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Preface to ”Synthesis of Heteroaromatic Compounds”

Dear Colleagues,

The synthesis of heteroaromatic compounds, the examination of their properties, and

widespread applications in all areas of science continues to be the subject of intense research.

The functionalization of heteroaromatic compounds can productively and unpredictably modulate

properties that interest medicinal chemists in drug discovery, theranostics specialists in biomedical

imaging, as well as material scientists in terms of their specific optical properties and applications.

Many of these topics are examined in this Special Issue.

The use of computational chemistry methods to not only determine optimized molecular

structural information and properties but also to model potential biochemical interactions between

heteroaromatic molecules and biomolecules has burgeoned over the last two decades. These methods

complement and focus on drug discovery, assist in optimizing synthetic research efforts, and lead to

more efficacious resource allocation. A number of the articles published in this Special Issue have

incorporated computational and molecular modeling methods that show definitive relationships

between new heteroaromatic molecules and the desired properties to be imported into the medicinal

chemistry and materials science fields of study.

As larger chemical enterprise seeks to improve sustainability in the preparation of

heteroaromatic molecules, the application of green chemistry principles to reduce chemical toxicity

and minimize waste streams and energy expenditure in chemical synthesis operations has grown

dramatically in the last two decades. Several of the articles and reviews in this Special Issue highlight

the use of green chemistry methods in the synthesis of heteroaromatic species, often reducing reaction

times, milder reaction conditions, and the use of benign reagents and solvents.

While heteroaromatic chemistry has had an enormous global impact on science and society,

the exploration of new synthesis methods leading to highly functionalized heteroaromatic molecules

continues to flourish. We are delighted that more than ninety international experts in this field have

agreed to contribute their research achievements and provide critical reviews to this Special Issue.

Joseph Sloop

Editor
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Editorial

Synthesis of Heteroaromatic Compounds
Joseph Sloop

Department of Chemistry, School of Science & Technology, Georgia Gwinnett College, 1000 University Center
Lane, Lawrenceville, GA 30043, USA; jsloop@ggc.edu

The synthesis of heteroaromatic compounds has been the subject of intense investi-
gation for well over a century. Studies of the properties exhibited by this broad class of
organic molecules have led to countless applications in materials science, agrochemistry
and the pharmaceutical industry. This Special Issue, entitled “Synthesis of Heteroaromatic
Compounds”, is an outstanding collection of fourteen original research papers and six
review articles that discuss the advances made in both conventional and green prepara-
tory methods, as well as the properties and applications of heteroaromatic molecules in
industrial and medicinal chemistry areas of study [1–20].

In recent years, computational chemistry methods have been brought to bear to de-
termine both the molecular properties and biomolecular interactions that heteroaromatic
compounds exhibit. Molecular docking studies of heteroaromatic compounds have identi-
fied myriad potential uses in the treatment of a host of illnesses. A number of the articles
found in our Special Issue also leverage this important theoretical tool to allow the reader a
better understanding of the impact that new molecules bearing heteroaromatic components
may have to both the chemical enterprise writ large and the pharmaceutical industry.

This Special Issue brings together contributions from a truly international and diverse
array of ninety experts in the fields of heteroaromatic compound synthesis, QSAR studies,
computational chemistry and molecular docking, as well as bioactivity studies. Here are
some highlights of the original research work and reviews presented in this Special Issue.

Several articles in this Special Issue feature the synthesis of azole derivatives, including
1,2,4-triazoles; imidazoles; pyrazoles; 1,3,4-oxadiazoles; 1,2,3-triazoles; 1,3,4-thiadiazoles;
1,3-thiazoles; benzimidazoles and isoxazoles. Bollinger and Ardón-Muñoz report a new
synthetic protocol to prepare a series of benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles derivatives
via the C-H bond functionalization of phenyl disulfide intermediates. This method features
high functional group tolerance, short reaction times and overall good yields [1]. Kudelko’s
group prepared a library of 1,2,4,5-tetrazine-4H-1,2,4-triazole conjugates. Compounds of
this type may have pharmaceutical uses and possess optoelectronic properties [5]. Sa-
loutin’s team functionalized 2-(polyfluorophenyl)-4H-chromen-4-ones via SNAr conditions
with 1,2,4-triazole; imidazole; pyrazole and 1,3,4-oxadiazole. Both monoazole and polya-
zole products were obtained in modest to good yields. Several products demonstrated
luminescent properties with potential application as OLEDs; the fungistatic testing of se-
lected products revealed antifungal activity [14]. Kudelko and coworkers prepared a series of
novel carboxymethylamino-substituted 2,5-dialkyl-1,3,4-oxadiazoles via a multistep method em-
ploying commercially available acid chlorides, hydrazine hydrate and phosphorus oxychloride
in yields as high as 91% [9]. Gribanov’s team prepared new examples of 5-(het)arylamino-
1,2,3-triazole derivatives in high yields via a palladium-complex-catalyzed Buchwald–Hartwig
cross-coupling reaction of 5-amino- or 5-halo-1,2,3-triazoles with (het)aryl halides and amines [2].
Obydennov and coworkers synthesized a new class of conjugated pyrans based on the exam-
ination of 2-methyl-4-pyrones with DMF-DMA, including derivatives bearing isoxazole
and benzimidazole ring systems. The compounds demonstrated valuable photophysi-
cal properties, such as large Stokes shifts and good quantum yield [12]. Sosnovskikh’s
group synthesized a series of 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones,
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which are novel building blocks for biologically important polycyclic pyridones via an
oxazinone ring-opening transformation. The partial aromatization of the heterocycles
formed polycyclic benzimidazole-fused pyridines [15]. Fedetov’s team prepared a se-
ries of novel 4-(aryl)-benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles via Povarov and
oxidation reactions from benzimidazole-2-arylimines. The photophysical properties of
the studied compounds included positive emission solvatochromism with large Stokes
shifts [10]. Nakano and coworkers designed spiro[indeno[1,2-b][1]benzofuran-10,10′-
indeno[1,2-b][1]benzothiophene] as well as the S,S-dioxide derivative and the pyrrole-
containing analog. The furan-containing chiral spiro-fused PACs were found to be cir-
cularly polarized luminescent materials [7]. Guerrini’s team prepared a series of 5-oxo-
4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine derivatives as potential GABAA mod-
ulators. These compounds were studied using the ‘Proximity Frequency’ model with
molecular docking and dynamic simulation; all products were determined to have an
agonist profile, highlighting the suitability of the nucleus to interact with the receptor
protein [18].

Several papers within this collection not only feature the synthesis of new heteroaromatic
compounds but also investigate the potential biological applications of those molecules. Xi-
ang’s group prepared a series of 8H-indeno[1,2-d]thiazole derivatives and evaluated their
inhibitory activities against SARS-CoV-2 3CLpro through a high-throughput screening of
their compound collection. One compound was identified as a novel SARS-CoV-2 3CLpro

inhibitor and was subjected to molecular docking to predict the binding mode with SARS-
CoV-2 3CLpro [4]. Gomha’s group synthesized 3-aryl-5-substituted 1,3,4-thiadiazoles, 3-
phenyl-4-arylthiazoles and the 4-methyl-3-phenyl-5-substituted thiazoles from
1-(3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)-3-phenylthiourea and hydrazonoyl halides,
α-haloketones, 3-chloropentane-2,4-dione and ethyl 2-chloro-3-oxobutanoate. The new
compounds showed anticancer activity against the cell line of human colon carcinoma
(HTC-116) as well as hepatocellular carcinoma (HepG-2). Molecular docking studies of
the thiadiazol confirmed a binding site with EGFR TK [8]. Another team under Gomha’s
direction designed and synthesized novel 3-thiazolhydrazinylcoumarins via the reaction of
phenylazoacetylcoumarin with various hydrazonoyl halides and α-bromoketones. Molecu-
lar docking studies of the resulting 6-(phenyldiazenyl)-2H-chromen-2-one derivatives were
assessed against VEGFR-2 and demonstrated comparable activities to that of Sorafenib
(an approved medicine). The cytotoxicity of the most active thiazole derivatives was in-
vestigated for their efficacy against human breast cancer (MCF-7) cell line and normal
cell line LLC-Mk2 using an MTT assay and Sorafenib as the reference drug. Several com-
pounds were found to have higher anticancer activities than Sorafenib [13]. Yang’s group
prepared a series of new N-(thiophen-2-yl) nicotinamide derivatives via the nucleophilic
acyl substitution of nicotinic acid chlorides and aminothiophenes. The in vivo bioassay
results of all the compounds against cucumber downy mildew (CDM; Pseudoperonospora
cubensis) indicated that several compounds exhibited fungicidal activities higher than both
diflumetorim and flumorph fungicides [11].

This Special Issue also features reviews of topics that are of ongoing interest to the
scientific community in the areas of heteroaromatic synthesis and applications. Henary
and Tran reviewed the synthesis and applications of antiviral agents derived from various
nitrogen-containing heteroaromatic moieties, such as indole, pyrrole, pyrimidine, pyrazole
and quinoline, within the last decade. The synthesized scaffolds target HIV, HCV/HBV,
VZV/HSV, SARS-CoV, COVID-19 and influenza [3]. Schoffstall and Hoffman examined
the current state of synthesis methodologies used to prepare pyrazines and pyridazines
fused to 1,2,3-triazoles. The review also details the use of these heterocycles in medicinal
chemistry as c-Met inhibitors or GABAA modulators, in materials science as fluorescent
probes, and as structural units of polymers [6]. Murai and Hashimoto give a comprehen-
sive accounting of both conventional and green synthetic methodologies used to prepare
(3-trifluoromethyl)diazirine-substituted heteroaromatics, including pyrimidines, pyridines,
benzimidazoles, pyrazoles, benzoxazoles, benzothiophenes and indoles. The authors
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also highlight medicinal, polymer and materials science applications for these diazirine-
substituted heteroaromatics [16]. Rogalski and Pietraszuk explore recent advances in
the application of the olefin metathesis reaction, particularly the cyclization of dienes
and enynes, in synthesis protocols leading to (hetero)aromatic compounds, including
pyrroles, furans, indolizines, benzofurans, pyrimidiniums, indoles, pyridoindoles and
carbazoles. Several examples of green preparations of these heteroaromatic compounds are
described [17]. Asquith’s group provided a thorough review of the synthesis methodologies
used to prepare 1,2,3-dithiazoles, their reactivity with other substrates, and their medicinal
uses as antifungals, herbicides, antibacterials, anticancer agents, antivirals and antifibrotics,
and as melanin and Arabidopsis gibberellin 2-oxidase inhibitors [19]. In their review of
heteroaromatic hybrid chalcones, Mallia and Sloop outline the recent advances made in the
incorporation of heteroaromatic moieties in the synthesis of hybrid chalcones. Examples of
environmentally responsible processes employed in the preparation of this important class
of organic compound are also highlighted [20].

Conflicts of Interest: The authors declare no conflict of interest.
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Synthesis of Benzo[4,5]thiazolo[2,3-c][1,2,4]triazole Derivatives
via C-H Bond Functionalization of Disulfide Intermediates
Luis G. Ardón-Muñoz and Jeanne L. Bolliger *

Department of Chemistry, Oklahoma State University, 107 Physical Sciences, Stillwater, OK 74078-3071, USA;
lardonm@okstate.edu
* Correspondence: jeanne.bolliger@okstate.edu

Abstract: Many nitrogen- and sulfur-containing heterocyclic compounds exhibit biological activity.
Among these heterocycles are benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles for which two main synthetic
approaches exist. Here we report a new synthetic protocol that allows the preparation of these
tricyclic compounds via the oxidation of a mercaptophenyl moiety to its corresponding disulfide.
Subsequent C-H bond functionalization is thought to enable an intramolecular ring closure, thus
forming the desired benzo[4,5]thiazolo[2,3-c][1,2,4]triazole. This method combines a high functional
group tolerance with short reaction times and good to excellent yields.

