyl acetate:petroleum ether;
1:1). 'H NMR (CDCl3, 600 MHz): § 7.50 (d, 3] = 8.6 Hz, 2H, Ar), 7.36-7.23 (m, 7H, Ar),
7.16-7.13 (m, 1H, Ar), 6.52 (d, 3] = 15.8 Hz, 1H, CH=), 6.14 (dd, 3] = 15.8 Hz, 3] = 7.4 Hz, 1H,
CH=), 4.86-4.82 (m, 1H), 2.76-2.70 (m, 1H), 2.62-2.56 (m, 1H), 2.50-2.44 (m, 1H), 2.04-1.99
(m, 1H). 13C NMR (CDCls, 150 MHz): § 174.5,138.2, 136.1, 132.2, 129.0, 128.9 (2 x C), 128.7
(2 x C), 128.1, 126.6 (2 x C), 125.4, 123.0 (2 x C), 62.4, 31.3, 26.7. IR (KBr, cm~1): 3059,
3026, 2978, 2943, 2873, 1699, 1695, 1598, 1529, 1497, 1456, 1449, 1382, 1294, 1219, 1210, 1154,
1115, 1072, 1042, 1029, 968. HRMS (ESI/TOF): m/z = 286.1202 [M+Na]* (286.1202 calcd. for
C18H17NNaO*).
5-(2-Nitrophenyl)-1-phenylpyrrolidin-2-one (2i) was obtained from dimethyl 2-
(2-nitrophenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.07 mmol), aniline (120 mg,
1.29 mmol), Y(OTf)3 (118 mg, 0.22 mmol), DCE (5.4 mL), AcOH (123 uL), toluene (8 mL),
NaOH (87 mg, 2.18 mmol), ethanol (6.2 mL), and water (2 mL) according to the general
procedure 1. Yield: 124 mg (41%); thick dark brown oil, Rf = 0.27 (ethyl acetate:petroleum
ether; 1:3). 'H NMR (CDCl3, 600 MHz):  8.09-8.07 (m, 1H, Ar), 7.56-7.54 (m, 1H, Ar),
7.44-7.42 (m, 3H, Ar), 7.40-7.38 (m, 1H, Ar), 7.28-7.26 (m, 2H, Ar), 7.10-7.07 (m, 1H, Ar),
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5.99 (dd, 3] = 8.7 Hz, 3] = 3.4 Hz, 1H, CH), 2.92-2.85 (m, 1H, CH)), 2.75-2.64 (m, 2H, CH,),
2.07-2.02 (m, 1H, CH,). 3C NMR (CDCl3, 150 MHz): § 175.1 (CO), 137.0 (C), 134.2 (CH),
129.1 (2 x CH), 128.8 (CH), 128.5 (C), 127.3 (CH), 126.8 (C), 125.8 (CH), 125.3 (CH), 121.5
(2 x CH), 59.7 (CH), 30.8 (CH}), 28.1 (CH,). IR (film, cm~'): 3308, 3199, 3136, 3103, 3066,
3043, 2953, 2924, 2853, 1699, 1598, 1579, 1526, 1498, 1457, 1444, 1382, 1348, 1295, 1251, 1225,
1162, 1118, 1073, 1040. HRMS ESI-TOF: m/z = 283.1077 [M + H]* (283.1077 calcd. for
C16H15N203%).

1-(4-Methoxyphenyl)-5-(pyridin-3-yl)pyrrolidin-2-one (2j) [15] was obtained from dimethyl
2-(pyridin-3-yl)cyclopropane-1,1-dicarboxylate (250 mg, 1.06 mmol), 4-methoxyaniline
(131 mg, 1.06 mmol), Ni(ClOy4),-6H,0O (78 mg, 0.21 mmol), DCE (5.3 mL), AcOH (122 uL),
toluene (6.7 mL), NaOH (77 mg, 1.9 mmol), ethanol (5.4 mL), and water (1.9 mL) according
to the general procedure 1 but the product of hydrolysis was refluxed in water (14 mL,
0.065 M) for 14 h. Yield: 95 mg (33%); brown solid; mp 72-73 °C; lit. 73-75 °C [17]; Rg = 0.14
(ethyl acetate). 'H NMR (CDCl3, 600 MHz): § 8.51-8.50 (m, 1H, Ar), 8.48-8.47 (m, 1H, Ar),
7.52-7.50 (m, 1H, Ar), 7.23-7.20 (m, 3H, Ar), 6.77 (d, 3] = 9.1 Hz, 2H, Ar), 5.22-5.20 (m, 1H,
CH), 3.70 (s, 3H, CH30), 2.50-2.64 (m, 3H, CH,), 2.03-1.97 (m, 1H, CH,). 13C NMR (CDCl;,
150 MHz): 6 174.6 (CO), 157.2 (C), 149.4 (CH), 148.4 (CH), 136.9 (C), 133.8 (CH), 130.4
(C), 124.6 (2 x CH), 123.9 (CH), 114.2 (2 x CH), 62.0 (CH), 55.4 (CH30), 31.0 (CH,), 28.9
(CHy). IR (KBr, cm™1): 3309, 3128, 3041, 3000, 2953, 2934, 2911, 2834, 1672, 1607, 1547, 1509,
1463, 1441, 1431, 1409, 1385, 1296, 1243, 1178, 1107, 1028. HRMS ESI-TOF: m/z = 269.1285
[M + HJ* (269.1285 calcd. for C14H;17N>O;*). Spectral data are consistent with the reported
ones [15].

1-Benzyl-5-(3,4,5-trimethoxyphenyl)pyrrolidin-2-one (3a) To a solution of dimethyl 2-(3,4,5-
trimethoxyphenyl)cyclopropane-1,1-dicarboxylate (550 mg, 1.70 mmol) in DCE (8.5 mL) in
the presence of molecular sieves, 4 A Ni(ClOy),-6H,0 (63.4 mg, 0.17 mmol) was added;
then, benzylamine (222 puL, 2.03 mmol) was added. The resulting mixture was refluxed
for 1.5 h, diluted with DCM, and filtered through a small pad of silica gel using EtOAc as
the eluent. Then, solvent was removed under vacuum; residue was dissolved in ethanol
(9.8 mL), and aq. solution of NaOH (136 mg, 3.40 mmol; 3.5 mL) was added in one
portion. The reaction mixture was stirred at room temperature for 2 h, and after that,
ethanol was removed under vacuum. The residue was diluted with water, and 1 M HCl
was added until pH 1. Then, mixture was extracted with ethyl acetate (3 x 10 mL). The
combined organic layers were dried with Na;SO4 and concentrated in vacuo. The residue
was dissolved in toluene (26.1 mL) and refluxed for 7 h. The solvent was removed under
vacuum; pure product was isolated by column chromatography on silica gel. Yield: 393 mg
(68%); yellowish solid; mp 99-102 °C; R = 0.69 (ethyl acetate). 'H NMR (CDCl3, 600 MHz):
§ 7.27-7.21 (m, 3H, Ar), 7.08-7.07 (m, 2H, Ar), 6.29 (s, 2H, Ar), 5.01 (d, ?] = 14.5 Hz, 1H,
CH,), 432 (dd, 3] =7.9 Hz, 3] = 6.1 Hz, 1H, CH), 3.84 (s, 3H, CH30), 3.79 (s, 6H, 2 x CH30),
3.62 (d, ?] = 14.5 Hz, 1H, CH,), 2.65-2.60 (m, 1H, CH,), 2.51-2.45 (m, 1H, CH,), 2.41-2.35
(m, 1H, CHj), 1.91-1.85 (m, 1H, CH,). 3C NMR (CDCl3, 150 MHz): § 175.4 (CO), 153.7
(2 x C),137.6 (C), 136.5 (C), 136.4 (C), 128.6 (2 x CH), 128.5 (2 x CH), 127.5 (CH), 103.5
(2 x CH), 61.9 (CH), 60.9 (CH30), 56.2 (2 x CH30), 44.6 (CH,), 30.4 (CH,), 28.3 (CHy).
IR (KBr, cm~1): 2926, 1672, 1594, 1247, 1117, 1008, 700. HRMS ESI-TOF: m/z = 342.1700
[M + H]* (342.1700 calcd. for CooHpgNO4™T).

1-(4-Methoxybenzyl)-5-(3,4,5-trimethoxyphenyl)pyrrolidin-2-one (3b) [39] was obtained
from dimethyl 2-(3,4,5-trimethoxyphenyl)cyclopropane-1,1-dicarboxylate (550 mg,
1.70 mmol), (4-methoxyphenyl)methanamine (285 pL, 2.18 mmol), Ni(ClO4),-6HO (63.0 mg,
0.17 mmol), DCE (8.5 mL), NaOH (128 mg, 3.20 mmol), ethanol (9.0 mL), and water (3.2 mL)
according to the general procedure 2b. Yield: 440 mg (70%); light yellow oil; Ry = 0.66 (ethyl
acetate).!H NMR (CDCl3, 600 MHz): 5 6.96 (d, 3] = 8.6 Hz, 2H, Ar), 6.75 (d, 3] = 8.6 Hz, 2H,
Ar), 6.27 (s, 2H, Ar), 4.92 (d, ?] = 14.5 Hz, 1H, CH,), 4.27 (dd, 3] = 8.2 Hz, 3] = 6.4 Hz, 1H,
CH), 3.81 (s, 3H, CH30), 3.77 (s, 6H, 2 x CH30), 3.72 (s, 3H, CH30), 3.52 (d, ?] = 14.5 Hz,
1H, CHy), 2.60-2.55 (m, 1H, CH,), 2.45-2.40 (m, 1H, CHj), 2.36-2.30 (m, 1H, CH>), 1.86-1.80
(m, 1H, CH,). 3C NMR (CDCl3, 150 MHz): § 175.3 (CO), 158.9 (C), 153.6 (2 x C), 137.5
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(C), 136.4 (C), 129.8 (2 x CH), 128.4 (C), 113.7 (2 x CH), 103.5 (2 x CH), 61.8 (CH), 60.8
(CH30), 56.1 (2 x CH30), 55.2 (CH30), 43.9 (CHy), 30.4 (CHy), 28.2 (CHy). Spectral data
are consistent with the reported ones [39].
1-Benzyl-5-(2,4-dimethoxyphenyl)pyrrolidin-2-one (3c) was obtained from dimethyl 2-
(2,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (125 mg, 0.425 mmol), benzylamine
(0.056 mL, 0.51 mmol), Ni(ClOy4),-6H,O (16 mg, 0.044 mmol), and NaCl (37 mg, 0.64 mmol)
in DCM (0.5 mL) according to the general procedure 2 (1 h for the first step and 4 h for the
second step). Yield: 66 mg (50%); yellowish oil, R¢ = 0.47 (ethyl acetate:petroleum ether;
2:1). 'TH NMR (CDCl3, 400 MHz): § 7.22-7.29 (m, 3H, Ar), 7.08-7.13 (m, 2H, Ar), 6.91-6.95
(m, 1H, Ar), 6.43-6.49 (m, 2H, Ar), 5.05 (d, 2] = 14.7 Hz, 1H, CH,), 4.73 (dd, 3] = 8.5 Hz,
3] = 4.2 Hz, 1H, CH), 3.82 (s, 3H, CH;0), 3.71 (s, 3H, CH;0), 3.54 (d, %] = 14.7 Hz, 1H,
CH3), 2.54-2.64 (m, 1H, CH,), 2.40-2.49 (m, 1H, CH,), 2.27-2.38 (m, 1H, CH;), 1.83-1.94
(m, 1H, CHjy). ¥3C NMR (CDCl3, 100 MHz): § 175.5 (CO), 160.5 (C), 158.2 (C), 136.7 (C),
128.3 (4 x CH), 128.0 (CH), 127.2 (CH), 120.6 (C), 104.0 (CH), 98.8 (CH), 56.1 (CH), 55.32
(CH30), 55.21 (CH30), 44.2 (CH,Ph), 30.2 (C(4)H,), 26.3 (C(3)H,). IR (film, cm~1): 3086,
3064, 3030, 3001, 2940, 2837, 1739, 1685, 1612, 1588, 1507, 1456, 1441, 1416, 1358, 1292, 1277,
1262, 1209, 1158, 1119, 1033. HRMS ESI-TOF: m/z = 312.1599 [M + H]* (312.1594 calcd. for
C19H»npNO;3*). Spectral data are consistent with the reported ones [77].
1-(2,5-Dimethoxybenzyl)-5-(3,4-dimethoxyphenyl)pyrrolidin-2-on (3d) was obtained from
dimethyl 2-(3,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.02 mmol),
2,5-dimethoxybenzylamine (0.184 mL, 1.22 mmol), Ni(ClO4);-6H,O (37 mg, 0.101 mmol),
and NaCl (85 mg, 1.5 mmol) in DCM (0.5 mL) according to the general procedure 2 (1 h
for the first step and 6 h for the second step). Yield: 178 mg (47%); yellow oil, R¢ = 0.49
(ethyl acetate:petroleum ether; 3:1). 'H NMR (CDCl3, 500 MHz): § 6.81 (d, 3] = 8.2 Hz,
1H, Ar), 6.73 (dd, 3] = 8.8 Hz, *] = 2.9 Hz, 1H, Ar), 6.70 (d, 3] = 8.8 Hz, 1H, Ar), 6.66 (dd,
3] =8.2Hz, 4 =2.0 Hz, 1H, Ar), 6.63 (d, *] =2.9 Hz, 1H, Ar), 6.57 (d, *] = 2.0 Hz, 1H, Ar),
4.85 (d, ?] = 14.8 Hz, 1H, CH,), 4.42 (dd, 3] = 8.1 Hz, 3] = 5.8 Hz, 1H, CH), 3.86 (s, 3H,
CH;0), 3.81 (s, 3H, CH30), 3.78 (d, ?] = 14.8 Hz, 1H, CH}), 3.70 (s, 3H, CH30), 3.61 (s, 3H,
CH;0), 2.57-2.64 (m, 1H, CHy), 2.42-2.50 (m, 1H, CH,), 2.35-2.45 (m, 1H, CH,), 1.82-1.90
(m, 1H, CH,). ¥3C NMR (CDCl3, 125 MHz): § 175.3 (CO), 153.3 (C), 151.6 (C), 149.2 (C),
148.5 (C), 133.7 (C), 125.5 (C), 118.8 (CH), 115.8 (CH), 112.8 (CH), 111.1 (CH), 111.0 (CH),
109.3 (CH), 61.7 (CH), 55.8 (CH30), 55.7 (CH30), 55.59 (CH30), 55.53 (CH30), 39.4 (CH,Ar),
30.1 (C(4)H,), 28.3 (C(3)H,). IR (film, cm~1): 3074, 2998, 2940, 2912, 2835, 2251, 2063, 1693,
1608, 1593, 1518, 1500, 1465, 1412, 1357, 1315, 1303, 1278, 1260, 1218, 1154, 1138, 1120, 1046,
1026. HRMS ESI-TOF: m/z = 372.1817 [M + HJ* (372.1805 calcd. for Cy1 Hp¢NO5*).
1-(Furan-2-ylmethyl)-5-(2,4,5-trimethoxyphenyl)pyrrolidin-2-one (3e) was obtained from
dimethyl 2-(2,4,5-trimethoxyphenyl)cyclopropane-1,1-dicarboxylate (400 mg, 1.23 mmol),
furfurylamine (114 pL, 1.29 mmol), Ni(ClO4),-6H,O (90.2 mg, 0.25 mmol), DCE (6.2 mL),
AcOH (140 pL), toluene (10.7 mL), NaOH (41.3 mg, 1.03 mmol), ethanol (3 mL), and water
(1 mL) according to the general procedure 1. Yield: 132 mg (32%); light yellow thick oil,
Ry =0.18 (ethyl acetate:petroleum ether; 1:1). 'H NMR (CDCl3, 600 MHz) § 7.28-7.26 (m,
1H, Fu), 6.53 (s, 1H, Ar), 6.51 (s, 1H, Ar), 6.22 (dd, 3] = 3.0 Hz, 3] = 1.7 Hz, 1H, Fu), 6.01 (br.
d, 3] = 3.0 Hz, 1H, Fu), 4.86-4.83 (m, 2H, CH + CH,), 3.87 (s, 3H, CH30), 3.77 (s, 3H, CH30),
3.74 (s, 3H, CH30), 3.69 (d, %] = 15.4 Hz, 1H, CH,), 2.57-2.52 (m, 1H, CH,), 2.44-2.32 (m, 2H,
CHy,), 1.87-1.81 (m, 1H, CH,). 13C NMR (CDCl3, 150 MHz): § 175.5 (CO), 151.7 (C), 150.3
(C), 1494 (C), 143.3 (C), 142.1 (CH), 119.9 (C), 111.2 (CH), 110.2 (CH), 108.3 (CH), 98.0 (CH),
56.7 (CH30), 56.4 (CH + CH30), 56.2 (CH30), 37.4 (CH), 30.3 (CH>), 26.7 (CH5). IR (film,
cm~1): 2992, 2935, 2836, 1687, 1684, 1611, 1513, 1463, 1456, 1440, 1411, 1399, 1348, 1317,
1276, 1208, 1163, 1116, 1079, 1032, 1012. HRMS (ESI/TOF): m/z = 331.1420 [M]* (331.1414
calcd. for C18H21N05+).
1-[(1H-Indol-4-yl)methyl]-5-(3,4-dimethoxyphenyl)pyrrolidin-2-one (3f) was obtained from
dimethyl 2-(2,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (100 mg, 0.34 mmol),
4-aminomethylindole (60 mg, 0.41 mmol), Ni(ClO4),-6H,0 (13 mg, 0.036 mmol) in DCM
(0.2 mL), and NaCl (30 mg, 0.51 mmol) according to the general procedure 2 (1 h for the
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first step and 4 h for the second step). Yield: 50 mg (42%); yellow oil, R¢ = 0.35 (ethyl
acetate:petroleum ether; 4:1). 'H NMR (CDCl3, 500 MHz): 5 8.56 (br. s, 1H, NH), 7.34-7.37
(m, 1H, Ar), 7.18-7.21 (m, 1H, Ar), 7.05-7.09 (m, 1H, Ar), 6.86-6.90 (m, 1H, Ar), 6.68-6.72
(m, 2H, Ar), 6.56-6.59 (m, 2H, Ar), 5.45 (d, %] = 14.3 Hz, 1H, CH)), 4.25 (dd, 3] = 8.0 Hz,
3] = 5.8 Hz, 1H, CH), 3.93 (s, 3H, CH30), 3.83 (s, 3H, CH30), 3.81 (d, ?J = 14.3 Hz, 1H, CH)),
2.68 (ddd, 2] =17.2 Hz, 3] = 9.9 Hz, 3] = 5.8 Hz, 1H, CH,), 2.51 (ddd, ?] = 17.2 Hz, 3] = 9.9,
3] =7.2 Hz, 1H, CH,), 2.26-2.35 (m, 1H, CH,), 1.82-1.90 (m, 1H, CH,). 3C NMR (CDCl;,
125 MHz): 6 175.0 (CO), 149.3 (C), 148.6 (C), 135.9 (C), 135.6 (C), 127.8 (C), 127.0 (C), 124.3
(CH), 121.4 (CH), 120.7 (CH), 119.1 (CH), 111.2 (CH), 110.8 (CH), 109.7 (CH), 101.3 (CH),
61.1 (CH), 55.91 (CH30), 55.85 (CH30), 42.8 (CH,Ar), 30.5 (C(4)H,), 28.1 (C(3)Hy). IR (film,
cm™1): 3465, 3396, 3371, 3308, 3293, 3272, 3118, 2998, 2932, 2875, 2836, 2384, 1730, 1665,
1611, 1595, 1516, 1462, 1443, 1415, 1347, 1317, 1305, 1259, 1236, 1173, 1151, 1137, 1086, 1025.
HRMS ESI-TOF: m/z = 351.1696 [M + H]* (351.1703 calcd. for Cy1Hp3N>O3%).
(E)-1-[2-(1H-Indol-3-yl)ethyl]-5-styrylpyrrolidin-2-one (3g) was obtained from dimethyl
(E)-2-styrylcyclopropane-1,1-dicarboxylate (200 mg, 0.77 mmol), tryptamine (123 mg,
0.77 mmol), Ni(ClO4),-6H0 (56 mg, 0.155 mmol), DCE (3.8 mL), AcOH (90 uL), toluene
(5.3 mL), NaOH (63 mg, 1.58 mmol), ethanol (4.4 mL), and water (0.8 mL) according to
the general procedure 1. Yield: 28 mg (11%); brownish thick oil, R¢ = 0.31 (ethyl acetate).
H NMR (CDCl3, 600 MHz): 'H NMR (CDCl3, 600 MHz): 5 8.23 (br. s, 1H, NH), 7.54 (d,
3] =79 Hz, 1H, Ar), 7.37-7.32 (m, 5H, Ar), 7.30-7.26 (m, 1H, Ar), 7.19-7.16 (m, 1H, Ar),
7.03-7.00 (m, 2H, Ar), 6.34 (d, 3] = 15.6 Hz, 1H, CH=), 5.91 (dd, 3] = 15.6 Hz, 3] = 8.6 Hz, 1H,
CH=), 4.01-3.97 (m, 1H, CH), 3.89-3.85 (m, 1H, CH)), 3.36-3.31 (m, 1H, CH,), 3.11-3.06 (m,
1H, CHy), 2.99-2.94 (m, 1H, CH>), 2.52-2.46 (m, 1H, CH)), 2.42-2.36 (m, 1H, CH>), 2.21-2.15
(m, 1H, CH,), 1.80-1.74 (m, 1H, CH,). '3C NMR (CDCl3, 150 MHz): § 175.1 (CO), 136.3
(©), 135.9 (C), 133.3 (CH), 128.9 (CH), 128.7 (2 x CH), 128.2 (CH), 127.4 (C), 126.6 (2 x CH),
122.1 (CH), 122.0 (CH), 119.3 (CH), 118.8 (CH), 113.0 (C), 111.2 (CH), 61.8 (CH), 41.4 (CH,),
30.4 (CH,) 25.9 (CHj), 23.5 (CH,). IR (film, cm™~1): 3210, 3180, 3110, 3079, 3057, 3028, 2962,
2929, 2878, 2853, 2723, 2601, 2545, 2385, 2350, 2253, 1956, 1883, 1804, 1666, 1548, 1493, 1452,
1417, 1368, 1340, 1312, 1274, 1264, 1230, 1181, 1160, 1143, 1126, 1102, 1071, 1052, 1029, 1008,
979, 905. HRMS ESI-TOF: m/z = 331.1805 [M + H]* (331.1805 calcd. for CooHy3N,O%).
1-Cyclobutyl-5-(4-morpholinophenyl)pyrrolidin-2-one (3h) was obtained from dimethyl
2-(4-morpholinophenyl)cyclopropane-1,1-dicarboxylate (300 mg, 0.94 mmol), cyclobuty-
lamine (84 pL, 0.99 mmol) in DCE (0.5 mL), and NaCl (75 mg, 1.28 mmol) according to
the general procedure 2 (2.5 h for the first step and 4 h for the second step). Yield: 142 mg
(50%); yellow oil, R¢ = 0.71 (chloroform:methanol, 10:1). 'H NMR (CDCl3, 500 MHz): § 7.09
(d, 3] =8.6 Hz, 2H, Ar), 6.96-6.88 (m, 2H, Ar), 4.73 (dd, 3] = 8.3 Hz, 3] = 3.4 Hz, 1H, CH),
4.32-4.23 (m, 1H, CH), 3.90-3.83 (m, 4H, 2 x CH,), 3.20-3.13 (m, 4H, 2 x CH)), 2.58-2.59 (m,
1H, CHy), 2.46-2.39 (m, 1H, CH,), 2.38-2.33 (m, 1H, CH>), 2.32-2.25 (m, 1H, CH,), 2.15-2.07
(m, 1H, CH5), 1.97-1.88 (m, 1H, CH}), 1.82-1.74 (m, 2H, CH,), 1.56-1.45 (m, 2H, CH,). 13C
NMR (CDCl3, 125 MHz): 6 175.3 (CO), 126.6 (2 x CH), 115.8 (2 x CH), 66.6 (2 x CH>),
60.49 (CHAr), 49.2 (2 x CHy), 47.7 (CHN), 30.2 (CHy), 29.0 (CHy), 28.18 (CH,), 28.14 (CHy),
15.4 (CHy), quaternary aromatic carbons not observed. HRMS ESI-TOF: m/z = 301.1904
[M + H]+ (301.1911 calcd. for C18H25N202+).
5-(3,4-Dimethoxyphenyl)-1-(prop-2-yn-1-yl)pyrrolidin-2-one (3i) was obtained from dimethyl
2-(3,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.02 mmol), propargy-
lamine (78 puL, 1.22 mmol) in DCE (0.5 mL), and NaCl (70 mg, 1.2 mmol) according to the
general procedure 2 (2.5 h for the first step and 4 h for the second step). Yield: 86 mg (33%);
yellow oil, Ry = 0.43 (ethyl acetate). "H NMR (CDCl3, 400 MHz): 5 6.83 (d, °] = 8.3 Hz,
1H, Ar), 6.77 (dd, 3] = 8.3 Hz, *] = 1.9 Hz, 1H, Ar), 6.69 (d, 4] = 1.9 Hz, 1H, Ar), 4.73-4.69
(m, 1H, CH), 4.52 (dd, %] = 17.4 Hz, 4] = 2.5 Hz, 1H, CH,), 3.85 (s, 3H, CH30), 3.84 (s, 3H,
CH;30),3.22 (dd, 2] = 17.4 Hz, 4] = 1.7 Hz, 1H, CH,), 2.61-2.52 (m, 1H, CH,), 2.50-2.42 (m,
2H, CH,), 2.13 (dd, 4] = 2.5 Hz, 4] = 1.7 Hz, 1H, CH), 1.95-1.86 (m, 1H, CH,). 13C NMR
(CDCl3, 100 MHz): 6 174.8 (CO), 149.4 (C), 148.9 (C), 132.5 (C), 119.3 (CH), 111.2 (CH), 109.3
(CH), 77.6 (C), 71.7 (CH), 61.2 (CH), 55.84 (CH;30O), 55.80 (CH30), 30.3 (CHy), 30.0 (CH3),
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28.0 (CHy). IR (film, cm~1): 3250, 3073, 2998, 2957, 2939, 2837, 2585, 2468, 2280, 2117, 2030,
2846, 1693, 1607, 1594, 1519, 1465, 1465, 1422, 1371, 1347, 1306, 1237, 1179, 1139, 1066, 1026.
HRMS ESI-TOF: m/z = 260.1292 [M + HJ* (260.1281 calcd. for C15H;sNO3*).

Dimethyl 2-[2-(3,5-dimethoxyphenyl)-2-(phenylamino)ethylJmalonate (4a). To a solution of
dimethyl 2-(3,5-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (300 mg, 1.02 mmol) in
DCE (5.1 mL) in the presence of molecular sieves, 4 A Ni(ClOy),-6H,0 (75 mg, 0.206 mmol)
was added under Ar atmosphere; then, aniline (0.1 mL, 1.10 mmol) was added. The
resulting mixture was stirred at room temperature for 1 h, diluted with DCM, and fil-
tered. The filtrate was concentrated under vacuum; pure product was isolated by column
chromatography on silica gel. Yield: 363 mg (92%); yellow viscous oil; Ry = 0.50 (ethyl
acetate:petroleum ether; 1:3). 'H NMR (CDCl3, 600 MHz): § 7.13-7.10 (m, 2H, Ar), 6.69-6.67
(m, 1H, Ar), 6.56 (d, 3] = 7.8 Hz, 2H, Ar), 6.52 (d, 4] = 2.2 Hz, 2H, Ar), 6.36-6.35 (m, 1H, Ar),
4.40-4.37 (m, 1H, CH), 4.23 (br.s, 1H, NH), 3.77 (s, 6H, 2 x CH30), 3.76 (s, 3H, CH30), 3.73
(s, 3H, CH30), 3.60-3.58 (m, 1H, CH), 2.43-2.41 (m, 2H, CH,). 13C NMR (CDCl3, 150 MHz):
5 170.1 (CO,Me), 169.7 (CO,Me), 161.2 (2 x C), 146.9 (C), 145.3 (C), 129.2 (2 x CH), 117.7
(CH), 113.5 (2 x CH), 104.4 (2 x CH), 99.1 (CH), 56.6 (CH), 55.3 (2x CH30), 52.8 (CH30),
52.8 (CH30), 49.3 (CH), 37.0 (CHy). IR (film, cm~!) 3386, 3088, 3051, 3003, 2953, 2839, 1748,
1732, 1602, 1506, 1460, 1433, 1347, 1313, 1290, 1277, 1260, 1234, 1205, 1156, 1120, 1064, 1020,
993. HRMS ESI-TOF: m/z = 410.1574 [M + Na]* (410.1562 calcd. for Cp1HpsNNaOg*).

Dimethyl 2-{2-[(2-nitrophenyl)amino]-2-phenylethyl malonate (4b). To a solution of dimethyl
2-phenylcyclopropane-1,1-dicarboxylate (200 mg, 0.85 mmol) in DCE (4.3 mL) in the pres-
ence of molecular sieves, 4 A Ni(ClO4),-6H,0 (62 mg, 0.17 mmol) was added under Ar
atmosphere; then, 2-nitroaniline (118 mg, 0.85 mmol) was added. The resulting mixture
was refluxed for 2 h, diluted with DCM, and filtered. The filtrate was concentrated under
vacuum; the pure product was isolated by column chromatography on silica gel. Yield:
226 mg (71%); yellow oil; R¢ = 0.47 (ethyl acetate:petroleum ether; 1:3). I'H NMR (CDCl3,
600 MHz): & 8.45 (d, ®] = 6.9 Hz, 1H, NH), 8.17-8.16 (m, 1H, Ar), 7.38-7.29 (m, 6H, Ar), 6.73
(d, 3] = 8.7 Hz, 1H, Ar), 6.65-6.63 (m, 1H, Ar), 4.69-4.65 (m, 1H, CH), 3.77(s, 3H, CH;0),
3.71 (s, 3H, CH30), 3.50 (t, 3] = 7.2 Hz, 1H, CH), 2.59-2.47 (m, 2H, CH,). 3C NMR (CDCl3,
150 MHz): 6 169.4 (CO,Me), 169.3 (CO,Me), 144.4 (C), 140.9 (C), 136.3 (CH), 132.7 (C),
129.3 (2 x CH), 128.2 (CH), 126.9 (CH), 126.4 (2 x CH), 116.2 (CH), 115.0 (CH), 55.8 (CH),
53.0 (CH30), 53.0 (CH30), 49.0 (CH), 37.0 (CHy). IR (film, cm~1): 3373, 3084, 3032, 3007,
2959, 2921, 2886, 2851, 1751, 1727, 1619, 1584, 1575, 1512, 1504, 1451, 1440, 1418, 1359, 1339,
1317, 1281, 1262, 1232, 1205, 1169, 1159, 1121, 1096, 1062, 1041, 1028, 1011, 985, 961. HRMS
ESI-TOF: m/z = 373.1394 [M + H]* (373.1394 calcd. for C19Hp1N»Og*).