Keywords: heteroaromatics; C-H bond functionalization; oxidative cyclization

1. Introduction

Sulfur- and nitrogen-containing heterocycles are present in many natural products [1,2],
agrochemicals [3–5], commercially available drugs [6,7], and compounds with the poten-
tial to become active pharmaceutical ingredients [8–14]. As a result, there is continued
interest in developing new methods for the synthesis of biologically active fused hete-
rocycles incorporating the benzothiazole fragment [15–23]. Some of these fused hetero-
cyclic scaffolds with proven biological activities are shown in Figure 1. While the ester-
substituted tricyclic benzo[d]imidazo [2,1-b]thiazole, A, shows antitumor properties [24],
the related phenol derivative, B, shows immunosuppressive activity [25]. The bicyclic
benzothiazole, C, acts as an antibiotic [26], whereas D is an antitumor compound with
the potential to be applied as a PET imaging agent [27,28]. Among the biologically active
benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivatives, E–H are the commercially available
fungicide tricyclazole (compound E), which is used to treat rice blast, and F, which also
exhibits antifungal properties [29–32]. G displays anti-inflammatory activity [33], and H
shows promising results as an anticonvulsant agent [34].

Even though benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles are known to exhibit a broad
range of biological activities, synthetic methods for obtaining this moiety remain limited
and often lack functional group tolerance. The majority of these compounds are prepared
by first forming the thiazole ring to obtain a benzothiazole derivative, followed by the
construction of the triazole unit (Scheme 1A,B) [15,23,32–34]. Scheme 1A demonstrates
this route using tricyclazole (E) as an example [35]. The thiourea, I, can be obtained by
treatment of the appropriate aniline with potassium thiocyanate and is often not isolated
before the subsequent oxidative cyclization to the 2-aminobenzothiazole, J. An exchange
of the amino substituent with a hydrazine results in the 2-hydrazinylbenzothiazole, K,
which, in the presence of a one-carbon electrophile, such as formic acid, gives the triazole
ring of tricyclazole, E [35]. As depicted in Scheme 1B, 2-hydrazinylbenzothiazole, K′, can
alternatively be prepared from 2-mercaptobenzothiazole, L [36]. The reaction of K′ with
formamide or formic acid leads to the unsubstituted product, M, while the reaction with
carbon disulfide has been used to obtain the sulfur derivative, M′ [37,38]. Substituted tria-
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zoles, such as M”, can either be obtained directly from K′ and the appropriate acid chloride
or in two steps by using an aldehyde, followed by the addition of an oxidant [32,37,39].
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An alternative approach for the synthesis of benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles
starts with a 3-mercaptotriazole derivative that is fused with the benzene ring, thus forming
the thiazole ring in the last step (Scheme 1C,F). An example of this synthetic route is shown
in Scheme 1C, where 1-chloro-2-isothiocyanatobenzene, N, is reacted with a hydrazide
derivative to give compound O [40]. In the presence of a strong base, such as sodium
hydride in boiling DMF, the tricyclic product, Q, can be obtained directly from O. Insight
into the mechanism of this reaction was gained by the use of a weaker base, which allowed
the isolation of the reaction intermediate, P, upon acidification. Subsequent treatment
of this intermediate, P, with sodium hydride in DMF under reflux affords the tricyclic
compound, Q. As shown in Scheme 1D, cyclization of this intermediate, P′, can also be
achieved photochemically by subjecting it to 254 nm irradiation to yield compound R
in a moderate yield [41]. Scheme 1E highlights a different route to the triazolo species
(U) via two sequential oxidation steps. In the first step, a sodium salt (S) is converted
to its disulfide (T), which, in the presence of bromine or iodine, undergoes an oxidative
cyclization to the target molecule, U [42]. Unfortunately, a very narrow substrate scope, in
combination with carbon tetrachloride being used as a solvent, restricts the application of
this procedure significantly [43,44]. While the copper-catalyzed sequential diarylation of
2-mercaptotriazole, W, with 1-bromo-2-iodobenzene, V, in Scheme 1F was also shown to
be possible, this reaction gave heterocycle, M, in only 14% yield [45].

A third approach leading to the benzo[4,5]thiazolo[2,3-c][1,2,4]triazole ring system is
based on forming the thiazole ring in the last reaction step by a bond formation between the
sulfur of the 2-mercaptophenyl substituent of a triazole and the unfunctionalized triazole
carbon (Scheme 1G,H). The Straub group has observed two of their thiol-containing tria-
zolium salts (X) undergo an oxidative cyclization in DMSO (Scheme 1G), thereby forming
charged N-substituted heteroaromatic compounds, Y [46,47]. As opposed to the acidic tria-
zolium starting materials of the Straub group, we demonstrate in this report that a similar
bond formation can be employed to obtain neutral benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles
containing a wide variety of functional groups on the benzene ring from non-acidic triazoles
(Scheme 1H). We were aiming to include both electron-donating and electron-withdrawing
groups, halides, amines, alcohols, carboxylic acids, and other synthetically valuable sub-
stituents. As shown in Scheme 1H, we developed a two-step process for the conversion of
a 4-(2-((4-methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole species (Z) into the target tricyclic
compound (AB).After the selective removal of the p-methoxybenzyl protecting group in the
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first step, the resulting free thiol (AA) is subsequently oxidized with DMSO to a disulfide
intermediate (not shown in this scheme), which, upon deprotonation of the triazole carbon,
undergoes an intramolecular ring closure. Herein, we present both the preparation of the
starting triazoles (Z) from commercially available precursors, as well as their conversion to
the benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivative, AB.
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Scheme 1. Synthetic routes leading to benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivatives. (A) Synthe-
sis of the commercially available fungicide tricyclazole via a 2-aminobenzothiazole intermediate [35].
(B) A related synthesis starting from a 2-mercaptobenzothiazole derivative [32,36–39]. (C) Synthesis
of benzothiazolotriazole derivatives from a 1-chloro-2-isothiocyanatobenzene species [40]. (D) A pho-
tochemical approach by 254 nm irradiation [41]. (E) I Oxidative cyclization of sodium salts followed
by halogenation [42]. (F) Copper catalyzed diarylation of 3-mercaptotriazole [45]. (G) Oxidation of
benzothiazolotriazolium salts to N-substituted benzothiazolotriazolium derivatives [46,47]. (H) This
work: Synthesis of benzothiazolotriazole derivatives via C-H bond functionalization.
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2. Results and Discussion
2.1. Preparation of Triazole Precursors

Triazole, 3a, was prepared according to the literature procedure shown in Scheme 2 [46,48].
While the p-methoxybenzyl-protected aniline, 2a, could be obtained in this case by protect-
ing 2-mercaptoaniline, 1a, under argon atmosphere, the lack of commercial availability of
substituted 2-mercaptoanilines required the development of a different synthesis route.
An obvious method for introducing a sulfur substituent on an aromatic ring would be a
classical nucleophilic aromatic substitution using a 2-halonitrobenzene derivative starting
material [49–51]. Subsequent reduction of the nitro group would afford the corresponding
aniline derivative.
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Scheme 2. Synthesis of triazole, 3a.

This alternative route to the p-methoxybenzyl-protected 2-mercaptoanilines, 2b–2r,
starting from 1-fluoro-2-nitrobenzene derivatives, is shown in Scheme 3. By using (4-
methoxyphenyl)methanethiol as a reagent in the nucleophilic aromatic substitution, we
were able to obtain the p-methoxybenzyl-protected 2-mercaptonitrobenzene derivatives,
1b–1r, in excellent yields (77–99%) in one step. An exception was 1h, which was prepared
from tert-butyl(4-fluoro-3-nitrophenoxy)dimethylsilane in 27% yield. The silyl-protecting
group was required to prevent self-condensation of the starting material under basic condi-
tions and is cleaved during the nucleophilic aromatic substitution due to the generation
of fluoride, thus forming the free phenol 1h. The ester species 1m′ was obtained quantita-
tively from the carboxylic acid 1m. Reduction of the nitrobenzene derivatives 1b–1r in the
presence of excess iron powder and ammonium chloride gave the corresponding amines,
2b–2r, in excellent yields (79–99%).

Compound 2s was not available via a nucleophilic substitution followed by a reduction
due to the reactivity of the second fluorine substituent. Instead, we prepared 2s in two
steps from 2,2′-disulfanediylbis(4-fluoroaniline) by first reducing it with NaBH4 to free
the thiol that was subsequently protected with the p-methoxybenzyl group (Scheme 4).
The synthesis of 2,2′-disulfanediylbis(4-fluoroaniline) can be found in the experimental
procedures (Section 3.6.1).

In analogy to 3a, which was prepared in 69% yield following a literature procedure [46,49],
triazoles 3b–3s were obtained by heating the aniline derivatives 2b–2s in the presence of
N,N-dimethylformamide azine dihydrochloride at 150 ◦C for 16 h (Scheme 5). While the
carboxylic acid 3m can be formed using the procedure described above, we were unable to
separate it from the salts and eventually synthesized it in 81% yield by hydrolysis of the
ester 3m′. The yields of the triazoles obtained using this method were extremely variable
(10–72%), as can be seen in Scheme 4, and certainly could use improvement. The low yields
depended on the exact structure of the aniline. In many cases, the starting amine could
be isolated back. However, leaving the reaction for a longer duration did not increase
the amount of product isolated, which suggests that the N,N-dimethylformamide azine
dihydrochloride may degrade over time. In some cases, the starting amine was not detected
at the end of a low-yielding reaction, and we believe that it may undergo decomposition
due to the high reaction temperature. Loss of the p-methoxybenzyl protecting group was
observed in all reactions, generally resulting in the formation of trace amounts of the target
benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles as byproducts of the triazole formation. However,
this reaction was found to be the most dominant transformation in the preparation of
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3d, which was obtained in only 17% yield. In addition, dehalogenation further lowered
the yields of the bromo- and chloro-derivatives 3n–3q, whereas deamination was the ma-
jor cause for the low isolated yields of the pyridine derivatives 3i and 3j. While we are
currently investigating higher yielding routes to triazoles 3a–3s, we were able to isolate
sufficient material to carry out a thorough investigation of the new oxidative cyclization
reaction leading to the benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivatives.
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2.2. Reaction Optimization

Complete deprotection of the thiol group of triazole 3a was achieved within 1 h by
treatment with triflic acid and anisole in TFA under an argon atmosphere at 0 ◦C, thus
forming the free thiol 4a (Scheme 6).

9



Molecules 2022, 27, 1464

Molecules 2022, 27, x 6 of 32 
 

 

triazole formation. However, this reaction was found to be the most dominant transfor-
mation in the preparation of 3d, which was obtained in only 17% yield. In addition, 
dehalogenation further lowered the yields of the bromo- and chloro-derivatives 3n–3q, 
whereas deamination was the major cause for the low isolated yields of the pyridine de-
rivatives 3i and 3j. While we are currently investigating higher yielding routes to triazoles 
3a–3s, we were able to isolate sufficient material to carry out a thorough investigation of 
the new oxidative cyclization reaction leading to the benzo[4,5]thiazolo[2,3-c][1,2,4]tria-
zole derivatives. 

 
Scheme 5. Preparation of triazole precursors 3a–3s. a All yields shown here are isolated yields. b 
Obtained as a by-product from the synthesis of 3f′. c Synthesized from 3m′. 

2.2. Reaction Optimization 
Complete deprotection of the thiol group of triazole 3a was achieved within 1 h by 

treatment with triflic acid and anisole in TFA under an argon atmosphere at 0 °C, thus 
forming the free thiol 4a (Scheme 6). 

 
Scheme 6. Synthesis of test compound 4a. 

Compound 4a served as our model substrate for optimization of the reaction condi-
tions leading to our tricyclic heteroaromatic molecule, 6a (Table 1). Based on previous 
studies in our group, we rationalized that an oxidative cyclization should be possible via 
a symmetrical disulfide intermediate, 5a. Therefore, standard oxidation conditions for the 
formation of a disulfide bond were explored for this transformation, and the reaction was 
followed using LCMS. 

  

Scheme 5. Preparation of triazole precursors 3a–3s. aAll yields shown here are isolated yields.
b Obtained as a by-product from the synthesis of 3f′. c Synthesized from 3m′.

Molecules 2022, 27, x 6 of 32 
 

 

triazole formation. However, this reaction was found to be the most dominant transfor-
mation in the preparation of 3d, which was obtained in only 17% yield. In addition, 
dehalogenation further lowered the yields of the bromo- and chloro-derivatives 3n–3q, 
whereas deamination was the major cause for the low isolated yields of the pyridine de-
rivatives 3i and 3j. While we are currently investigating higher yielding routes to triazoles 
3a–3s, we were able to isolate sufficient material to carry out a thorough investigation of 
the new oxidative cyclization reaction leading to the benzo[4,5]thiazolo[2,3-c][1,2,4]tria-
zole derivatives. 

 
Scheme 5. Preparation of triazole precursors 3a–3s. a All yields shown here are isolated yields. b 
Obtained as a by-product from the synthesis of 3f′. c Synthesized from 3m′. 

2.2. Reaction Optimization 
Complete deprotection of the thiol group of triazole 3a was achieved within 1 h by 

treatment with triflic acid and anisole in TFA under an argon atmosphere at 0 °C, thus 
forming the free thiol 4a (Scheme 6). 

 
Scheme 6. Synthesis of test compound 4a. 

Compound 4a served as our model substrate for optimization of the reaction condi-
tions leading to our tricyclic heteroaromatic molecule, 6a (Table 1). Based on previous 
studies in our group, we rationalized that an oxidative cyclization should be possible via 
a symmetrical disulfide intermediate, 5a. Therefore, standard oxidation conditions for the 
formation of a disulfide bond were explored for this transformation, and the reaction was 
followed using LCMS. 

  

Scheme 6. Synthesis of test compound 4a.

Compound 4a served as our model substrate for optimization of the reaction con-
ditions leading to our tricyclic heteroaromatic molecule, 6a (Table 1). Based on previous
studies in our group, we rationalized that an oxidative cyclization should be possible via a
symmetrical disulfide intermediate, 5a. Therefore, standard oxidation conditions for the
formation of a disulfide bond were explored for this transformation, and the reaction was
followed using LCMS.

The use of stoichiometric hydrogen peroxide in aqueous ethanol, a widely used
oxidant for disulfide coupling, led to the disulfide 5a at room temperature (Entry 1).
Increasing the temperature to 80 ◦C under otherwise identical conditions resulted in
complete conversion to the desired product, 6a, within 16 h, which could be isolated in 78%
yield (Entry 2). In an attempt to reduce the reaction time, we used an excess of hydrogen
peroxide in ethanol; however, neither the reaction time nor the isolated yield showed any
improvements (Entry 3). In addition, hydrogen peroxide was used in 10% aqueous NaOH.
In this case, the desired product was not obtained at all since the reaction stopped at the
disulfide stage (Entry 4). We decided to change our solvent to DMSO. Using DMSO as
both the oxidant and solvent at room temperature, gave only the disulfide 5a, even after
16 h (Entry 5), and no cyclized product was observed. After increasing the temperature
to 100 ◦C, we observed full conversion to compound 6a in 4 h and were able to isolate the
heterocycle in 83% yield (Entry 6). In an attempt to reduce the reaction temperature, one
equivalent of iodine was added to the DMSO solution, but this did not change the outcome
of the reaction; at room temperature, the disulfide 5a was obtained as the sole product
(Entry 7), while, at 100 ◦C, the reaction time for complete conversion to 6a was still 4 h, with
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a comparable isolated yield of 82% (Entry 8). With these results in hand, we decided that
carrying out the reaction in DMSO at 100 ◦C (Entry 6) without an additional oxidant were
the best reaction conditions to convert thiol 4a to the tricyclic heteroaromatic species 6a.

Table 1. Optimization of cyclization conditions a.
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2.3. Oxidative Cyclization Reaction leading to benzo[4,5]thiazolo[2,3-c][1,2,4]triazole Derivatives

We found that, by using the optimized conditions developed above, 3a could be
converted to the tricyclic heteroaromatic compound 6a in one step without isolating the
free thiol 4a. However, we generally carried out a brief aqueous extraction after the
deprotection in order to remove residual acid and characterized the free thiol by LCMS. As
shown in Scheme 7, triazoles 3a–3s were subjected to the deprotection conditions to give the
corresponding free thiols 4a–4s, which were used without purification in the next step after
removal of the solvent under high vacuum, followed by an aqueous extraction. During
the oxidative cyclization step carried out in DMSO, we observed the free thiols 4a–4s to
rapidly undergo oxidative disulfide coupling, leading to disulfides 5a–5s. At elevated
temperatures, the disulfide intermediates were found to undergo ring closure to give the
desired compounds 6a–6s in 100% conversions by LCMS within less than 4 h. Regardless of
whether the substituents on the aryl ring were electron-donating or electron-withdrawing,
the tricyclic heteroaromatic compounds 6a–6s were obtained in good to excellent yields.
For example, weakly electron-donating groups, such as methyl (compounds 6b and 6c) as
well as the naphthalene derivative (6d) were obtained in 82–89% yields. Various nitrogen
substituents were tolerated (compounds 6e, 6f, and 6f′): While the acetyl-protected amine
6e was isolated in good yield (82%), a lower yield was observed for the unprotected
primary amine 6f (60%). Compound 6f′, with its triazole substituent, was, on the other
hand, isolated in excellent yield (94%). Since complete conversions were observed by LCMS
in all cases and no other byproducts were detected, the lower yield of 6f is thought to be a
result of its water solubility. Both 6e and 6f′ are not only insoluble in water but also showed
poor solubility in organic solvents, such as methylene chloride, methanol, and even DMSO.
The two examples of oxygen-containing substituents at position 6 (6g and 6h) also gave
good yields (81% and 85%, respectively). Pyridine derivatives (6i and 6j) were found to
tolerate our reaction conditions; however, the products were obtained in lower yields (75%
and 70% respectively). Strongly electron-withdrawing groups, such as a trifluoromethyl
and a carbonitrile substituent in the 6-position, gave the tricyclic compounds 6k and 6l
in good yields (86% and 80%, respectively). Similarly, the carboxylic acid 6m and ester
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6m′ derivatives were synthesized in 85% and 86% yields, respectively. Additionally, all
halogen-containing derivatives 6n-6s were isolated in excellent yields, ranging from 88% to
98%. It is noteworthy that the reaction time for both compounds with halogens at position 7
(6o and 6s) was 30 min shorter than the time required for the cyclization of any of the other
compounds under identical conditions.
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Scheme 7. Formation of benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivatives 6a–6s in two steps
from 3a–3s. aIsolated yields for reactions carried out on a 0.25–1 mmol scale, b5 mmol scale, and
c10 mmol scale.

While most of the reactions in Scheme 7 were carried out on a 0.5 mmol or 1 mmol
scale, smaller-scale reactions of 0.25 mmol (3g, 3i, and 3j) still allowed the isolation of the
products 6g, 6i, and 6j in acceptable yields. However, as demonstrated with 3a and 3o,
increasing the reaction scale to 5 mmol and above generally afforded the products 6a and
6o in excellent yields of over 90%. On a 5 mmol scale, heterocycle 6a was obtained in 90%
yield compared to 85% on a 1 mmol scale. Likewise, increasing the scale from 1 mmol to
10 mmol for the preparation of 6o led to a small increase in yield from 90% to 92%.

2.4. Basic Mechanistic Investigations

We were interested in following the conversion of thiol 4a to compound 6a by NMR to
confirm the disulfide intermediate 5a detected previously by LCMS. Therefore, compound
4a was dissolved in DMSO-d6 and an 1H NMR was recorded immediately after the addition
of the solvent. This NMR showed the presence of a singlet at 8.78 ppm (Ha), which was
assigned to the triazole C-H of the free thiol 4a (Figure 2, 5 min RT). The NMR reaction tube
was then heated to 100 ◦C, and a second 1H NMR was measured after 1 h, which showed
the presence of two new singlets at 9.64 (Hc) and 8.70 ppm (Hb). The singlet at 9.64 ppm
corresponded to Hc of heterocycle 6a, while the singlet at 8.70 ppm was assigned to Hb of
the disulfide intermediate 5a. LCMS of the NMR solution confirmed the presence of these
two molecules, while no free thiol was detected. After 30 h, the disulfide 5a was consumed
completely, and only the compound 6a was observed by both NMR and LCMS.

Interestingly, the reaction carried out in dried deuterated DMSO took longer to reach
completion than in reagent grade DMSO, which suggested that water might play a role in
the reaction mechanism. While the conversion of each thiol to the heterocycle is expected
to generate one equivalent of dimethyl sulfide and one equivalent of water if carried
out in DMSO, we were particularly interested to see how the rate of the cyclization step
was affected by the amount of water present. To study this effect of water, the disulfide
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5a was isolated and heated at 100 ◦C in DMSO containing known amounts of water
(Figure 3). Samples taken at regular intervals were immediately analyzed by LCMS,
which, after calibration, allowed the quantification of the species present. Indeed, as
expected, we observed that increases in the water content corresponded to increases in
the rate of conversion of the disulfide 5a to product 6a. A possible explanation for the
rate-enhancing effect of water could be that it is involved in the C-H bond functionalization
of the triazole C-H bond. Although it cannot be excluded that some residual acid is
present from the deprotection of the thiol despite the aqueous extraction, we hypothesize
that the role of water might be twofold. On the one hand, reversible protonation of a
triazole nitrogen is expected to significantly increase the acidity of the C-H bond in the
resulting triazolium species. However, water is also the strongest base present and is
likely to be involved in the deprotonation of this triazolium species, thereby leading to
a nucleophilic carbene intermediate, which could attack one of the sulfur atoms in the
disulfide bond to afford our heterocyclic product 6a and a thiolate. This thiolate leaving
group would immediately undergo oxidative disulfide coupling, thus generating the next
active disulfide intermediate.
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Preliminary NMR studies into substituent effects on the reaction rate show that a
very electron-withdrawing group, such as trifluoromethyl, in the para-position to the
disulfide bond significantly increases the rate of conversion of this disulfide (5k) to the
tricyclic heteroaromatic compound 6k (Figure 4). This effect is in agreement with the
aforementioned mechanism, as the sulfur atom in the disulfide would become significantly
more electrophilic while simultaneously the hydrogen of the C-H bond of the triazole would
increase in acidity. Meanwhile, disulfide 5g (containing the electron-donating methoxy
group) displayed a similar initial reaction rate as the unsubstituted disulfide 5a. Full
conversion to both the unsubstituted heterocycle 6a and the methoxy derivative 6g was
only observed after 30 h.
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Although our hypothetical mechanism provides both a potential explanation for the
role of water and some of the substituent effects observed, we cannot exclude other mecha-
nisms for the formation of the heterocycle in the absence of a more rigorous kinetic investigation.
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3. Materials and Methods
3.1. General Information

Most reagents and solvents were purchased from Fisher Scientific (Waltham, MA,
USA), Oakwood Chemical (Estill, SC, USA), TCI America (Portland, OR, USA), and Avan-
tor (Radnor, PA, USA) and were used as supplied unless otherwise noted. Thermo Scien-
tific™ silica gel (for column chromatography, 0.035–0.070 mm, 60Å) from Fisher Scientific
(Waltham, MA, USA) was used for chromatographic separations. DMSO-d6 was dried over
molecular sieves.