Dimethyl 2-{2-[(2-aminophenyl)amino]-2-(3,4-dimethoxyphenyl)ethyl}malonate (4c). To a
solution of dimethyl 2-(3,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (200 mg,
0.68 mmol) and o-phenylenediamine (74 mg, 0.68 mmol) in DCE (3.4 mL) in the presence
of molecular sieves, 4 A Y(OTf); (74 mg, 0.14 mmol) was added under Ar atmosphere.
The resulting mixture was stirred at room temperature for 2.25 h, diluted with DCM, and
filtered. The filtrate was concentrated under vacuum; pure product was isolated by column
chromatography on silica gel. Yield: 150 mg (55%); viscous yellowish oil; R¢ = 0.52 (ethyl
acetate:petroleum ether; 2:1). 'H NMR (CDCls3, 400 MHz): § 6.87-6.83 (m, 2H, Ar), 6.80
(d, 3] =8.1 Hz, 1H, Ar), 6.71-6.62 (m, 3H, Ar), 6.45-6.43 (m, 1H, Ar), 3.56 (dd, 3] = 8.0 Hz,
1H, 3] = 6.4 Hz, 1H, 1H, CH), 3.85 (s, 3H, CH30), 3.84 (s, 3H, CH30), 3.75 (s, 3H, CH;0),
3.71 (s, 3H, CH30), 3.56 (dd, 3] = 7.4 Hz, 3] = 6.6 Hz, 1H, CH), 2.54-2.38 (m, 2H, CH,).
Signals of NH; groups were not observed. 13C NMR (CDCl3, 100 MHz): § 170.1 (CO,Me),
169.7 (CO,Me), 149.1 (C), 148.2 (C), 136.0 (C), 134.7 (C), 134.4 (C), 120.4 (CH), 119.0 (CH),
118.3 (CH), 116.5 (CH), 113.6 (CH), 111.2 (CH), 109.4 (CH), 56.3 (CH), 55.8 (2 x CH30),
52.7 (2 x CH30), 49.3 (CH), 37.1 (CH,). IR (film, cm~'): 3400, 3350, 3002, 2953, 2837,
2254, 1738, 1729, 1598, 1512, 1453, 1437, 1343, 1263, 1237, 1142, 1053, 912. HRMS ESI-TOF-:
m/z =403.1855 [M + H]" (403.1864 calcd. for Cp1Hp7N,Og™).

2-[2-Phenyl-2-(phenylamino)ethylImalononitrile (4d) To a solution of 2-phenylcyclopropane-
1,1-dicarbonitrile (417 mg, 2.48 mmol) in DCE (12 mL) and aniline (0.26 mL, 2.88 mmol)
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in the presence of molecular sieves, 4A Y(OTf)3 (265 mg, 0.49 mmol, 20 mol%) was added
under Ar atmosphere. The reaction mixture was stirred at room temperature for 4 days.
Then, the resulting mixture was poured into saturated aq. solution of NaHCO; (12 mL)
and extracted with CH,Cl; (3 x 10 mL). The combined organic fractions were washed
with saturated aq. solution of NaHCOj3 (2 x 10 mL) and water (1 x 10 mL), dried with
NapSOy, and concentrated in vacuo. The resulting residue was purified by column chro-
matography on silica gel. Yield: 266 mg (41%); white solid; m.p. 149-151 °C; Ry = 0.68
(ethyl acetate:petroleum ether; 1:3). 'H NMR (CDCl3, 600 MHZz): 6 7.41-7.38 (m, 2H, Ph),
7.34-7.32 (m, 3H, Ph), 7.19-7.15 (m, 2H, Ph), 6.80-6.76 (m, 1H, Ph), 6.67 (d, 3] = 8.1 Hz, 2H,
Ph), 4.72-4.68 (m, 1H, CH), 3.98-3.93 (m, 2H, CH, NH), 2.51-2.47 (m, 2H, CH,). 13C NMR
(CDCl3, 150 MHz): $ 145.8 (C), 139.9 (C), 129.5 (2 x CH), 129.4 (2 x CH), 128.6 (CH), 126.1
(2 x CH), 119.3 (CH), 114.4 (2 x CH), 112.5 (2 x CN), 55.3 (CH), 38.4 (CH), 20.2 (CHy). IR
(KBr, cm~1) 3379, 3057, 2882, 2257, 1601, 1506, 1453, 1428, 1311, 1258, 769, 754, 704. HRMS
ESI-TOF: m/z = 262.1339 [M + H] (262.1339 calcd. for C17H1¢N3).

2-{2-[(2-Bromo-4-methylphenyl)amino]-2-phenylethyl jmalononitrile (4e). To a solution of
2-phenylcyclopropane-1,1-dicarbonitrile (150 mg, 0.89 mmol) and 2-bromo-4-methylaniline
(200 mg, 1.07 mmol) in DCE (4.5 mL) in the presence of molecular sieves, 4 A Y(OTf);
(96 mg, 0.18 mmol) was added under Ar atmosphere. The reaction mixture was stirred at
room temperature for 3 days, poured into saturated aq. solution of NaHCOj3, and extracted
with CH,Cl, (3 x 10 mL). The combined organic fractions were washed with saturated
aqg. solution of NaHCO3 (2 x 10 mL) and water (1 x 10 mL), dried with Na;SOy, and
concentrated in vacuo. The resulting residue was purified by column chromatography on
silica gel. Yield: 136 mg (43%); yellow viscous oil; R¢ = 0.40 (ethyl acetate:petroleum ether;
1:4). 'H NMR (CD;0D, 600 MHz): § 7.34-7.29 (m, 4H, Ar) 7.24-7.21 (m, 1H, Ar), 6.84 (d,
3] =79 Hz, 1H, Ar), 6.65 (dd, 3] = 7.9 Hz, ] = 1.8 Hz, 1H, Ar), 6.59 (d, %] = 1.8 Hz, 1H,
Ar), 4.68 (dd, 3] = 10.6 Hz, 3] = 4.4 Hz, 1H, CH), 2.57 (dd, 2] = 14.2 Hz, 3] = 10.6 Hz, 1H,
CH,), 2.45 (dd, ?] = 14.2 Hz, 3] = 4.4 Hz, 1H, CHy), 2.21 (s, 3H, CH3). Signals of CH and
NH groups were not observed. 13C NMR (CD;0D, 150 MHz): § 147.2 (CN), 142.2 (CN),
132.4 (CH), 129.9 (2 x CH), 128.9 (CH), 127.2 (2 x CH), 123.6 (C), 121.2 (CH), 121.0 (C),
115.2 (CH), 114.7 (C), 114.6 (C), 56.1 (CH), 38.5 (CH;), 17.6 (CH3). Signal of CH group was
not observed. IR (film, cm~1) 3391, 2898, 2524, 2257, 1597, 1490, 1408, 1266, 1071, 835, 701.
HRMS ESI-TOF: m/z = 354.0584 [M + H*] (354.0600 calcd. for C1gH;7Br”® N3™).

(3aRS,5RS)-5-Phenyl-3,3a,4,5-tetrahydropyrrolo [1,2-alquinolin-1(2H)-one (5). (E)-1-Phenyl-
5-styrylpyrrolidin-2-one (2h) (50 mg, 0.19 mmol) was dissolved in polyphosphoric acid
(400 mg) in triple evacuated /N,-filled vial. The obtained mixture was stirred at 100 °C for
20 min. Then, the reaction mixture was cooled and quenched with saturated aq. NaHCOs3
solution. The resulted mixture was extracted with ethyl acetate (3 x 7 mL). The combined
organic phases were dried with Na;SO4. The solvent was removed under vacuum; the
pure product was isolated by column chromatography on silica gel. Yield: 27 mg (54%);
dark ivory solid; m.p. 174-176 °C; Ry = 0.69 (ethyl acetate:petroleum ether; 1:1). 'H NMR
(CDCl3, 600 MHz): § 8.71 (d, 3] = 8.3 Hz, 1H, C(9)H), 7.35-7.32 (m, 2H, C(3')H, C(5')H),
7.28-7.26 (m, 1H, C(4")H), 7.23-7.21 (m, 1H, C(8)H), 7.16 (br. d, 3] = 7.2 Hz, 2H, C(2))H,
C(6')H), 6.91-6.87 (m, 1H, C(7)H), 6.77 (d, 3] = 7.9 Hz, 1H, C(6)H), 4.17 (dd, 3] = 12.4 Hz,
3] = 5.8 Hz, 1H, C(5)H), 4.14-4.10 (m, 1H, C(3a)H), 2.63 (ddd, ?] = 17.1 Hz, 3] = 10.8 Hz,
3] = 9.9 Hz, 1H, C(2)Hy), 2.55 (ddd, %] = 17.1 Hz, 3] = 9.7 Hz, 3] = 2.3 Hz, 1H, C(2)H,),
2.39 (ddd, ?J = 13.3 Hz, 3] = 5.8 Hz, 3] = 2.3 Hz, 1H, C(4)H,), 2.35-2.29 (m, 1H, C(3)H,),
1.97-1.93 (m, 1H, C(4)Hj), 1.80-1.73 (m, 1H, C(3)H,). 3C NMR (CDCl3, 150 MHz): § 173.9
(C(1)), 145.0 (C(1")), 136.7 (C(9a)), 130.0 (C(6)H), 129.7 (C(5a)), 128.8 (C(2")H, C(6')H), 128.6
(C(3"H, C(5')H), 127.2 (C(8)H), 126.9 (C(4')H), 123.9 (C(7)H), 119.1 (C(9)H), 57.9 (C(3a)H),
45.0 (C(5)H), 40.2 (C(4)Hy), 32.1 (C(2)Hy), 25.0 (C(3)H,). IR (KBr, cm~1): 3080, 3064, 3021,
2985, 2934, 2916, 2849, 1682, 1645, 1598, 1580, 1487, 1449, 1439, 1385, 1372, 1320, 1307, 1294,
1271, 1240, 1227, 1202, 1184, 1166, 1147, 1124, 1116, 1066, 1042, 1032, 1024. HRMS ESI-TOF:
m/z =264.1390 [M + H]* (264.1383 calcd. for C1gH1gNO™).
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4. Conclusions

In summary, we developed a convenient general method for the synthesis of substi-
tuted y-lactams based on Lewis acid-catalyzed DA cyclopropane ring opening with primary
amines as the key step. Various 1,5-disubstituted y-lactams were synthesized in moderate
to good yields in three or four steps, requiring only a single purification procedure. We also
demonstrated the potential of our method in the synthesis of an optically pure y-lactam
derivative from optically active DA cyclopropane. Additionally, the presence of reactive
functionalities at the C(1) and C(5) atoms of y-lactams ensured the possibility for postmodi-
fications of the obtained products to convert them into more complex azaheterocycles, such
as benz[g]indolizidine derivatives.

Supplementary Materials: Copies of NMR spectra for novel compounds are available online. The
following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/
molecules27238468/s1.
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Abstract: 1,2,3-triazoles are versatile building blocks with growing interest in medicinal chemistry.
For this reason, organic chemistry focuses on the development of new synthetic pathways to obtain
1,2,3-triazole derivatives, especially with pyridine moieties. In this work, a novel series of 1,5-
disubstituted-1,2,3-triazoles functionalized with pyrimidine nucleobases were prepared via 1,3-
dipolar cycloaddition reaction in a regioselective manner for the first time. The N1-propargyl
nucleobases, used as an alkyne intermediate, were obtained in high yields (87-92%) with a new
two-step procedure that selectively led to the monoalkylated compounds. Then, FeCl3 was employed
as an efficient Lewis acid catalyst for 1,3-dipolar cycloaddition between different aryl and benzyl
azides and the N1-propargyl nucleobases previously synthesized. This new protocol allows the
synthesis of a series of new 1,2,3-triazole derivatives with good to excellent yields (82-92%). The
ADME (Absorption, Distribution, Metabolism, and Excretion) analysis showed good pharmacokinetic
properties and no violations of Lipinsky’s rules, suggesting an appropriate drug likeness for these
new compounds. Molecular docking simulations, conducted on different targets, revealed that two of
these new hybrids could be potential ligands for viral and bacterial protein receptors such as human
norovirus capsid protein, SARS-CoV-2 NSP13 helicase, and metallo-3-lactamase.

Keywords: 1,2,3-triazoles; nucleobases; Lewis acid; click chemistry; molecular docking; ADME

1. Introduction

The synthesis of triazole compounds, such as 1,2,3- and 1,2 4-triazoles, is of interest
due to their versatility and usefulness in several fields including agriculture [1,2], mate-
rial sciences [3,4], chemistry [5-7], as well as medicine [8-10]. In particular, the use of
1,2,3-triazoles as potential pharmacophores was intensively investigated. Thanks to their
ability to form various non-covalent and dipole-dipole interactions, they were tested
towards different biological targets [11]. From a synthetic point of view, 1,2,3-triazoles
derivatives have attracted considerable attention after the independent discoveries of
Meldal and Sharpless in the early 2000s, which allowed the regiospecific synthesis of
1,4-disubstituted 1,2,3-triazoles via click chemistry [12,13]. Furthermore, in 2005, Zhang
and co-workers showed that it was also possible to attain the regioselective synthesis of
1,5-disubstituted 1,2,3-triazoles by changing copper to ruthenium [14].

Other transition metal catalysts (Au, I, Ni, Ag) were tested [15], but despite the huge
efforts, the employment of heavy metals in the synthesis restricts their application due to
their hazardous nature, toxicity, and high cost. In recent years, great attention was paid to
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the development of copper- and ruthenium-based alternative routes, and different protocols
were developed [16]. Besides 1,2,3-triazoles, natural and modified nucleosides are another
class of heterocyclic compounds with widespread applications as pharmaceutically active
compounds [17,18] and diagnostic probes [19]. Considering the numerous advantages of
using both triazoles and nucleosides as building blocks in drug discovery, many researchers
synthesized nucleosides containing the triazole moiety [20,21]. Starting from the discovery
of the broad-spectrum antiviral compound Ribavirin I (Figure 1), in which a 1,2,4-triazole
was used as a nucleobase, different new hybrids were designed and tested, showing
antiviral and/or antitumor activity. These nucleoside analogues were characterized by
the introduction of a triazole group in place of the nucleobase I [22], or the sugar moiety
II [23], as a linkage between them III [24], and as a modification group of the sugar IV [25]
(Figure 1).

OH OH

Figure 1. Some reported anticancer agents bearing triazole, nucleobase, and/or glycoside moieties.

To date, only a few examples of 1,4-disubstituted 1,2,3-triazole nucleoside derivatives
were synthesized. These compounds were tested as corrosion inhibitors for steel [26],
against HCV (Hepatitis C virus) [23], and against influenza virus A (H3N2) [27]. How-
evet, to the best of our knowledge, there have been no reported synthetic efforts toward
1,5-disubstituted analogues.

In this work, considering our experience in the development of alternative synthetic
routes catalyzed by Lewis acids [28,29] and cycloaddition reactions [30,31], we report
the synthesis of new 1,5-disubstituted 1,2,3-triazole derivatives containing pyrimidine
nucleobases in high yields and a regioselective way. All of the triazole derivatives were syn-
thesized starting from different aryl azides and non-commercial N1-propargyl pyrimidine
nucleobases using a common Lewis acid catalyst. In detail, iron(III) chloride was selected as
a suitable catalyst because of its low price, easy availability, sustainability, nontoxicity, and
environmentally friendly characteristic [32,33]. Moreover, the use of N1-propargyl pyrimi-
dine nucleobases allows the introduction of a methylene bridge at C-5 of the triazole, which
could mimic the behavior of “fleximers”, a kind of nucleoside analogue characterized by
enhanced conformational freedom [34]. The pharmacokinetic properties of the synthesized
derivatives were predicted through ADME (Absorption, Distribution, Metabolism, and
Excretion) analysis to evaluate the medicinal chemistry friendliness. Furthermore, an in
silico screening was performed towards selected receptors from the Protein Data Bank,
suggesting biological potential for our products.

2. Results and Discussion
2.1. Chemistry

N1-propargyl nucleobases are important starting materials for the synthesis of nucle-
oside analogues with biological activity [35]. Usually, propargyl nucleobases are synthe-
sized in a one-step reaction between the appropriate nucleobase and propargyl bromide
under basic conditions [36] or employing an intermediate bis(trimethylsilyl)pyrimidine
nucleobase using N,O-bis(trimethylsilyl)-acetamide (BSA) [37]. Unfortunately, the first
methodology yields the products with low selectivity [38] because a mixture composed
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of N1-monoalkylated and N1,N3-dialkylated pyrimidines is obtained, while the second
approach results in long reaction times and low yield [26]. With this in mind, selective
nucleobase propargylation is necessary, and, due to the feasibility of performing selective
alkylation at the N-1 position of pyrimidine nucleobases, the propargylation is performed
in two-reaction steps via O-protection by a transient group, as shown in Scheme 1.

o OSiMe; 0
R
e DS RO Ay CreONay I%NH
Ao s L L 5 Reflux, 12 o
N (6] (NH4),S0, N OSiMey
145°C, 2 h /
=
1R=CH, 4 R=CH, 7 R=CHj 92%
2R=H 5 R=H 8 R=H, 90%
3R=F 6 R=F 9 R=F, 87%

Scheme 1. Synthesis of propargyl nucleobases with two reaction steps.

Here, we developed a methodology that involves the N1-selective propargylation of
bis(trimethylsilyl)pyrimidine intermediates (4-6) to prepare compounds 7-9. Thus, pyrimi-
dine nucleobases 1-3 were treated under an inert atmosphere with hexamethyldisilazane
(HMDS), trimethylsilyl chloride (TMS-CI), and (NH4)2SOy4 to give the silylated nucleobases
4-6, which were used without further purification and isolated by under vacuum evapora-
tion of HMDS. In situ propargylation of 4-6, conducted in dry acetonitrile at reflux under
an inert atmosphere, furnished the desired products 7-9 with excellent reaction yields and
in a regioselective way because only N-1 monosubstituted nucleobases were observed in
all cases.

With compounds 7-9 in hand, we then performed a Lewis acid-catalyzed azide-alkyne
1,3-dipolar cycloaddition reaction to generate a series of 1,5-disubstituted 1,2,3-triazole
derivatives of nucleobases in a regioselective way.

To begin, we chose the cycloaddition reaction between 1-propargylthymine 7 and
phenyl azide 10 in the presence of Lewis acid catalysts as the model system to optimize the
reaction conditions (Scheme 2). The results are reported in Table 1.

o @ N, @ N,
N N° °N N °N
NH 3 Catalyst, T, t — —
| /g + _— +
N0 Solvent
/ OYN OYN
= N N
o)
7 10 14a 14b

\

Scheme 2. Azide-alkyne 1,3-dipolar cycloaddition to synthesize 1,5-disubstituted-1,2,3-triazoles
functionalized with pyrimidine nucleobases.

Firstly, the reaction between 1-propargylthymine 7 and phenyl azide 10, in a 1:2 ratio,
was performed with 20 mol% Er(OTf); as the catalyst and heated at 60 °C both in CH,Cl,
(Table 1, entry 1) and THF (Table 1, entry 2). In both cases, no product formation was
observed after 24 h of time reaction. An increase in temperature to 100 °C favored a slight
formation of the product with a yield of 15% (Table 1, entry 3). Changing THF to CH3CN
allowed a small yield increase in 24 h (Table 1, entry 4). Better results were obtained by
raising the temperature to 120 °C (Table 1, entry 5), and also using nitromethane as a
solvent (Table 1, entry 6). However, the use of DMF as a solvent and Er(OTf); as the catalyst
at 120 °C provided good yields in only 8 h (Table 1, entry 7). At this point, a screening of
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different Lewis acids was performed (Table 1, entries 8-11) and the best reaction conditions
were found when FeCl; was used as the catalyst (Table 1, entry 11), leading to 88% yield
in 8 h. The role of the catalyst was remarkable since it selectively led to one regioisomer,
corresponding to the 1,5-disubstituted 1,2,3-triazole 14a. However, the regioisomer 14b
was also isolated and characterized by 'H NMR and *C NMR, and an 88:12 ratio was
calculated by 'H NMR analysis of the reaction crude (see Supplementary Materials). In
fact, without any catalyst, reagents 7 and 10 under the same reaction conditions gave the
1,5-disubstituted triazoles 14 in low yield after a long reaction time (Table 1, entry 12) and a
mixture of the 1,5-disubstituted/1,4-disubstituted products was observed in a 63:37 ratio.
This last result suggests that the Lewis acid catalyst accelerates the reaction by increasing the
electrophilicity of the alkyne group through coordination. Although the iron(III) chloride
efficacy as a catalyst in an eliminative azide-olefin cycloaddition was already demonstrated
for the synthesis of 1,5-disubstituted triazoles [39], we were delighted to observe such
regioselectivity. Moreover, a comparison with classical cycloaddition reaction conditions
was made in toluene without any catalyst. A regioisomer mixture in a 60:40 ratio was
obtained in low yield after a long reaction time (Table 1, entry 13). The addition of a catalyst
slightly increased the yield without significantly improving regioselectivity (Table 1, entry
14). Finally, the 1,3-dipolar cycloaddition reaction was carried out in [mPy](OTf) ionic
liquid (Table 1, entry 15), prepared as reported in the literature [40], with the purpose
of hypothetically recycling the solvent. Unfortunately, due to the high solubility of the
pyrimidine in the ionic liquid, it was not possible to use the latter as a solvent because it
was impossible to purify the product by simple liquid-liquid extraction.

Table 1. Optimization of reaction conditions of azide-alkyne 1,3-dipolar cycloaddition.

Entry 2 Solvent Catalyst T (°C) Time(h) Yield (%)?  14a:14b Ratio

1 CH,Cl, Er(OTf)3 60 24 - -

2 THF Er(OTf)3 60 24 - -

3 THF Er(OTf)3 100 24 15 n.c.
4 CH;3;CN Er(OTf)3 100 24 30 n.c.
5 CH3CN Er(OTf)3 120 24 53 80:20
6 CH3NO;, Er(OTf)3 120 24 50 75:25
7 DMF Er(OTf)3 120 8 75 82:18
8 DMEF Yb(OTf)3 120 24 70 85:15
9 DMF ZnCl, 120 24 71 77:23
10 DMF CeCly 120 24 72 80:20
11 DMEF FeCly 120 8 88 88:12
12 DMF - 120 24 56 63:37
13 Toluene - 120 24 40 60:40
14 Toluene FeCls 120 24 48 70:30
15 [mPy](OTf) FeCl3 120 24 - -

2 Reaction Conditions: 7 (1 eq), catalyst (0.2 eq), 10 (2 eq), in 8 mL of solvent for the appropriate time. ® Isolated
yield for regioisomer 14a. © Regioisomeric ratio calculated from 'H NMR analysis of the reaction crude on the
C6H proton of the nucleobase. n.c.= not calculated.

Once the reaction conditions were optimized, we extended the protocol to various
N1-propargyl nucleobases 7-9 and different azides 10-13 (Scheme 3, Table 2).

As shown in Table 2, the N1-propargyl nucleobases 7-9 showed a high reactivity
towards the iron(Ill)-catalyzed 1,3-dipolar cycloaddition, and high reaction yields were
obtained. Conversely, the reactivity of the azides depended on the nature of the aryl or
alkyl group. In fact, benzyl azide 11 provided products 17a-19a (Table 2, entries 4-6) with
slightly lower yields than phenyl azide 10 (Table 2, entries 1-3).

Aromatic azides 10, 12, and 13 exhibited different reactivities depending on the substi-
tution of the aromatic ring. In fact, the presence of a strong electron-withdrawing group
(-NOy) at the para position reduced the nucleophilicity of the azide 12 (Table 2, entries 7-9),
while the presence of the electron-donor group (CH3O™) at the same position increased
its nucleophilicity (azide 13, Table 2, entries 10-12). Hence, the reaction yield for the re-
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gioisomer a, as an isolated compound, was excellent in all cases. In addition, only a single
regioisomer was obtained for all synthesized compounds, proving the high regioselectivity
of the iron(IlI)-catalyzed reaction.

o) RZ N, N, 2
o NN N* N-R
\fLNH o, _FeCla (20 mol%) 2:/ . 22/
. R%- L
N/& ° DMF, 120°C, 8 h
0 OYN OYN
/ HN | HN |
R1 R1
0 0
7-9 10-13 14a-25a 14b-25b

Scheme 3. 1,5-disubstituted-1,2,3-triazoles functionalized with pyrimidine nucleobases generated
from various azides and propargyl nucleobases.

Table 2. Substrate scope for the synthesis of 1,5-disubstituted 1,2,3-triazoles 14-25.

Entry?  Nucleobase R! Azide R2 Product Yield®(%) a:b Ratio ¢
1 7 CHs 10 Ph 14 88 88:12
2 8 H 10 Ph 15 90 88:12
3 9 F 10 Ph 16 88 87:13
4 7 CHs 11 Bn 17 85 87:13
5 8 H 11 Bn 18 87 88:12
6 9 F 11 Bn 19 84 86:14
7 7 CHs 12 (4-NO,)Ph 20 83 87:13
8 8 H 12 (4-NO,)Ph 21 86 86:14
9 9 F 12 (4-NO,)Ph 22 82 85:15

(4 .
10 7 CHj; 13 CH;0)Ph 23 90 89:11

(4- .
11 8 H 13 CH30)Ph 24 92 89:11

(4- :
12 9 F 13 CH,0)Ph 25 89 88:12

2 Reaction Conditions: 7 (1 eq), catalyst (0.2 eq), 10 (2 eq), in DMF for the appropriate time. b Isolated yield for
regioisomers 1,5-disubstituted a. © Regioisomeric ratio calculated from 'H NMR analysis of the crude on the C6H
proton of the nucleobases.

Finally, we proposed a possible catalytic reaction mechanism for the reaction between
7 and 10 as illustrated in Scheme 4. The first reaction step is the coordination of iron(III)
chloride to the alkyne group of N-propargylthymine 7, generating intermediate a with
increased electrophilicity. Activated dipolarophile a reacts with phenyl azide 10 through a
concerted 1,3-dipolar cycloaddition reaction to give intermediate c. Subsequent heterocycle
aromatization of ¢ gives product 14 and allows catalyst turnover.

2.2. Molecular Docking

Finally, to evaluate the potential biological activity of our products, molecular docking
simulations were carried out using GOLD (CCDC Discovery) [41] and the ChemScore
scoring function [42]. An in silico study was performed over 16 targets for the full set of
the compounds synthesized in this work (see Supplementary Materials for further details).
Compounds 20a and 21a were the best ranked ones (Figure 2), matching or exceeding in
some cases the score of the co-crystallized ligand in the original structure, suggesting that
these compounds might be able to bind the selected targets. Such targets have been at
the center of great attention in the last years due to their possible implication in different
pathologies. Human norovirus is one of the major causes of nonbacterial gastroenteritis
in humans, and targeting the protruding P domain dimer (P-dimer) of a GII.10 Norovirus
strain (Figure 2A) could be a successful strategy in drug discovery [43]. Eosinophil-derived
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neurotoxin (EDN) (Figure 2B) is a member of the Ribonuclease A (RNase A) superfamily
involved in inflammatory disorders and the immune response system [44]. Metallo f3-
lactamases (Figure 2C) are a family of enzymes employed by bacteria to hydrolyze (3-lactam
drugs as carbapenems, determining the resistance to antibiotics [45]. Hence, the discovery
of new inhibitors capable of blocking such receptors could be of interest in combating
bacterial infective diseases. As for the target reported in Figure 2D, SARS-CoV-2 NSP13
helicase was described by Newman et al. [46] in 2021 as a potential target for new antivirals
due to its essential role in viral replication and its high sequence conservation.
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Scheme 4. Proposed catalytic cycle for the regioselective iron(Ill)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition reaction.

Binding interactions mostly involve hydrogen bonds with the protein backbone or
with charged residues, which are in general very much favored from the energetic point of
view and capable of dictating the local structure [47].

2.3. Pharmacokinetics and ADMET Study

The drug-likeness of the newly synthesized hybrids was further evaluated. The
analysis of absorption, distribution, metabolism, and excretion (ADME) was determined in
silico by using the online database ADMETIab 2.0 [48]. As reported in Table 3, all hybrids
expressed good ADME properties. They showed good water solubility and no violation
of the Lipinsky rules of 5 [49]. Although the Caco-2 permeability was not excellent in
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some cases, effective intestinal absorption was found for all compounds, not only with
the ADMETlIab 2.0 software but also using the Brain Or Intestinal. EstimateD permeation
method (BOILED-Egg) that evaluates the accessibility of compounds to the gastrointestinal
(GI) tract and blood-brain barrier [50] (Figure 3). The boiled egg model revealed that
all molecules had satisfactory GI absorption and no sufficient permeability across the
blood-brain barrier (BBB), thus indicating good safety for the Central Nervous System
(CNS). Moreover, all compounds had a good clearance rate (excretion rate) from the body.
The encouraging results reported in Table 3 suggest that these compounds could be eligible
as drug candidates, confirming the use of 20a and 21a as potential lead compounds for a
new class of active pharmaceutical ingredients.

Receptor

Best scores

Ligand 14a 15a 16a 17a 18a 19a 20a 21a 22a 23a 24a 25a

SET Domain Bifurcated Protein 1

31.0 286 28.5 283 28.3 278 28.5 254 254 249 288 26.8 275

Human Norovirus Capsid Protein

2.5 20.3 19.3 19.4 196 | 210 18.3 2186 | 21.7 205 206 | 203 20.0

Eosinophil-derived Neurotoxin

16.7 23.7 22.2 21.5 237 | 231 22.8 26.8 | 26.1 254 24.1 22.4 22.3

p38 Mitogen-Activated Protein Kinase

286 28.5 262 27.0 247 245 225 247 236 231 247 239 232

Metallo--lactamase

34.5 35.3 34.3 328 34.8 34.0 32.8 36.6 | 3B6.7 35.2 33.9 353 34.0

Human Protein Kinase CK2

26.4 23.0 206 19.8 23.4 208 19.4 21.0 23.1 21.5 222 221 208

SARS-CoV-2 NSP13 Helicase

221 21.7 212 18.9 183 18.4 18.1 21.3 | 223 2131 196 | 217 18.1

Figure 2. Best docking poses of compounds 14a-25a vs. co-crystalized ligands on selected protein
receptors: (A) Compound 21a bound to human norovirus capsid protein (PDB 6GY9). (B) Compound
20a bound to eosinophil-derived neurotoxin (PDB 5E13). (C) Compound 21a bound to metallo-f3-
lactamase (PDB 7OVE). (D) Compound 21a bound to SARS-CoV-2 NSP13 helicase (PDB 7NNG).
Ligands and binding residues are shown as sticks. Non-polar hydrogens have been omitted for clarity.
In the table, the docking scores of compounds 14a—25a and literature ligands were compared. The
green color refers to scores higher than the literature ligands. The orange color refers to scores lower
than the literature ligands. For those cases in which the docking score was higher than literature
ligands the receptors are reported in bold.
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Table 3. Pharmacokinetic properties as predicted in silico by the software ADMETIab 2.0.

ADMET Parameters 14a 15a 16a 17a 18a 19a 20a 21a 22a 23a 24a 25a
Physio- MW 28329 26926 28725  297.31 28329  301.28 328.28 31426 33225 31331 29928  317.28
Chemical LogP? 0.39 0044 0174 0691 0.368 0.5 0.672 0.286 0.449 0269  —0037  0.098
properties LogS® —2011 -192 -197 —2055 -2057 —198 2968  —2766  —2.845 —2278  —2242 —2.208
Medicinal VI;:E:J;I;YC No No No No No No No No No No No No
chemistry SAscore 4 2.456 2475 2.536 2.468 2485 2.544 2,613 2.628 2.684 2471 2.485 2545
Ca“’?f . 5142 -5444 -5129 —5218 —5573 -5216  —5132  —5409 —5139 —5099 5287 —5.03
Absorpti permeability
ption Pep-
Subsfri o 0.003 0.001  0.001 0.002 0.001 0.001 0.005 0.001 0.001 0.006 0.002 0.002
HIA & 0.02 0071  0.021 0017  0.065 0.15 0.016 0027  0.023 0.056 0.236 0.053
N BBB 0.566 0691 0721 0187 0323 0.188 0.36 0.386 0.232 0.372 0.679 0.59
Distribution =~ permeability
Plasma
Protein 59.29%  42.51% 49.03%  66.16%  49.75% 5827%  7529%  61.81%  68.17% 7045%  5858%  60.93%
Binding *
. CYP2D6 0106 0102 008 0118 0111 0101 0117 0114 0097 0156 0152 0123
Metabolism substrate
sﬁg::fﬁ:l 0.403 0272 0256 0.354 0257 0235 0.24 0.175 0.153 0.457 0.286 0.284
Excretion Clearance ™ 7.411 6579  8.095 8.509 7.408 9.215 7.473 6.571 8.108 7.412 6.665 8.128

WLOGP?®

2 Log of the octanol/water partition coefficient. Optimal: 0-3. P Log of the aqueous solubility. Optimal:
—4-0.5log mol/L. ¢ MW < 500; logP < 5; Hacc < 10; Hdon < 5. 4 The synthetic accessibility score is designed
to estimate ease of synthesis of drug-like molecules. SAscore > 6, difficult to synthesize; SAscore < 6, easy to
synthesize. ¢ Optimal: higher than —5.15 Log unit. f The output value is the probability of being the Pgp-substrate.
8 Human Intestinal Absorption. Category 1: HIA+(HIA < 30%); Category 0: HIA—(HIA < 30%); The output value
is the probability of being HIA+. I Blood-Brain Barrier Penetration. Category 1: BBB+; Category 0: BBB—; The
output value is the probability of being BBB+. ! Optimal: <90%. Drugs with high protein binding may have a
low therapeutic index. ! The output value is the probability of being the substrate. ™ High: > 15 mL/min/kg;
moderate: 5-15 mL/min/kg; low: <5 mL/min/kg.

BOILED-Egg

Gl
Permeability

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
TPSA

Figure 3. The BOILED-egg model of 1,5-disubstituted 1,2,3-triazole derivatives of pyrimidine nucle-
obases (14a-25a). BBB and GI permeability are indicated in yellow and colorless regions, respectively.

216



Molecules 2022, 27, 8467

3. Materials and Methods
3.1. General Procedure for Nucleobase Propargylation 7-9

In a three-necked round-bottomed flask, equipped with a bubble condenser and mag-
netic stir bar, the opportune nucleobase 1-3 (39.6 mmol, 1 eq) in dry hexamethyldisilazane
(HMDS, 139 mmol, 3.5 eq) was suspended under nitrogen atmosphere. Subsequently,
trimethylsilyl chloride (8.71 mmol, 0.22 eq) and (NH4)2SO4 (1.98 mmol, 0.05 eq) were
added, and the mixture was stirred at 145 °C for 2 h. After completion, the solution was
cooled to room temperature, and the HMDS was evaporated under vacuum. Then, the
obtained silylated nucleobase 4-6 was dissolved in dry acetonitrile (150 mL) without any
further purification. Propargyl bromide (39.6 mmol, 1 eq) was added dropwise at 80 °C
for 30 min, and the reaction was stirred under reflux for 12 h. After cooling to room
temperature, acetonitrile was removed under vacuum, and the crude was purified by silica
flash chromatography (eluent mixture CHCl3/CH3OH 8:2) to give a solid product 7-9. For
characterization data, see Supplementary Materials.

3.2. General Procedure for Nucleobase-Containing 1,5-Disubstituted 1,2,3-Triazoles 14a—25a

In a 50 mL two-necked round-bottomed flask equipped with a bubble condenser and
magnetic stir bar, propargyl nucleobase 7-9 (1.52 mmol, 1 eq) was dissolved in DMF (8 mL).
Subsequently, FeCls (0.304 mmol, 0.2 eq) and opportune azide 10-13 (3.05 mmol, 2 eq) were
added, and the mixture was stirred at 120 °C for 8 h. DMF was removed under vacuum
by generating an azeotrope with toluene, and the obtained crude solid was purified on
a flash silica gel column (eluent mixture: CHCl3/acetone/CH3OH 8:1:1 v/v/v) to obtain
the desired solid product 14a-25a. The configuration of regioisomers was determined by
spectroscopic data reported in Supplementary Materials. Furthermore, to calculate the
regioisomeric ratio, the C6H proton on the nucleobases was chosen for both regioisomers
(see Supplementary Materials).

3.3. Docking Studies

For each receptor, the docking cavity was centered on the binding site of the crystallo-
graphic ligand and allowed to extend in a spherical surrounding volume with a radius of
15 A. In cases where a metal ion was present at the binding site, the docking cavity was
centered on it, and metal parameters were set to maintain the same coordination number
as that in the crystallographic structure. In the absence of metals, the XYZ coordinates that
defined the center of the cavity were obtained from the position of the co-crystalized ligand,
choosing an atom that was reasonably at the center of the ligand. The number of genetic
algorithm runs was set to 20 for each analyzed ligand. Protein structures were prepared
using UCSF Chimera [51], by reverting selenomethionine to methionine, eliminating alter-
nate locations of side chains, adding hydrogen atoms, assigning appropriate protein atom
types, and removing the co-crystalized ligand and solvent molecules. Crystallographic
ligands were docked after adding hydrogen atoms with UCSF Chimera and without opti-
mizing their geometries. Conversely, the geometries of the screened ligands 14a-25a were
optimized quantum mechanically. Geometry optimizations and frequency calculations for
stationary point characterization were carried out with Gaussian16 [52] using the M06-2X
hybrid functional [53], the 6-31G(d,p) basis set, and ultrafine integration grids. Bulk solvent
effects in water were considered implicitly through the IEF-PCM polarizable continuum
model [54]. As for the potential receptors, 26 targets were initially selected from the Protein
Data Bank (Figure S1). The main selection criterion was the presence of a triazole (i.e., 1,2,3-
and 1,2,4-triazoles) scaffold or structurally similar heterocycles (i.e., imidazoles, thiazoles)
in the crystallographic structure of the ligand—receptor complex. Docking simulations were
performed, keeping the coordinates of the protein fixed while allowing flexibilization of
the ligands around their rotatable bonds.
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3.4. Prediction of Pharmacokinetic Properties

The absorption, distribution, metabolism, and excretion (ADME) analysis and assess-
ment of Lipinski parameters were carried out using the free software “ADMETIab 2.0”
supported by the Xiangya School of Pharmaceutical Sciences, Central South University
ADMETlIab 2.0 (2021) https:/ /admetmesh.scbdd.com (accessed on 12 September 2022) [48].
The main properties considered were physical and chemical properties such as molecular
weight, oil/water partition coefficient, and water solubility. Medicinal chemistry param-
eters were evaluated: the synthetic accessibility score (designed to estimate the ease of
synthesis of drug-like molecules) and the violation of Lipinsky’s rules. Absorption was
studied mainly considering the permeability after oral administration (Caco-2 cell per-
meability) and human intestinal absorption (HIA). Among the distribution parameters,
Plasma Protein Binding and blood brain-barrier (BBB) penetration were selected. CYP2D6
and CYP3A4 were selected as key enzymes in the metabolism of the compounds. Further-
more, clearance was evaluated as an excretion parameter. Finally, the Brain Or IntestinalL
EstimateD permeation method (BOILED-Egg) was used to clarify the main distribution
tissue for compounds 14a-25a [50].

4. Conclusions

We have developed a new synthetic approach towards the highly regioselective syn-
thesis of 1,5-disubstituted 1,2,3-triazole derivatives containing pyrimidine nucleobases.
N1-propargyl nucleobases were first prepared in excellent yields through an alternative
route that led only to the N1-monoalkylated derivatives. These alkyne compounds were
characterized and used in a 1,3-dipolar cycloaddition reaction to obtain the 1,2,3 triazole
heterocycles. The 1,5-disubstituted-1,2,3-triazol moiety was obtained in a regioselective
way by using FeCl3 as an inexpensive and non-toxic catalyst. It was demonstrated that this
procedure worked well for different aryl and benzyl azides. Although some differences
were found with aryl azides bearing strong electron-withdrawing and electron-donating
groups, reaction yields ranged from good to excellent in all cases. Finally, compounds
20a and 21a exhibited the best docking scores against four of the selected protein targets,
suggesting potential biologic activity for these scaffolds. In addition, ADMET analysis was
also performed using an in silico online database, which predicted that all hybrids might
have qualified pharmacokinetic parameters and Lipinski’s rule of five properties to claim
their intestinal absorption and good clearance rate.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules27238467 /s1, Characterization spectra of the N-propargyl
nucleobases 7-9 (!H NMR-13C NMR-HRMS); Characterization spectra of nucleobase-containing
disubstituted 1,2,3-triazoles 14a, 14b, 15a—25a (:H NMR-13C NMR-COSY NMR-HRMS); Charac-
terization spectra of derivative 21a (HMBC and HSQC NMR); Figure S1. Workflow describing the
approach used to validate the docking protocol and select the target receptors (first series) and to
evaluate the binding capacity of compounds 14a-25a to them.

Author Contributions: Conceptualization, V.A., P.C. and M.A.T.; methodology, V.A., P.C. and M.A.T,;
software, P.C., M.A.T. and EP; validation, G.J.-O. and L.M.; formal analysis, G.F,; investigation,
V.A, FO.,, M.A.T. and A.]; resources, A.D.N.; data curation, FP. and A.J.; writing—original draft
preparation, P.C. and V.A; writing—review and editing, L.M., G.J.-O. and A.D.N,; visualization, P.C.
and EO.; supervision, L.M. and A.D.N.; funding acquisition, P.C., L.M. and A.D.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Calabria and Calabria Region (PAC CAL-
ABRIA 2014-2020-Asse Prioritario 12, Azione B 10.5.12 CUP: H28D19000040006). This research was
also funded by Agencia Estatal de Investigacion (Spain) for projects 099592-B-C22 (to G.J.-O.) and the
Severo Ochoa Excellence Accreditation (SEV-2016-0644 to CIC bioGUNE). E. P. thanks the Ministerio
de Economia y Competitividad for a Juan de la Cierva Incorporacién (IJC2020-045506-I) fellowship.

Institutional Review Board Statement: Not applicable.

218



Molecules 2022, 27, 8467

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Toda, M.; Beer, K.D.; Kuivila, EM.; Chiller, TM.; Jackson, B.R. Trends in Agricultural Triazole Fungicide Use in the United States,
1992-2016 and Possible Implications for Antifungal-Resistant Fungi in Human Disease. Environ. Health Perspect. 2021, 129, 1-12.
[CrossRef] [PubMed]

Hameed, A.; Farooq, T. Advances in Triazole Chemistry; Farooq, T., Ed.; Elsevier: Amsterdam, The Nederlands, 2021; pp. 169-185.
Wang, X.; Zhang, X.; Ding, S. 1,2,3-Triazole-based sequence-defined oligomers and polymers. Polym. Chem. 2021, 12, 2668-2688.
[CrossRef]

Rodrigues, L.D.; Sunil, D.S.; Chaithra, D.; Bhagavath, P. 1,2,3/1,2,4-Triazole containing liquid crystalline materials: An up-to-date
review of their synthetic design and mesomorphic behaviour. J. Mol. Lig. 2020, 297, 111909. [CrossRef]

Brunel, D.; Dumur, E. Recent advances in organic dyes and fluorophores comprising a 1,2,3-triazole moiety. New J. Chem. 2020, 44,
3546-3561. [CrossRef]

Lauko, J.; Kouwer, PH.].; Rowan, A.E. 1H-1,2,3-Triazole: From Structure to Function and Catalysis. J. Heterocycl. Chem. 2017, 54,
1677-1699. [CrossRef]

Scattergood, P.A.; Sinopoli, A.; Elliott, PI.P. Synthesis, structural analysis, and photophysical properties of bi-1,2,3-triazoles. Coord.
Chem. Rev. 2017, 350, 136—154. [CrossRef]

Xu, Z.; Zhao, S.-].; 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]

Czyrski, A.; Resztak, M.; Swiderski, P, Brylak, J.; Gléwka, EK. The overview on the pharmacokinetic and pharmacodynamic
interactions of triazoles. Pharmaceutics 2021, 13, 1961. [CrossRef]

Aggarwal, R.; Sumran, G. An insight on medicinal attributes of 1,2,4-triazoles. Eur. ]. Med. Chem. 2020, 183, 112652. [CrossRef]
Bozorova, K.; Zhao, J.; Aisa, H.A. 1,2,3-Triazole-containing hybrids as leads in medicinal chemistry: A recent overview. Bioorg.
Med. Chem. 2019, 27, 3511-3531. [CrossRef]

Tornge, C.W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-Catalyzed
1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J. Org. Chem. 2002, 67, 3057-3064. [CrossRef] [PubMed]

Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Sharpless, K.B. A Stepwise Huisgen Cycloaddition Process: Copper(I)-Catalyzed
Regioselective “Ligation” of Azides and Terminal Alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596-2599. [CrossRef]

Zhang, L.; Chen, X.; Xue, P.; Sun, H.H.Y.; Williams, 1.D.; Sharpless, K.B.; Fokin, V.V,; Jia, G. Ruthenium-catalyzed cycloaddition of
alkynes and organic azides. J. Am. Chem. Soc. 2005, 127, 15998-15999. [CrossRef] [PubMed]

Neto, ].S.S.; Zeni, G. A decade of advances in the reaction of nitrogen sources and alkynes for the synthesis of triazoles. Coord.
Chem. Rev. 2020, 409, 213217. [CrossRef]

De Nino, A.; Maiuolo, L.; Costanzo, P.; Algieri, V.; Jiritano, A.; Olivito, F; Tallarida, M.A. Recent Progress in Catalytic Synthesis of
1,2,3-Triazoles. Catalysts 2021, 11, 1120. [CrossRef]

Shelton, J.; Lu, X.; Hollenbaugh, J.A.; Cho, J.C.; Amblard, F.; Schinazi, R.F. Metabolism, Biochemical Actions, and Chemical
Synthesis of Anticancer Nucleosides, Nucleotides, and Base Analogs. Chem. Rev. 2016, 116, 14379-14455. [CrossRef]

Geraghty, R.].; Aliota, M.T.; Bonnac, L.F. Broad-spectrum antiviral strategies and nucleoside analogues. Viruses 2021, 13, 667.
[CrossRef]

Choi, J.-S.; Berdis, A.]. Visualizing Nucleic Acid Metabolism Using Non-natural Nucleosides and Nucleotide Analogs. Biochim.
Biophys. Acta-Proteins Proteom. 2016, 1864, 165-176. [CrossRef]

Lin, X.; Liang, C.; Zou, L.; Yin, Y.; Wang, J.; Chen, D.; Lan, W. Advance of structural modification of nucleosides scaffold. Eur. ].
Med. Chem. 2021, 214, 113233. [CrossRef]

Efthymiou, T.; Gong, W.; Desaulniers, J.-P. Chemical Architecture and Applications of Nucleic Acid Derivatives Containing
1,2,3-Triazole Functionalities Synthesized via Click Chemistry. Molecules 2012, 17, 12665-12703. [CrossRef]

Sabat, N.; Migianu-Griffoni, E.; Tudela, T.; Lecouvey, M.; Kellouche, S.; Carreiras, F.; Gallier, F,; Uziel, J.; Lubin-Germain, N.
Synthesis and antitumor activities investigation of a C-nucleoside analogue of Ribavirin. Eur. ]. Med. Chem. 2020, 188, 112009.
[CrossRef] [PubMed]

Elayadi, H.; Smietana, M.; Pannecouque, C.; Leyssen, P; Neyts, J.; Vasseur, ].J.; Lazrek, H.B. Straightforward synthesis of
triazoloacyclonucleotide phosphonates as potential HCV inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 7365-7368. [CrossRef]
[PubMed]

Chittepu, P,; Sirivolu, V.R.; Seela, F. Nucleosides and oligonucleotides containing 1,2,3-triazole residues with nucleobase tethers:
Synthesis via the azide-alkyne ‘Click’ reaction. Bioorg. Med. Chem. 2008, 16, 8427-8439. [CrossRef] [PubMed]

Sirivolu, V.R.; Vernekar, S.K.V; Ilina, T.; Myshakina, N.S.; Parniak, M.A.; Wang, Z. Clicking 3/ -Azidothymidine into Novel Potent
Inhibitors of Human Immunodeficiency Virus. J. Med. Chem. 2013, 56, 8765-8780. [CrossRef] [PubMed]

219



Molecules 2022, 27, 8467

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Gonzélez-Olvera, R.; Espinoza-Vazquez, A.; Negron-Silva, G.E.; Palomar-Pardavé, M.E.; Romero-Romo, M.A.; Santillan, R.
Multicomponent Click Synthesis of New 1,2,3-Triazole Derivatives of Pyrimidine Nucleobases: Promising Acidic Corrosion
Inhibitors for Steel. Molecules 2013, 18, 15064-15079. [CrossRef]

Elayadi, H.; Smietana, M.; Vasseur, ].J.; Balzarini, J.; Lazrek, H.B. Synthesis of 1,2,3-Triazolyl Nucleoside Analogs as Potential
Anti-Influenza A (H3N2 Subtype) Virus Agents. Arch. Pharm. Chem. Life Sci. 2014, 347, 134-141. [CrossRef]

Bortolini, O.; De Nino, A.; Garofalo, A.; Maiuolo, L.; Russo, B.; Procopio, A. Erbium triflate in ionic liquids: A recyclable system
of improving selectivity in Diels-Alder reactions. Appl. Catal. A Gen. 2010, 372, 124-129. [CrossRef]

Procopio, A.; Dalpozzo, R.; De Nino, A.; Nardi, M.; Russo, B.; Tagarelli, A. Er(OTf); as New Efficient Catalyst for the Stereoselective
Synthesis of C-Pseudoglycals. Synthesis 2006, 2, 0332-0338. [CrossRef]

De Nino, A.; Algieri, V.; Tallarida, M.A.; Costanzo, P.; Pedrén, M.; Tejero, T.; Merino, P.; Maiuolo, L. Regioselective Synthesis of
1,4,5-Trisubstituted-1,2,3-Triazoles from Aryl Azides and Enaminones. Eur. J. Org. Chem. 2019, 4, 5725-5731. [CrossRef]
Maiuolo, L.; Algieri, V.; Russo, B.; Tallarida, M.A.; Nardi, M.; Di Gioia, M.L.; Merchant, Z.; Merino, P,; Delso, I1.; De Nino,
A. Synthesis, Biological and In Silico Evaluation of Pure Nucleobase-Containing Spiro (Indane-Isoxazolidine) Derivatives as
Potential Inhibitors of MDM2-p53 Interaction. Molecules 2019, 24, 2909. [CrossRef]

Maiuolo, L.; Algieri, V.; Olivito, F.; De Nino, A. Recent Developments on 1,3-Dipolar Cycloaddition Reactions by Catalysis in
Green Solvents. Catalysts 2020, 10, 65. [CrossRef]

Bauer, I.; Knolker, H.J. Iron Catalysis in Organic Synthesis. Chem. Rev. 2015, 115, 3170-3387. [CrossRef] [PubMed]

Peters, H.L.; Jochmans, D.; de Wilde, A.H.; Posthuma, C.C.; Snijder, E.J.; Neyts, J.; Seley-Radtke, K.L. Design, synthesis and
evaluation of a series of acyclic fleximer nucleoside analogues with anti-coronavirus activity. Bioorg. Med. Chem. Lett. 2015, 25,
2923-2926. [CrossRef] [PubMed]

Rocha, D.H.A.; Machado, C.M.; Sousa, V.; Sousa, C.EV,; Silva, V.L.M,; Silva, AM.S.; Borges, J.; Mano, J.F. Customizable and
Regioselective One-Pot N—H Functionalization of DNA Nucleobases to Create a Library of Nucleobase Derivatives for Biomedical
Applications. Eur. J. Org. Chem. 2021, 31, 4423-4433. [CrossRef]

Kramer, R.A.; Bleicher, K.H.; Wennemers, H. Design and synthesis of nucleoproline amino acids for the straightforward
preparation of chiral and conformationally constrained nucleopeptides. Helv. Chim. Acta 2012, 95, 2621-2634. [CrossRef]
Legros, V.; Hamon, F; Violeau, B.; Turpin, F.; Djedaini-Pilard, F.; Desiré, J.; Len, C. Toward the Supramolecular Cyclodextrin
Dimers Using Nucleobase Pairs. Synthesis 2011, 2, 0235-0242.

Thakur, RK.; Mishra, A.; Ramakrishna, KK.G.; Mahar, R.; Shukla, S.K.; Srivastava, A.K.; Tripathi, R.P. Synthesis of novel
pyrimidine nucleoside analogues owning multiple bases/sugars and their glycosidase inhibitory activity. Tetrahedron 2014, 70,
8462-8473. [CrossRef]

De Nino, A.; Merino, P,; Algieri, V.; Nardi, M.; Di Gioia, M.L.; Russo, B.; Tallarida, M.A.; Maiuolo, L. Synthesis of 1,5-Functionalized
1,2,3-Triazoles Using Ionic Liquid /Iron(Ill) Chloride as an Efficient and Reusable Homogeneous Catalyst. Catalysts 2018, 8, 364.
[CrossRef]

De Nino, A.; Maiuolo, L.; Merino, P; Nardi, M.; Procopio, A.; Roca-Lépez, D.; Russo, B.; Algieri, V. Efficient Organocatalyst
Supported on a Simple Ionic Liquid as a Recoverable System for the Asymmetric Diels-Alder Reaction in the Presence of Water.
ChemCatChem 2015, 7, 830-835. [CrossRef]

Jones, G.; Willett, P; Glen, R.C.; Leach, A.R.; Taylor, R. Development and validation of a genetic algorithm for flexible docking.
J. Mol. Biol. 1997, 267, 727-748. [CrossRef]

Verdonk, M.L.; Cole, ].C.; Hartshorn, M.J.; Murray, C.W.; Taylor, R.D. Improved protein-ligand docking using GOLD. Proteins
2003, 52, 609-623. [CrossRef] [PubMed]

Tan, M.; Hegde, R.S,; Jiang, X. The P domain of norovirus capsid protein forms dimer and binds to histo-blood group antigen
receptors. J. Virol. 2004, 78, 6233—-6242. [CrossRef] [PubMed]

Rosenberg, H.F. Eosinophil-derived Neurotoxin / RNase 2: Connecting the past, the present and the future. Curr. Pharm.
Biotechnol. 2008, 9, 135-140. [CrossRef] [PubMed]

Palzkill, T. Metallo-3-lactamase structure and function. Ann. N. Y. Acad. Sci. 2012, 1277, 91-104. [CrossRef]

Newman, J.A.; Douangamath, A.; Yadzani, S.; Yosaatmadja, Y.; Aimon, A.; Brandao-Neto, J.; Dunnett, L.; Gorrie-stone, T.; Skyner,
R.; Fearon, D.; et al. Structure, mechanism and crystallographic fragment screening of the SARS-CoV-2 NSP13 helicase. Nat.
Commun. 2021, 12, 4848-4858. [CrossRef] [PubMed]

Calandra, P.; Mandanici, A.; Liveri, V.T. Self-assembly in surfactant-based mixtures driven by acid-base reactions: Bis(2-ethylhexyl)
phosphoric acid-n-octylamine systems. RSC Adv. 2013, 3, 5148-5155. [CrossRef]

Xiong, G.; Wu, Z,; Yi, J.; Fu, L.; Yang, Z.; Hsieh, C.; Yin, M.; Zeng, X.; Wu, C.; Lu, A ; et al. ADMETIab 2.0: An Integrated Online
Platform for Accurate and Comprehensive Predictions of ADMET Properties. Nucleic Acids Res. 2021, 49, W5-W14. Available
online: https://admetmesh.scbdd.com/ (accessed on 12 September 2022). [CrossRef]

Lipinski, C.A.; Lombardo, E; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and devlopment settings. Adv. Drug. Deliv. Rev. 2001, 46, 3-26. [CrossRef]

Daina, A.; Zoete, V. A BOILED-Egg to predict gastrointestinal absorption and brain penetration of small molecules. ChemMedChem
2016, 11, 1117-1121. [CrossRef]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualiza-
tion System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

220



Molecules 2022, 27, 8467

52.  Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

53.  Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-
lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215-241.

54. Scalmani, G.; Frisch, M.]. Continuous surface charge polarizable continuum models of solvation. I. General formalism. ]. Chem.
Phys. 2010, 132, 114110. [CrossRef] [PubMed]

221



molecules

Article

Energetic [1,2,5]oxadiazolo [2,3-alpyrimidin-8-ium Perchlorates:
Synthesis and Characterization

Kirill V. Strizhenko 1, Anastasia D. Smirnova "2, Sergei A. Filatov 2, Valery P. Sinditskii -2, Adam I. Stash 3, Kyrill
Yu. Suponitsky 3, Konstantin A. Monogarov %, Vitaly G. Kiselev ® and Aleksei B. Sheremetev -*

Citation: Strizhenko, K.V.; Smirnova,
A.D,; Filatov, S.A.; Sinditskii, V.P;
Stash, A.L; Suponitsky, K.Y.;
Monogarov, K.A ; Kiselev, V.G.;
Sheremetev, A.B. Energetic
[1,2,5]oxadiazolo [2,3-a]pyrimidin-
8-ium Perchlorates: Synthesis and
Characterization. Molecules 2022, 27,
8443. https://doi.org/10.3390/
molecules27238443

Academic Editor: Gilbert Kirsch

Received: 7 November 2022
Accepted: 25 November 2022
Published: 2 December 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/).

Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 119991 Moscow, Russia

Mendeleev University of Chemical Technology, 125047 Moscow, Russia

Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, 119334 Moscow, Russia
Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences,

119991 Moscow, Russia

Institute of Chemical Kinetics and Combustion, Russian Academy of Sciences, Siberian Branch,

630090 Novosibirsk, Russia

Correspondence: sab@ioc.ac.ru

W N =

Abstract: A convenient method to access the above perchlorates has been developed, based on the
cyclocondensation of 3-aminofurazans with 1,3-diketones in the presence of HClOy4. All compounds
were fully characterized by multinuclear NMR spectroscopy and X-ray crystal structure determi-
nations. Initial safety testing (impact and friction sensitivity) and thermal stability measurements
(DSC/DTA) were also carried out. Energetic performance was calculated by using the PILEM code
based on calculated enthalpies of formation and experimental densities at r.t. These salts exhibit
excellent burn rates and combustion behavior and are promising ingredients for energetic materials.

Keywords: aminofurazans; fused furazans; perchlorates; energetic compound; synthesis; X-ray
analysis; impact sensitivity; thermal decomposition; combustion; burning rate

1. Introduction

Most energetic materials are a mixture of substances, among which an oxidizer, fuel,
binder and various corrective additives can be specified. The most widely used oxidizer
is ammonium perchlorate, NH4ClOy4 [1-4]. In the early stages of research, compositions
based on NH4ClO4 included powdered metals as fuel. However, in recent years, there has
been a tendency to partially or even completely replace metallic fuels in energetic materials
with high-nitrogen compounds characterized by high positive enthalpies of formation.

Energetic salts with nitrogen-rich organic cations and/or anions (typically azole-based
ions) are a major area for the development of high-energy materials, since salts have a
high density and positive enthalpy of formation, are often thermally stable, and are not
volatile [5-7]. Designing energetic salts by combining various cations and anions to achieve
a specific purpose is a simple but powerful methodology. Most of these salts, however, have
a strongly negative oxygen balance and, with a lack of oxidizer, form toxic or undesirable
solid decomposition products [8].

When using energetic salts in combination with solid inorganic oxidizers—for exam-
ple, with NH;4ClO4—additional problems are observed. A metathesis reaction between
NH4ClO4 and energetic azole-based salts leads to the formation of new salts where the
anions have been swapped. As a result, the properties of this composition could change
unpredictably [9]. To overcome this disadvantage, a variety of energetic organic salts may
be limited by the use of perchlorates.

The characteristics of the energetic salts are dictated by the physical and chemical
features of both ions in their composition. In this light, the importance of synthesizing
organic salts of perchloric acid with various cations and the study of their properties
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becomes important. It is important to note that, unlike nitrates, perchlorates have a
significant effect on the transformation of organic compounds [10-12], which favors the
completeness of the combustion of the latter.

Due to its inherent density, positive enthalpy of formation, thermal stability, and the
presence of an active oxygen atom, the 1,2,5-oxadiazole (furazan) ring is an attractive
building block for the development of new energetic compounds [13-17]. Significant
progress has been achieved in the development of furazan-based salts, some types of which
are depicted in Figure 1. Typically, the furazan moiety is located in the anionic part of the
energetic salt, as in salts of nitramines 1 [18-23], perchlorylamines 2 [24], dinitromethyl
3 [25-32], tetrazolyl 4 [33-37], pyrazolo [3,4-c]furazanates 5 [38—40], and [1,2,3]triazolo
[4,5-c][1,2,5]oxadiazoles 6 [41]. Cations involving the furazan ring are very rare; in the
previously described salts (7 [42] and 8 [20]), the positive charge is located in the side chain.
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Figure 1. Known energetic furazan-based salts.

There is no literature precedence for energetic salts incorporating a furazan-based
backbone with a positive charge on the nitrogen atom of this ring.

Although a few 2-methyl-1,2,5-oxadiazolium [43] and 1,2,5-oxadiazolo [2,3-a]-pyrimidi
nium perchlorates [44,45] were synthesized, only partial physical and spectral properties
were available, but the sensitivity, thermal stability, combustion features, and explosive
performance were not reported. However, these early studies have demonstrated that
monocyclic salts are less accessible and more reactive.

In light of the above, we report here a new, straightforward method for the synthesis
of energetic 1,2,5-oxadiazolo [2,3-a]-pyrimidinium perchlorates, and their full character-
ization, including energetic properties. The only known pathway for the synthesis of
1,2,5-oxadiazolo [2,3-a]-pyrimidinium perchlorates is based on the reaction of 3-amino-4-R-
furazans 9 with 1,3-dicarbonyl compounds [44]. However, an investigation of the scope
and limitations of functionalized reactants has not been previously reported. Although a
range of alkyl and aryl-substituted oxadiazolo [2,3-a]-pyrimidinium perchlorates have been
prepared by this approach, there have been no examples bearing explosophoric groups [46]
so far.

223



Molecules 2022, 27, 8443

2. Results
2.1. Synthesis

Readily available 3-amino-4-methylfurazan (9a) [47] became our model precursor
of choice. There is a literature report [44] on the synthesis of 1,2,5-oxadiazolo [2,3-a]-
pyrimidinium perchlorate 10a from compound 9a and pentane-2,4-dione in a mixture of
AcOH and HCIQOy, but no synthetic details are given. In our hands, such a procedure
turned out to be somewhat unpredictable; the yield of the final 1,2,5-oxadiazolo [2,3-a]-
pyrimidinium perchlorate 10a was relatively low (only 23% vs. 73% reported earlier).