3.2. Analyses
1H NMR, 13C{1H} NMR spectra, and 19F{1H} NMR spectra were all recorded us-

ing a 400 MHz Bruker Avance III spectrometer with a 5 mm liquid-state Smart Probe.
Chemical shifts (δH and δC) are expressed in parts per million (ppm) and reported rela-
tive to the resonance of the residual protons of the DMSO-d6 (δH = 2.50 ppm), CD3CN
(δH = 1.94 ppm), or CDCl3 (δH = 7.26 ppm) or in 13C{1H} NMR spectra relative to the reso-
nance of the deuterated solvent DMSO-d6 (δC = 39.52 ppm), CD3CN (δC = 1.32 ppm), or
CDCl3 (δC = 77.16 ppm). Chemical shifts in the 19F{1H} NMR spectra are reported relative
to the internal standard fluorobenzene (δF = −113.15). The coupling constants (J) are given
in Hz. All measurements were carried out at 298 K. The abbreviations used in the descrip-
tion of the NMR data are as follows: s, singlet; d, duplet; t, triplet; m, multiplet; and sept.,
septet. Copies of the 1H NMR and 13C NMR spectra for compounds 1b–1r, 2b–2s, 3b–3s,
and 6a–6s are provided in the Supporting Information. High-resolution mass spectrometry
(HRMS) data were obtained on an LTQ Orbitrap Fusion in FT orbitrap mode at a resolution
of 240,000.

3.3. Preparation of 2-Fluoronitrobenzene Starting Materials for 1e and 1h
3.3.1. N-(4-Fluoro-3-nitrophenyl)acetamide

A 500 mL round-bottomed flask was charged with 4-fluoro-3-nitroaniline (30 mmol,
1 equiv.), acetyl chloride (1.1 equiv.), and THF (150 mL) and stirred overnight at room
temperature. The solvent was removed under reduced pressure. Water was added to
the residue and the crude product was extracted with ethyl acetate, dried over MgSO4,
filtered, and evaporated. Purification of the crude product by column chromatography
(silica gel, ethyl acetate/hexanes, 2:1, Rf = 0.50) afforded the product as a beige solid
in 80% (4.753 g, 23.98 mmol) yield; m.p. 140–141 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 10.37 (s, 1H), 8.49 (dd, J = 6.7 Hz, J = 2.6 Hz, 1H), 7.84–7.80 (m, 1H), 7.51 (dd,
J = 11.1 Hz, J = 9.2 Hz, 1H), and 2.07 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 168.9, 150.1 (d, JC–F = 256.2 Hz), 136.5 (d, JC–F = 8.0 Hz), 136.0 (d, JC–F = 3.2 Hz), 126.1 (d,
JC–F = 8.1 Hz), 118.7 (d, JC–F = 21.8 Hz), 115.2, and 23.9; 19F{1H} NMR (376 MHz, DMSO-d6,
298 K, referenced to C6H5F): δ = −125.81.

3.3.2. Tert-Butyl(4-fluoro-3-Nitrophenoxy)dimethylsilane

A 500 mL round-bottomed flask was charged with 4-fluoro-3-nitrophenol (30 mmol,
1 equiv.), tert-butylchlorodimethylsilane (1.2 equiv.), imidazole (3 equiv.), and THF (60 mL)
and stirred at room temperature for 2 h. The solvent was removed under reduced pressure.
Water was added to the residue and the crude product was extracted with diethyl ether,
dried over MgSO4, filtered and evaporated. Purification by column chromatography
(silica gel, diethyl ether/hexanes 4:1) afforded the product as a red oil in 92% (8.718 g,
28.55 mmol) yield. 1H NMR (400 MHz, CDCl3, 298 K): δ = 7.45 (dd, J = 6.1 Hz, J = 3.0 Hz,
1H), 7.16–7.05 (m, 2H), 0.97 (s, 9H), and 0.21 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3,
298 K): δ = 151.8 (d, JC–F = 3.0 Hz), 150.4 (d, JC–F = 256.7 Hz), 137.3 (d, JC–F = 7.8 Hz), 127.2
(d, JC–F = 7.6 Hz), 118.9 (d, JC–F = 22.2 Hz), 116.6 (d, JC–F = 5.5 Hz), 25.6, 18.2, and −4.5;
19F{1H} NMR (376 MHz, CDCl3, 298 K, referenced to C6H5F): δ = −127.55.
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3.4. General Procedure 1 for the Synthesis of (4-Methoxybenzyl)(2-Nitrophenyl)sulfanes (1b–1r)

The following description is for a 30 mmol scale reaction. The solvent quantities and
flask size were adjusted accordingly for smaller-scale reactions.

A 500 mL round-bottomed flask equipped with a stir bar was loaded with the 1-
fluoro-2-nitrobenzene derivative (1 equiv.) and 200 mL of ethanol and placed under an
atmosphere of argon. (4-methoxyphenyl)methanethiol (1 equiv.) was added with a syringe,
followed by a dropwise addition of NaOH (1 equiv.) dissolved in 10 mL of H2O. The
reaction mixture was stirred at room temperature until TLC indicated the completion of
the reaction (typically within 2 h). After removing the solvent under reduced pressure,
the residue was diluted with 150 mL of H2O and extracted twice with dichloromethane.
The organic phases were combined, dried over MgSO4, filtered, and concentrated. The
resulting crude product was purified by recrystallization or column chromatography as
described below.

3.4.1. (4-Methoxybenzyl)(2-Methyl-6-Nitrophenyl)sulfane (1b)

The title compound was prepared according to general procedure 1 on a 30 mmol scale.
Recrystallization from diethyl ether/hexanes (1:1) afforded the product as an off-white
powder in 77% (6.701 g, 23.18 mmol) yield; m.p. 63–64 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.62 (dd, J = 7.4 Hz, J = 1.0 Hz, 1H), 7.55 (dd, J = 7.6 Hz, J = 0.8 Hz, 1H), 7.48 (t,
J = 7.6 Hz, 1H), 7.02 (dt, J = 8.6 Hz, J = 2.9 Hz, 2H), 6.80 (dt, J = 8.4 Hz, J = 3.0 Hz, 1H), 3.95
(s, 2H), 3.71 (s, 3H), and 2.39 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.6,
156.2, 145.6, 133.0, 130.0, 130.0, 128.8, 124.2, 120.5, 113.8, 55.0, and 20.6.

3.4.2. (4-Methoxybenzyl)(3-Methyl-2-Nitrophenyl)sulfane (1c)

The title compound was prepared according to general procedure 1 on a 5 mmol scale.
Recrystallization from diethyl ether afforded the product as a bright yellow powder in 86%
(1.238 g, 4.28 mmol) yield; m.p. 90–92 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 7.52 (d,
J = 7.5 Hz, 1H), 7.44 (t, J = 7.7 Hz, 1H), 7.30 (d, J = 7.5 Hz, 1H), 7.22 (dt, J = 8.6 Hz, J = 2.8 Hz,
2H), 6.85 (dt, J = 8.7 Hz, J = 2.9 Hz, 2H), 4.23 (s, 2H), 3.71 (s, 3H), and 3.32 (s, 3H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 158.5, 151.0, 130.7, 130.1 (2 signals), 129.4, 128.8,
128.5, 128.0, 113.9, 55.0, 37.0, and 17.0.

3.4.3. (4-Methoxybenzyl)(2-Nitronaphthalen-1-yl)sulfane (1d)

The title compound was prepared according to general procedure 1 on a 5.21 mmol
scale. Recrystallization from acetone/hexanes (1:4) afforded the product as a yellow powder
in 97% (1.636 g, 5.03 mmol) yield; m.p. 68–70 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.57 (d, J = 8.2 Hz, 1H), 8.21 (d, J = 8.8 Hz, 1H), 8.13 (dd, J = 7.8 Hz, J = 1.4 Hz, 1H), 7.85
(d, J = 8.8 Hz, 1H), 7.81–7.73 (m, 2H), 6.92 (dt, J = 8.6 Hz, J = 2.6 Hz, 2H), 6.72 (dt, J = 8.6 Hz,
J = 2.6 Hz, 2H), 4.07 (s, 2H), and 3.67 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 158.6, 153.7, 133.8, 133.6, 131.5, 129.9, 129.0, 128.5, 128.5, 127.3, 123.8, 119.4, 113.8, 55.0,
and 40.5.

3.4.4. N-(4-((4-Ethoxybenzyl)thio)-3-Nitrophenyl)acetamide (1e)

The title compound was prepared according to general procedure 1 from N-(4-fluoro-
3-nitrophenyl)acetamide (see Section 3.3.1) on a 30 mmol scale. Extraction was carried out
with ethyl acetate (instead of dichloromethane) and afforded the pure product as a bright
yellow powder in 88% (6.150 g, 19.04 mmol) yield; m.p. 140–141 ◦C. 1H NMR (400 MHz,
DMSO-d6, 298 K): δ = 10.35 (s, 1H), 8.55 (d, J = 2.2 Hz, 1H), 7.80 (dd, J = 8.8 Hz, J = 2.3 Hz,
1H), 7.67 (d, J = 8.8 Hz, 1H), 7.33 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 4.44 (s, 2H),
3.73 (s, 3H), and 2.07 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 168.9, 158.6,
145.4, 136.8, 130.4, 129.6, 128.5, 127.4, 124.4, 114.9, 114.0, 55.0, 35.7, and 24.0.
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3.4.5. (2,4-. Dinitrophenyl)(4-Methoxybenzyl)sulfane (1f)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from diethyl ether afforded the product as a light brown powder in
86% (8.718 g, 25.84 mmol) yield; m.p. 113–114 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.86 (d, J = 2.6 Hz, 2H), 8.44 (dt, J = 9.0 Hz, J = 2.6 Hz, 1H), 7.96 (d, J = 9.1 Hz, 1H), 7.40
(dt, J = 8.7 Hz, J = 2.9 Hz, 2H), 6.92 (dt, J = 8.7 Hz, J = 3.0 Hz, 1H), 4.44 (s, 2H), and 3.74 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.9, 145.7, 144.0, 143.6, 130.6, 128.4,
127.4, 126.1, 121.2, 114.2, 55.1, and 35.8.

3.4.6. (4-. Methoxy-2-Nitrophenyl)(4-Methoxybenzyl)sulfane (1g)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from acetone/hexanes (1:4) afforded the product as a bright orange
powder in 95% (8.718 g, 28.55 mmol) yield; m.p. 116–118 ◦C. 1H NMR (400 MHz, DMSO-
d6, 298 K): δ = 7.65 (d, J = 2.8 Hz, 1H), 7.62 (d, J = 9.0 Hz, 1H), 7.33–7.28 (m, 3 H), 6.87
(dt, J = 8.6 Hz, J = 2.8 Hz, 2H), 4.22 (s, 2 H), 3.83 (s, 3H), and 3.72 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.6, 157.0, 147.1, 130.3, 130.0, 127.6, 126.1, 121.2, 113.9,
109.5, 56.0, 55.0, and 36.2.

3.4.7. 4-((4-Methoxybenzyl)thio)-3-Nitrophenol (1h)

The title compound was prepared according to general procedure 1 from tert-butyl(4-
fluoro-3-nitrophenoxy)dimethylsilane (see 3.3.2) on a 26.5 mmol scale. Purification by col-
umn chromatography (silica gel, 1. diethyl ether/hexanes (1:3), and 2. diethyl ether/hexanes
(1:2), Rf = 0.21) afforded the product as a bright yellow powder in 27% (8.718 g, 7.06 mmol)
yield; m.p. 115–116 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 10.35 (s, 1H), 7.53
(d, J = 8.8 Hz, 1H), 7.46 (d, J = 2.7 Hz, 1H), 7.28 (d, J = 8.6 Hz, 2H), 7.13 (dd, J = 8.8 Hz,
J = 2.7 Hz, 1H), 8.87 (d, J = 8.6 Hz, 2H), 4.18 (s, 2H), and 3.73 (s, 3H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 158.5, 155.5, 147.3, 130.4, 130.3, 127.8, 123.8, 122.0, 113.9, 111.2, 55.0,
and 36.4.

3.4.8. 3-((4-Methoxybenzyl)thio)-2-Nitropyridine (1i)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from acetone/hexanes (1:4) afforded the product as a bright powder
in 83% (6.889 g, 24.75 mmol) yield; m.p. 140–142 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 8.39 (d, J = 3.6 Hz, 1H), 8.30 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 4.4 Hz, 1H), 7.34
(d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 4.34 (s, 2H), and 3.72 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.7, 153.5, 144.4, 138.8, 131.3, 130.4, 128.7, 126.9, 114.1,
55.1, and 35.4.