After several experiments, we found that replacing AcOH in the reaction mixture
with Ac,O improved the conversion significantly and gave a 44% yield of the product
10a (Scheme 1). A change in dehydrating agent from Ac;O to (CF3CO),0 allowed us to
increase the yield up to 87%. It has been suggested that the solubility of the product 10
in the reaction mixture is the most important in this process. (CF3CO),0 is completely
unnecessary as a reagent, and the much cheaper and easier-to-handle trifluoroacetic acid
was employed instead. Gratifyingly, treatment of amine 9a with pentane-2,4-dione in a
mixture of 58% HCIO,4 and CF3CO,H at room temperature gave the cyclocondensation
product 10a in 3 h. Thus, without any complicated workup, the desired product was
isolated in 71% yield and >99% purity through simple filtration and washing.

Cl
Me Me Mem)\WMe M
e
Me N Me \([3]/\[(:]; Me NH, Me N
I\ DT I g 0 e
N_ _N ClO, N_ _N N\O/l;l g
Me 9a NO, Me ClOs4
10a Me CF H\ 10b
\ﬂ/\ﬂ/ 3 e
O O 7
CF;
Me N— Me N=
7/ §\ )/ i\
o+ o+
- Me _
ClO4 ClO4
10c 10d

Scheme 1. Reaction of 3-amino-4-methylfurazan (9a) with 1,3-dicarbonyl compounds.

With the optimized conditions developed, we explored the scope of the method with a
variety of 1,3-dicarbonyl compounds and aminofurazans bearing explosophoric groups. A
1,3-dicarbonyl compound with one halogen, namely 3-chloropentane-2,4-dione, furnished
the desired product 10b in a good yield (85%). The use of 1,3-dicarbonyl compounds
possessing strongly electron-withdrawing substituents, e.g., trifluoromethyl or nitro groups
(Scheme 1), failed to give the corresponding bicycles 10c and 10d.

Scheme 2 shows the results of applying our optimized cyclocondensation conditions
to a range of aminofurazans. Aminofurazans bearing a functionalized methyl group, 3-
amino-4-chloromethylfurazan (9b) [48] and 3-amino-4-azidomethylfurazan (9c) [48], were
equally effective as the model compound 9a, with excellent yields (ca. 95%) being obtained
for pentane-2,4-dione in the HCIO4/CF3CO,H system. Moreover, 3-amino-4-azidofurazan
(9d) [49,50] was a good substrate for the reaction and gave the target product 9e in 71% yield.
Synthesis of 1,2,5-oxadiazolo [2,3-a]-pyrimidinium perchlorate failed in cases where the
starting furazan had a very strong electron-withdrawing substituent: reactions with 3-
amino-4-nitrofurazan 9e [51] or with 3-amino-4-tertbutylazoxyfurazan 9f [52] did not give
the desired salts 10h and 10i. Only recovery of the starting materials from the reaction
mixture was achieved.
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Scheme 2. Reaction of pentane-2,4-dione with aminofurazans.

With the exception of compound 10a, all perchlorates prepared in this way are new,
and the structures of the products have been confirmed by elemental analyses, IR, and 1y,
13¢C, 15N, and *Cl NMR spectroscopy. The 'H, 13C and >N chemical shift assignments
were determined by using 1H selective NOE, 'H-13C HSQC, 'H-13C HMBC, and 'H-°N
HMBC experiments. In the 3Cl NMR spectrum, the characteristic chlorine signal of the
perchlorate anion appeared at 1012 ppm, which is close to the reported values of similar
compounds [53]. For clarity, the compound of this study, together with relevant NMR
parameters, is depicted in Figure 2.
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Figure 2. Typical 1Y, 13C, 15N, and 35C1 NMR shifts of 1,2,5-oxadiazolo [2,3-a]-pyrimidinium perchlorates.

2.2. X-ray Analysis

The X-ray crystal structures of perchlorates 10a, 10f, and 10g, differing only by the
substituent at the 1,2,5-oxadiazole ring, are shown in Figures 3 and 4. Both symmetrically
independent molecules of methyl compound 10a adopt a planar structure. Azido groups
in three symmetrically independent molecules of 10g are rotated ca. 17.6°-26.7° out of the
plane of the bicyclic backbone. For compound 10f, the CH, N3 substituent deviates even
more significantly from the plane of the heterocycle (the C2-C1-C8-IN4 torsion angle is
equal to 59.7(2)°).
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Figure 3. General view of Me compounds 10a showing atomic numbering. Thermal ellipsoids are
given at 50% probability level. The first symmetrically independent molecule is shown.

(@) (b)

Figure 4. General view of azido compounds 10g (a) and 10f (b) showing atomic numbering. Thermal

ellipsoids are given at 50% probability level. For 10g, the first symmetrically independent molecule
is shown.

The N-O bond lengths in the 1,2,5-oxadiazole ring, which are usually the most sen-
sitive to the influence of substituents [54-56], are distributed so that the O1-N2 bond
is significantly shorter than the other one in all three compounds. The difference in
these bonds A(NO) (for 10a and 10g, the average value over symmetrically independent
molecules is used) increases in the order of the decreasing electron-withdrawing effect of
the substituent at the C1 atom (the A(NO) is 0.022, 0.026, 0.035 A for compounds 10g, 10f,
and 10a, respectively).

For all three compounds, the molecules in the crystal are linked together by O ... m,
C-H ... O(N), and van-der-Waals interactions. As expected, most of them are observed
between anions and cations, as depicted in Figures 5-7. In the cases of azido compounds
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(Figures 6 and 7), each anion (except for one in 10g, Figure 6) is linked to four cations by
means of O ... mand C-H ... O interactions, and the interaction patterns are quite similar
for both compounds. In the case of Me derivatives (Figure 5), each anion is surrounded
by three counterions. In all three structures, the cation ... cation interactions are caused
by van-der-Waals forces and weak C-H ... N hydrogen bonds, while no anion ... anion
contacts are observed.

Figure 5. Crystal packing fragment of compound 10a. C-H ... N cation ... cationand C-H ... O
and O... manion... cation interactions are shown by dashed lines. Detailed view of anion ... cation
interactions is provided at the bottom. Minor part of the disorder is omitted for clarity.
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Figure 6. Crystal packing fragment of compound 10g. C-H ... N cation—cation and C-H ... O and
O... manion ... cation interactions are shown by dashed lines. Detailed view of anion ... cation
interactions is provided at the bottom. Minor part of the disorder is omitted for clarity.
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Figure 7. Crystal packing fragment of compound 10f. C-H ... N cation ... cationand C-H ... O
and O ... mmanion ... cation interactions are shown by dashed lines. Detailed view of anion—cation
interactions is provided on the right side.

As expected, the density of Me compound 10a (1.549 g cm 2 at 100 K) is lower than
that of its azido analogues. However, unexpectedly, the density of the azido derivative 10g
turned out to be lower than that of the azidomethyl compound 10f (1.611 vs. 1.649 g cm 3
at 100 K). Probably due to the significant disorder in the structure 10f, disordered fragments
occupy a larger volume, which leads to a decrease in density.

2.3. Initial Safety Testing

For initial safety testing, the impact (IS) and friction (FS) sensitivities of perchlorates
10a, 10e-10g were measured. The sensitivity measurements were carried out using common
BAM techniques and compared to tetrazene, which is considered as the benchmark primary
metal-free explosive (Table 1). Compound 10a bearing the methyl group at 1,2,5-oxadiazole
ring and compound 10e with the chloromethyl group showed similar impact and friction
sensitivities. A change in the position of the chlorine atom—namely, its transfer from the
methyl group to the pyrimidine ring, as in compound 10c—slightly reduces the sensitivity
to friction and increases the thermal stability. Unexpectedly, when the chloromethyl group
was replaced with an azidomethyl group, as in compound 10f, the sensitivity decreased to
2.6 J. The friction sensitivity of compound 10a is two times lower than that of the chlorine
derivative 10e, and two times higher than that of azidomethyl compound 10f. The primary
differential scanning calorimetric (DSC, 5 °C min 1) tests are also presented in Table 1.
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Table 1. Explosive sensitivity for compounds of this study in comparison with tetrazene.

Compound Formula IS,2] FS,P N DSC, € °C
10a Cslgzg_légﬁf’ 2.0+ 0.4 3246 212
10b Csf(lggzolgfoi? 21408 36 +8 177
10e Csilggcglﬁ;;% 241 60 + 30 207
10f Cs?g(ilgf% 26+ 1.1 16 + 8 142
10g C7}(1279(E)1'16§)6O5 1.0+03 594038 136

tetrazene Cz(lfgsgNlllg)O 1 3+2 <5 127

2 Impact sensitivity (STANAG 4489). P Friction sensitivity (STANAG 4487). © Onset decomposition temperature
(DSC, 5 °C min™1).

All perchlorates in this study are more thermally stable than tetrazene, slightly ex-
ceeding it in impact sensitivity, but less sensitive to friction. Compound 10g with the azido
group at the 1,2,5-oxadiazole ring is the most impact- and friction-sensitive in this series
of salts.

2.4. Thermal Analysis

Since the azide compounds 10f and 10g are the most energetic, we continued to char-
acterize them and the model compound 10a from the point of view of their decomposition
under heating. The thermal stabilities of the compounds were determined by DSC and
thermogravimetric analysis (TGA) measurements scanning at 10 °C min~!. The model
compound 10a decomposes without melting, and the maximum heat release was observed
at 218-219 °C, which is comparable to that of common RDX. However, decomposition
proceeds very intensively; an acceptable DSC curve can only be obtained on a sample
less than 0.2 mg. In TGA measurements, the weight loss occurring at this temperature is
approximately 19%, which is close to MeCN release (15.6%), as previously observed for
1,2,5-oxadiazoles [48,57-62]. Further weight loss is observed after 280 °C, which character-
izes the second stage of decomposition (see Supplementary Materials, Figure S1).

Decomposition of the model compound 10a under isothermal conditions was per-
formed using a Bourdon glass compensation pressure gauge [63] in the temperature range
of 160-180 °C. The ratio of the weight of the sample to the volume of the reaction vessel
(m/V) was ~1 x 1073 g cm3. The destruction of 10a under this condition proceeds with an
acceleration in time, which, at temperatures above 160 °C, turns into a degenerate thermal
explosion (Supplementary Materials, Figure S4). During decomposition, only 60-95 cm? g
or 0.7-1.11 moles of colorless gaseous products were released from a mole of the initial 10a,
most of which condenses during cooling. After stopping the process, a dark brown powder
remains at the bottom of the vessel. An absorption band of the C1O4~ (1100 cm 1) anion
was observed in the IR spectrum of the residue.

A probable mechanism of the initial destruction stage of salt 10a is proposed in
Scheme 3. This is consistent with the typical decomposition mechanism of 1,2,5-oxadiazoles
previously observed for various compounds of this heterocycle [57,58,60,62]. The breaking
of the two bonds of the 1,2,5-oxadiazole ring (indicated in the Scheme 3) gives the nitrile
product A as a result of the typical ring disintegration process. Rapid intermolecular cy-
clization of the resulting reactive monocyclic intermediate B leads to a tricyclic intermediate
C, capable of further transformations.
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Scheme 3. The proposed first stage of decomposition of salt 10a.

X-ray diffraction analysis of 10a shows that the O1-N2 bond is significantly shorter
than the other O1-N1 bond of the 1,2,5-oxadiazole ring, which explains the breaking of
the latter. The IR spectrum of the final residue includes bands corresponding to C=N
bonds (1640, 1590, 1430 cm™1), as well as a strong absorption band of the ClO4~ anion
(1100 cm™1).

The main heat effect is achieved due to the formation of C-O bonds during the
formation of tricyclic compound C. The formation of two new C-O bonds, even without
taking into account the change in the enthalpy part, makes it possible to estimate the heat
effect at 746 ] g~!, which is in good agreement with the DSC data (1164 ] g~ 1).

Compound 10f bearing the CH;N3 group at the 1,2,5-oxadiazole ring melts at 142 °C
(enthalpy of melting Ly, > 23 ] g~ 1), and, immediately after this, the exothermic stage
of decomposition begins (Supplementary Materials, Figure S3). Decomposition of 10f
proceeds in two stages. At the first, occurring at 143-180 °C with a maximum at 159 °C
(1438 ] g 1), the weight reduction was 27.6%, which corresponds to a loss of N3CH,CN
(26.9%), as a result of the breaking of two bonds in the 1,2,5-oxadiazole ring, similar to
what was observed for 10a (Scheme 3). With such isothermal decomposition of 10f, the gas
release is 120 cm® g1 or 1.66 mol per mol of the compound (see Supplementary Materials,
Figure 56). It is obvious that, in this case, there is also a decomposition of the azide group.

Compound 10g bearing an electron-withdrawing azide group at the 1,2,5-oxadiazole ring
is slightly less thermally stable. When heated using a 10 °C min~! ramp rate, it decomposes in
the range of 140-164 °C (maximum heat release of 150 °C). Total energy of the decomposition
was 2061 ] g~ 1. Weight loss at this stage reaches 54%, which indicates a deeper decomposition
process than is shown in Scheme 3. On the DSC curve, there is another area with weaker heat
release at 325 °C, where the weight loss is 21% (see SI, Figure S2).

The decomposition of all compounds of this study under isothermal conditions pro-
ceeds with an acceleration in time, and, after completion, a dark brown powder remains
at the bottom of the vessel. Here, decomposition was carried out at temperatures below
the onset decomposition temperature registered in the DSC. The observed acceleration
is associated with the submelting of samples. The analysis of such gas release curves
makes it possible to simultaneously determine two decomposition constants, (i) in the solid
phase (ks) and (ii) in the liquid phase (kj;q). The obtained data are summarized in Table 2
and Figure S7 (see Supplementary Materials). The activation energies of decomposition
in the solid phase are relatively low (145-164 k] mol_l) and, within the measurement
error (10 k] mol 1), practically do not change during the transition to the liquid phase
(152-157 k] mol~1). In general, there are two trends in the data in Table 2. The first is that
the decomposition in the liquid phase is much faster than in the solid phase. The second
trend is that the rate decomposition constants of the perchlorates of this study, both in
the solid phase and in the melt phase, and the Hammett constants of the substituent at
the 1,2,5-oxadiazole ring, increase synchronously. A good correlation between the rate of
thermal decomposition and the Hammett constant indicates a unified mechanism of the
initial stage of destruction of these compounds.
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Table 2. Parameters of the Arrhenius equation for perchlorates and benchmark tetrazene.

c d
Sampl Substituent or? State T,°C logA ® k]f;’o -1 sl—(%sg?lo‘}
10a CHj; —0.07 Solid 160-180 14.5 164 0.015
10f N3CH, 0.11 Solid 110-120 14.3 157 0.084
10g N3 0.33 Solid 80-105 15.0 145 12
Tetrazene © Solid 115-125 18.7 163 372
10a CH; ~0.07 Liquid 170-180 18.7f 183 f 11
10f N3CH, 0.11 Liquid 110-130 17.6 157 163
10g N3 0.33 Liquid 90-110 18.8 152 530

2 Hammett constant [64]. ® The Arrhenius preexponential factor. ¢ Activation energy. 4 Rate constant at 150 °C.
€ Data from non-isothermal conditions [65]. f Estimated values for two points.

Since the decomposition of compounds proceeds with acceleration, the data obtained
under non-isothermal conditions (see Supplementary Materials, Table S1) give the formal
kinetics of the total process. Previously, the decomposition of tetrazene was described only
under non-isothermal conditions [65]. Comparison of the decomposition kinetics under
the same conditions (see Supplementary Materials, Figure S7) reveals that the perchlorates
of this study are superior to tetrazene in thermal stability. The decomposition rate constant
of tetrazene at 150 °C is several orders of magnitude higher than that of the studied
perchlorates (Table 2).

2.5. Combustion

The combustion behaviors of the perchlorates were studied on pressed charges in
polyurethane tubes (4 mm inner diameter and ca. 8 mm length). However, at elevated
pressures, combustion in the tubes turns into an explosion. For example, the compound
10g could be burned only at a pressure below 3 MPa. For compound 10f, a clear result
was obtained only when using charges in the form of thin (~1 mm) plates pressed to a
high density. The use of such charges avoids the penetration of hot gases into the pores
and prevents the transition of layer-by-layer combustion in convective ones. As a result,
compound 10f was able to burn even at high pressures (Figure 8 and Table 3).

500
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0.1 0203 05 1 2
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Figure 8. Comparison of burning rates at different pressures for 10a, 10f, and 10g with tetrazene and
HMX. Dotted line is extrapolation.
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Table 3. The combustion parameters of perchlorates and benchmark compounds.

Burning Rate r;, = Ap™ d
Compound Ap, * MPa Tb1o,
Ab n¢ mm s~1
10a 0.1-0.4 427 0.96
0.4-10.0 39.7 0.80 250
10g 0.1-0.4 14.4 0.21
0.4-10.0 23.6 0.76 139
10f 5.1-10.0 15.3 0.85 109
Tetrazene 0.1-10.0 64.0 0.83 435
HMX 0.1-10.0 247 0.82 16

2 Pressure range. ® Empirical coefficient. ¢ Pressure exponent in the burning rate law. ¢ Calculated burning rate at
10 MPa.

As can be seen from Figure 8, the burning rates of compounds 10 are significantly
higher than HMX (1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane) [66] and comparable to the
burning rates of tetrazene [67].

Remarkably, the burning rates of the perchlorates of this study increase in the following
order: 10f < 10g < 10a. However, a similar trend is observed in terms of increasing stability;
that is, the decomposition rate of these perchlorates decreases. This result demonstrates a
drastic difference from the usual correlations, when an increase in thermal stability leads
to a decrease in the burning rate. It can be assumed that the thermolysis of perchlorates,
which proceeds with the formation of gaseous products, is a process that determines
the temperature of their surfaces during combustion. In this case, the more stable the
perchlorate, the higher the temperature of its surface during combustion. If the burning
rate is determined by reactions in the condensed phase, which is typical for compounds
with low thermal stability [68], the surface temperature at which the leading combustion
reaction takes place will be a more significant factor than the decomposition rate.

2.6. Explosive Performance

To evaluate the performance of these newly synthesized compounds, the enthalpies of
formation were calculated (see Supplementary Materials) and are summarized in Table 4.
Even for the model compound 10a bearing three ballast methyl groups, the enthalpy of
formation is positive and there is +0.56 k] g1, which is twice as high as that of benchmark
1,3,5-trinitro-1,3,5-triazinane (RDX; +0.32 k] g_l). As expected, the introduction of an azide
group into one methyl group, and, moreover, the replacement of the methyl group with
an azide group, significantly increases the enthalpy of formation, which exceeds the value
for tetrazene [69]. This is clearly seen in Table 4. It is obvious that the further replacement
of the remaining methyl groups with explosophoric substituents will make it possible to
design more effective target products.

Table 4. Explosive performance for compounds of this study in comparison with tetrazene.

A HO c
Formula q20,a b f - D, d Pcy, ©
Compound Mw om-3 o kJ mol me1 GPa
8 (kJ g~1)
C8H10C11 N305 +147.1
10a (263.63) 1.502 0.262 (+0.56) 6400 19
C8H9C11N605 +552.8
10f (304.65) 1.599 0.268 (+1.81) 7000 25
C7H7C11N605 +557.2
10g (290.62) 1.562 0.314 (+1.92) 7000 24
C2H8N1001 +156 [69]
Tetrazene (188.15) 1.635 0.125 (+0.83) 7600 20

2 Density at room temperature.  Oxygen coefficient. For a compound with the molecular formula of
CxHyHalyNwO,, « = (z + v/2)/(2x + y/2). A compound with a > 1 is an oxidizer. ¢ Calculated enthalpy

of the formation for solid state. ¢ Detonation velocity at maximal density. © Detonation pressure.
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With the crystal density and enthalpy of formation data in hand, the explosive perfor-
mance of perchlorates was demonstrated with the refined empirical methods implemented
in the PILEM code [70]. Since the salts in Table 4 are more than two times poorer in
oxygen than RDX (« = 0.667), their detonation velocities are lower than those of RDX
(D = 8850 m s 1), close to that of trinitrotoluene (TNT, D = 6663 m s~ !), and slightly lower
than that of tetrazene.

The results presented in Tables 2 and 4 show that compounds 10f and 10g bearing
CH;Nj3 and N3 groups, respectively, have similar performance with respect to detonation
velocity and detonation pressure, whereas 10f is less sensitive to impact and friction.
This feature can be used for the further tuning of the [1,2,5]oxadiazolo [2,3-a]pyrimidin-8-
ium backbone.

3. Materials and Methods

Caution: Although we have encountered no difficulties during preparation and han-
dling of these products, they are potentially explosive energetic materials. Manipulations
must be carried out by using appropriate standard safety precautions.

Most of the reagents and starting materials were purchased from commercial sources
and used without additional purification. The starting 3-amino-4-methylfurazan (9a) [47],
3-amino-4-chloromethylfurazan (9b) [48], 3-amino-4-azidomethylfurazan (9c) [48], 3-amino-
4-azidofurazan (9d) [49,50], 3-amino-4-nitrofurazan 9e [51], and 3-amino-4-tertbutylazoxyfu
razan 9f [52] were synthesized by using previously reported procedures.

IR spectra were recorded on a BrukerALPHA instrument in KBr pellets. The 'H
and 13C, 4N spectra were recorded on a Bruker AM-300 instrument (300.13, 75.47, and
21.69 MHz, respectively) at 299 K. The chemical shifts of 'H and *C nuclei were reported
relative to TMS (*H and '3C, 0.00 ppm). 'H-'>N HMBC experiments were run to measure
the 1N chemical shifts (1°N, relative to liquid NHjz, 0.00 ppm). Elemental analysis was
performed on a PerkinElmer 2400 Series II instrument. Analytical TLC was performed
using commercially pre-coated silica gel plates (Kieselgel 60 Fy54), and visualization was
effected with short-wavelength UV light.

Thermal stability was studied by differential scanning calorimetry (DSC) using a
Mettler Toledo DSC 822e module. The sample (1-2 mg) was weighed in an aluminum
crucible (40 pL), sealed under air with a press, and then pierced with a needle to leave
two holes with a diameter of ca. 1 mm. The decomposition of a sample was carried out
in a nitrogen atmosphere at a purge rate of 50 pL. min~!. The temperature of the onset of
intense decomposition (Tonset) Was taken as the temperature determining thermal stability.
The samples were subjected to thermostating in the measuring cell at a temperature of
25 °C for 30 min before the start of measurements.

Impact and friction sensitivities were measured with a BAM-type apparatus in a series
of experiments according to STANAG procedures [71,72].

The burning rate was determined in a constant-pressure device (Crawford bomb)
with a volume of 2 L in a nitrogen atmosphere. The combustion process of the sample
was recorded using a pressure strain gauge, which transmitted the signal to a digital
oscilloscope. The start and end times of combustion were determined from oscillograms.
The burning rate was calculated by dividing the sample height by the burning time and
was related to the mean integral pressure during the experiment. The error in determining
the burning rate did not exceed 3%.

Single-Crystal X-ray Diffraction Study. The single crystals of perchlorates 10a, 10f,
and 10g were grown by crystallization from hot AcOH solution. Single-crystal X-ray
diffraction experiments were carried out using a SMART APEX2 CCD diffractometer
(AMo-Ka) = 0.71073 A, graphite monochromator, w-scans) at 100 K. Collected data were
processed by the SAINT and SADABS programs incorporated into the APEX2 program
package [73]. The structures were solved by the direct methods and refined by the full-
matrix least-squares procedure against F? in anisotropic approximation. The refinement was
carried out with the SHELXTL program [74]. The CCDC numbers (2210557 for 10a, 2210558
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for 10f, and 2210559 for 10g) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif,
accessed on 1 November 2022.

Crystallographic data for compound 10a: C;H;NgO"ClO4~ are monoclinic, space group
P2, /c:a=15.1208(6) A, b =11.7428(5) A, c = 20.4811(8) A, B = 98.7126(13)°, V = 3594.7(3) A3,
Z =12, M =290.64, deryst = 1.611 g-cm 3. wR2 = 0.2394 calculated on F2 for all 7199 in-
dependent reflections with 26 < 52.5° (GOF = 1.004, R = 0.0680 calculated on Fyy for
5235 reflections with [ > 20(I)).

Crystallographic data for compound 10f: CgHoNgO*ClO, ~ are monoclinic, space group
P2;/n:a=8.1920(3) A, b = 13.8353(5) A, c = 10.8329(4) A, p = 91.751(2)°, V = 1227.21(8) A3,
Z =4, M = 304.66, dcryst = 1.649 g-cm 3. wR2 = 0.0805 calculated on F2j, for all 2703 in-
dependent reflections with 26 < 54.2° (GOF = 1.050, R = 0.0297 calculated on Fyy, for
2300 reflections with I > 20(I)).

Crystallographic data for compound 10g: CgH;oN3O*ClO4 ™ are triclinic, space group
P-1: a = 11.2823(6) A, b = 11.4350(6) A, c = 11.6297(6) A, « = 98.260(3)°, B = 118.986(2)°,
v =110.895(2)°, V = 1130.45(11) A3, Z = 4, M = 263.64, dcryst = 1.549 g-cm 3. wR2 = 0.1358
calculated on F?; for all 4613 independent reflections with 26 < 52.8° (GOF = 1.105,
R =0.0522 calculated on Fj; for 3871 reflections with I > 20(I)).

3,5,7-Trimethyl-[1,2,5]oxadiazolo [2,3-a]lpyrimidin-8-ium perchlorate (10a). A mix-
ture of 58% HCl1Oy4 (0.97 g, 5.6 mmol), CF3CO,H (3.5 mL), and 3-amino-4-methylfurazan
(0.5 g, 5.0 mmol) was stirred for 5 min at rt, and pentane-2,4-dione (0.56 g, 5.6 mmol) was
added. The mixture was stirred for 3 h at rt and then diluted with Et,O (20 mL). The
precipitate was isolated by filtration, washed with EtOH (3 x 5 mL) and Et,O (2 x 5mL),
and dried under vacuum to give salt 10a (80%) as a white solid: mp 213-214 °C dec [lit. [44]
mp 195-197 °C (dec)]; IR (KBr) v 3092, 2934, 1629, 1575, 1563, 1442, 1401, 1377, 1363, 1269,
1205, 1094 cm~1; TH NMR (CD5CN) 6 2.84 (s, 3H), 2.95 (s, 3H), 3.05 (s, 3H), 8.06 (s, 1H); 13C
NMR (CD3CN) 6 9.3, 16.2, 25.6, 122.7, 146.2, 151.1, 154.7, 177.9; >N NMR (CD3CN) 6 268.8,
281.0, 389.2; 3°CI NMR (CD5CN) § 1012.1. Anal. Caled for CgH;oCIN3O5 (263.63): C, 36.45;
H, 3.82; N, 15.94. Found: C, 36.40; H, 3.79; N, 15.91.

6-Chloro-3,5,7-trimethyl-[1,2,5]oxadiazolo [2,3-a]lpyrimidin-8-ium perchlorate (10b).
Following the same procedure outlined above, 3-chloropentane-2,4-dione gave the desired
product 10b (85%) as a white solid: mp 180-181 °C dec; IR (KBr) v 3026, 2934, 1605, 1552,
1395, 1266, 1095 cm~—1; 'H NMR (CD3CN) 6 2.63 (s, 3H), 3.02 (s, 3H), 3.14 (s, 3H); 13C NMR
(CD3CN) 6 8.9, 15.2,25.1, 132.1, 143.4, 149.3, 154.5, 175.1. Anal. Calcd for CgHgCI,N305
(298.08): C, 32.24; H, 3.04; N, 14.10. Found: C, 32.29; H, 3.07; N, 14.05.

3-Chloromethyl-5,7-dimethyl-[1,2,5]oxadiazolo [2,3-a]pyrimidin-8-ium perchlorate
(10e). Following the same procedure outlined above, the reaction of 3-amino-4-chloromethy
lfurazan (9b) with pentane-2,4-dione gave the desired product 10e (96%) as a white solid:
mp 195-196 °C dec; IR (KBr) v 3076, 3023, 2932, 1626, 1572, 1441, 1396, 1377, 1262, 1202,
1093, 779, 738, 625 cm~!; TH NMR (CD3CN) 6 2.98 (s, 3H), 3.02 (s, 3H), 3.08 (s, 3H), 5.21
(s, 2H), 8.12 (s, 1H); 13C NMR (CD;CN) § 15.3, 24.8, 31.8, 122.4, 143.7, 150.6, 153.0, 177.7.
Anal. Calcd for CgHyCl,N305 (298.08): C, 32.24; H, 3.04; N, 14.10. Found: C, 32.21; H, 3.02;
N, 14.06.

3-Azidomethyl-5,7-dimethyl-[1,2,5]oxadiazolo [2,3-a]pyrimidin-8-ium perchlorate
(10f). Following the same procedure, the reaction of 3-amino-4-azidomethylfurazan (9c)
with pentane-2,4-dione gave the desired product 10e (94%) as a white solid: mp 195-
196 °C dec; IR (KBr) v 3081, 2934, 2215, 2125, 1624, 1573, 1442, 1424, 1333, 1282, 1264, 1195,
1093 cm~!; 'H NMR (CD5CN) § 2.93 (s, 3H), 3.05 (s, 3H), 3.08 (s, 3H), 5.04 (s, 2H), 8.08 (s,
1H); 13C NMR (CD;CN) 6 14.5, 23.9, 42.2, 121.4, 143.3, 149.7, 151.7, 176.7. Anal. Calcd for
CsHoCINgOs (304.65): C, 31.54; H, 2.98; N, 27.59. Found: C, 31.60; H, 3.03; N, 27.56.

3-Azido-5,7-dimethyl-[1,2,5]oxadiazolo [2,3-alpyrimidin-8-ium perchlorate (10g).
Following the same procedure, the reaction of 3-amino-4-azidofurazan (9d) with pentane-
2,4-dione gave the desired product 10g (71%) as a white solid: mp 140-141 °C dec; IR (KBr)
v 3082, 2930, 2157, 1625, 1543, 1443, 1412, 1306, 1266, 1177, 1091 cm~!; 'H NMR (CD3CN)
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52.96 (s, 3H), 3.05 (s, 3H), 8.13 (s, 1H); 13C NMR (CD;CN) 6 15.9, 25.6, 123.5, 140.8, 152.0,
153.0, 178.2. Anal. Caled for C;H,CINgOs (290.62): C, 28.93; H, 2.43; N, 28.92. Found: C,
29.00; H, 2.47; N, 28.86.

4. Conclusions

A new group of furazan-based energetic materials, [1,2,5]oxadiazolo [2,3-a]pyrimidin-
8-ium perchlorates bearing explosophoric groups, have been synthesized for the first time.
The synthetic protocol does not require complex procedures, relying on the simple mix-
ing of available reagents and the usual filtering of the desired product. All compounds
were fully characterized by multinuclear NMR spectroscopy and X-ray crystal structure
determinations. Initial safety testing (impact and friction sensitivity) and thermal sta-
bility measurements (DTA) were also carried out. These salts demonstrate an excellent
burn rate and combustion behavior. Considering the simplicity of preparation and the
inherent combination of properties, the [1,2,5]oxadiazolo [2,3-a]pyrimidin-8-ium backbone
may be used as an effective building block in the creation of new energetic materials for
various purposes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27238443/s1. Figures of thermograms for decomposition in
non-isothermal conditions, curves of decomposition in isothermal conditions, estimation of standard
(solid-state) enthalpies of formation, and copies of NMR spectra are available in supplementary
information. Figure S1. Figure S2. TGA and DSC curves of compound 10g at a heating rate
10 °C min~!. Figure S3. TGA and DSC curves of compound 10f at a heating rate 10 °C min~?.
Table S1. Results of DSC study for compounds of this study. Figure S4. Gas release curves of
compound 10a at different temperatures. Points are experiment, lines are fittings. Figure S5. Gas
release curves of compound 10f at different temperatures. Points are experiment, lines are fittings.
Figure S6. Figure S7. Comparison of decomposition kinetic data for compounds 10a, 10f, 10g and
tetrazene obtained in non isothermal (DSC, triangles) and isothermal (Manometry, points) conditions.
Figure S8. Effect of Hammett constants of substituent constants at the 1,2,5-oxadiazole ring on the
decomposition rate in liquid and solid state. Temperature is 150 °C. Figure S9. The Born-Haber
thermodynamic cycle employed for the estimation of the formation enthalpy of the crystalline salts
10a, 10f, and 10g. Table S2. The Thermochemical Properties of compounds 10a, 10f, and 10g. Points
are experiment, lines are fittings. Refs. [75-89] are cited in the Supplementary Materials.
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Abstract: C-glycopyranosyl derivatives of six-membered heterocycles are scarcely represented in
the chemical literature and the title 3-glycopyranosyl-1,2,4-triazines are completely unknown. In
this paper, the first synthesis of this compound class is accomplished by the cyclocondensation
of C-glycosyl formamidrazones and 1,2-dicarbonyl derivatives. In addition, the synthesis of C-
glycopyranosyl 1,2,4-triazin-5(4H)-ones was also carried out by the transformation of the above
formamidrazones with a-keto-carboxylic esters. Inverse electron demand Diels—Alder reactions of 3-
glycopyranosyl-1,2,4-triazines with a bicyclononyne derivative yielded the corresponding annulated
2-glycopyranosyl pyridines.

Keywords: C-glycosyl compound; 1,2,4-triazine; amidrazone; IEDDA; pyridine

1. Introduction

Triazines in general and 1,2,4-triazines in particular are a significant class of six-
membered heterocyclic compounds that are constituents of many bioactive molecules,
among them marketed drugs [1-3].

C-glycosyl compounds are one of the most intensively explored types of glycomimetics,
compounds that resemble natural glycans in their chemical structure or/and biological
activity [4]. While C-glycosyl derivatives of five-membered heterocycles are widely known
and also studied for their biological effects, those of six-membered heterocycles are barely
represented in the literature [5]. Recognising this deficiency, we have started a program
to synthesise mostly unknown C-glycosylated six-membered heterocycles. Thus far, we
have published the syntheses of 2-glycopyranosyl pyrimidines [6-8] and 3-glycopyranosyl
1,2,4,5-tetrazines [9].

C-glycosyl 1,2,4-triazines are represented in the literature, to the best of our knowl-
edge, by five compounds altogether: an O-perbenzoylated 6-(3-D-arabinofuranosyl)-
3-amino-1,2 4-triazine, obtained from the corresponding C-glycosyl formaldehyde in a
multistep one-pot transformation [10]; O-perbenzylated 5-(x- and (3-D-ribofuranosyl)-3,6-
bis(trifluoromethyl)-1,2,4-triazines [11] and their 2-deoxy-ribofuranosyl counterparts [12],
prepared by cycloadditions of the corresponding C-glycosyl formimidates and 3,6-bis
(trifluoromethyl)-1,2,4,5-tetrazine.

In this work, the synthesis of 3-glycopyranosyl-1,2,4-triazines is reported, which
compound class is completely unknown in the chemical literature. In addition, some trans-
formations of these triazines in inverse electron demand Diels—Alder (IEDDA) reactions
are also described.

2. Results and Discussion

For the construction of 3-substituted 1,2,4-triazines, the cyclocondensation of carbox-
amidrazones with 1,2-dicarbonyl derivatives is one of the most common methods [1,13,14].
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Thus, for the synthesis of 3-(3-D-glucopyranosyl)-1,2,4-triazines, such transformations were
envisaged starting from O-perbenzoylated C-3-D-glucopyranosyl formamidrazone 1 [15],
prepared earlier in our laboratory to get C-glucosyl 1,2,4-triazoles [15] and -triazolones [16].
The ring-closures of 1 with «-keto aldehydes in dry EtOH under heating (Table 1, i) pro-
vided a set of 5-alkyl- and -aryl-substituted 1,2,4-triazines 2b-f (Entries 2—4,7,8) in high
yields. The cyclisations of 1 with glyoxal and benzil were also carried out, resulting
in unsubstituted and 5,6-diphenyl-1,2,4-triazines 2a and 2g, respectively, in good yields
(Entries 1 and 9).

Table 1. Synthesis of 3-(3-D-glucopyranosyl)-1,2,4-triazines.

R2 1
1 2 2
oBz N2 R JH( L &0Bz N NER
Bzow &) Bzo\-0 ., Il _Is ;
BzO NH, i BzOoN 3 N R

OBz OBz
! 2a-g
o R2=H l v
0 OH N
R! JS( H HO N R?
R'-——H OH
(0]
i 3a-g
(i) dry EtOH, reflux; (if) SeOp, DMSO, 110 °C; (iii) NIS, cat. TsOH, DMSO, 110 °C;
(iv) NaOMe/MeOH, r.t.
Conditions and Yields (%)
Entry R! R2 2 3
1 a H H i 90 v 63
2 CHj; H i 84 (1 58
3 C (CH3)3 H 1 83 v 88
4 i 83
5 d H ii 50 iv 72
6 iii 60
7 e @ H i 97 v 73
OMe

90 v 72

SP

To test the potential applicability of other starting reagents, the use of methyl ketones
or alkynes for the in situ generation of 1,2-dioxo compounds under oxidative conditions [17]
was also tried. Thus, one-pot reactions involving the oxidation of acetophenone or pheny-
lacetylene to phenylglyoxal by SeO; or NIS, followed by ring-closure with amidrazone 1,
were carried out (Table 1, ii and iii) to result in the expected 5-phenyl-1,2,4-triazine 2d in
good yields (Table 1, Entries 5 and 6). A comparison of the yields obtained in the direct (i)
and one-pot reactions (ii and iif) showed, however, the superior effectiveness of the former
procedure (Entry 4 vs. Entries 5 and 6).
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In addition, O-debenzoylation of the newly synthesised 3-glycosyl 1,2,4-triazines was
also performed under Zemplén conditions to give the unprotected derivatives 3a-g in good
yields (Table 1).

In order to extend the scope of the 3-glycopyranosyl-1,2,4-triazines, the synthesis of
peracylated glucosamine derivatives was also investigated. C-(2-deoxy-2-phthalimido-
3,4,6-tri-O-acetyl-[3-D-glucopyranosyl)formamidrazone (5) was prepared first as a precursor
by the reaction of the corresponding iminoester 4 [18] with hydrazine hydrate (Table 2).
Heating of 5 with 1,2-dicarbonyl derivatives in EtOH furnished the expected heterocycles
6a—e in moderate to good yields (Table 2).

Table 2. Synthesis of 3-(2’-deoxy-2'-phthalimido-3' 4’ 6'-tri-O-acetyl-B-D-glucopyranosyl)-1,2,4-triazines.

o)

2 2

OAc NH oAc N2 R1JJ\H/R 0Ac NAVNR

AcO OEt AcO NH, AcO N~ R?
NPht NPht ji NPht
4 5 (87%) 6a-e

(i) NH,NH;, H,O, EtOH, r.t.; (if) dry EtOH, reflux
R! R? Yield of 6 (%)

a H H 58
CH; H 62
c (CHs)s H 67

N o

The regioselectivity in the formation of 2b—f and 6b—d is based on the reactivity pattern
of the functional groups involved in the two-step cyclocondensation process. Thus, the
condensation between the aldehyde group of higher electrophilicity in the corresponding
1,2-dioxo compound and the hydrazine part of higher nucleophilicity in the amidrazone,
as the first step, can be followed by an intramolecular cyclisation of the resulting hy-
drazone, involving the remaining keto group and the amide-type NH;, which leads to
3,5-disubstituted 1,2 4-triazines [13,14].

The position of the R! substituent in 2b—f and 6b-d was also corroborated by 'H
NMR. According to the literature data, the H-6 resonance of 5-substituted 1,2,4-triazines
appears in the range of 9.0-10.0 ppm (Figure 1, A), while the corresponding H-5 signal for
the isomeric 6-substituted derivatives is found below 9.0 ppm (B) [14]. This characteristic
singlet for 2b—f and 6b—d appeared above 9.0 ppm in each case, providing evidence for the
formation of the 5-substituted regioisomers.

56 =9.0-10.0 ppm

2 1 l 2 1
3 N=N 6 5 N=N 6
\ H \ R'
N e
4 R 4 H =—— §=8.3-8.9 ppm
A B

Figure 1. Differentiation of 3,5- and 3,6-disubstituted 1,2,4-triazine isomers by the chemical shift
ranges of the H-6/H-5 signals.
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C-glycopyranosyl formamidrazones 1 and 5 were also used for the preparation of
C-glycosyl 1,2 ,4-triazin-5(4H)-ones (Table 3). In the reaction of 1 with ethyl glyoxalate
or methyl pyruvate in boiling EtOH, a simple condensation took place, providing the
corresponding N'-alkoxycarbonylalkylidene amidrazones 7a,b in moderate yields. Car-
rying out the reaction in boiling toluene triggered the desired intramolecular cyclisa-
tion of intermediates 7a,b, accompanied, however, by a 1,2-elimination of benzoic acid
from the sugar moiety, yielding glycal derivatives 8a,b. Similar concomitant elimina-
tion was described earlier in the synthesis of a 3-glycosyl-1H-1,2,4-triazol-5(4H)-one con-
structed by the thermal ring-closure of N'-ethoxycarbonyl-C-(2,3,4,6-tetra-O-benzoyl-B-D-
glucopyranosyl)formamidrazone [16]. Other analogous eliminations were reported during
the syntheses of C-glycopyranosyl heterocycles (e.g., 1,2,4-oxadiazoles and -thiadiazoles,
benzimidazoles, perimidines) from the corresponding O-peracylated precursors [5].

Table 3. Synthesis of 3-glycopyranosyl-1,2,4-triazin-5(4H)-ones.

R1
oBz N-NH2 ; OBz N/N:<COOR2
Bzow > BzO o |
BzO NH, BzO NH,
OBz o OBz
1 7a,b
2 )
RAKWOR
o OBz
" BzO (@] N—N
Ui Bz(ﬁ/)_« \ R1
HN
8a,b 0
(0]

R1ﬂ\[(OR2 N._R!
oAc N~ NH2 OAc NS
AcO NH, ii AcO N (0]

NPht NPht H
5 9a,b
(i) dry EtOH, reflux; (ii) dry toluene, reflux
Product R! R? Yield (%)
7a H CH2CH3 39
7b CH; CH; 59
8a H - 57
8b CHj - 75
9a H - 51
9b CHj; - 50

The cyclisations of amidrazone 5 with the same «-keto esters in boiling toluene were
also carried out, producing the expected C-glucosaminyl heterocycles 9a,b in acceptable
yields (Table 3).

To demonstrate the synthetic utility of the prepared C-glycosyl 1,2,4-triazines, some
IEDDA reactions with ((1R,8S,9r)-bicyclo[6.1.0]lnon-4-yn-9-yl)methanol (10, BCN) [19] were
performed (Table 4). The [4+2] cycloadditions carried out with triazines 2a,b,d and 3d were
accomplished in CH,Cl, or MeOH at room temperature, producing diastereomeric mixtures
of the expected annulated pyridine derivatives 11a,b,d and 12d in high yields, respectively.
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Table 4. IEDDA reactions of some 3-glucopyranosyl-1,2,4-triazines with a bicyclononyne derivative.

OR N”N
sgre I I o on
1
RO OR N R CH,Cly, r.t. for 2 RO
2,3 MeOH, r.t. for 3
11a,b,d, 12d
inseparable mixtures of the two diastereomers
Triazine R R! Reaction  p \juct  Yield (%) Dlastereomeric
Time Ratio
2a Bz H 2d 11a 97 5:4
2b Bz CHj 6d 11b 41 5:4
2d Bz Ph 6d 11d 73 5:4
3d H Ph 5d 12d 94 1:1

To get further 2-glucopyranosyl pyridines, the transformations of 1,2,4-triazine 2a
with norbornadiene and 1-pyrrolidino-1-cyclopentene were also attempted. The desired
heterocycles could not be obtained even at elevated temperatures (e.g., in boiling m-xylene)
as no significant conversion of the starting material could be observed, while a slow
decomposition of the starting material began after a prolonged reaction time (1 day). This
may be due to the lack of an electron-withdrawing substituent on the triazine ring, which
could activate this heterocycle towards IEDDA reactions.

3. Experimental
3.1. General Methods

Melting points were measured on a Kofler hot stage, and the values are uncorrected.
Optical rotations were obtained at ambient temperature using a P-2000 polarimeter (Jasco,
Easton, MD, USA). The 'H and '3C NMR spectra of the prepared compounds were recorded
with DRX360 (360/90 MHz for 'H/3C) or DRX400 (400/100 MHz for 'H/!3C) spectrome-
ters (Bruker, Karlsruhe, Germany). Chemical shifts are referenced to Me;Si ('H-NMR) or
to the residual solvent signals (13C-NMR). For HRMS measurements, a Bruker maXis II
(ESI-HRMS) spectrometer was used, and the data were determined in positive ionisation
mode. DC Kieselgel 60 F»s4 plates (Sigma-Aldrich, Saint Louis, MO, USA) were used for
TLC analysis, and the spots on the plates were visualised under UV light and developed by
gentle heating. Column chromatographic purification was performed by using Kieselgel 60
silica gel (Molar Chemicals, Halasztelek, Hungary, particle size 0.063-0.2 mm). Anhydrous
EtOH was purchased from VWR Chemicals. Anhydrous CHCl3, toluene and MeOH were
obtained by atmospheric distillation from P4O;9 (CHCl3 and toluene) or over Mg turnings
and iodine (MeOH). C-(2,3,4,6-Tetra-O-benzoyl-3-D-glucopyranosyl)formamidrazone 1 [15]
and ethyl C-(2-deoxy-2-phthalimido-3,4,6-tri-O-acetyl-3-D-glucopyranosyl)formimidate
4 [18] were synthesised according to our earlier reported methods. ((1R,85,9r)-Bicyclo
[6.1.0]non-4-yn-9-yl)methanol 10 [19] was obtained following a literature procedure.

3.2. General Procedure 1 for the Synthesis of O-Peracylated 3-Glycopyranosyl-1,2,4-triazines 2 and 6

C-glycopyranosyl formamidrazone (1 or 5) and the appropriate 1,2-dicarbonyl deriva-
tive (1.0-1.2 equiv.) were suspended in anhydrous EtOH (3 mL/100 mg substrate), and
the mixture was stirred at reflux temperature until the TLC (1:1 EtOAc-hexane) showed
completion of the reaction. The solvent was then evaporated under reduced pressure, and
the residue was purified by column chromatography.
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3.3. General Procedure 2 for the O-Debenzoylation of Compounds 2 by the Zemplén Method to
obtain 1,2,4-Triazines 3

To a solution of the corresponding O-perbenzoylated 3-(3-D-glucopyranosyl)-1,2,4-
triazine (2) in dry MeOH (5 mL/100 mg substrate), a catalytic amount of NaOMe in
dry MeOH (~1M solution) was added. The reaction mixture was allowed to stand at
room temperature, and the transformation was judged by TLC (1:1 EtOAc-hexane and
7:3 CHCI3-MeOH). After complete conversion, the reaction mixture was neutralised with
a cation exchange resin Amberlyst 15 (H" form). The resin was then filtered off, and
MeOH was removed under reduced pressure. The resulting crude product was purified by
column chromatography.

3.42 General Procedure 3 for the Synthesis of O-Peracylated 3-Glycopyranosyl-1,2 4-triazin-5(4H)-ones 8
and 9

A solution of the C-glycopyranosyl formamidrazone (1 or 5) and the correspond-
ing o-ketoester (1 equiv.) in anhydrous toluene (3 mL/100 mg substrate) was refluxed,
and the transformation was monitored by TLC (2:1 EtOAc-hexane). After completion
of the reaction, the solvent was removed in vacuo, and the residue was purified by
column chromatography.

3.5. General Procedure 4 for the Preparation of 1-(3-D-Glucopyranosyl)-6,6a,7,7a,8,9-Hexahydro-
5H-Cyclopropa[5,6]Cyclooctal1,2-c]Pyridin-7-yl)Methanols 11 and 12

To a solution of the corresponding 3-glucopyranosyl-1,2,4-triazine (2 or 3) in CH,Cl,
or MeOH (3 mL/100 mg triazine), ((1R,85,9r)-bicyclo[6.1.0lnon-4-yn-9-yl)methanol (10,
2 equiv.) was added, and the mixture was stirred at room temperature. When the
TLC (1:1 EtOAc-hexane for 11 or 4:1 CHCl3-MeOH for 12) showed complete disappear-
ance of the triazine, the solvent was removed in vacuo. The residue was purified by
column chromatography.

3.6. Synthesis and Characterisation of the New Compounds
3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-1,2,4-triazine (2a)

Prepared from amidrazone 1 (0.80 g, 1.25 mmol) and an aq. 40 wt.% solution of glyoxal
(144 uL, 1.25 mmol) according to general procedure 1. Reaction time: 3 h. Purified by
column chromatography (1:2 EtOAc-hexane) to yield 0.75 g (90%) of pale yellow amorphous
solids. R = 0.48 (1:1 EtOAc-hexane); [«]p = —40 (c 0.20, CHCl3). 'TH NMR (360 MHz, CDCl3)
d (ppm): 9.17,8.70 (2 x 1H, 2 d, ] = 2.1 Hz in each, H-5, H-6), 8.00, 7.95, 7.85, 7.75 (4 x 2H,
4d,]=7.92Hz in each, Ar), 7.53-7.26 (12H, m, Ar), 6.18 (1H, pt, ] = 9.5, 9.5 Hz, H-2 or H-3'
or H-4'), 6.08 (1H, pt, ] =9.7,9.6 Hz, H-2' or H-3' or H-4'), 5.90 (1H, pt, ] =9.5,9.1 Hz, H-2' or
H-3' or H-4'),5.39 (1H, d, ] =9.7 Hz, H-1"), 4.69 (1H, dd, ] = 12.1, < 1 Hz, H-6'a), 4.58 (1H, dd,
J =12.1,5.3 Hz, H-6'b), 4.48-4.44 (1H, m, H-5'); 13C NMR (90 MHz, CDCl3) & (ppm): 166.1,
165.8,165.2, 164.8, 164.3 (4 x C=0, C-3), 149.5, 149.4 (C-5, C-6), 133.4, 133.3, 133.2, 133.0,
129.8-129.6,129.4,128.7, 128.6, 128.5, 128.4-128.2 (Ar), 80.1, 76.9, 74.1, 71.6, 69.5 (C-1' — C-5'),
63.4 (C-6"). ESI-HRMS positive mode (m/z): caled for C3;Hz0N3O09" [M+H]" 660.1977;
C37H29N3NaOg* [M+Na]* 682.1796. Found: [M+H]* 660.1972; [M+Na]* 682.1785.

3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5-methyl-1,2,4-triazine (2b)

Prepared from amidrazone 1 (0.10 g, 0.16 mmol) and methyl glyoxal (24 pL, 0.16 mmol)
according to general procedure 1. Reaction time: 3 h. Purified by column chromatography
(2:3 EtOAc-hexane) to yield 89 mg (84%) of pale yellow amorphous solids. R¢ = 0.38 (1:1
EtOAc-hexane); [x]p = —12 (c 0.20, CHCl3). "H NMR (360 MHz, CDCl3) & (ppm): 9.03 (1H,
s, H-6),8.01,7.94,7.85,7.75 (4 x 2H,4 dd, ] =7.2,12 Hz in each, Ar), 7.54-7.28 (12H, m, Ar),
6.14 (1H, pt, ] =9.5,9.1 Hz, H-2' or H-3' or H-4'), 6.11 (1H, pt, ] =9.7, 9.5 Hz, H-2' or H-3'
or H-4'),5.90 (1H, pt, ] = 9.6, 9.6 Hz, H-2' or H-3' or H-4'), 5.31 (1H, d, ] = 9.3 Hz, H-1'), 4.67
(1H, dd, ] = 12.3, 3.0 Hz, H-6'a), 4.56 (1H, dd, | = 12.3, 5.2 Hz, H-6'b), 442 (1H, ddd, ] =9.7,
5.2, 3.0 Hz, H-5'), 2.56 (3H, s, CH3); 13C NMR (90 MHz, CDCl3) & (ppm): 166.1, 165.8, 165.2,
164.7,163.2 (4 x C=0, C-3), 160.6 (C-5), 149.9 (C-6), 133.4, 133.2, 133.1, 133.0, 129.8-129.7,
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129.5,128.8,128.7, 128.6, 128.4-128.2 (Ar), 80.1, 76.9, 74.3,71.4, 69.5 (C-1' — C-5'), 63.4 (C-6¢'),

21.8 (CHj3). ESI-HRMS positive mode (m/z): caled for C3sH3N3O9* [M+H]* 674.2133;

C3gH31N3NaOg* [M+Na]* 696.1953. Found: [M+H]* 674.2134; [M+Na]* 696.1950.
3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5-tert-butyl-1,2,4-triazine (2c)

Prepared from amidrazone 1 (0.30 g, 0.47 mmol) and 3,3-dimethyl-2-oxobutanal
(62 mg, 0.47 mmol) according to general procedure 1. Reaction time: 7 h. Purified by
column chromatography (3:7 EtOAc-hexane) to yield 0.28 g (83%) of pale yellow amor-
phous solids. R¢ = 0.26 (3:7 EtOAc-hexane); [x]p = —11 (c 0.20, CHCl3). 'H NMR (360 MHz,
CDCls) 6 (ppm): 9.23 (1H, s, H-6), 8.02,7.95,7.86,7.73 (4 x 2H,4dd,J=7.1, 1.2 Hz in
each, Ar), 7.54-7.24 (12H, m, Ar), 6.25 (1H, pt, ] = 9.7, 9.7 Hz, H-2' or H-3' or H-4'), 6.13
(1H, pt, ] = 9.6, 9.5 Hz, H-2 or H-3' or H-4'), 5.90 (1H, pt, ] =9.7, 9.6 Hz, H-2' or H-3' or
H-4'),5.35 (1H, d, ] = 9.7 Hz, H-1'), 4.69 (1H, dd, | = 12.2, 2.9 Hz, H-6¢'a), 4.53 (1H, dd,
J =12.2,5.0 Hz, H-6'b), 4.44 (1H, ddd, ] = 9.7, 5.0, 2.9 Hz, H-5'), 1.31 (9H, s, C(CH3)3); 13C
NMR (90 MHz, CDCl3) é (ppm): 170.0, 166.1, 165.9, 165.2, 164.5 (4 x C=0, C-3), 162.5 (C-5),
146.8 (C-6), 133.4,133.1, 133.1, 133.0, 130.0-129.5, 129.5, 128.9, 128.8, 128.4-128.2 (Ar), 80.1,
76.9,74.4,71.0, 69.5 (C-1' — C-5), 63.2 (C-6"), 36.8 (C(CH3)3), 28.6 (C(CH3)3). ESI-HRMS
positive mode (m/z): caled for C41H3gN3O9*™ [M+H]" 716.2603; C41H37,N3NaOg* [M+Na]*
738.2422. Found: [M+H]" 716.2602; [M+Na]* 738.2419.

3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5-phenyl-1,2,4-triazine (2d).

Method A: Prepared from amidrazone 1 (1.0 g, 1.57 mmol) and phenyl glyoxal mono-
hydrate (0.29 g, 1.88 mmol) according to general procedure 1. Reaction time: 4 h. Purified
by column chromatography (1:2 EtOAc-hexane) to yield 0.95 g (83%) of pale yellow amor-
phous solids.

Method B: To a solution of acetophenone (19 pL, 0.16 mmol, 1 equiv.) in DMSO (2 mL),
5e0O; (21 mg, 0.19 mmol, 1.2 equiv.) was added. The mixture was heated at 110 °C until
the TLC (1:9 EtOAc-hexane) showed the complete transformation of acetophenone (4 h).
Formamidrazine 1 (0.10 g, 0.16 mmol) was then added to the mixture, and the heating
was continued. When the TLC (1:1 EtOAc-hexane) showed the completion of the reaction
(2 h), the mixture was diluted with EtOAc (50 mL) and extracted with water (20 mL). The
separated aqueous phase was washed two times with EtOAc (2 x 50 mL). The combined
organic phase was dried over MgSQy, filtered and the solvent was removed under reduced
pressure. The residue was purified by column chromatography (1:2 EtOAc-hexane). Yield:
57 mg (50%).

Method C: A solution of phenylacetylene (35 uL, 0.32 mmol, 2 equiv.), NIS (43 mg,
0.19 mmol, 1.2 equiv.) and TsOH (3.4 mg, 0.02 mmol, 0.1 equiv.) in DMSO (2 mL) was
heated at 110 °C until the TLC (1:9 EtOAc-hexane) indicated the complete conversion of
phenylacetylene (4 h). Formamidrazine 1 (0.10 g, 0.16 mmol) was then added to the mixture,
and the heating was continued. After completion of the reaction monitored by TLC (2 h),
the same steps as described in method B were carried out. Yield: 66 mg (60%). R¢ = 0.55
(1:1 EtOAc-hexane); [a]p = —68 (c 0.20, CHCl3). 'H NMR (360 MHz, CDCl3) & (ppm): 9.58
(1H, s, H-6),8.17,8.02,7.96,7.87,7.75 (5 x 2H,5d, ] = 7.2 Hz in each, Ar), 7.59-7.21 (15H,
m, Ar), 6.33, 6.18,5.94 (3 x 1H, 3 pt, ] =9.7,9.7 Hz in each, H-2/, H-3/, H-4), 5.43 (1H, d,
] =9.7Hz,H-1'),4.72 (1H, dd, ] = 12.2, 2.8 Hz, H-6'a), 4.55 (1H, dd, ] = 12.2, 5.1 Hz, H-6'b),
4.49 (1H,ddd, ] =9.7,5.1, 2.8 Hz, H-5'); 13C NMR (90 MHz, CDCl3) § (ppm): 166.1, 165.8,
165.2, 164.7,163.4 (4 x C=0, C-3), 156.0 (C-5), 145.9 (C-6), 133.4, 133.1, 133.0, 132.8, 132.7,
129.8-129.3, 128.8, 128.7, 128.6, 128.5, 128.4-127.9 (Ar), 80.1, 76.9, 74.4, 71.1, 69.5 (C-1’ —
C-5'), 63.2 (C-6"). ESI-HRMS positive mode (m/z): caled for C43H33N3NaOg* [M+Na]*
758.2109. Found: 758.2107.

3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5-(p-methoxyphenyl)-1,2 4-triazine (2e)

Prepared from amidrazone 1 (0.10 g, 0.16 mmol) and p-methoxyphenyl glyoxal mono-
hydrate (0.034 g, 0.19 mmol) according to general procedure 1. Reaction time: 4 h. Purifica-
tion by column chromatography (1:2 EtOAc-hexane), followed by the crystallisation of the
resulting syrup from a mixture of Et;O (3 mL) and hexane (2 mL), which gave 116 mg (97%)
pale yellow crystals. R¢ = 0.45 (1:1 EtOAc-hexane); mp = 150-151 °C; [a]p = —98 (c 0.53,
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CHCl3). 'H NMR (400 MHz, CDCl3) § (ppm): 9.50 (1H, s, H-6), 8.17 (2H, d, ] = 8.9 Hz, Ar),
8.02,7.96,7.87,7.74 (4 x 2H,4 dd, ] =7.3,1.2 Hz in each, Ar), 7.54-7.23 (12H, m, Ar), 7.01
(2H, d, ] =89 Hz, Ar), 6.33,6.15,5.92 (3 x 1H, 3 pt, ] =9.7,9.7 Hz in each, H-2/, H-3/, H-4),
5.37 (1H, d, ] =9.7 Hz, H-1'), 470 (1H, dd, ] = 12.3, 2.7 Hz, H-6'a), 4.54 (1H, dd, ] = 12.3,
5.1 Hz, H-6'b), 4.46 (1H, ddd, ] = 9.7, 5.1, 2.7 Hz, H-5'), 3.89 (3H, s, OCHj3); 3C NMR
(90 MHz, CDCl3) & (ppm): 166.1, 165.9, 165.2, 164.8, 163.6, 163.1 (4 x C=0, C-3, Ar-Cyy),
155.5 (C-5), 145.3 (C-6), 133.4, 133.1, 133.0, 129.8-129.6, 128.9, 128.8, 128.8, 128.4-128.2
(Ar), 125.0 (Ar-Cy), 114.8 (Ar-CH), 80.1, 76.9, 74.5, 70.9, 69.5 (C-1' — C-5), 63.3 (C-6/),
55.5 (OCH3;). ESI-HRMS positive mode (m/z): caled for C44H36N3019" [M+H]* 766.2395;
Cy4H35N3NaO;p* [M+Na]* 788.2215. Found: [M+H]* 766.2390; [M+Na]* 788.2208.
3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5-(p-chlorophenyl)-1,2 4-triazine (2f)

Prepared from amidrazone 1 (0.10 g, 0.16 mmol) and p-chlorophenyl glyoxal monohy-
drate (0.035 g, 0.19 mmol) according to general procedure 1. Reaction time: 4 h. Purification
by column chromatography (1:2 EtOAc-hexane) gave 109 mg (90%) of pale yellow amor-
phous solids. R¢ = 0.60 (1:1 EtOAc-hexane); [«]p = —82 (c 0.50, CHCl3). 'H NMR (400 MHz,
CDCl3) & (ppm): 9.57 (1H, s, H-6), 8.13 (2H, d, | = 8.4 Hz, Ar), 8.02,7.96,7.86, 7.74 (4 x 2H,
4d, ] =75 Hz in each, Ar), 7.56-7.24 (14H, m, Ar), 6.28, 6.16, 5.92 (3 x 1H, 3 pt, ] = 9.6,
9.6 Hz in each, H-2/, H-3/, H-4'),5.39 (1H, d, ] =9.6 Hz, H-1), 472 (1H, dd, ] = 12.2, 2.1 Hz,
H-6'a), 4.54 (1H, dd, ] = 12.2, 4.9 Hz, H-6'b), 4.47 (1H, ddd, ] = 9.6, 4.9, 2.1 Hz, H-5'); 13C
NMR (90 MHz, CDCl3) § (ppm): 166.1, 165.9, 165.2, 164.8, 163.5 (4 x C=0, C-3), 154.9 (C-5),
145.6 (C-6), 139.4 (Ar-Cq), 133.5, 133.3,133.2, 133.1 (Ar), 131.3 (Ar-Cq), 129.9-128.3 (Ar), 80.1,
77.0,74.4,71.1,69.5 (C-1' — C-5'), 63.2 (C-6'). ESI-HRMS positive mode (m/z): caled for
C43H33C1N309+ [M+H]+ 770.1900; C43H32C1N3Na09+ [M+Na]+ 792.1719. Found: [M+H]+
770.1900; [M+Na]* 792.1718.