3.4.9. 2-((4-Methoxybenzyl)thio)-3-Nitropyridine (1j)

The title compound was prepared according to general procedure 1 on a 27.9 mmol
scale. Trituration with hexanes afforded the product as a yellow powder in 92% (7.629 g,
27.61 mmol) yield; m.p. 88–90 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 8.86 (dd,
J = 4.6 Hz, J = 1.5 Hz, 2H), 8.60 (dd, J = 8.3 Hz, J = 1.5 Hz, 1H), 7.46 (dd, J = 8.3 Hz, J = 4.6 Hz,
1H), 7.35 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.42 (s, 2H), and 3.72 (s, 3H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 158.5, 156.0, 153.8, 141.4, 134.4, 130.5, 128.4, 120.0,
113.9, 55.0, and 33.9.

3.4.10. (4-. Methoxybenzyl)(2-Nitro-4-(Trifluoromethyl)phenyl)sulfane (1k)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Trituration with hexanes afforded the product as a bright yellow powder in 97%
(9.967 g, 29.03 mmol) yield; m.p. 111–112 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.45 (d, J = 1.1 Hz, 1H), 8.04 (dd, J = 8.6 Hz, J = 1.7 Hz, 1H), 7.94 (d, J = 8.6 Hz, 1H), 7.38
(d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 4.39 (s, 2H), and 3.74 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 159.3, 145.2, 142.9, 131.0, 130.4 (q, JC–F = 3.3 Hz), 129.2,
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126.9, 125.7 (q, JC–F = 33.6 Hz), 123.6 (q, JC–F = 270.4 Hz), 123.4 (q, JC–F = 4.0 Hz), 114.6, 55.5,
and 36.1; 19F{1H} NMR (376 MHz, DMSO-d6, 298 K, referenced to C6H5F): δ = −61.3.

3.4.11. 4-((4-Methoxybenzyl)thio)-3-Nitrobenzonitrile (1l)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from diethyl ether afforded the product as a bright yellow powder
in 99% (8.934 g, 29.74 mmol) yield; m.p. 202–204 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.70 (d, J = 1.8 Hz, 2H), 8.12 (dt, J = 8.5 Hz, J = 1.8 Hz, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.38
(dt, J = 8.6 Hz, J = 2.9 Hz, 2H), 6.92 (dt, J = 8.7 Hz, J = 2.9 Hz, 2H), 4.40 (s, 2H), and 3.74 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.8, 144.7, 143.4, 136.2, 130.6, 130.0,
128.4, 126.3, 117.1, 114.2, 107.4, 55.1, and 35.6.

3.4.12. 4-((4-Methoxybenzyl)thio)-3-Nitrobenzoic acid (1m)

The title compound was prepared according to procedure 1 on an 85 mmol scale.
Recrystallization from acetone/hexanes (1:4) afforded the product as a bright yellow
powder in 93% (25.374 g, 79.46 mmol) yield., m.p. 269–271 ◦C. 1H NMR (400 MHz,
DMSO-d6, 298 K): δ = 13.55 (s, 1H), 8.61 (d, J = 1.9 Hz, 1H), 8.15 (dd, J = 8.5 Hz, J = 1.9 Hz,
1H), 7.86 (d, J = 8.6 Hz, 1H), 7.39 (d, J = 8.6 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 4.37 (s, 2H),
and 3.74 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 165.4, 158.8, 144.6, 142.5,
133.7, 130.6, 127.8, 127.5, 126.6, 126.4, 114.1, 55.1, and 35.6.

3.4.13. Ethyl 4-((4-Methoxybenzyl)thio)-3-Nitrobenzoate (1m′)

A 250 mL round-bottomed flask was charged with compound 1m (23 mmol, 1 equiv.),
oxalyl chloride (3 equiv.), and dichloromethane (50 mL). After adding DMF (3 drops), the
reaction mixture was stirred for 1 h at 0 ◦C in an ice bath. EtOH (1.3 equiv.), triethylamine
(1.3 equiv), and dichloromethane (50 mL) were added at 0 ◦C, the ice bath was removed,
and the reaction flask was fitted with a reflux condenser. The reaction mixture was stirred
at 40 ◦C for 2 h, then cooled to room temperature. After washing the dichloromethane
solution with water, the organic phase was dried over MgSO4, filtered, and evaporated.
Recrystallization of the crude product from diethyl ether/hexanes (1:2) afforded the product
as a bright yellow solid in 99.99% (7.989 g, 22.998 mmol) yield; m.p. 149–150 ◦C. 1H NMR
(400 MHz, DMSO-d6, 298 K): δ = 8.69 (d, J = 1.9 Hz, 1H), 8.16 (dd, J = 8.5 Hz, J = 1.9 Hz,
1H), 7.89 (d, J = 8.6 Hz, 1H), 7.39 (d, J = 8.6 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 4.39–4.33 (m,
4H), 3.74 (s, 3H), and 1.34 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 164.1, 158.9, 144.7, 143.2, 133.6, 130.8, 128.0, 126.6, 126.5, 126.4, 114.3, 61.7, 55.2, 35.8,
and 14.2.

3.4.14. (4-. Bromo-2-Nitrophenyl)(4-Methoxybenzyl)sulfane (1n)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from diethyl ether/hexanes (1:2) afforded the product as a bright
yellow powder in 94% (9.968 g, 28.14mmol) yield; m.p. 121–124 ◦C. 1H NMR (400 MHz,
DMSO-d6, 298 K): δ = 8.33 (d, J = 2.2 Hz, 1H), 7.89 (dd, J = 8.7 Hz, J = 2.2 Hz, 1H), 7.67 (d,
J = 8.8 Hz, 1H), 7.34 (dt, J = 8.7 Hz, J = 2.8 Hz, 2H), 6.90 (dt, J = 8.7 Hz, J = 3.0 Hz, 2H), 4.31
(s, 2H), and 3.73 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.7, 145.9, 136.6,
136.0, 130.4, 129.6, 128.0, 126.8, 117.0, 114.1, 55.1, and 35.6.

3.4.15. (5-. Bromo-2-nitrophenyl)(4-methoxybenzyl)sulfane (1o)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from diethyl ether/hexanes (1:5) afforded the product as a bright
yellow powder in 80% (8.501 g, 24.00 mmol) yield; m.p. 139–140 ◦C. 1H NMR (400 MHz,
DMSO-d6, 298 K): δ = 8.10 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 8.8 Hz,
J = 2.0 Hz, 1H), 7.35 (dt, J = 8.7 Hz, J = 2.8 Hz, 2H), 7.91 (dt, J = 8.7 Hz, J = 3.0 Hz, 2H), 4.36
(s, 2H), and 3.74 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.7, 144.1, 139.2,
130.5, 129.6, 128.7, 128.1, 127.5, 126.7, 114.1, 55.1, and 35.6.
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3.4.16. (4-. Chloro-2-Nitrophenyl)(4-Methoxybenzyl)sulfane (1p)

The title compound was prepared according to general procedure 1 on a 30 mmol
scale. Recrystallization from diethyl ether/hexanes (1:2) afforded the product as an orange
powder in 94% (8.258 g, 28.23 mmol) yield; m.p. 113–114 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 8.23 (d, J = 2.2 Hz, 1H), 7.78 (dd, J = 8.7 Hz, J = 2.2 Hz, 1H), 7.74 (d, J = 8.8 Hz,
1H), 7.35 (dt, J = 8.6 Hz, J = 3.0 Hz, 2H), 6.90 (dt, J = 8.7 Hz, J = 3.0 Hz, 2H), 4.31 (s, 2H), and
3.73 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.7, 145.8, 135.6, 133.8, 130.4,
129.4, 126.9, 125.3, 114.1, 55.1, and 35.6.

3.4.17. (2-. Chloro-6-Nitrophenyl)(4-Methoxybenzyl)sulfane (1q)

The title compound was prepared according to general procedure 1 on a 30 mmol scale.
Recrystallization from diethyl ether/hexanes (1:1) afforded the product as a bright yellow
powder in 78% (7.290 g, 23.53 mmol) yield; m.p. 86–88 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.84 (dd, J = 8.1 Hz, J = 1.2 Hz, 1H), 7.76 (dd, J = 8.0 Hz, J = 1.1 Hz, 1H), 7.58 (t,
J = 8.1 Hz, 1H), 7.02 (dt, J = 8.6 Hz, J = 2.7 Hz, 2H), 6.78 (dt, J = 8.6 Hz, J = 2.6 Hz, 2H), 4.09
(s, 2H), and 3.69 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.6, 156.1, 140.5,
132.9, 131.4, 130.0, 128.1, 125.0, 121.9, 113.8, 55.0, and 38.6.

3.4.18. (2-. Fluoro-6-Nitrophenyl)(4-Methoxybenzyl)sulfane (1r)

The title compound was prepared according to general procedure 1 on a 15 mmol
scale. Recrystallization from acetone/hexanes (1:4) afforded the product as a bright yellow
powder in 95% (4.167 g, 14.20 mmol) yield; m.p. 105–107 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.74–7.71 (m, 1H), 7.63–7.56 (m, 2H), 7.08 (dt, J = 8.6 Hz, J = 2.0 Hz, 2H), 6.78 (dt,
J = 8.7 Hz, J = 2.0 Hz, 2H), 4.14 (s, 2H), and 3.69 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6,
298 K): δ = 162.0 (d, JC–F = 246.7 Hz), 158.6, 153.5 (d, JC–F = 3.0 Hz), 130.7 (d, JC–F = 9.4 Hz),
130.0, 128.4, 120.0 (d, JC–F = 5.9 Hz), 119.9 (d, JC–F = 14.8 Hz), 116.6 (d, JC–F = 23.2 Hz), 113.8,
55.0, and 38.0 (d, JC–F = 7.0 Hz); 19F{1H} NMR (376 MHz, DMSO-d6, 298 K, referenced to
C6H5F): δ = −102.14

3.5. General Procedure 2 for the Synthesis of Substituted Anilines (2b–2r)

The following description is for a 20–25 mmol scale reaction. The solvent quantities
and flask size were adjusted accordingly for smaller-scale reactions.

A 250 mL round-bottomed flask equipped with a stir bar was loaded with the (4-
methoxybenzyl)(2-nitrophenyl)sulfane derivative (1b–1r, 1 equiv.), iron power (5.0 equiv.),
NH4Cl (5.0 equiv.), and 150 mL of EtOH/H2O (4:1). The reaction flask was placed under
inert atmosphere (argon), fitted with a reflux condenser, and stirred at 80 ◦C until TLC
indicated a complete reduction (typically between 1 and 4 h). After cooling to room
temperature, the reaction mixture was filtered through celite and concentrated under
reduced pressure. The residue was then basified with 1M NaOH and extracted twice with
dichloromethane, dried over MgSO4, and evaporated. The crystalline solid was washed
with hexanes or diethyl ether as described below.

3.5.1. 2-((4-Methoxybenzyl)thio)-3-Methylaniline (2b)

The title compound was prepared according to general procedure 2 on a 20.0 mmol
scale. The crystalline light brown solid was washed with hexanes, which gave the desired
product in 94% (4.897 g, 18.88 mmol) yield; m.p. 74–76 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.06 (d, J = 8.3 Hz, 2H), 6.92 (t, J = 7.6 Hz, 1H), 7.76 (d, J = 8.3 Hz, 2H), 6.60 (d,
J = 7.9 Hz, 1H), 6.41 (d, J = 7.2 Hz, 1H), 5.39 (s, 2H), 3.74 (s, 2H), 3.70 (s, 3H), and 2.13 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.2, 150.5, 143.0, 130.0, 129.9, 129.2,
117.7, 114.8, 113.5, 112.0, 55.0, 36.4, and 21.4. HRMS (ESI) m/z calculated for [M + H]+ =
[C15H18NOS]+ 260.1104; observed, 260.1105.
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3.5.2. 2-((4-Methoxybenzyl)thio)-6-Methylaniline (2c)

The title compound was prepared according to general procedure 2 on a 2.00 mmol
scale. The crystalline white solid was washed with hexanes, which gave the desired product
in 92% (0.474 g, 1.83 mmol) yield; m.p. 92–93 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 7.14 (d, J = 8.1 Hz, 2H), 7.03 (d, J = 7.4 Hz, 1H), 6.94 (d, J = 7.0 Hz, 1H), 8.82 (d, J = 7.0 Hz,
2H), 6.44 (t, J = 7.4 Hz, 1H), 5.01 (s, 2H), 3.89 (s, 2H), 3.71 (s, 3H), and 2.11 (s, 3H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 158.2, 146.9, 132.5, 130.4, 130.0, 129.9, 121.7, 116.2,
116.1, 113.6, 55.0, 37.5, and 18.2. HRMS (ESI) m/z calculated for [M + H]+ = [C15H18NOS]+

260.1104 observed, 260.1104.