3-(2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl)-5,6-diphenyl-1,2 4-triazine (2g)

Prepared from amidrazone 1 (1.0 g, 1.57 mmol) and benzil (0.33 g, 1.57 mmol) accord-
ing to general procedure 1. Reaction time: 7 h. Purified by column chromatography (1:1
EtOAc-hexane) to yield 0.67 g (53%) of pale yellow solids. R¢ = 0.71 (3:7 EtOAc-hexane);
mp = 175-179 °C; [a]p = —26 (c 0.20, CHCl3); 'H NMR (360 MHz, CDCl3) & (ppm): 8.02,
795,787,776 (4 x 2H, 4 d, ] =7.4 Hz in each, Ar), 7.55-7.24 (22H, m, Ar), 6.36 (1H, pt,
] =9.7,9.7 Hz, H-2' or H-3' or H-4'), 6.15 (1H, pt, ] = 9.6, 9.5 Hz, H-2' or H-3' or H-4'), 5.91
(1H, pt, ] =9.7,9.7 Hz, H-2' or H-3' or H-4'), 5.45 (1H, d, ] = 9.7 Hz, H-1'), 4.69 (1H, dd,
J =12.3,2.6 Hz, H-6'a), 4.54 (1H, dd, ] = 12.3,5.1 Hz, H-6'b), 448 (1H, ddd, ] = 9.5, 5.1, 2.6
Hz, H-5'); 13C NMR (90 MHz, CDCl3) § (ppm): 166.1, 165.9, 165.2, 164.7 (4 x C=0), 161.2,
157.3,156.5 (C-3, C-5, C-6), 135.0-128.2 (Ar), 79.9, 77.0, 74.6, 71.1, 69.5 (C-1' — C-5'), 63.3
(C-6). ESI-HRMS positive mode (m/z): caled for C49H3gN3O09™ [M+H]™ 812.2603. Found:
812.2602.

3-(B-D-Glucopyranosyl)-1,2,4-triazine (3a)

Prepared from triazine 2a (0.25 g, 0.38 mmol) according to general procedure 2. Re-
action time: 3 h. Purified by column chromatography (4:1 CHCI3-MeOH) to yield 58 mg
(63%) of pale yellow amorphous solids. R¢ = 0.32 (7:3 CHCI3-MeOH); [«]p = —138 (c 0.22,
DMSO). 'H NMR (360 MHz, CD30D) § (ppm): 9.30, 8.84 (2 x 1H,2d, ] = 2.5 Hz in each,
H-5, H-6),4.61 (1H, d, ] =9.7 Hz, H-1'), 3.84 (1H, pt, ] = 9.5, 9.1 Hz, H-2' or H-3' or H-4'),
3.83 (1H, dd, J = 12.1, 2.0 Hz, H-6'a), 3.68 (1H, dd, ] = 12.1, 5.0 Hz, H-6'b), 3.56 (1H, pt,
] =9.1,8.9 Hz, H-2' or H-3' or H-4'), 3.48-3.46 (2H, m, H-2' or H-3’ or H-4/, H-5'); 13C NMR
(90 MHz, CD3;0D) ¢ (ppm): 167.6 (C-3), 151.7, 150.9 (C-5, C-6), 83.1, 82.8, 79.4, 74.3, 71.4
(C-1" = C-5'), 62.8 (C-6'). ESI-HRMS positive mode (m/z): caled for CoHy14N305% [M+H]*
244.0928; CoH13N3NaOs5* [M+Na]* 266.0747. Found: [M+H]* 244.0930; [M+Na]* 266.0746.

3-(B-D-Glucopyranosyl)-5-methyl-1,2,4-triazine (3b)

Prepared from triazine 2b (0.20 g, 0.3 mmol) according to general procedure 2. Reaction
time: 5 h. Purified by column chromatography (4:1 CHCI3-MeOH) to yield 44 mg (58%)
pale yellow syrup. R¢ = 0.30 (4:1 CHCI3-MeOH); [«]p = +57 (c 0.20, MeOH). 'H NMR
(360 MHz, CD30D) & (ppm): 9.26 (1H, s, H-6), 4.58 (1H, d, ] = 9.7 Hz, H-1'), 3.88 (1H, dd,
J =119, 2.2 Hz, H-6'a), 3.87 (1H, pt, ] = 9.4, 9.2 Hz, H-2' or H-3' or H-4'), 3.72 (1H, dd,
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J =11.9, 3.3 Hz, H-6'b), 3.61-3.50 (3H, m, H-2’ and/or H-3' and/or H-4', H-5'), 2.63 (3H, s,
CHj3); 13C NMR (90 MHz, CD30D) § (ppm): 166.5, 163.0 (C-3, C-5), 151.2 (C-6), 83.0, 82.8,
79.4,74.3,71.4 (C-1" — C-5'), 62.9 (C-6'), 21.9 (CH3). ESI-HRMS positive mode (m/z): caled
for C19oH15N3NaOs* [M+Na]* 280.0904. Found: 280.0903.
3-(B-D-Glucopyranosyl)-5-tert-butyl-1,2,4-triazine (3c)

Prepared from triazine 2¢ (0.20 g, 0.28 mmol) according to general procedure 2. Reac-
tion time: 5 h. Purified by column chromatography (9:1 CHCl3-MeOH) to yield 73 mg (88%)
of pale yellow solids. R¢ = 0.46 (4:1 CHCI3-MeOH); mp = 196-200 °C; [x]p = +17 (c 0.20,
MeOH). 'H NMR (360 MHz, CD;0D) & (ppm): 9.46 (1H, s, H-6), 4.59 (1H, d, ] =9.7 Hz,
H-1),3.98 (1H, pt, ] =9.4,9.2 Hz, H-2' or H-3' or H-4'), 3.90 (1H, dd, ] = 12.0, 1.5 Hz, H-6'a),
3.70 (1H, dd, J = 12.0, 5.0 Hz, H-6'b), 3.59 (1H, pt, ] = 9.0, 8.9 Hz, H-2' or H-3' or H-4'),
3.54-3.46 (2H, m, H-2' or H-3' or H-4', H-5'), 1.43 (9H, s, C(CH3)3); '*C NMR (90 MHz,
CD;0D) § (ppm): 172.0, 166.2 (C-3, C-5), 148.1 (C-6), 83.4, 82.9, 79.5, 74.2, 71.7 (C-1’ —
C-5'), 63.0 (C-6'), 38.0 (C(CH3z)3), 29.1 (C(CHj3)3). ESI-HRMS positive mode (m/z): caled
for C13H22N305+ [1\/I+I—I]+ 300.1554; C13H21N3Na05+ [M+Na]+ 322.1373. Found: [1\/I+I—I]+
300.1550; [M+Na]* 322.1369.

3-(B-D-Glucopyranosyl)-5-phenyl-1,2,4-triazine (3d)

Prepared from triazine 2d (0.20 g, 0.27 mmol) according to general procedure 2. Re-
action time: 4 h. Purified by column chromatography (9:1 CHCI3-MeOH) to yield 62 mg
(72%) of pale yellow solids. R¢ = 0.43 (4:1 CHCI3-MeOH); mp = 236-240 °C; [«]p = +44
(c 0.20, DMSO). 'H NMR (360 MHz, DMSO-dg) & (ppm): 10.06 (1H, s, H-6), 8.36 (2H, d,
] =8.3Hz, Ar), 7.71-7.62 (3H, m, Ar), 5.11-5.02, 5.57-4.55 (4H, OH), 452 (1H, d, ] = 9.9 Hz,
H-1"), 3.98-3.92, 3.75-3.71, 3.48-3.37, 3.27-3.20 (6H, m, H-2', H-3/, H-4/, H-5, H-6/a,b); 13C
NMR (90 MHz, DMSO-dg) b (ppm): 165.2 (C-3), 154.8 (C-5), 146.1 (C-6), 133.0, 132.6, 129.3
(2),127.8 (2) (Ar), 82.1, 82.0, 77.9, 72.0, 70.4 (C-1" — C-5), 61.2 (C-6). ESI-HRMS positive
mode (m/z): caled for C15H1gN3O5% [M+H]* 320.1241; C15H17N3NaOs* [M+Na]* 342.1060.
Found: [M+H]* 320.1239; [M+Na]* 342.1054.

3-(B-D-Glucopyranosyl)-5-(p-methoxyphenyl)-1,2,4-triazine (3e)

Prepared from triazine 2e (96 mg, 0.13 mmol) according to general procedure 2. Re-
action time: 2 h. Purified by column chromatography (8:1 CHCl3-MeOH) to yield 32 mg
(73%) of pale yellow amorphous solids. R¢ = 0.50 (7:3 CHCl3-MeOH); [«]p = +24 (c 0.49,
DMSO). 'H NMR (400 MHz, CD30D) 6§ (ppm): 9.75 (1H, s, H-6), 8.33, 7.12 (2 x 2H, 2d,
J =8.8Hz in each, Ar), 462 (1H, d, ] = 9.7 Hz, H-1), 4.02 (1H, pt, ] = 9.3, 9.2 Hz, H-2
or H-3' or H-4), 3.92-3.90 (4H, m, H-6'a, OCH3), 3.74 (1H, dd, | = 11.5, 2.9 Hz, H-6'D),
3.62 (1H, pt, ] = 9.0, 9.0 Hz, H-2' or H-3' or H-4'), 3.55-3.53 (2H, m, H-2 or H-3' or H-4/,
H-5'); ¥C NMR (90 MHz, CD30D) 6 (ppm): 166.8, 165.4 (C-3, Ar-Cy), 157.4 (C-5), 146.5
(C-6), 131.1 (2), 126.6, 116.0 (2) (Ar), 83.4, 82.9, 79.5, 74.3, 71.6 (C-1' — C-5'), 62.9 (C-6'),
56.2 (OCH3;). ESI-HRMS positive mode (m/z): caled for C16HyoN3O™ [M+H]* 350.1347;
C16H19N3NaOg* [M+Na]* 372.1166. Found: [M+H]* 350.1340; [M+Na]* 372.1159.

3-(B-D-Glucopyranosyl)-5-(p-chlorophenyl)-1,2,4-triazine (3f)

Prepared from triazine 2f (79 mg, 0.10 mmol) according to general procedure 2. Re-
action time: 2 h. Purified by column chromatography (8:1 CHCl3-MeOH) to yield 26 mg
(72%) of pale yellow amorphous solids. R¢ = 0.47 (7:3 CHCl3-MeOH); [a]p = +30 (c 0.53,
DMSO). 'H NMR (400 MHz, CD30D) § (ppm): 9.87 (1H, s, H-6), 8.36, 7.62 (2 x 2H, 2 d,
] =8.6 Hz in each, Ar), 4.67 (1H, d, ] = 9.7 Hz, H-1'), 4.02 (1H, pt, ] = 9.3, 9.3 Hz, H-2' or
H-3" or H-4'),3.90 (1H, dd, ] = 12.3, < 1 Hz, H-6'a), 3.73 (1H, dd, ] = 12.3, 4.9 Hz, H-6'b), 3.62
(1H, pt, ] =9.0,9.0 Hz, H-2 or H-3' or H-4'), 3.54-3.53 (2H, m, H-2 or H-3' or H-4, H-5');
13C NMR (90 MHz, CD30D) § (ppm): 1*C NMR (90 MHz, CD30D) § (ppm): 167.0 (C-3),
156.8 (C-5), 147.0 (C-6), 140.4, 133.3, 130.8 (4) (Ar), 83.4,82.9,79.5,74.3,71.6 (C-1' — C-5'),
62.9 (C-6'). ESI-HRMS positive mode (m/z): caled for C15H;7CIN;Os* [M+H]* 354.0851;
C15H16CIN3NaOs* [M+Na]* 376.0671. Found: [M+H]* 354.0851; [M+Na]* 376.0668.

3-(B-D-Glucopyranosyl)-5,6-diphenyl-1,2,4-triazine (3g)

Prepared from triazine 2g (0.15 g, 0.18 mmol) according to general procedure 2. Re-
action time: 4 h. Purified by column chromatography (9:1 CHCI3-MeOH) to yield 61 mg
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(84%) pale yellow oil. R¢ = 0.32 (9:1 CHCl3-MeOH); [«]p = +42 (c 0.44, MeOH). 'H NMR
(360 MHz, CD30D) 6 (ppm): 7.60-7.34 (10H, m, Ar), 4.75 (1H, d, ] = 9.7 Hz, H-1'), 4.05 (1H,
pt, ] =9.5,9.1 Hz, H-2' or H-3' or H-4),3.92 (1H, dd, ] = 12.3, < 1 Hz, H-6'a), 3.75 (1H, dd,
J =12.3,4.5 Hz, H-6'b), 3.65 (1H, pt, ] = 9.1, 9.0 Hz, H-2' or H-3' or H-4'), 3.57-3.55 (2H,
m, H-2' or H-3 or H-4/, H-5'); 13C NMR (90 MHz, CD;0D) & (ppm): 1*C NMR (90 MHz,
CD;0D) 5 (ppm): 165.0 (C-3), 158.8, 158.7 (C-5, C-6), 136.8, 136.7,132.0, 131.2 (2), 131.0, 130.7
(2),129.8 (2), 129.6 (2) (Ar), 83.0, 82.9,79.5,74.3, 71.5 (C-1' — C-5'), 62.9 (C-6'). ESI-HRMS
positive mode (m/z): caled for Cp1Hp»pN3O5* [M+H]" 396.1554; Cp1Hy1 N3NaOs* [M+Na]*
418.1373. Found: [M+H]* 396.1555; [M+Na]* 418.1371.
C-(2-Deoxy-2-phthalimido-3,4,6-tri-O-acetyl-B-D-glucopyranosyl)formamidrazone (5)
Ethyl C-(2-deoxy-2-phthalimido-3,4,6-tri-O-acetyl-p-D-glucopyranosyl)formimidate
(4, 1.56 g, 3.17 mmol) was dissolved in anhydrous EtOH (30 mL), and hydrazine monohy-
drate (154 puL, 3.17 mmol) was added. The reaction mixture was stirred at room temperature,
and the transformation of 4 was monitored by TLC (3:2 EtOAc-hexane). After the comple-
tion of the reaction (4.5 h), the precipitated product was filtered off and washed with EtOH
to give 0.77 g of white solids. The mother liquor was evaporated under reduced pressure
to give an oil, which was triturated with diethyl ether to give an additional 0.55 g of white
solids. The combined yield of the product: 1.31 g (87%). R¢ = 0.32 (3:2 EtOAc-hexane);
[«]p = —13 (c 0.49, MeOH). 'H NMR (360 MHz, CDCl3) § (ppm): 7.86-7.74 (4H, m, Ar),
5.98 (1H, pt, ] =9.8,9.7 Hz, H-2 or H-3 or H-4), 5.19 (1H, pt, ] =9.7, 9.6 Hz, H-2 or H-3 or
H-4),4.81 (1H,d, ] =9.9 Hz, H-1), 4.58 (2H, br s, NHy), 4.50 (1H, pt, ] =9.9, 9.6 Hz, H-2 or
H-3 or H-4),4.35 (1H, dd, | = 12.3, 4.6 Hz, H-6a), 4.17 (1H, dd, ] =12.5, 2.4 Hz, H-6b), 3.98
(1H, ddd, ] =9.9, 4.6, 2.4 Hz H-5"), 3.61-3.27 (2H, br signal, NH,), 2.11, 2.05, 1.88 (3 x 3H,
3's, CH3); 13C NMR (90 MHz, CDCl3) & (ppm): 170.6, 169.9, 169.5 (CH3-C=0), 167.8, 167.4
(Phth-C=0), 148.2 (C=N), 134.2, 134.0, 131.6, 131.0, 123.7, 123.3 (Ar), 75.6, 74.2,70.9, 68.8
(C-1,C-3 — C-5), 62.1 (C-6), 52.7 (C-2), 20.7, 20.5, 20.4 (3 x CH3). ESI-HRMS positive mode
(m/z): caled for Cp1HpsN4Ogt [M+H]" 477.1616. Found: 477.1613.
3-(2'-Deoxy-2'-phthalimido-3' 4’ ,6'-tri-O-acetyl-B-D-glucopyranosyl)-1,2,4-triazine (6a)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and an aq. 40 wt.% solution of glyoxal
(23.8 uL, 0.21 mmol) according to general procedure 1. Purified by column chromatography
(1:1 EtOAc-hexane) to yield 58 mg (58%) of pale yellow syrup. R¢ = 0.36 (3:2 EtOAc-hexane);
[«]p = —52 (c 0.23, CHCl3). 'H NMR (360 MHz, CDCl3) & (ppm): 9.16, 8.67 (2 x 1H, 2d,
J =24 Hz in each, H-5, H-6), 7.80-7.69 (4H, m, Ar), 6.09 (1H, dd, ] = 10.3,9.2 Hz, H-2 or
H-3' or H-4'),5.96 (1H, d, ] = 10.5 Hz, H-1'), 5.36 (1H, dd, ] = 9.9, 9.3 Hz, H-2' or H-3' or
H-4'), 5.00 (1H, pt, ] = 10.5, 10.5 Hz, H-2" or H-3' or H-4'), 4.38 (1H, dd, ] = 124, 5.1 Hz,
H-6'a), 423 (1H, dd, | = 12.5, 2.0 Hz, H-6'b), 4.17 (1H, ddd, ] = 10.3, 5.1, 2.0 Hz, H-5'),
2.10,2.08,1.88 (3 x 3H, 3 s, CH3); '3C NMR (90 MHz, CDCl3) & (ppm): 170.6, 170.1, 169.4
(CH3-C=0), 167.6, 166.9 (Phth-C=0), 164.4 (C-3), 149.4 (2) (C-5, C-6), 134.3, 131.3, 130.8,
123.6 (Ar), 76.8, 76.5, 71.3, 68.8 (C-1’, C-3' — C-5'), 62.2 (C-6'), 53.2 (C-2), 20.7, 20.6, 20.4
(3 x CHa).). ESI-HRMS positive mode (m/z): caled for CozHpsN4iOg* [M+H]* 499.1460;
CpH»pN4NaOg* [M+Na]* 521.1279. Found: [M+H]* 499.1455; [M+Na]* 521.1279.
3-(2'-Deoxy-2'-phthalimido-3' 4' ,6'-tri-O-acetyl-B-D-glucopyranosyl)-5-methyl-1,2 4-triazine (6b)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and an aq. 40 wt.% solution of
methylglyoxal (32 uL, 0.21 mmol) according to general procedure 1. Purified by column
chromatography (2:1 EtOAc-hexane) to yield 67 mg (62%) of pale yellow syrup. Ry = 0.41
(2:1 EtOAc-hexane); [a]p = —16 (c 0.25, CHCl3). 'H NMR (360 MHz, CDCl3) & (ppm): 9.00
(1H, s, H-6), 7.86-7.69 (4H, m, Ar), 6.07 (1H, dd, J = 10.3, 9.3 Hz, H-2 or H-3' or H-4'),
5.88 (1H, d, ] =10.5 Hz, H-1'), 5.37 (1H, pt, ] = 9.9, 9.4 Hz, H-2' or H-3' or H-4'), 5.05 (1H,
pt, ] =10.5, 10.5 Hz, H-2 or H-3' or H-4’), 4.38 (1H, dd, ] = 12.5, 5.0 Hz, H-6'a), 4.23 (1H,
dd, J = 12.5, 2.1 Hz, H-6'b), 4.15 (1H, ddd, ] = 10.2, 5.0, 2.1 Hz, H-5"), 2.52 (3H, s, CH3),
2.10,2.08,1.88 (3 x 3H, 3 s, CH3); '3C NMR (90 MHz, CDCl3) § (ppm): 170.7, 170.2, 169.5
(CH3-C=0), 167.8, 166.4 (Phth-C=0), 163.2. 160.5 (C-3, C-5), 149.9 (C-6), 134.2, 1314, 131.0,
123.6 (Ar), 76.8, 76.5, 71.4, 68.8 (C-1/, C-3' — C-5'), 62.2 (C-6), 53.0 (C-2'), 21.7, 20.7, 20.6,
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20.4 (4 x CHj3). ESI-HRMS positive mode (m/z): caled for CosHpsNsOg*™ [M+H]" 513.1616;
Cp4H4N4yNaOg™ [M+Na]* 535.1435. Found: [M+H]* 513.1612; [M+Na]* 535.1429.
3-(2-Deoxy-2'-phthalimido-3' 4',6'-tri-O-acetyl-B-D-glucopyranosyl)-5-tert-butyl-1,2 4-triazine (6c)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and 3,3-dimethyl-2-oxobutanal
(0.028 g, 0.21 mmol) according to general procedure 1. Purified by column chromatography
(4:5 EtOAc-hexane) to yield 78 mg (67%) of white syrup. R¢ = 0.51 (4:5 EtOAc-hexane);
[«]p = +14 (c 0.28, CHCl3). 'H NMR (360 MHz, CDCl3) & (ppm): 9.21 (1H, s, H-6), 7.81-7.68
(4H, m, Ar), 6.05 (1H, pt, ] =10.3, 9.3 Hz, H-2' or H-3' or H-4'), 5.93 (1H, d, ] = 10.5 Hz, H-1'),
5.37 (1H, pt, ] = 10.0, 9.3 Hz, H-2' or H-3' or H-4'), 5.11 (1H, pt, ] = 10.5, 10.5 Hz, H-2' or
H-3' or H-4'),4.35 (1H, dd, ] = 12.4, 49 Hz, H-6a), 4.25 (1H, dd, ] = 12.4, 1.8 Hz, H-6'b), 4.15
(1H, ddd, ] = 10.0, 4.9, 1.8 Hz, H-5), 2.10, 2.08, 1.88 (3 x 3H, 3 s, CH3), 1.28 (9H, s, C(CH3)3);
13C NMR (90 MHz, CDCl3) § (ppm): 170.6, 170.1, 169.7, 169.5 (3 x CH3-C=0, C-5), 167.5,
166.5 (2 x Phth-C=0), 162.6 (C-3), 146.8 (C-6), 134.2, 131.4, 130.9, 123.4 (Ar), 76.9, 76.5, 71.5,
68.9 (C-1/, C-3' — C-5), 62.2 (C-6'), 52.9 (C-2'), 36.7 (C(CH3)3), 28.5 (C(CH3)3), 20.7, 20.6,
20.4 (3 x CH3). ESI-HRMS positive mode (m/z): caled for CpyH31N4Og* [M+H]* 555.2086;
Co7H30N4NaOg* [M+Na]* 577.1905. Found: [M+H]* 555.2088; [M+Na]* 577.1904.
3-(2'-Deoxy-2'-phthalimido-3' 4' ,6'-tri-O-acetyl-B-D-glucopyranosyl)-5-phenyl-1,2,4-triazine (6d)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and phenylglyoxal monohydrate
(0.032 g, 0.21 mmol) according to general procedure 1. Purified by column chromatography
(1:1 EtOAc-hexane) to yield 88 mg (73%) of yellow syrup. R¢ = 0.41 (3:2 EtOAc-hexane);
[«]p = —86 (c 0.22, CHCl3). "H NMR (360 MHz, CDCl3) & (ppm): 9.57 (1H, s, H-6), 8.17-7.52
(9H, m, Ar), 6.10 (1H, pt, ] = 9.8, 9.7 Hz, H-2' or H-3' or H-4), 6.01 (1H, d, ] = 10.5 Hz,
H-1), 5.40 (1H, pt, ] =9.7, 9.5 Hz, H-2' or H-3' or H-4'), 5.24 (1H, pt, ] = 10.5, 10.5 Hz, H-2'
or H-3' or H-4), 4.38 (1H, dd, ] = 12.3, 4.8 Hz, H-6'a), 4.26-4.17 (2H, m, H-5/, H-6'D), 2.09,
1.90 (9H, 2 s, CH3). '3C NMR (90 MHz, CDCl3) § (ppm): 170.7, 170.2, 169.5 (CH3-C=0),
167.8, 167.7 (Phth-C=0), 163.4, 155.8 (C-3, C-5), 145.9 (C-6), 134.2, 132.8, 132.6, 129.3, 127.8,
123.5 (Ar), 76.9, 76.6, 71.6, 68.8 (C-1’, C-3' — C-5'), 62.2 (C-6'), 52.8 (C-2), 20.7, 20.6, 20.4
(3 x CHj). ESI-HRMS positive mode (m/z): caled for CoHyyN4Oo* [M+H]* 575.1773;
C29H26N4Na09+ [M+Na]+ 597.1592. Found: [M+H]+ 575.1777; [M+Na]+ 597.1593.
3-(2'-Deoxy-2'-phthalimido-3' 4’ ,6'-tri-O-acetyl-B-D-glucopyranosyl)-5,6-diphenyl-1,2 4-triazine (6€)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and benzil (0.042 g, 0.21 mmol)
according to general procedure 1. Purified by column chromatography (4:5 EtOAc-hexane)
to yield 84 mg (65%) of pale yellow syrup. R¢ = 0.51 (4:5 EtOAc-hexane); [a]p = —60 (c 0.20,
CHCl3). '"H NMR (360 MHz, CDCl3) & (ppm): 7.81-7.27 (14H, m, Ar), 6.10 (1H, dd, ] = 10.3,
9.3 Hz, H-2' or H-3' or H-4'), 6.05 (1H, d, ] = 10.6 Hz, H-1'), 5.40 (1H, pt, ] = 10.0, 9.3 Hz,
H-2' or H-3' or H-4'), 5.30 (1H, pt, ] = 10.5, 10.5 Hz, H-2' or H-3' or H-4'), 4.39 (1H, dd,
J =12.6,5.1 Hz, H-6'a), 4.25 (1H, dd, ] = 12.6, < 1 Hz, H-6'a), 4.21-4.19 (1H, m, H-5'), 2.08,
1.90 (9H, 2 s, CH3). '3C NMR (90 MHz, CDCl3) § (ppm): 170.6, 170.1, 169.4 (CH3-C=0),
167.8, 166.8 (Phth-C=0), 161.1, 157.1, 156.2 (C-3, C-5, C-6), 134.8-123.4 (Ar), 76.6, 76.5, 71.6,
68.8 (C-1,C-3' — C-5'),62.2 (C-6"),52.7 (C-2), 20.7, 20.6, 20.4 (3 x CH3). ESI-HRMS positive
mode (m/z): caled for C35Hz1N4O9* [M+H]* 651.2086; C35H30N4NaOg™ [M+Na]* 673.1905.
Found: [M+H]* 651.2085; [M+Na]* 673.1902.
NI-Ethoxycarbonylmethylidene-C-(2',3' 4' 6'-tetra-O-benzoyl-B-D-glucopyranosylformamidrazone (7a)
A solution of amidrazone 1 (0.10 g, 0.16 mmol) and ethyl glyoxalate (31 uL, 0.16 mmol,
an 50% solution in toluene) was boiled in dry EtOH (3 mL) until the TLC (1:1 and 7:3
EtOAc-hexane) showed the complete conversion of 1. After the completion of the reaction
(1 h), the solvent was removed under reduced pressure. After column chromatographic
purification (2:3 EtOAc-hexane), 44 mg (39%) of the title compound was obtained as a pale
yellow syrup. R¢ = 0.53 (1:1 EtOAc-hexane); []p = +23 (c 0.27, CHCl3). 'H NMR (360 MHz,
CDCl3) 6 (ppm): 8.06-7.83,7.59-7.26, 7.07 (21H, m, Ar, CH=N), 6.02 (1H, pt, | =9.6, 9.6 Hz,
H-2' or H-3' or H-4'), 5.76 (1H, pt, ] = 9.8, 9.7 Hz, H-2' or H-3' or H-4'), 5.67 (1H, pt, ] =9.7,
9.7 Hz, H-2' or H-3' or H-4"), 4.69 (1H, dd, ] = 12.4, 2.7 Hz, H-6'a), 4.54 (1H, dd, ] = 12.4,
5.2 Hz, H-6'b), 451 (1H, d, ] = 9.7 Hz, H-1'), 4.35-4.25 (1H, m, H-5'), 4.23 (2H, q, ] = 7.1 Hz,
CHy), 1.28 (3H, t, ] = 7.1 Hz, CH3); '3C NMR (90 MHz, CDCl3) & (ppm): 166.2, 165.6, 165.3,
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165.2,163.7,160.9 (5 x C=0, C=N), 146.1 (CH=N), 133.6, 133.3, 133.2, 129.9-128.3 (Ar), 76.4,
76.3,73.4,70.5,69.1 (C-1' — C-5), 62.8, 61.2 (C-6', CH), 14.1 (CHj3).
N-Methoxycarbonylethylidene-C«2' 3' 4’ ,6'-tetra-O-benzoyl-B-D-glucopyranosyl)formamidrazone (7b)
A solution of amidrazone 1 (0.10 g, 0.16 mmol) and methyl pyruvate (14 uL, 0.16 mmol)
was boiled in dry EtOH (3 mL) until the TLC (1:1 and 7:3 EtOAc-hexane) showed the com-
plete conversion of 1. After the completion of the reaction (1.5 h), the solvent was removed
under reduced pressure. After column chromatographic purification (2:3 EtOAc-hexane),
67 mg (59%) of the title compound was obtained as a pale yellow syrup. R¢ = 0.53 (1:1
EtOAc-hexane). 'H NMR (360 MHz, CDCl3) & (ppm): 8.05-7.83, 7.58-7.25, 7.07 (20H, m,
Ar), 6.03 (1H, pt, ] = 9.6, 9.6 Hz, H-2' or H-3' or H-4’), 5.94-5.83 (2H, broad signal, NH), 5.75
(1H, pt, ] =9.8,9.7 Hz, H-2' or H-3' or H-4'), 5.73 (1H, pt, ] = 9.6, 9.6 Hz, H-2' or H-3' or
H-4'),4.68 (1H, dd, ] =12.3, < 1 Hz, H-6'a), 4.55 (1H, dd, ] = 12.4, 5.4 Hz, H-6'b), 4.55 (1H, d,
J=9.7Hz,H-1"),4.27 (1H, ddd, ] =9.7, 5.4, 2.3 Hz, H-5'), 3.75 (3H, s, OCHj3), 1.60 (3H, s,
CH3); 13C NMR (90 MHz, CDCl3) & (ppm): 166.1, 165.7, 165.6, 165.2, 165.0 (5 x C=0), 158.3,
153.7 (2 x C=N), 133.6, 133.5, 133.4, 133.2, 129.8-128.3 (Ar), 76.8, 76.4, 73.6, 70.5, 69.2 (C-1" —
C-5'), 62.9 (C-6"), 52.3 (OCHj3), 13.0 (CH3).
3-(3' 4 ,6'-Tri-O-benzoyl-2'-deoxy-D-arabino-hex-1'-enopyranosyl)-1,2,4-triazin-5(4H)-one (8a)
Prepared from amidrazone 1 (0.10 g, 0.16 mmol) and ethyl glyoxalate (31 uL, 0.16 mmol,
an 50% solution in toluene) according to general procedure 3. Reaction time: 3 d. Purified
by column chromatography (7:3 EtOAc-hexane) to yield 50 mg (57%) of pale yellow amor-
phous solids. R¢ = 0.24 (7:3 EtOAc-hexane); [x]p = —44 (c 0.26, CHCl3). 'H NMR (400 MHz,
CDCl3) 6 (ppm): 14.05 (1H, br s, NH), 7.97-7.93, 7.67-7.64, 7.53-7.49 (16H, m, Ar, H-6), 6.60
(1H, d, ] = 3.5 Hz, H-2'), 6.00 (1H, dd, ] = 5.6, 3.5 Hz, H-3'), 5.87 (1H, pt, ] = 7.6, 5.6 Hz,
H-4'),5.15 (1H, ddd, ] = 7.6, 4.6, 3.3 Hz, H-5'), 4.82 (1H, dd, ] = 12.4, 4.6 Hz, H-6'a), 4.74
(1H, dd, ] = 12.4, 3.3 Hz, H-6'b); 13C NMR (90 MHz, CDCl3) § (ppm): 165.3, 164.9, 164.2
(3 x C=0), 161.8, 152.6, 144.6 (C-3, C-5, C-6), 145.4 (C-1'), 133.8, 133.6, 133.4, 129.3-128.6
(Ar), 104.0 (C-2'), 74.8, 67.8, 66.8 (C-3' — C-5), 61.2 (C-6'). ESI-HRMS positive mode (m/z):
caled for C3pHp3N3NaOg* [M+Na]* 576.1377. Found: 576.1377.
3-(3' 4 ,6/-Tri-O-benzoyl-2'-deoxy-D-arabino-hex-1"-enopyranosyl)-6-methyl-1,2 4-triazin-5(4H)-one (8b)
Prepared from amidrazone 1 (0.10 g, 0.16 mmol) and methyl pyruvate (14 pL, 0.16 mmol)
according to general procedure 3. Reaction time: 6 h. Purified by column chromatography
(7:3 EtOAc-hexane) to yield 67 mg (75%) of pale yellow amorphous solids. R¢ = 0.42 (7:3
EtOAc-hexane); [«]p = —29 (c 0.23, CHCl3). 'H NMR (400 MHz, CDCl3) & (ppm): 13.82 (1H,
brs, NH), 7.96-7.95, 7.68-7.64, 7.53-7.49 (15H, m, Ar), 6.37 (1H, broad signal, H-2'), 5.98 (1H,
broad signal, H-3'), 5.87 (1H, pt, ] = 7.0, 6.0 Hz, H-4'), 5.14 (1H, broad signal, H-5'), 4.82 (1H,
dd, ] =12.3,4.6 Hz, H-6'a), 4.73 (1H, dd, ] = 12.3, 2.5 Hz, H-6'b), 2.18 (3H, s, CH3); 13C NMR
(90 MHz, DMSO-dg) 6 (ppm): 165.2, 164.9, 164.4 (3 x C=0), 162.3, 153.2, 152.4 (C-3, C-5, C-6),
145.4 (C-1'), 133.7, 133.6, 133.3, 129.3-128.6 (Ar), 103.5 (C-2), 74.7, 67.7, 66.8 (C-3' — C-5'), 61.2
(C-6'), 17.1 (CH3). ESI-HRMS positive mode (m/z): caled for C31HpeN3Og* [M+H]* 568.1714;
C31Hp5N3NaOg* [M+Na]* 590.1534. Found: [M+H]* 568.1711; [M+Na]* 590.1531.
3-(2'-Deoxy-2'-phthalimido-3' 4' ,6'-tri-O-acetyl-B-D-glucopyranosyl)-1,2 4-triazin-5(4H)-one (9a)
Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and ethyl glyoxylate (43 uL, 0.21 mmol)
according to general procedure 3. Reaction time: 2 d. Purified by column chromatography
(3:2 EtOAc-hexane) to yield 55 mg (51%) of pale yellow syrup. R¢ = 0.25 (5:2 EtOAc-hexane);
[«]p = +17 (c 0.21, CHCl3). '"H NMR (360 MHz, CDCl3) & (ppm): 11.73 (1H, s, NH), 7.90-7.72
(5H, m, Ar, H-6), 6.07 (1H, pt, ] =9.8,9.8 Hz, H-2' or H-3' or H-4'), 5.35 (1H, d, ] =9.4 Hz, H-1'),
523 (1H, pt, ] =9.8,9.6 Hz, H-2' or H-3' or H-4'), 4.54 (1H, pt, ] = 10.5, 10.5 Hz, H-2' or H-3'
or H-4'),4.40 (1H, dd, ] = 12.6, 5.3 Hz, H-6a), 4.26 (1H, dd, ] = 12.6, 1.7 Hz, H-6'b), 4.12 (1H,
ddd, ] =10.0, 5.3, 1.7 Hz, H-5), 2.13,2.09, 1.90 (3 x 3H, 3 s, CH3); 3C NMR (90 MHz, CDCl;)
d (ppm): 171.1, 169.8, 169.6 (CH3-C=0), 167.8 (2 x Phth-C=0), 161.2, 159.2 (C-3, C-5), 144.3
(C-6), 134.5,131.3, 1239 (Ar), 76.2, 71.4, 70.5, 68.5 (C-1/, C-3' — C-5'), 62.1 (C-¢'), 52.5 (C-2/),
20.8,20.6, 20.4 (3 x CHj). ESI-HRMS positive mode (m/z): caled for Co3HpsN4Oq* [M+H]*
515.1409; Co3H2pNyNaOqo* [M+Na]* 537.1228. Found: [M+H]* 515.1409; [M+Na]* 537.1226.
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3-(2'-Deoxy-2'-phthalimido-3' 4’ ,6'-tri-O-acetyl-B-D-glucopyranosyl)-6-methyl-1,2,4-triazin-
5(4H)-one (9b)

Prepared from amidrazone 5 (0.10 g, 0.21 mmol) and methyl pyruvate (23 pL, 0.21 mmol)
according to general procedure 3. Reaction time: 2 d. Purified by column chromatography
(3:2 EtOAc-hexane) to yield 56 mg (50%) of pale yellow syrup. R¢ = 0.25 (5:2 EtOAc-hexane);
[«]p = +45 (c 0.21, CHClz). '"H NMR (360 MHz, CDCl3) & (ppm): 11.39 (1H, s, NH), 7.86-7.72
(4H, m, Ar), 6.06 (1H, pt, ] = 9.8, 9.6 Hz, H-2' or H-3' or H-4'), 5.31 (1H, d, ] = 10.5 Hz, H-1'),
5.23 (1H, pt, ] =9.8,9.5 Hz, H-2' or H-3' or H-4'), 4.54 (1H, pt, ] = 10.5, 9.8 Hz, H-2' or H-3'
or H-4'),4.39 (1H, dd, ] = 12.1, 5.0 Hz, H-6'a), 427 (1H, dd, ] = 12.3, < 1 Hz, H-6'b), 4.16-4-07
(1H, m, H-5), 2.20 (3H, s, CH3), 2.14, 2.09, 1.89 (3 x 3H, 3 s, CH3); 3C NMR (90 MHz, CDCl5)
d (ppm): 171.0, 169.9, 169.6 (CH3-C=0), 167.9, 167.7 (2 x Phth-C=0), 161.9, 158.8, 153.8 (C-3,
C-5, C-6), 134.4 (2), 131.4, 131.3, 123.8 (2) (Ar), 76.1, 71.3, 70.5, 68.5 (C-1/, C-3' — C-5'), 62.1
(C-6"),52.6 (C-2'),20.8, 20.6, 20.4 (3 x CH3), 17.4 (CH3). ESI-HRMS positive mode (m/z): caled
for CpsHpsN4Oqp* [M+H]* 529.1565; CosHp4N4NaOqo* [M+Na]* 551.1385. Found: [M+H]*
529.1569; [M+Na]* 551.1386.

((6aS,7R,7aR)-1-(2',3' 4' ,6'-Tetra-O-benzoyl-B-D~glucopyranosyl)-6,6a,7,7a,8 9-hexahydro-5H-
cyclopropal5,6]cyclookta[1,2-clpyridin-7-yl)methanol and ((6aR,7S,7aS)-1-(2',3' 4’ ,6'-tetra-O-benzoyl-B-D-
glucopyranosyl)-6,6a,7,7a,8 9-hexahydro-5H-cyclopropal 5,6 ]cyclookta[1,2-cJpyridin-7-ylJmethanol (11a)

Prepared from triazine 2a (0.10 g, 0.15 mmol) and ((1R,8S,9r)-bicyclo[6.1.0]lnon-4-yn-9-
yl)methanol (10, 46 mg, 0.30 mmol) in CH,Cl, according to general procedure 4. Reaction
time: 2 d. Purified by column chromatography (1:1 EtOAc-hexane) to give 115 mg (97%)
of colourless syrup. Diastereomeric ratio: 5:4. R¢ = 0.15 (1:1 EtOAc-hexane). 'H NMR
(360 MHz, CDCl3) § (ppm): 8.29,8.26 (2 x 1H, 2 d, ] =4.8 Hz in each, 2 x H-3), 8.02-7.21
(2 x 20H, m, Ar), 6.94,6.92 (2 x 1H, 2 d, ] =4.8 Hz in each, 2 x H-4), 6.44 2H, pt, ] = 9.6,
9.5Hz, 2 x (H-2' or H-3' or H-4')), 6.11 (2H, pt, ] =9.5,9.5 Hz, 2 x (H-2' or H-3' or H-4')),
5.88,5.87 (2 x 1H, 2 pt, ] = 9.7, 9.6 Hz in each, 2 x (H-2' or H-3' or H-4')), 5.27, 5.25
(2x1H,2d,]=9.7Hzin each, 2 x H-1'),4.81,4.71 (2 x 1H,2dd, ] =12.2, 2.1 Hz in each,
2 x H-6'a),4.51,4.46 (2 x 1H,2dd, ] =12.2,5.1 Hz in each, 2 x H-6'b), 444-4.37 2 x 1H, m,
2 x H-5"),3.36-3.31, 3.18-2.87, 2.75-2.45, 2.38-2.33, 1.47-1.26, 0.66-0.52, 0.36-0.20 (2 x 14H,
m, aliphatics, OH); 13C NMR (90 MHz, CDCl3) § (ppm): 166.2, 166.1, 166.0, 165.9, 165.2,
165.2, 164.5, 164.4 (2 x 4 x C=0), 152.4, 152.3, 151.2, 151.1 (2 x C-1, 2 x C-4a), 146.4
(2 x C-3),137.6,137.4 (2 x C-9a), 133.3-132.7, 130.0-128.0 (Ar), 125.9, 125.8 (2 x C-4),79.0,
78.3,76.8,76.8,75.1,75.1,71.3,71.2,69.9,69.8 (2 x (C-1' — C-5')), 66.1, 66.1 (2 x C-6'), 63.5,
63.2 (2 x CH,OH), 33.3, 33.2, 30.0, 29.7, 29.2, 28.5, 28.3, 28.0, 25.8, 25.4, 21.4, 20.8, 20.4,
19.9 (2 x (C-5, C-6, C-6a, C-7, C-7a, C-8, C-9)). ESI-HRMS positive mode (m/z): calcd for
C47H44N010+ [M+H]+Z 782.2960; C47H43NNa010+ [M+Na]+: 804.2779. Found: [M+H]+Z
782.2959; [M+Na]*: 804.2779.

((6aS,7R,7aR)-3-Methyl-1-2' 3’ 4' ,6'-tetra-O-benzoyl-B-D-glucopyranosyl)-6,6a,7,7a,8 9-hexahydro-5H-
cyclopropal5,6]cyclooktal1,2-clpyridin-7-yl)methanol and ((6aR,7S,7aS)-3-methyl-1-2' 3’ 4' ,6'-tetra-O-benzoyl-
B-D-glucopyranosyl)-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal5,6 lcyclooktal 1,2-clpyridin-7-yl)methanol (11b)

Prepared from triazine 2a (0.05 g, 0.074 mmol) and ((1R,8S,9r)-bicyclo[6.1.0]lnon-4-yn-9-
yl)methanol (10, 22 mg, 0.148 mmol) in CH,Cl, according to general procedure 4. Reaction
time: 6 d. Purified by column chromatography (4:5 EtOAc-hexane) to give 24 mg (41%)
of colourless amorphous solids. Diastereomeric ratio: 5:4. R¢ = 0.28 (1:1 EtOAc-hexane).
H NMR (360 MHz, CDCl3) 5 (ppm): 8.05-7.23 (2 x 20H, m, Ar), 6.77, 6.76 (2 x 1H, 2 s,
2 x H-4), 647,643 (2 x 1H, 2 pt, ] =9.7,9.6 Hz in each, 2 x (H-2 or H-3' or H-4")), 6.07
(2H, pt, ] =9.6,9.6 Hz, 2 x (H-2' or H-3' or H-4')), 5.86,5.84 (2 x 1H, 2 pt, ] =9.7,9.6 Hz
in each, 2 x (H-2' or H-3' or H-4")), 5.17,5.16 (2 x 1H,2d, ] =9.7 Hz in each, 2 x H-1'),
4.88,4.70 (2 x 1H,2dd, ] =12.1, 2.8 Hz in each, 2 x H-6'a), 449 (1H, dd, ] = 12.1,5.3 Hz,
H-6'b), 4.42-4.33 (3H, m, H-6'b, 2 x H-5'), 3.50-2.32 (m, aliphatics), 2.30,2.26 (2 x 3H, 2 s,
2 x CHj3), 1.40-0.31 (m, aliphatics, OH); 13C NMR (90 MHz, CDCl3) § (ppm): 166.3, 166.2,
166.1, 166.0, 165.3, 165.3, 164.7, 164.6 (2 x 4 x C=0), 154.8, 154.6, 152.4, 152.3, 150.4, 150.3
(2 x C-1,2 x C-4a, 2 x C-3), 134.4, 134.3 (2 x C-9a), 133.3-132.6, 130.1-128.0 (Ar), 125.4,
125.3 (2 x C-4), 79.6, 78.8, 76.9, 76.9, 75.3, 75.2, 71.1, 70.8, 70.0, 69.8 (2 x (C-1' — C-5')),
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66.3, 65.7 (2 x C-6'), 63.6, 63.0 (2 x CH,OH), 33.1, 33.0, 30.0, 29.9, 28.8, 28.2, 28.1, 26.8, 25.5,
25.3,23.5,23.4, 21.6, 20.8, 20.6, 20.4 (2 x (C-5, C-6, C-6a, C-7, C-7a, C-8, C-9), 2 x CHj).
ESI-HRMS positive mode (m/z): caled for C4gHysNNaO1p*™ [M+Na]*: 818.2936. Found:
818.2935.

((6aS,7R,7aR)-3-Phenyl-1-(2' 3 4 ,6'-tetra-O-benzoyl-B-D-glucopyranosyl)-6,6a,7,7a,8 9-hexahydro-5H-
cyclopropal5,6]cyclooktal1,2-clpyridin-7-yl)methanol and ((6aR,7S,7aS)-3-phenyl-1-2' 3’ 4' ,6'-tetra-O-benzoyl-
B-D-glucopyranosyl)-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal5,6lcyclookta[ 1,2-clpyridin-7-yl)methanol (11d)

Prepared from triazine 2d (0.05 g, 0.068 mmol) and ((1R,8S,9r)-bicyclo[6.1.0]non-4-yn-9-
yl)methanol (10, 20 mg, 0.136 mmol) in CH,Cl, according to general procedure 4. Reaction
time: 6 d. Purified by column chromatography (1:1 EtOAc-hexane) to give 43 mg (73%) of
colourless amorphous solids. Diastereomeric ratio: 5:4. R¢ = 0.28 (1:1 EtOAc-hexane). H
NMR (360 MHz, CDCl3) 6 (ppm): 8.04-7.15 (2 x 26H, m, Ar, 2 x H-4), 6.69, 6.65 (2 x 1H,
2pt,]=9.7,9.7Hz in each, 2 x (H-2' or H-3' or H-4")), 6.12 2H, pt, ] = 9.6, 9.5 Hz, 2 x (H-2/
or H-3' or H-4')), 5.89,5.86 (2 x 1H, 2 pt, ] =9.8, 9.6 Hz in each, 2 x (H-2" or H-3' or H-4)),
5.31,529 (2 x 1H, 2 d, ] = 9.8 Hz in each, 2 x H-1"), 490, 4.67 (2 x 1H, 2dd, ] =12.1,
2.9 Hz in each, 2 x H-6a), 4.50 (1H, dd, ] = 12.1, 5.3 Hz, H-6'b), 4.42-4.36 (3 x 1H, m, H-
6'b, 2 x H-5'), 3.43-3.38, 3.20-2.52, 2.46-2.34, 1.52-1.36, 0.74-0.34 (2 x 13H, m, aliphatics);
13C NMR (90 MHz, CDCl3) § (ppm): 166.3, 166.3, 166.2, 166.1, 165.3, 165.2, 164.8, 164.6
(2 x 4 x C=0), 154.0, 153.6, 153.0, 153.0, 150.9, 150.8 (2 x C-1, 2 x C-3, 2 x C-4a), 138.9,
138.7,136.4,136.1 (2 x C-9a, 2 x Ar-Cq), 133.4-132.5, 129.9-126.8 (Ar), 122.6, 122.3 (2 x C-4),
79.0,78.4,76.9,76.9,75.6,75.4,70.8,70.5,69.9, 69.6 (2 x (C-1' — C-5')), 66.2, 66.2 (2 x C-6'),
63.7, 62.9 (2 x CH,OH), 33.5, 30.0, 29.9, 29.1, 28.8, 28.2, 28.0, 25.6, 25.4, 20.5, 20.5, 20.4,
20.3 (2 x (C-5, C-6, C-6a, C-7, C-7a, C-8, C-9)). ESI-HRMS positive mode (m/z): calcd for
C53H48NO10+ [M+H]+I 858.3273; C53H47NNa010+ [M+Na]+: 880.3092. Found: [M+H]+I
858.3272; [M+Na]*: 880.3093.

((6aS,7R,7aR)-1-(B-D-glucopyranosyl)-3-phenyl-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal 5,6 Icyclookta[ 1,2-
clpyridin-7-yl)methanol and ((6aR,7S,7aS)-1-(B-D-glucopyranosyl)-3-phenyl-6,6a,7,7a,8,9-hexahydro-5H-
cyclopropal5,6]cyclooktal1,2-clpyridin-7-yl)methanol (12d)

Prepared from triazine 3d (20 mg, 0.063 mmol) and ((1R,8S,9r)-bicyclo[6.1.0]lnon-4-yn-
9-yl)methanol (10, 19 mg, 0.126 mmol) in MeOH according to general procedure 4. Reaction
time: 5 d. Purified by column chromatography (8:1 CHCl3-MeOH) to give 26 mg (94%) of
pale yellow amorphous solids. Diastereomeric ratio: 1:1. R¢ = 0.21 (8:1 CHCl3-MeOH). 'H
NMR (360 MHz, CD30D) § (ppm): 8.02-8.01 (2 x 2H, Ph), 7.58 (2H, s, 2 x H-4), 7.47-7.36
(2 x 3H, m, Ph), 4.65,4.63 (2 x 1H, 2 d, ] =9.3 Hz in each, H-1"), 4.34, 4.33 (2 x 1H, 2 pt,
J=9.1,9.1 Hz in each, 2 x (H-2' or H-3/ or H-4)), 3.87-3.51 (2 x 4H, m, 2 x (H-2' and/or
H-3" and/or H-4', H-6'a, H6'b), 4.46-3.30 (2H, m, 2 x H-5'), 3.30-3.22, 3.14-3.05, 2.99-2.89,
2.65-2.44, 1.51-1.39, 0.72-0.61 (2 x 13H, m, aliphatics); '*C NMR (90 MHz, CD;0D) &
(ppm): 155.5, 155.3, 155.3, 155.2, 155.2, 155.1 (2 x C-1,2 x C-3,2 x C-4a), 140.8, 140.7, 138.5,
138.5 (2 x C-9a, 2 x Ph-Cy), 129.8, 129.7, 129.6, 129.6, 128.0 (Ph), 123.3, 123.2 (2 x C-4),
82.4,82.4,79.7,79.7,79.6, 73.8, 73.7, 71.6, 71.5 (2 x (C-1' — C-5')), 66.6, 66.5 (2 x C-6'),
62.9,62.8 (2 x CH,OH), 35.0, 34.8, 31.1, 31.0, 30.3, 30.1, 29.9, 29.8, 26.6, 26.5, 23.0, 22.9, 22.6,
22.5 (2 x (C-5,C-6, C-6a, C-7, C-7a, C-8, C-9)). ESI-HRMS positive mode (m/z): calcd for
CosH31NNaOg* [M+Na]*: 464.2044. Found: 464.2042 (Supplementary Materials).

4. Conclusions

The reactions of C-glycopyranosyl formamidrazones with 1,2-dielectrophiles (x-keto-
aldehydes and esters as well as 1,2-diketones) represent a simple method for the synthesis
of hitherto unknown 3-glycopyranosyl-1,2,4-triazines and -1,2,4-triazin-5(4H)-ones. The
C-glycosyl 1,2 4-triazines can be transformed into the corresponding 2-glycopyranosyl
pyridines in strain-promoted inverse electron demand Diels—Alder reactions. These new
compounds may be interesting for yet unknown applications to be explored in the future.

254



Molecules 2022, 27, 7801

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27227801/s1, Copies of the 'H and '3C NMR spectra
of the synthesised compounds.
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Abstract: Highly regiospecific, copper-salt-free and neat conditions have been demonstrated for
the 1,3-dipolar azide-alkyne cycloaddition (AAC) reactions under mechanochemical conditions. A
group of structurally challenging alkynes and heterocyclic derivatives was efficiently implemented
to achieve highly functionalized 1,4-disubstituted-1,2,3-triazoles in good to excellent yield by using
the Cu beads without generation of unwanted byproducts. Furthermore, the high-speed ball milling
(HSBM) strategy has also been extended to the synthesis of the commercially available pharmaceutical
agent, Rufinamide, an antiepileptic drug (AED) and its analogues. The same strategy was also applied
for the synthesis of the Cl-derivative of Rufinamide. Analysis of the single crystal XRD data of the
triazole was also performed for the final structural confirmation. The Cu beads are easily recoverable
from the reaction mixture and used for the further reactions without any special treatment.

Keywords: click chemistry; mechanochemical synthesis; 1,2,3-triazole; cycloaddition reaction;
Rufinamide synthesis; solvent-free

1. Introduction

The 1,2,3-triazole moiety represents one of the versatile classes of heterocycles because
of their widespread applications as pharmaceutical agents, agrochemicals, biochemicals
and polymers [1-14]. The seminal work on “click chemistry” by Huisgen, followed by the
further independent development by Meldal et al. and Sharpless-Fokin has encouraged ex-
tensive research on the 1,2,3-triazole molecule [15-17]. Over the last two decades, a plethora
of reports have been documented for the 1,3-dipolar azide-alkyne cycloaddition (AAC)
reaction and mostly involves Cu catalysis [18-27]. The assessment transition metal catalysis
for the synthesis of heterocycles is common practice in modern research. Hence, several
other transition metals, such as Pd, Ru, Zn, Ag, Ni, Au, etc., have also been efficiently
manifested for the AAC reaction [28-43]. Among the 12 principles of green chemistry, the
use of non-toxic and/or volatile organic solvents, minimal generation of organic wastes,
atom economic synthesis and the use of environmentally benign chemicals have intro-
duced an upsurging interest in contemporary organic synthesis. This field is also emerging
with the use of various nonconventional energy sources, such as microwave, ultrasound,
mechanical mixing, electrochemical methods and visible-light-driven organic transforma-
tions [44]. Complementing solution-based synthesis, the mechanochemical operations
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provide an environmentally benign alternative to negate the demand for bulk organic
solvents, thereby finding an application in a plethora of organic transformations [45-51]. In
a broader sense, the application of mechanical energies such as compression, shearing or
friction under solvent-free conditions have been promising techniques for the utilization
of mechanoresponsive materials to access active pharmaceutical ingredients (API) and
thereby making a strong impact for pharmaceutical industries [52]. This technique also
provides a cleaner source of energy for organic transformations. In 2011, the planetary ball
mill was used by Schubert et al. for a solvent-free AAC reaction using catalytic amounts of
Cu(OAc); and sodium ascorbate [53]. Later on, several reports for the solvent-free synthesis
of 1,2,3-triazoles were completed in which a homogeneous Cu catalyst or stoichiometric
amount of Cu powder were used [54-56]. To enhance the catalyst regeneration in these
reactions, the immobilization of copper on the heterogenous matrix has been employed.
In 2013, Ranu et al. efficiently demonstrated Cu/Al,Oj as catalyst for the AAC reaction
under ball milling without using any solvent and additive [57] (Scheme 1a). Recently,
Amini et al. showed the catalytic activity of immobilised Cu NPs on WO3 surface for the
AAC reaction under solvent-free conditions [58]. For the first time, the Mack laboratory
introduced the use of Cu-vial and 3/16” Cu ball in an efficient AAC reaction under 16 h
milling in solvent-free conditions [59] (Scheme 1b).

........ Previous reports _______________________.

R27>x RI— N=N
! or RT™X N\\ !
! Cu/AlLOs, NaN; , |
! [a] R®-B(OH), : — or R%.
; + 60 min, Ball Milling N=N :
L KCOs Ref. 57 RN N-R® |
E Rt — Cu vial NN i
! - 3/16" Cu ball ) l
' + N '
1 IEPEN : ” RN I
| R® "N; 15 min, Ball Milling R2 !
] Ref. 59 !
T This Work =~~~ """~~~ """ "TTTTmmmTTTTo )
' N:N\ !
| R? > Br RI— RIS N~ 5
E [l NaN 0.27"/0.27" Cu ball Nor R2 E
1 or . . = 1
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Scheme 1. Mechanochemical strategies of CuAAC reaction. (a) Previous approach of AAC reaction
using Cu/Al,O3 as catalyst under ball milling; (b) Previous approach using Cu-vial and 3/16” Cu
ball under ball milling; (c) The present approach under ball milling conditions.

In their strategy, three component reactions such as phenylacetylene, benzyl bromide
and sodium azide, on grinding for 16h, afforded the desired 1-benzyl-4-phenyltriazole in
quantitative yield under the one-step, one-vial multicomponent CuAAC reaction.

Epilepsy is a chronic neurological disorder in the brain that affects people of all ages
worldwide. Rufinamide (brand name Banzel [60] or Inovelon [61], developed by Novartis
and manufactured by Eisai) has been already reported as a sodium channel blocker and
an antiepileptic drug (AED) with a broad spectrum of efficacy. It is an FDA-approved
orphan drug used for the adjunctive treatment of seizures associated with Lennox-Gastaut
syndrome (LGS). The common strategies for the synthesis of Rufinamide involve 1,3-dipolar
cycloaddition reaction using 2-chloroacrylonitrile, propiolic acid and esters or (E)-methyl 3-
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methoxyacrylate [62-67]. Recent synthetic developments involve flow microreactor systems
via multistep synthesis in a compartmentalized continuous flow integrated with in-line
separation techniques [68-71]. We envisioned that mechanochemical conditions could be
useful for the synthesis of Rufinamide and its analogs via [2+3] CuUAAC reaction and, to
the best of our knowledge, this approach is still uncommon in the literature. Herein we
wish to report a mechanochemical strategy of 1,3-dipolar Huisgen cycloaddition of various
azides, generated in situ, with a dipolarophile (alkyne) to construct structurally important
1,2,3-triazoles as well as Rufinamide and its analogs by using Cu beads (Scheme 1c).

2. Results and Discussion

At the commencement of our investigation, we chose 4-ethylnyl toluene (1a) and
2-bromo-1-(m-tolyl)ethan-1-one (2a) as bench stable substrates to react in the presence of
inorganic azide. Different mechanochemical parameters of the reaction such as time, rpm
limit, equivalency, and number of copper balls were optimized in order to obtain the desired
1,2,3-triazoles in the highest yield. The results of the optimization of the mechanochemical
reaction conditions are reported below (Table 1). Thus, we have observed that 1a (50 mg,
0.431 mmol), 2a (183.6 mg, 0.862 mmol) and NaN3 (56 mg, 0.862 mmol) satisfactorily
afforded 3a in 86% of yield under neat reaction conditions for 3h of mechanochemical
grinding with 5-Cu beads at 500 rpm (Table 1, Entry 4). Intriguingly, the overall yield of the
triazoles also depends on the number of Cu beads in the reaction (Figure 1).

Table 1. Mechanochemical optimization of reaction parameters .

(0]
/©/// Br NaN =N
3
+ N
HSC 0. 27“/0 27" /@A/
Cu-beads
1a 2a CH3

Time, rpm

Entry  Equiv. of Azide RPM Time (h) Conversion (%) Selectivity (%) Yields (%) 2

1 1.2 300 1 68 35 24
2 1.2 400 2 80 70 56
3 1.2 500 3 88 89 79
4 2.0 500 3 98 88 86
5 2.0 500 4 98 88 86
6 2.0 400 3 82 78 64
7 24 500 3 98 88 86

! Reaction conditions: 1a (0.431 mmol), 2a (0.862 mmol), sodium azide (0.862 mmol), 5-Cu beads, 500 rpm; 2 yields
refer after chromatographic purification.

Effect of number Cu-Balls on product yield

70
S 50 ‘
- .
- 30
- .
10 A—

-10
1 3 4 S (<]

YIELD (%) 0 18 59 74 86 a6

Mumber of Cu-balls

Figure 1. Effect of cylindrical Cu beads (0.27/0.27”) on the product yield.
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These conditions were useful for the further assessment of the various alkynes and ben-
zoylmethyl bromides. We did not observe much electronic control of different alkynes as
well as benzoylmethyl bromides over the reaction yield for the three component reactions,
and products 3b—d were obtained in 63-73% yield. In all the cases we isolated unreacted
starting alkynes in small quantities. In the case of biphenyl acetylene, the observed yield of
the product 3e was 42% and the conversion of the starting material was poor. The poor
yield may be attributed to the three-component reaction in the presence of unactivated
copper beads, as well as the low reactivity of sterically and electronically unfavorable
alkyne species. Changing the equivalency or the grinding time did not improve the yield
of the desired product significantly. To our delight, an excellent yield of 3e was found by
changing the reaction technique. The same reaction was carried out in a stepwise fashion,
in which the benzoylmethyl bromide derivatives were first converted into corresponding
azido derivatives (see Supplementary Materials) and then employed under optimized
mechanochemical conditions. Then, we introduced structurally interesting and highly
sterically hindered alkynes for the anticipated CuAAC reaction. Under the conditions
of three-component coupling, we again encountered low-to-moderate yield for the com-
pounds 3f-k (Figure 2). However, the stepwise fashion of the mechanochemical reaction
gave excellent yield of the products 3f-k (Figure 2). In all these reactions, benzoylmethyl
bromide derivatives had no marked effect on the yield of the final 1,2,3-triazole derivatives
(Figure 2). It is noteworthy that the mechanochemical synthesis of 1,2,3-triazole lead to
the formation of only 1,4- regioisomers and formation of 1,2-isomers were not observed.
Owing to the inherent biological activity of the sulphonamides, we have targeted tria-
zole based sulphonamides molecules under mechanochemical conditions (Figure 3). We
encountered the low yield of products in the case of three-component mechanochemical
coupling of alkynes, sodium azides and tosylchlorides. Therefore, the tosylazides (4a) were
prepared using the reported conditions (see Supplementary Materials) and then employed
in the 1,3-dipolar cycloaddition. In all cases, good-to-excellent yield of the triazole-based
sulphonamides 5a—e were observed. Interestingly, only the formation of 1,4-regioisomer
was observed to have excellent selectivity.