3.5.3. 1-((4-Methoxybenzyl)thio)naphthalen-2-Amine (2d)

The title compound was prepared according to general procedure 2 on a 4.45 mmol
scale. The yellow oil was washed with hexanes, which gave the desired product as a
light brown solid in 99% (1.300 g, 4.41 mmol) yield; m.p. 58–60 ◦C. 1H NMR (400 MHz,
DMSO-d6, 298 K): δ = 8.20 (d, J = 8.5 Hz, 2H), 7.66 (t, J = 8.4 Hz, 2H), 7.42–7.38 (m, 1H),
7.17–7.12 (m, 3H), 7.09 (d, J = 8.8 Hz, 1H), 6.78 (dt, J = 8.7 Hz, J = 2.1 Hz, 2H), 5.83 (s, 2H),
3.79 (s, 2H), and 3.69 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.2, 149.5,
136.3, 130.3, 130.0 129.9, 128.3, 127.1, 126.9, 123.3, 121.1, 117.4, 113.6, 104.9, 55.0, and 37.3.
HRMS (ESI) m/z calculated for [M + H]+ = [C18H18NOS]+ 296.1104; observed, 296.1104.

3.5.4. N-(3-Amino-4-((4-Methoxybenzyl)thio)phenyl)acetamide (2e)

The title compound was prepared according to general procedure 2 on a 17.05 mmol
scale. The crystalline beige powder solid was washed with hexanes, which gave the desired
product in 93% (4.807 g, 15.91 mmol) yield; m.p. 111–112 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 9.71 (s, 1H), 7.11 (t, J = 8.3 Hz, 3H), 6.97 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 8.3 Hz, 2H),
6.62 (d, J = 7.8 Hz, 1H), 5.33 (s, 2H), 3.81 (s, 2H), 3.70 (s, 3H), and 2.01 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 168.1, 158.1, 149.9, 140.6, 135.9, 130.2, 130.0, 113.6, 109.7,
107.7, 104.3, 55.0, 37.7, and 24.1. HRMS (ESI) m/z calculated for [M + H]+ = [C16H19N2O2S]+

303.1162; observed, 303.1162.

3.5.5. 4-((4-Methoxybenzyl)thio)benzene-1,3-Diamine (2f)

The title compound was prepared according to general procedure 2 on a 20.0 mmol
scale. The crystalline beige solid was washed with hexanes, which gave the desired product
in 96% (4.979 g, 19.12 mmol) yield; m.p. 91–92 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 7.08 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.2 Hz, 1H), 5.93 (d, J = 7.9 Hz,
1H), 5.73 (dd, J = 8.2 Hz, J = 2.3 Hz, 1H), 5.00 (s, 2H), 4.97 (s, 2H), 3.71 (s, 3H), and 3.67
(s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.0, 150.6, 150.5, 137.4, 130.6,
130.0, 113.5, 104.3, 102.0, 99.0, 55.0, and 38.8. HRMS (ESI) m/z calculated for [M + H]+ =
[C14H17N2OS]+ 261.1056; observed, 261.1057.

3.5.6. 5-Methoxy-2-((4-Methoxybenzyl)thio)aniline (2g)

The title compound was prepared according to general procedure 2 on a 27.9 mmol
scale. The crystalline dark beige solid was washed with hexanes, which gave the desired
product in 92% (7.082 g, 25.72 mmol) yield; m.p. 113–114 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.10 (dt, J = 8.6 Hz, J = 2.0 Hz, 1H), 6.96 (d, J = 8.4 Hz, 2H), 7.76 (dt, J = 8.6 Hz,
J = 2.0 Hz, 2H), 6.30 (d, J = 2.7 Hz, 1H), 6.05 (dd, J = 8.5 Hz, J = 2.7 Hz, 1H), 5.34 (s, 2H), 3.77
(s, 2H), 3.71 (s, 3H), and 3.65 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 160.9,
158.1, 151.0, 137.2, 130.2, 130.0, 113.6, 107.1, 102.9, 98.9, 55.0, 54.7, and 38.0. HRMS (ESI)
m/z calculated for [M + H]+ = [C15H18NO2S]+ 276.1053; observed, 276.1052.

3.5.7. 3-Amino-4-((4-Methoxybenzyl)thio)phenol (2h)

The title compound was prepared according to general procedure 2 on a 2.75 mmol
scale. The crystalline light brown powder was washed with diethyl ether/hexanes (1:6),
which gave the desired product in 92% (546.4 mg, 2.52 mmol) yield; m.p. 116–118 ◦C.
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1H NMR (400 MHz, CD3CN, 298 K): δ = 7.07 (dt, J = 8.7 Hz, J = 2.0 Hz, 2H), 6.96 (d,
J = 8.3 Hz, 1H), 6.86 (s, 2H), 6.79 (dt, J = 8.7 Hz, J = 2.1 Hz, 2H), 6.20 (d, J = 2.6 Hz, 1H), 6.03
(dd, J = 8.3 Hz, J = 2.6 Hz, 1H), 4.62 (s, 2H), 3.76 (s, 2H), and 3.74 (s, 3H); 13C{1H} NMR
(100 MHz, CD3CN, 298 K): δ = 159.8, 159.6, 151.9, 139.0, 131.6, 131.0, 114.5, 108.2, 106.2,
101.7, 55.8, and 39.6. HRMS (ESI) m/z calculated for [M + H]+ = [C15H15NO2S]+ 262.0896;
observed, 262.0898.

3.5.8. 3-((4-Methoxybenzyl)thio)pyridin-2-Amine (2i)

The title compound was prepared according to general procedure 2 on a 20.0 mmol
scale. The crystalline beige solid was washed with hexanes, which gave the desired product
in 92% (4.553 g, 18.48 mmol) yield; m.p. 76–78 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 7.87 (dd, J = 4.8 Hz, J = 1.7 Hz, 1H), 7.66 (dd, J = 7.4 Hz, J = 1.6 Hz, 1H), 7.15 (d,
J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 6.46 (dd, J = 7.4 Hz, J = 4.9 Hz, 1H), 6.03 (s, 2H), 3.97
(s, 2H), and 3.70 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 159.1, 158.3, 147.4,
141.6, 130.1, 129.4, 113.7, 112.8, 111.9, 55.0, and 36.4. HRMS (ESI) m/z calculated for [M +
H]+ = [C13H15N2OS]+ 247.0900; observed, 247.0899.

3.5.9. 2-((4-Methoxybenzyl)thio)pyridin-3-Amine (2j)

The title compound was prepared according to general procedure 2 on a 20.0 mmol
scale. The crystalline brown powder was washed with hexanes, which gave the desired
product in 99% (4.898 g, 19.88 mmol) yield. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 7.79
(dd, J = 7.6 Hz, J = 1.4 Hz, 1H), 7.29 (d, J = 7.9 Hz, 1H), 6.90 (t, J = 7.9 Hz, 2H), 6.84
(d, J = 7.6 Hz, 2H), 5.01 (s, 2H), 4.34 (s, 2H), and 3.71 (s, 3H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 158.2, 141.6, 141.5, 137.2, 130.2, 130.0, 120.5, 119.1, 113.7, 55.0, and 32.7.
HRMS (ESI) m/z calculated for [M + H]+ = [C13H15N2OS]+ 247.0900; observed, 247.0899.

3.5.10. 2-((4-Methoxybenzyl)thio)-5-(Trifluoromethyl)aniline (2k)

The title compound was prepared according to general procedure 2 on a 27.0 mmol
scale. The crystalline off-white solid was washed with hexanes, which gave the desired
product in 97% (8.167 g, 26.07 mmol) yield; m.p. 79–80 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.28 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 8.4 Hz, 2H), 7.02 (s, 2H), 6.83 (d, J = 8.4 Hz,
2H), 6.75 (d, J = 7.8 Hz, 1H), 5.66 (s, 2H), 4.04 (s, 3H), and 3.71 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.4, 148.6, 133.1, 130.1, 129.2, 128.7 (q, JC–F = 31.0 Hz),
124.4 (q, JC–F = 270.4 Hz), 121.5, 113.7, 112.0 (q, JC–F = 15.4 Hz), 109.8 (q, JC–F = 3.9 Hz),
55.0, and 36.2; 19F{1H} NMR (376 MHz, DMSO-d6, 298 K, referenced to C6H5F): δ = −61.45.
HRMS (ESI) m/z calculated for [M + H]+ = [C15H15F3NOS]+ 314.0821; observed, 314.0823.

3.5.11. 3-Amino-4-((4-Methoxybenzyl)thio)benzonitrile (2l)

The title compound was prepared according to general procedure 2 on a 10.0 mmol
scale. The crystalline yellow solid was washed with hexanes, which gave the desired
product in 86% (2.315 g, 8.56 mmol) yield; m.p. 189–190 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.28 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 6.98 (d, J = 1.6 Hz, 1H), 6.84 (d,
J = 8.7 Hz, 2H), 6.74 (dd, J = 8.0 Hz, J = 1.4 Hz, 1H), 5.64 (s, 2H), 4.04 (s, 2H), and 3.71 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.8, 144.7, 143.4, 136.2, 130.6, 130.0,
128.4, 126.3, 117.1, 114.2, 107.4, 55.1, and 35.6. HRMS (ESI) m/z calculated for [M + H]+ =
[C15H15N2OS]+ 271.0900; observed, 271.0900.

3.5.12. Ethyl 3-Amino-4-((4-Methoxybenzyl)thio)benzoate (2m′)

The title compound was prepared according to general procedure 2 on a 23.0 mmol
scale. The crystalline yellow solid was washed with hexanes, which gave the desired
product in 94% (6.894 g, 21.72 mmol) yield; m.p. 89–90 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.33 (s, 1H), 7.23–7.19 (m, 3H), 7.07 (d, J = 7.9 Hz, 1H), 6.83 (d, J = 8.3, 2H), 5.44
(s, 2H), 6.88 (q, J = 7.0 Hz, 2H), 4.05 (s, 2H), 3.71 (s, 3H), and 1.29 (t, J = 7.0 Hz, 3H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 165.9, 158.3, 147.8, 131.8, 130.1, 129.2, 129.2, 123.0,
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116.8, 114.3, 113.7, 60.4, 55.0, 55.0, 36.0, and 14.2. HRMS (ESI) m/z calculated for [M + H]+

= [C17H20NO2S]+ 318.1158; observed, 318.1160.

3.5.13. 5-Bromo-2-((4-Methoxybenzyl)thio)aniline (2n)

The title compound was prepared according to general procedure 2 on a 2.86 mmol
scale. The crystalline light brown solid was washed with hexanes, which gave the desired
product in 79% (728.1 mg, 2.25 mmol) yield; m.p. 100–102 ◦C. 1H NMR (400 MHz, DMSO-
d6, 298 K): δ = 7.13 (d, J = 8.5 Hz, 2H), 6.98 (d, J = 8.2 Hz, 1H), 6.90 (d, J = 2.0 Hz, 1H),
6.82 (d, J = 8.6 Hz, 2H), 6.58 (dd, J = 8.2 Hz, J = 2.1 Hz, 1H), 5.56 (s, 2H), 3.89 (s, 2H), and
3.71 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.2, 150.6, 136.3, 130.0, 129.6,
122.2, 118.5, 116.1, 115.2, 113.6, 55.0, and 36.9. HRMS (ESI) m/z calculated for [M + H]+ =
[C14H15BrNOS]+ 324.0052; observed, 324.0052.