Finally, to confirm the structure of the obtained products, single-crystal XRD exper-
iments were carried out for the 1,2,3-triazole 3b, and the obtained single-crystal XRD
structure is presented below (Figure 4).

To demonstrate the synthetic utility of the present reaction, we successfully prepared
Rufinamide (compound 7f), a commercially available antiepileptic drug (AED) and its
Cl-analogue (compound 6f) in good overall yields (Scheme 2). The Cl-analogue of Rufi-
namide was prepared by starting from easily available 2,6-dichloro benzaldehyde precursor
followed by the synthesis of 2,6-dichlorobenzyl azides (see Supplementary Materials). With-
out any tedious purification of these organic azides, we treated with propiolic esters under
optimised mechanochemical grinding using copper beads. The ethyl ester of the propiolic
acid under our optimised mechanochemical conditions gave the formation of the desired
1,4-isomer only compared to the methyl ester derivative of propiolic acid derivatives. To
our delight, we observed the formation of yellow crude after the reaction which contained
only 1,4-regioisomer (6e) as a major product and gave 67% yield after purification. We
have also observed that the mechanochemical conditions gave better results in the case
of two-component reactions, i.e., alkyne and organic azide, rather than three. The triazlic
esters (6e) can be easily converted into the amide derivatives using treatment with ammonia
water in methanol. A similar experimental procedure was followed for the synthesis of the
commercially available drug Rufinamide 7f in 79% of overall yield with greater selectivity
(Scheme 2).
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Figure 2. Scope of various alkynes and benzoylmethyl bromides in mechanochemical CuAAC
reaction. Reaction conditions: Ar/HetAr alkynes 1b—f (1 equiv.), benzoylmethyl bromides 2b-h
(1.2 equiv.), sodium azide (1.2 equiv.), 5-Cu beads, 500 rpm; 1 stepwise route.
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Figure 3. Scope of various alkynes in CuAAC with tosyl azides under mechanochemical conditions.
Reaction conditions: Ar/HetAr alkynes 1b—f (1 equiv.), tosyl azide 4a (1.2 equiv.), 5-Cu beads,
500 rpm.

Figure 4. Single crystal XRD structure of 3b. CCDC number for the compound 3b is 2123952.
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Reaction conditions: (a) NaBH, (2.5 equiv.) in CH3OH for 2 h at rt; (b) PBr; (1.1 equiv.) in DCM at 0°C for 12 h; (c) NaN3 (4
equiv.) in acetone/water for 6 h at rt; (d) Alkyne (0.8 equiv.), Azide (1.0 equiv.), Mechanical grinding: 0.27"/0.27" 5-Cu beads, 500
rpm, 2 h; (e) NH4OH in CH30H under reflux; (f) NEt; (1 equiv.) in ethanol at 60 °C for 2h; (g) LiAlH, in dry THF at 60 °C for 2 h.

Scheme 2. Total synthesis of anti-seizure drug Rufinamide and analogues.

Plausible Catalytic Pathway

From the previous discussions, we have observed the in situ generation of stable and
isolable organic azides (IIA) as the key intermediate, followed by 1,2,3-triazole formation.
In some cases, we also performed reactions between the alkynes and organic azides to
enhance the overall yield. Based on the previous literature reports [72-76] and the above
experimental findings, a plausible reaction mechanism is suggested as shown in Figure 5.
The proposed catalytic cycle for the CuAAC of alkynes with the azides consists of an initial
copper acetylide formation to afford intermediate I. We surmised that, in the catalytic cycle,
NaNg3 can change the valence state of Cu during the reaction and that this might be respon-
sible for the observed activity [77,78]. The Cu(l) species reacts with an alkyne to create a
copper acetylide. On the other hand, benzoylmethyl bromides react with sodium azides to
form benzoylmethyl azides, IIA, which are one of the key intermediates in the catalytic
cycle. The 1,3-dipolar cyclization of the resulting dinuclear copper intermediate (IIT and IV)
and benzoylmethyl azides IIA, followed by protonation, provided the formation of target
1,2,3-triazole VI and the regeneration of the Cu catalyst. The generation of intermediate III
and IV is supported by reference [73]. It worth mentioning that Cu-beads are recyclable,
and after sonication with acetone the Cu-beads can be returned to the reaction without
losing both the grinding performance and the catalytic activity.
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Figure 5. Plausible reaction pathway of the Huisgen cycloaddtion.

3. Conclusions

In summary, we have developed a regiospecific, environmentally benign mechanochem-
ical grinding for a 1,3-dipolar Huisgen cycloaddition reaction between terminal alkynes
and azides using Cu-beads. Highly functionalized 1,2,3-triazoles were prepared selec-
tively in good-to-excellent yield using an easy workup technique and without generation
of unwanted waste. This energy- and cost-effective process has also been extended for
the synthesis of Rufinamide, a commercially available antiepileptic drug (AED) and its
Cl-analog. The crystallographic data of the triazole molecule also established structural
confirmation. Furthermore, the in silico studies of the prepared molecules are still under
investigation and the results will be published in due course. Finally, this research may
encourage the synthetic community to develop active pharmaceutical ingredients using
greener energy sources and impact the pharmaceutical industries.

4. Experimental Section

General experimental procedure for the mechanochemical cycloaddition reaction:
PM100 stainless steel grinding bowl with an internal volume of 25 mL, containing 0.27/0.27-
inch cylindrical copper beads (5 beads) was charged with alkynes (1 equivalent), equimolar
quantities of benzoylmethylbromide (2 equiv. unless otherwise mentioned) and sodium
azide (2 equiv. otherwise mentioned). The grinding bowl was then equipped with a
stainless steel bowl cap and placed in the mechanical ball milling instrument. The reaction
mixture within the grinding bowl was allowed to rotate for 3 h (unless otherwise mentioned)
at the speed of 500 rpm. The progress of the reaction was monitored by the TLC and
the reaction mixture was extracted with dichloromethane. The crude was concentrated
under reduced pressure and the product was isolated using silica gel (230-400) column
chromatography under hexane/ethylacetate gradient.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/molecules27227784/s1, Figure S1: GC-MS of azidation of tosylchloride, Figure S2: Synthesis of
2,6-dichlorobenzyl azide from its aldehyde precursor, Figure S3: Reduction of 2,6-difluorobenzoyl
chloride to 2,6-difluorobenzyl azide, Figure S4: Spectral data (1H, 1B, GC-MS) for synthesized
compounds, Figure S5: ORTEP diagram of compound 3b [79].
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Abstract: An electrochemically induced synthesis of imidazoles from vinyl azides and benzyl amines
was developed. A wide range of imidazoles were obtained, with yields of 30 to 64%. The discovered
transformation is a multistep process whose main steps include the generation of electrophilic iodine
species, 2H-azirine formation from the vinyl azide, followed by its reactions with benzyl amine
and with imine generated from benzyl amine. The cyclization and aromatization of the obtained
intermediate lead to the target imidazole. The synthesis proceeds under constant current conditions
in an undivided cell. Despite possible cathodic reduction of various unsaturated intermediates with
C=N bonds, the efficient electrochemically induced synthesis of imidazoles was carried out.

Keywords: electrochemistry; imidazoles; vinyl azides

1. Introduction

The imidazole family of N-heterocycles is widely found in natural products and
pharmaceutical compounds [1-5]. Additionally, imidazoles are used in organic chemistry
and material design [6,7]. As a result, various methods have been developed to synthe-
size 1,2,4-trisubstituted-(1H)-imidazoles [8-10]. Substituted imidazoles were obtained
from aryl ketones and benzylamines using N-heterocyclic carbene (NHC)/BF3-Et,O/ tert-
butyl hydroperoxide (TBHP) [11], Cul/BF;-Et,O/0O; [12], I, /HC1/O; [13], and NalOy/
2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) [14] systems (Scheme 1a). The electro-
chemical cyclization of aryl ketones [15,16] with benzyl amines into 1,2,4-trisubstituted-
(1H)-imidazoles was also reported (Scheme 1a). Approaches to 1,2,4-trisubstituted im-
idazoles via cyclization of enamides [17] and enamines [18] with benzyl amines were
developed. However, there are some problems associated with these strategies, due to
necessity of stoichiometric chemical reagents or heavy metal residues. Therefore, metal-free
and stoichiometric-oxidant-free multicomponent strategies for the synthesis of imidazoles
are highly desirable.

Vinyl azides have versatile reactivity: they can be nucleophiles, electrophiles,
1,3-dipoles, or radical acceptors [19,20]. Due to their ability to eliminate N, during transfor-
mation, vinyl azides are convenient precursors in organic synthesis [21-23]. It is becoming
increasingly popular to use vinyl azides as substrates for the preparation of N-heterocyclic
compounds [24]. Oxidative cyclization of vinyl azides and benzyl amines into substituted
imidazoles using I, / TBHP was reported (Scheme 1b) [25].

Nowadays, electro-organic synthesis is considered to be among the areas of organic
chemistry with the most active development [26-33]. Currently, much attention is devoted
to electrochemical synthesis of heterocyclic structures [34—40], which have always been
essential scaffolds in organic chemistry. However, there are only a few examples of the
electrochemically induced formation of the C—N bond for the synthesis of heterocyclic
compounds such as imidazoles [15,41-43].
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Scheme 1. (a,b) Known methods for the synthesis of 1,2,4-trisubstituted imidazoles. (c) The presented
herein method for imidazole synthesis.

The electrolysis can be performed in an undivided or divided cell under controlled
potential (CPE) or constant current conditions (CCE). Constant current (CCE) conditions
benefit from the high current density, shorter process time, and technically convenient
reaction setup. Using an undivided cell is more practical, but at the same time, undesir-
able processes connected to the counter-electrode action at reaction intermediates must
be avoided.

As far as we know, the electrochemical method for the synthesis of substituted imida-
zoles using vinyl azides has not been disclosed yet. Inspired by the synthetic application of
vinyl azides and our experience in the organic electrosynthesis [44], herein, we report an
electrochemical approach to imidazoles from vinyl azides and benzyl amines (Scheme 1c).

2. Results and Discussion

We began testing our hypotheses using (1-azidovinyl)benzene 1a and benzyl amine 2a
as the model substrates in N,N-dimethylformamide (DMF) with tetrabutylammonium iodide
(TBAI) as the electrolyte under electrolysis at 30 mA (j = 10 mA /cm?) with 4.0 F/mol electricity
passed, as shown in Table 1. To our delight, the expected 1-benzyl-2,4-diphenyl-1H-imidazole
(3a) was isolated, with a yield of 24% from the crude mixture (entry 1, Table 1). We
then investigated other reaction parameters. The detailed optimization of the imidazole
electrosynthesis is presented in SI (Table S1).

Screening of electrolytes indicated that KI (37%, entry 2) was superior to TBAI and
LiClOy4, which gave lower yields (entries 1 and 3, 24% and 22%, respectively). The yield
of 3a has not risen with an increase in benzyl amine amount to 4.0 eq. (entry 4). The
addition of p-TsOH-H,O improved the 3a yield up to 48% (entry 5). The product (3a) was
isolated, with a yield of 39% with the applied current density 20 mA /cm? (entry 6). The
yield increased as the amount of electricity passed achieved 6.0 F/mol (entry 7). When the
electric current was absent, traces of the product formed (entry 8). Several acids were later
screened. When H,SO,4 or CH3SO3H were employed, the expected product (3a) was not
detected (entries 9, 10); the replacement of p-TsOH-H,O with Amberlyst-15 dramatically
lowered the yield (entry 11). To compare the influence of the cathode materials, the reaction
was carried out with glassy carbon, stainless steel, and nickel cathodes (entries 12-14).
Nickel cathode was almost as effective as platinum (48%, entries 7 and 14), the others were
less. Product 3a was obtained with a yield of 36% when a graphite plate was employed as
anode (entry 15), and even lower yield was observed with platinum plate as anode (entry
16). Similar efficiency was obtained when dimethyl sulfoxide (DMSO) (34%, entry 17) was
used as a solvent. However, the yield of product 3a decreased to 18% when the reaction
was performed in PhCl (entry 18). The reduction in the temperature to 70 °C led to the best
3ayield (61%, entry 19). A further reduction in the temperature to 50 °C significantly drops
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the yield of the cyclization product, suggesting that the temperature also plays a crucial
role in the electrochemical cyclization (entry 20). Under optimal conditions (yield 3a 61%,
entry 19), a complete conversion of 1a was observed, with no evidence of byproducts that
could be isolated.

Table 1. Optimization of imidazole electrosynthesis !.
N3 Constant current Ph
. gNHZ Electrolyte N
Additive Nijh

Solvent, 100°C  Ph
1a 2a 3a

Current Density, Electricity Passed

Entry Cathode/Anode  Electrolyte (eq) Additive (eq.) Solvent mA/em? per 1a, F/mol Yield 3a, %
1 Pt/GC TBAI (1.0) - DMF 10.0 4.0 24
2 Pt/GC KI (1.0) - DMF 10.0 4.0 37
3 Pt/GC LiClO; (1.0) - DMF 10.0 4.0 2

42 Pt/GC KI (1.0) - DMF 10.0 4.0 33
5 Pt/GC KI (1.0) ’”’TS%IE)')Hzo DMF 10.0 4.0 48
6 Pt/GC KI (1.0) P 'TS(()Z%')HZO DMF 20.0 40 39
7 Pt/GC KI (1.0) P 'TS?Z%')HZO DMF 20.0 6.0 55
8 Pt/GC KI (1.0) P 'TS?Z%')Hﬁ DMF ; ; 7
9 Pt/GC KI (1.0) H,S04 (2.0) DMF 20.0 6.0 -
10 Pt/GC KI (1.0) CH;S0;H (2.0) DMF 20.0 6.0 -
11 Pt/GC KI (1.0) Amb(‘;rg“'w DMF 200 6.0 46
12 GC/GC KI (1.0) p'TS(()Z%')Hzo DME 200 6.0 15
13 S5/GC KI (1.0) ’”’TS%%')Hzo DMF 200 6.0 34
14 Ni/GC KI (1.0) ’”’TS%HO')Hzo DMF 200 6.0 48
15 Pt/C KI (1.0) b 'TS(()Z%')HZO DMF 20.0 6.0 36
16 Pt/Pt KI (1.0) P 'TS?Z%')HZO DMF 20.0 6.0 22
17 Pt/GC KI (1.0) P 'TS?Z%')Hﬁ DMSO 200 6.0 34

p-TsOH-H,O
2.0)
18 Pt/GC KI (1.0) A BUNCIO, PhCl 20.0 6.0 18
(1.0)
193 Pt/GC KI (1.0) p'TS(()Z%')Hzo DMF 200 6.0 61
204 Pt/GC KI (1.0) ’”’TS%IE)')Hzo DMF 20.0 6.0 31

1 General reaction conditions: undivided cell, glassy carbon plate anode/platinum plate cathode (3 cm?), constant
current, 1a (1.0 mmol, 145.2 mg), 2a (2.0 mmol, 214.4 mg), solvent (10.0 mL), 100 °C, and air atmosphere.
2 3a (4.0 mmol, 428.8 mg). 3 70 °C. 4 50 °C.

With the best conditions in hand (Table 1, entry 19), we next turned our attention to the
scope of various vinyl azides 1 as depicted in Scheme 2. Substituted (1-azidovinyl)benzenes 1
were subjected to transformation under the reaction conditions. All (1-azidovinyl)benzenes 1
containing electron-donating (e.g., CHs, t-Bu, and OCH3) as well as electron-withdrawing
groups (e.g., F, Br, and Cl) worked well, affording the desired products 3a-3i with yields of
34-64%. (1-Azidovinyl)benzene 1j with the other azido-group gave the desired product
3j with a yield of 30%. The aliphatic vinyl azide 1k did not provide the cyclization product,
and the possible reason is insufficient stabilization of the imine-enamine intermediates due
to the lack of a conjugated bond system.
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Ph
N3 GC(+)/Pt(-), KI (1.0 eq.) NZ
X + Ph” "NH, 1=60mA (j=20 mA/cm?) N7
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Ph Ph Ph
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Scheme 2. The scope of vinyl azides 1.

Subsequently, representative amines 2 with electron-donating and electron-withdrawing
groups were evaluated (Scheme 3). The various benzyl amines 2 were suitable for this trans-
formation, giving the desired products 31-p, with yields of 35-55%. 2-(Aminomethyl)furan
and 3-(aminomethyl)pyridine afforded the corresponding products 3q and 3r with yields
of 38% and 30%, respectively. The application of 1-aminohexane did not lead to the
cyclization product.

In order to determine the reaction mechanism, we conducted a series of control
experiments (Scheme 4). Firstly, 1a and 2a were placed with iodine (4.0 eq.) as the oxidant,
so the target product 3a was not observed, and acetophenone was isolated in a 20% yield
(Scheme 4a). This result demonstrated the unique reactivity of the electrochemical system,
which is far more complex than the iodine generation. Moreover, w-iodoacetophenone
4 and acetophenone 5, instead of 1a, were investigated under electrochemical conditions
(Scheme 4b,c). The reaction of w-iodoacetophenone 4 with benzyl amine 2a did not lead
to the desired imidazole 3a, unlike the reaction of acetophenone 5 with benzyl amine 2a.
The imidazole 3a was synthesized from acetophenone, 5 with a low yield of 14% under
optimal conditions (Scheme 4c). These results implied that the iodination of x-carbon in
the vinyl substrate might not be the required reaction step. The substrate 2a was employed
to react with 3-phenyl-2H-azirine 6; the product 3a was obtained with a yield of 35%, thus
3-phenyl-2H-azirine 6 might be the intermediate in electrochemically induced synthesis of
substituted imidazoles (Scheme 4d).
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Scheme 3. The scope of benzyl amines 2.

To understand the influence of the cathodic processes and p-TsOH on the yield of
3a, we performed comparative electrochemical experiments in undivided and divided
electrochemical cells (Scheme 5). There is no significant difference in 3a yield between an
undivided and divided electrochemical cells in the presence of p-TsOH. Without acid the
reaction in the divided cell resulted in higher yields than in the undivided one. So, in the
undivided cell, an acid is likely reduced on the cathode, preventing cathodic side processes.

Cyclic voltammetry (CV) was used to study the redox potentials of the substrates
(Figure 1). The mixture of DMF and p-TsOH-H,O did not show considerable reactivity
in anodic oxidation under the potential below 1.4 V (curve a). The KI demonstrated two
reversible anodic waves at 0.4 and 0.9 V in the presence of the acid, which is in accordance
with the triiodide (I ™) and iodine (I;) formation (curve b) [45]. The CV of vinyl azide 1a
and p-TsOH-H,O exhibited a broad and reversible wave above 1.0 V (curve c). The mixture
of benzyl amine 2a and p-TsOH-H,O turned out to be electrochemically inert under the
potential below 1.5V (curve d). The addition of KI to the mixture of benzyl amine 2a and
p-TsOH-H,O led to decreased oxidation and reduction peaks of KI (curves b, d, ). The
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mixture vinyl azide 1a, benzyl amine 2a, KI, and p-TsOH-H;O (curves e, f) demonstrated
increased oxidation peaks, which may indicate the oxidation of the reaction products from
vinyl azide 1a with electrochemically generated intermediates from benzyl amine 2a, KI,
and p-TsOH-H,O.

N3 0

+ Ph/\NHz I, (4.0 eq.) _
(@) p-TsOH *H,0 (2.0 eq.)

K )
1a.10eq.  2a,20eq  D°MF 70°C,160min 5, 20%
Q GC(+)/Pt(-), KI (1.0 eq.) o
+ Ph” ONH, 1=60mA (j=20 mAlcm?)
(b) I p-TsOH *H,0 (2.0 eq.)

DMF, 70 °C, 6.0 F/mol

4,1.0eq. 2a,2.0eq. 5,13%

h

P
Q GC(+)/Pt(-), KI (1.0 eq.) N
+ Ph” "NH, 1=60mA (j=20 mA/cm?)_ N7\
(©) ©)\ p-TsOH * H,0 (2.0 eq.) Ph
DMF, 70 °C, 6.0 F/mol

5,1.0eq. 2a, 2.0 eq. 3a, 14%
convn. 570%
Ph
N GC(+)/Pt(-), KI (1.0 eq.) N
g + Ph” "NH, 1=60mA (j=20 mAlcm?)_ N/
(d) p-TsOH *H,0 (2.0 eq.) Ph
o]
6. 1.0 oq. 2a,200eq,  DMF 70°C,6.0 Fimol 38 35%

Scheme 4. Control experiments. (a) The use of iodine as the oxidant. (b,c) The electrolysis of benzyl
amine with w-iodoacetophenone 4 and acetophenone 5. (d) The electrolysis of benzyl amine with
3-phenyl-2H-azirine 6.

Ph
N3 GC(+)/Pt(-), KI (1.0 eq.) N
+ Ph” NH, =20 mA N7\
©/§ DMF, 25 °C, 4.0 F/mol Ph
1a, 1.0 eq. 2a, 2.0 eq. 3a

divided cell (anodic compartment)

without acid 22%

p-TsOH - H,0 (2.0 eq.) 16%
undivided cell

without acid 12%

p-TsOH -H,0 (2.0 eq.) 18%

Scheme 5. Comparing the divided and undivided electrochemical cells.
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Figure 1. CV curves for the corresponding solutions on a working glassy-carbon electrode (d = 3 mm)
under a scan rate of 0.1 V/s at 20 °C. (a) A 0.2 M solution of p-TsOH-H,0 in 0.1 M n-BuyNBF,
solution in DMF; (b) a 0.1 M solution of KI in a 0.2 M solution of p-TsOH-H,O in 0.1 M n-BusNBF,
solution in DMF; (c) mixture of vinyl azide 1a and p-TsOH-H,O in 0.1 M n-BusNBF, solution in DMF;
(d) mixture of amine 2a and p-TsOH-H,O in 0.1 M n-BuyNBF, solution in DMF; (e) mixture of amine
2a and p-TsOH-H,0 in a 0.1 M solution of KI in 0.1 M n-BugNBF, solution in DMF; (f) mixture of
vinyl azide 1a, amine 2a and p-TsOH-H,O in a 0.1 M solution of KI in 0.1 M n-BusyNBEF, solution
in DME

Based on our experimental results and previous works [17,25,46], a plausible reaction
mechanism for electrochemical transformation of vinyl azides and benzyl amines into
imidazoles was proposed in Scheme 6. First, molecular iodine is generated via the anodic
oxidation of I~ [15,16,22]. Generated I, can further react with the I~ to result in I3~
formation or with traces of water from the solvent, as well as OH™ generated on the
cathode, to give electrophilic iodine species [47,48]. Then, molecular iodine oxidizes 2a to
form imine 8. The vinyl azide 1a is converted to 2H-azirine 6 by thermal decomposition.
A nucleophilic attack of starting benzyl amine 2a to 2H-azirine 6 leads to intermediate 7 [25].
Subsequently, 7 reacts with imine 8 to provide intermediate 9, which has imine-enamine
tautomerism with intermediate 10 under optimized conditions. Due to this tautomerism,
two routes are possible. The route I includes the oxidation of 10 into intermediate 11, further
cyclization into intermediate 12, and ammonia elimination providing the target imidazole
3a. According to route II, intermediate 9 cyclizes into imidazolidine 13, which eliminates
NH; with the formation of intermediate 14. The oxidation of 14 results in imidazole 3a.
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Scheme 6. The proposed reaction mechanism.

3. Materials and Methods
3.1. General Materials and Methods

'H and 3C NMR spectra were recorded on Bruker AVANCE II 300 spectrometer
(300.13 and 75.48 MHz, respectively) in CDCl3. Chemical shifts were reported in parts per

million (ppm), and the residual solvent peak was used as an internal reference: 'H (CDCl;

§ =7.25 ppm), 13C (CDCl; § = 77.00 ppm). Multiplicity was indicated as follows: s (singlet),

d (doublet), t (triplet), q (quartet), sept (septet), m (multiplet).

High-resolution mass spectra (HR-MS) were measured on a Bruker micrOTOF II
instrument using electrospray ionization (ESI). The measurements were performed in a
positive ion mode (interface capillary voltage—4500 V); mass range from m/z 50 to m/z
3000 Da; external calibration with Electrospray Calibrant Solution (Fluka). A syringe
injection was used for all acetonitrile solutions (flow rate 3 pL/min). Nitrogen was applied

as a dry gas; interface temperature was set at 180 °C.
FT-IR spectra were recorded on Bruker Alpha instrument.

The TLC analysis was carried out on standard silica gel chromatography plates (DC-

Fertigfolien ALUGRAMR Xtra SIL G/UV,s4). Column chromatography was performed
using silica gel (0.040-0.060 mm, 60 A).
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DME, p-TsOH°H,0, TBAI, KI, NH4I, NH4Br, LiClOy4, H,SO4 CH3SO3H, Amberlyst-15,
and chlorobenzene were purchased from commercial sources and were used as is. All
solvents were distilled before use using standard procedures.

3.2. Synthesis of Starting Compounds

(1-Azidovinyl)benzene (1a), 1-(1-azidovinyl)-4-methylbenzene (1b), 1-(1-azidovinyl)-4-
tertbutylbenzene (1c), 1-(1-azidovinyl)-3-methylbenzene (1d), 1-(1-azidovinyl)-4-
methoxylbenzene (le), 1-(1-azidovinyl)-4-fluorobenzene (1f), 1-(1-azidovinyl)-4-
bromobenzene (1g), 1-(1-azidovinyl)-3-bromobenzene (1h), and 1-(1-azidovinyl)-2-
chlorobenzene (1i) were synthesized according to the literature through the bromina-
tion of corresponding styrenes followed by the reaction of dibromides with NaN3 [49].
1-(Azidomethyl)-4-(1-azidovinyl)benzene (1j) was synthesized according the same proce-
dure from 1-(chloromethyl)-4-vinylbenzene as a result of simultaneous azidation of formed
dibromide and nucleophilic substitution of chlorine atom [49]. 2-Azidododec-1-ene was
synthesized according to the literature through the reaction between styrenes and I, /NaN3
system followed by dehydroiodination with t-BuOK [50].

Amines 2 were obtained from commercial suppliers and used without further purification.

3.3. Electrochemical Cell

For the electrosynthesis glassy carbon and platinum plates from Russian commercial
suppliers were used as electrodes (glassy carbon: C¥Y-2000: TY 1916-027-27208846-01;
platinum grade: AISI 304). The reactions were performed in a common chemical tube.
Undivided electrochemical cell equipped with glassy carbon plate anode and platinum
plate cathode with reaction mixture during electrolysis under constant current conditions.
The detailed electrochemical equipment was presented in our previous study [44].

Before all electrochemical reactions, the electrodes were placed into a 5 M solution
of KOH and this mixture was electrolyzed for 10 min at j = 200 mA/ cm?. After that, the
polarity of electrodes was changed and the mixture was electrolyzed under these conditions
again. After electrolysis, the electrodes were washed with running water and then with
acetone. All these procedures help to clean the electrodes from the impurities from the
previous electrolysis.

3.4. General Experimental Procedure for Schemes 2 and 3

An undivided cell was equipped with a glassy carbon anode (3 cm?) and a platinum
plate cathode (3 cm?) and connected to a DC regulated power supply. The solution of 1a
(1.0 mmol, 1.0 eq.), 2a (2.0 mmol, 2.0 eq.), p-TsOH°H,0 (2.0 mmol, 380.0 mg, 2.0 eq.), and
KI (1.0 mmol, 166.0 mg, 1.0 eq.) in 10 mL of DMF was electrolyzed using constant current
conditions at 70 °C under magnetic stirring for 160 min with I = 60 mA (j = 20 mA/cm?).
After that, the reaction mixture was diluted with H,O (30 ml) and washed with mixture of
PE and ethyl acetate (1:1) (2 x 30 mL). The combined organic layer was washed with a 0.3 M
solution of Na»S,O3 (2 x 10 mL), water (2 x 10 mL), dried over Na,SO,4 and concentrated
under reduced pressure using a rotary evaporator (15-20 mmHg), (bath temperature, ca.
30-40 °C). Product 3 was isolated by chromatography on SiO,.

3.4.1. 1-Benzyl-2,4-diphenyl-1H-imidazole (3a)

Yellow solid. Yield 61% (189.7 mg, 0.61 mmol, PE/EtOAc = from 15:1 to 2:1 as elu-
ent), mp = 123-124 °C (lit. [25] mp = 123-124 °C). R¢ = 0.36 (PE:EtOAc = 5:1). I'H NMR
(300.13 MHz, CDCl3, %): 7.88 (d, ] = 7.4 Hz, 2H), 7.68-7.58 (m, 2H), 7.51-7.43 (m, 3H),
7.43-7.35 (m, 5H), 7.33-7.27 (m, 2H), 7.23-7.13 (m, 2H), 5.26 (s, 2H). 3C{'H} NMR (75.48 MHz,
CDCl3, d): 148.7,141.6,136.9, 134.2, 130.5, 129.1, 128.7, 128.6, 128.0, 126.9, 126.7, 125.0, 116.9,
50.5. HRMS (ESI-TOF) m/z [M + H]*. Caled for [CooH19N3]*: 311.1543. Found: 311.1543. IR
(KBr): 3469, 3034, 1651, 1474, 1446, 1398, 772, 736, 697 cm .. The compound was previously
described in [25].
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3.4.2. 1-Benzyl-2-phenyl-4-(p-tolyl)-1H-imidazole (3b)

Yellow solid. Yield 52% (168.5 mg, 0.52 mmol, PE/EtOAc = from 15:1 to 2:1 as
eluent), mp = 140-142 °C (lit. [25] mp = 138-140 °C). R = 0.37 (PE:EtOAc = 5:1). I'H NMR
(300.13 MHz, CDCl3, 8): 7.75 (d, | = 8.0 Hz, 2H), 7.68-7.58 (m, 2H), 7.47-7.38 (m, 3H),
7.37-7.28 (m, 3H), 7.24-7.10 (m, 5H), 5.21 (s, 2H), 2.36 (s, 3H). 13C{'H} NMR (75.48 MHz,
CDCl3, d): 148.5,141.6, 137.0, 136.6, 131.2, 130.5, 129.3, 129.2, 129.1, 128.7, 128.1, 126.8, 125.0,
116.5, 50.6, 21.3. HRMS (ESI-TOF) m/z [M + H]*. Calcd for [Cp3Hp1N5]*: 325.1699. Found:
325.1696. IR (KBr): 3542, 3498, 3468, 3438, 3066, 3029, 2957, 2924, 2855, 1729, 1644, 1646,
1273, 1178, 822, 763, 731, 698 cm 1. The compound was previously described in [25].

3.4.3. 1-Benzyl-4-(4-(tert-butyl)phenyl)-2-phenyl-1H-imidazole (3c)

Yellow liquid. Yield 64% (234.6 mg, 0.64 mmol, PE/EtOAc = from 15:1 to 2:1 as eluent).
Ry =0.25 (PE:EtOAc = 5:1). 'H NMR (300.13 MHz, CDCl3, 8): 7.80 (d, ] = 8.3 Hz, 2H),
7.68-7.58 (m, 2H), 7.46-7.37 (m, 5H), 7.37-7.29 (m, 3H), 7.23 (s, 1H), 7.13 (d, ] = 6.6 Hz, 2H),
5.22 (s, 2H), 1.36 (s, 9