3.5.14. 4-Bromo-2-((4-Methoxybenzyl)thio)aniline (2o)

The title compound was prepared according to general procedure 2 on a 30 mmol
scale. The crystalline beige solid was washed with hexanes, which gave the desired product
in 95% (9.287g, 28.64 mmol) yield; m.p. 86–87 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 7.18–7.11 (m, 4H), 6.83 (dt, J = 8.6 Hz, J = 1.9 Hz, 1H), 6.66 (d, J = 8.6 Hz, 1H), 5.44 (s,
2H), 3.95 (s, 2H), and 3.72 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.3,
148.3, 135.6, 131.4, 130,1, 130.0, 118.2, 115.9, 113.6, 105.9, 55.0, and 36.9. HRMS (ESI) m/z
calculated for [M + H]+ = [C14H15BrNOS]+ 324.0052; observed, 324.0050.

3.5.15. 5-Chloro-2-((4-Methoxybenzyl)thio)aniline (2p)

The title compound was prepared according to general procedure 2 on a 2.72 mmol
scale. The crystalline pale brown powder was washed with hexanes, which gave the desired
product in 93% (7.142 g, 2.55 mmol) yield; m.p. 80–82 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.13 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 8.2 Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H), 6.75
(d, J = 8.6 Hz, 2H), 6.45 (dd, J = 8.2 Hz, J = 2.1 Hz, 1H), 5.58 (s, 2H), 3.89 (s, 2H), and 3.71
(s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.2, 150.5, 136.2, 133.6, 130.0,
129.6, 115.6, 114.7, 113.6, 113.2, 55.0, and 37.0. HRMS (ESI) m/z calculated for [M + H]+ =
[C14H15ClNOS]+ 280.0557; observed, 280.0558.

3.5.16. 3-Chloro-2-((4-Methoxybenzyl)thio)aniline (2q)

The title compound was prepared according to general procedure 2 on a 20.0 mmol
scale. The crystalline off-white powder was washed with hexanes, which gave the desired
product in 94% (5.282 g, 18.88 mmol) yield; m.p. 71–73 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 7.14 (d, J = 8.5 Hz, 2H), 7.00 (t, J = 8.0 Hz, 1H), 6.80 (d, J = 8.5 Hz, 2H), 6.67–6.63
(m, 2H), 5.66 (s, 2H), 3.86 (s, 2H), and 3.70 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6,
298 K): δ = 158.3, 152.4, 139.8, 130.5, 130.0, 129.4, 116.5, 113.6, 113.4, 112.8, 55.0, and 37.0.
HRMS (ESI) m/z calculated for [M + H]+ = [C14H15ClNOS]+ 280.0557; observed, 280.0559.

3.5.17. 3-Fluoro-2-((4-Methoxybenzyl)thio)aniline (2r)

The title compound was prepared according to general procedure 2 on a 12 mmol scale.
The crystalline off-white powder was washed with hexanes, which gave the desired product
in 97% (2.064 g, 11.64 mmol) yield; m.p. 71–72 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ
= 7.12 (d, J = 8.6 Hz, 2H), 7.02 (q, J = 6.7 Hz, 1H), 6.79 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 8.2 Hz,
1H), 6.32–6.28 (m, 1H), 5.62 (s, 2H), 3.83 (s, 2H), and 3.70 (s, 3H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 163.8 (d, JC–F = 239.0 Hz), 158.2, 152.1 (d, JC–F = 3.8 Hz), 130.5 (d,
JC–F = 11.0 Hz), 129.9, 129.7, 113.6, 109.8 (d, JC–F = 2.5 Hz), 102.4 (d, JC–F = 21.4 Hz), 101.9
(d, JC–F = 24.0 Hz), 55.0, and 36.9; 19F{1H} NMR (376 MHz, DMSO-d6, 298 K, referenced to
C6H5F): δ = −108.81. HRMS (ESI) m/z calculated for [M + H]+ = [C14H15FNOS]+ 264.0853;
observed, 264.0854.
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3.6. Synthesis of 4-Fluoro-2-((4-Methoxybenzyl)thio)aniline (2s)
3.6.1. 2,2′-Disulfanediylbis(4-Fluoroaniline)

A 500 mL round-bottomed flask equipped with a stir bar was charged with 16.802 g
(100 mml) of 2-amino-6-fluorobenzothiazole, 100 mL of 10 M NaOH, and 100 mL of 2-
methoxyethanol. The flask was fitted with a reflux condenser and the reaction mixture
was stirred at 100 ◦C for 4 days. After cooling to room temperature, the reaction mixture
was acidified with HCl to pH 3 and extracted twice with diethyl ether. The combined
organic phases were washed with brine, dried over MgSO4, filtered, and evaporated. The
product obtained from the extraction was sufficiently pure to be used without further
purification. Yield: 69% (9.815 g, 34.52 mmol). 1H NMR (400 MHz, CD3CN, 298 K): δ = 6.96
(dt, J = 8.7 Hz, J = 3.0 Hz, 2H), 6.85 (dd, J = 8.6 Hz, J = 3.8 Hz, 1H), 6.75 (dd, J = 8.9 Hz,
J = 4.9 Hz, 2H), and 4.62 (s, 2H); 13C{1H} NMR (100 MHz, CD3CN, 298 K): δ = 155.1 (d,
JC–F = 234.0 Hz), 147.1 (d, JC–F = 1.7 Hz), 121.8 (d, JC–F = 22.2 Hz), 119.4 (d, JC–F = 22.5 Hz),
118.6 (d, JC–F = 7.3 Hz), and 116.9 (d, JC–F = 7.5 Hz); 19F{1H} NMR (376 MHz, CD3CN, 298 K,
referenced to C6H5F): δ = −127.83.

3.6.2. 4-Fluoro-2-((4-Methoxybenzyl)thio)aniline (2s)

Reduction of 2,2′-Disulfanediylbis(4-fluoroaniline) to 2-amino-5-fluorobenzenethiol:
A 1 L round-bottomed flask equipped with a stir bar was charged with 9.815 g (34.52 mmol,
1 equiv.) of 2,2′-Disulfanediylbis(4-fluoroaniline), 200 mL of THF, and 200 mL of MeOH.
While stirring in an ice bath, NaBH4 (5.22 g, 138 mmol, 4 equiv.) was added in small
portions over a period of 15 min under a counterflow of argon. The ice bath was then
removed, and the reaction mixture was stirred at room temperature for 1h. The reaction
mixture was concentrated, water was added, and the product was extracted with diethyl
ether. After drying the organic phase over MgSO4, filtration, and removal of the solvent,
the crude 2-amino-5-fluorobenzenethiol was used immediately in the next step. Protection
of 2-amino-5-fluorobenzenethiol: The crude 2-amino-5-fluorobenzenethiol (max. 69 mmol,
1 equiv.) was dissolved in 100 mL of EtOH and transferred to a 250 mL round-bottomed
flask equipped with a stir bar, and 10.41 g (75 mmol, 1.08 equiv.) of 1-(chloromethyl)-4-
methoxybenzene was added. After setting the reaction under argon, 3.25 g (81.3 mmol,
1.18 equiv.) of NaOH dissolved in 10 mL of water was added dropwise under a counterflow
of argon. Then, the reaction flask was fitted with a reflux condenser and stirred under
an argon atmosphere at 50 ◦C for 4 h. After cooling to room temperature, the reaction
mixture was concentrated. Basification with 1 M NaOH, followed by extraction with
diethyl ether and drying over MgSO4 gave the crude product as an oil upon filtration
and solvent removal. Recrystallization from hot diethyl ether gave the product as a pale
yellow powder in 9.747 g (37.01 mmol, 54%) yield. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 7.18 (dt, J = 8.6 Hz, J = 2.0 Hz, 2H), 6.92 (dd, J = 9.1 Hz, J = 3.0 Hz, 1H), 6.87–6.81
(m, 3H), 6.69 (dd, J = 8.8 Hz, J = 5.3 Hz, 1H), 5.08 (s, 2H), 3.99 (s, 2H), and 3.71 (s, 3H);
13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.3, 153.6 (d, JC–F = 231.9 Hz), 145.1
(d, JC–F = 1.6 Hz), 130.0, 129.4, 118.8 (d, JC–F = 22.2 Hz), 117.5 (d, JC–F = 7.6 Hz), 115.3
(d, JC–F = 21.8 Hz), 114.8 (d, JC–F = 7.6 Hz), 113.7, 55.0, and 36.5; 19F{1H} NMR (376 MHz,
DMSO-d6, 298 K, referenced to C6H5F): δ = −128.70. HRMS (ESI) m/z calculated for [M +
H]+ = [C14H15FNOS]+ 264.0853; observed, 264.0854.

3.7. General Procedure 3 for the Synthesis of Substituted Triazoles (3b–3s)

A 50 mL round-bottomed flask equipped with a stir bar was loaded the 2-((4- methoxy-
benzyl)thio)aniline derivative (2b–2s, 1 equiv.) and N,N-dimethylformamide azine dihy-
drochloride (1.1 equiv). After mixing the two compounds thoroughly, the reaction flask
was placed under an inert atmosphere (argon) and stirred in an oil bath at 150 ◦C. The two
solid compounds were observed to melt within an hour and turn dark red. After 16 h, the
reaction flask was cooled to room temperature. The resulting dark solid was basified with
1 M NaOH and extracted with dichloromethane, dried over MgSO4, filtered, and concen-
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trated. The crude product was purified by column chromatography or recrystallization as
described below.

3.7.1. 4-(2-((4-Methoxybenzyl)thio)-3-Methylphenyl)-4H-1,2,4-triazole (3b)

The title compound was prepared according to general procedure 3 on a 3.63 g
(14.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.56) gave the product as an off-white powder
in 72% (3.15 g, 10.1 mmol) yield; m.p. 116–118 ◦C. 1H NMR (400 MHz, CDCl3, 298 K):
δ = 7.92 (s, 2H), 7.43 (d, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.04 (t, J = 7.9 Hz, 1H), 6.68
(s, 4H), 3.74 (s, 1H), 3.53 (s, 1H), and 2.61 (s, 1H); 13C{1H} NMR (100 MHz, CDCl3, 298 K):
δ = 158.7, 145.5, 143.1, 137.8, 131.6, 129.6, 129.5 (2 signals), 128.7, 124.1, 113.7, 55.1, 38.7, and
21.4. HRMS (ESI) m/z: [M + H]+ calculated for C17H17N3OS, 312.1165; observed, 312.1165.

3.7.2. 4-(2-((4-Methoxybenzyl)thio)-6-Methylphenyl)-4H-1,2,4-triazole (3c)

The title compound was prepared according to general procedure 3 on a 4.67 g
(18.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.41) gave the product as an off-white powder in
49% (2.76 g, 7.55 mmol) yield; m.p. 191–193 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ =
8.59 (s, 2H), 7.46–7.40 (m, 2H), 7.27 (d, J = 6.7 Hz, 1H), 7.21 (d, J = 8.5 Hz, 1H), 6.86 (d, J = 8.5
Hz, 1H), 4.12 (s, 1H), 3.71 (s, 1H), and 1.96 (s, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298
K): δ = 158.5, 143.2, 135.9, 135.7, 131.3, 130.0 (2 signals), 128.0 (2 signals), 126.2, 113.9, 55.1,
35.7, and 17.2. HRMS (ESI) m/z: [M + H]+ calculated for C17H17N3OS, 312.1165; observed,
312.1165.

3.7.3. 4-(1-((4-Methoxybenzyl)thio)naphthalen-2-yl)-4H-1,2,4-triazole (3d)

The title compound was prepared according to general procedure 3 on a 975 mg
(3.30 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.67) gave the product as a pale yellow powder
in 17% (195 mg, 0.56 mmol) yield; m.p. 129–130 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.65 (d, J = 8.4 Hz, 1H), 8.52 (s, 2H), 8.18 (d, J = 8.6 Hz, 1H), 8.13 (d, J = 7.9 Hz, 1H),
7.81–7.77 (m, 1 H), 7.73–7.69 (m, 1 H), 7.57 (d, J = 8.6 Hz, 1H), 6.70 (s, 4H), 3.81 (s, 3H), and
3.68 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.4, 143.6, 136.3, 134.2, 133.3,
131.0, 129.7, 129.0, 128.7, 128.5, 127.7, 127.4, 126.7, 124.4, 113.7, and 55.1. HRMS (ESI) m/z:
[M + H]+ calculated C20H17N3OS, 348.1165; observed, 348.1163.

3.7.4. N-(4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)phenyl)acetamide (3e)

The title compound was prepared according to general procedure 2 on a 3.26 g
(10.8 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.19) gave the product as a pale brown powder
in 54% (2.06 g, 5.80 mmol) yield; m.p. 176–178 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 10.26 (s, 1H), 8.58 (s, 1H), 7.69 (d, J = 1.8 Hz, 1H), 7.62 (dd, J = 8.6 Hz, J = 2.0 Hz, 1H),
7.56 (d, J = 8.6 Hz, 1H), 7.06 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 3.97 (s, 2H), 3.71 (s,
3H), and 2.06 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 168.9, 158.5, 143.4,
139.1, 134.3, 133.1, 130.0, 128.6, 125.6, 120.1, 117.1, 113.9, 55.1, 37.8, and 24.1. HRMS (ESI)
m/z: [M + H]+ calculated C18H18N4O2S, 355.1223; observed, 355.1225.

3.7.5. 4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)aniline (3f)

The title compound was obtained as a by-product of the synthesis of compound
3f′, which was prepared according to general procedure 3 on a 3.64 mg (14.0 mmol)
scale; for this reaction, 2.2 equiv. of N,N-dimethylformamide azine dihydrochloride was
used. Purification by column chromatography (silica gel, 1. dichloromethane, and 2.
dichloromethane/acetone 4:1; Rf = 0.26) gave the product as a pale brown powder in 19%
(818 mg, 2.24 mmol) yield; m.p. 147–149 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 9.01
(s, 2H), 7.24 (d, J = 8.2 Hz, 1H), 7.18 (dt, J = 8.6 Hz, J = 2.0 Hz, 2H), 6.92 (d, J = 2.4 Hz, 1H),
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6.83 (dt, J = 8.6 Hz, J = 2.0 Hz, 2H), 6.74 (dd, J = 8.2 Hz, J = 2.4 Hz, 2H), 7.96–7.90 (m, 3 H),
7.86–7.80 (m, 3 H), 7.70 (tt, J = 7.4 Hz, J = 1.1 Hz, 1H), 5.46 (s, 2H), 3.96 (s, 2H), and 3.71 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.7, 150.7, 141.8, 136.3, 135.0, 130.5,
130.0, 116.5, 114.3, 114.2, 109.3, 106.6, 55.5, and 37.5. HRMS (ESI) m/z: [M + H]+ calculated
C16H16N4OS, 313.1118; observed, 313.1120.

3.7.6. 4,4′-(4-((4-. Methoxybenzyl)thio)-1,3-Phenylene)bis(4H-1,2,4-Triazole) (3f′)

The title compound was prepared according to general procedure 3 on a 3.64 g
(14.0 mmol) scale; for this reaction, 2.2 equiv. of N,N-dimethylformamide azine dihydrochlo-
ride was used. Purification by column chromatography (silica gel, 1. dichloromethane, and
2. dichloromethane/methanol 10:1; Rf = 0.49) gave the product as a pale yellow powder in
21% (1.08 mg, 2.95 mmol) yield; m.p. 250–253 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.21 (s, 2H), 8.74 (s, 2H), 7.99 (s, 1H), 7.91 (d, J = 7.0 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H),
7.20 (d, J = 6.2 Hz, 2H), 6.85 (d, J = 6.4 Hz, 2H), 4.20 (s, 2H), and 3.71 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.6, 143.3, 141.1, 133.7, 132.8, 132.4, 131.4, 130.0, 127.9,
121.8, 119.7, 113.9, 55.1, and 36.4. HRMS (ESI) m/z: [M + H]+ calculated C18H16N6OS,
365.1179; observed, 365.1180.

3.7.7. 4-(5-Methoxy-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3g)

The title compound was prepared according to general procedure 3 on a 4.13 g
(15.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.44) gave the product as a white powder in 60%
(2.92 g, 8.93 mmol) yield; m.p. 128–130 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 8.56
(s, 2H), 7.57 (dd, J = 9.2 Hz, J = 2.1 Hz, 1H), 7.11–7.08 (m, 2H), 7.00 (d, J = 8.6 Hz, 2H),
6.80 (d, J = 8.6 Hz, 2H), 3.89 (s, 2H), 3.80 (s, 3H), and 3.71 (s, 3H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 159.3, 158.4, 143.3, 136.0, 135.1, 129.9, 128.9, 122.1, 116.0, 113.8,
112.9, 55.8, 55.1, and 36.7 HRMS (ESI) m/z: [M + H]+ calculated C17H18N3O2S, 328.1114;
observed 328.1114.

3.7.8. 4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)phenol (3h)

The title compound was prepared according to general procedure 3 on a 900 mg
(3.44 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.22) gave the product as a white powder in
55% (570 mg, 1.91 mmol) yield; m.p. 212–214 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 10.25 (s, 1H), 8.52 (s, 2H), 7.45 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.6 Hz, 2H), 6.91 (dd,
J = 8.6 Hz, J = 2.6 Hz, 1H), 6.80–6.78 (m, 3H) 3.81 (s, 2H), and 3.71 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.3, 158.0, 143.3, 136.4, 136.1, 129.9, 129.0, 119.7, 117.1,
114.1, 113.7, and 55.1. HRMS (ESI) m/z: [M + H]+ calculated C16H15N3O2S, 314.0958;
observed, 314.0959.

3.7.9. 3-((4-Methoxybenzyl)thio)-2-(4H-1,2,4-Triazol-4-Yl)pyridine (3i)

The title compound was prepared according to general procedure 3 on a 3.45 g
(14.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.44) gave the product as an orange powder in
10% (421 mg, 1.41 mmol) yield; m.p. 154–156 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.71 (s, 2H), 8.46 (d, J = 6.3 Hz, 1H), 7.77 (d, J = 7.2 Hz, 1H), 7.39 (d, J = 8.28 Hz, 2H),
6.99–6.92 (m, 3H), 5.83 (s, 2 H), and 3.74 (s, 3 H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 175.6, 159.0, 143.3, 143.2, 136.1, 133.0, 129.8, 127.5, 114.0, 111.8, 58.2, and 55.1. HRMS
(ESI) m/z: [M + H]+ calculated C15H14N4OS, 299.0961; observed, 299.0961.

3.7.10. 2-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)pyridine (3j)

The title compound was prepared according to general procedure 3 on a 3.70 g
(15.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.48) gave the product as a white powder in 11%
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yield (504 mg, 1.70 mmol); m.p. 219–220 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 8.85
(s, 2H), 8.42 (dd, J = 4.7 Hz, J = 1.4 Hz, 1H), 8.16 (dd, J = 8.0 Hz, J = 1.4 Hz, 1H), 7.56 (dd,
J = 8.0 Hz, J = 4.7 Hz, 1H), 7.18 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 4.20 (s, 2H),
and 3.71 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.6, 146.4, 144.9, 142.4,
140.2, 130.1, 128.5, 127.6, 125.0, 113.9, 55.1, and 36.4. HRMS (ESI) m/z: [M + H]+ calculated
C15H14N4OS, 299.0961; observed, 299.0960.

3.7.11. 4-(2-((4-Methoxybenzyl)thio)-5-(Trifluoromethyl)phenyl)-4H-1,2,4-triazole (3k)

The title compound was prepared according to general procedure 3 on an 8.15 g
(26.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.62) gave the product as an off-white powder
in 48% (4.54 g, 12.41 mmol) yield; m.p. 126–127 ◦C. 1H NMR (400 MHz, CD3CN, 298 K):
δ = 8.32 (s, 2H), 7.76 (dd, J = 8.5 Hz, J = 1.6 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.68 (s, 1H),
7.19 (dt, J = 8.7 Hz, J = 2.0 Hz, 2H), 6.83 (dt, J = 8.7 Hz, J = 2.1 Hz, 2H), 4.16 (s, 2H), and 3.74
(s, 3H); 13C{1H} NMR (100 MHz, CD3CN, 298 K): δ = 160.2, 143.9, 141.2, 133.8, 131.0, 130.7,
128.7 (q, JC–F = 33.2 Hz), 128.4, 127.6 (q, JC–F = 3.7 Hz), 125.3 (q, JC–F = 3.8 Hz), 124.6 (q,
JC–F = 269.7 Hz), 115.0, 55.9, and 37.4; 19F{1H} NMR (376 MHz, CD3CN, 298 K, referenced
to C6H5F): δ = −61.45. HRMS (ESI) m/z: [M + H]+ calculated C17H14F3N3OS, 366.0883;
observed, 366.0882.

3.7.12. 4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-yl)benzonitrile (3l)

The title compound was prepared according to general procedure 3 on a 1.94 g
(7.16 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.53) gave the product as a pale yellow powder
in 32% (750 mg, 2.33 mmol) yield; m.p. 209–210 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.75 (s, 2H), 8.05 (d, J = 1.7 Hz, 2H), 7.97 (dd, J = 8.3 Hz, J = 1.7 Hz, 1H), 7.78 (d,
J = 8.4 Hz, 1H), 7.28 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 4.32 (s, 2H), and 3.72 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.7, 143.2, 142.4, 133.3, 131.7, 130.8,
130.2, 127.9, 126.9, 117.7, 114.0, 108.0, 55.1, and 34.9. HRMS (ESI) m/z: [M + H]+ calculated
C17H14N4OS, 323.0961; observed, 323.0962.

3.7.13. 4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)benzoic Acid (3m)

A 50 mL round-bottomed flask was charged with compound 3m′ (1.50 mmol, 1 equiv.),
KOH (2 equiv.), and MeOH, and then heated to 35 ◦C for 1 h. After removal of the solvent
under reduced pressure, the crude product was purified by column chromatography (silica
gel, 1. dichloromethane, and 2. dichloromethane/methanol 10:1, Rf = 0.19), which gave
the product as a white powder in 87% (413 mg, 1.21 mmol) yield; m.p. > 360 ◦C. 1H NMR
(400 MHz, DMSO-d6, 298 K): δ = 13.29 (s, 1H), 8.74 (s, 2H), 8.02 (d, J = 8.0 Hz, 1H), 7.85
(s, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.27 (d, J = 8.1 Hz, J, 2H), 6.86 (d, J = 8.4 Hz, 2H), 4.27 (s,
2H), and 3.71 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 166.0, 158.6, 143.3,
140.7, 131.5, 130.4, 130.2, 128.6, 127.8, 127.7, 127.3, 114.0, 7, 55.1, and 35.2. HRMS (ESI) m/z:
[M + H]+ calculated C17H15N3O3S, 342.0907; observed, 342.0908.

3.7.14. Ethyl 4-((4-Methoxybenzyl)thio)-3-(4H-1,2,4-Triazol-4-Yl)benzoate (3m′)

The title compound was prepared according to general procedure 3 on a 6.89 g
(15.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.64) gave the product as a pale yellow powder
in 32% (1.76 g, 4.76 mmol) yield; m.p. 126–127 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.74 (s, 2H), 8.03 (dd, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.89 (d, J = 1.5 Hz, 1H), 7.76 (d,
J = 8.4 Hz, 1H), 7.28 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 4.34–4.28 (m, 4H), 3.71 (s,
3H), and 1.31 (t, J = 7.1 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 164.5, 158.6,
143.2, 141.5, 131.5, 130.2, 127.7, 127.6, 127.3, 127.1, 114.0, 61.2, 55.1, 35.1, and 14.1. HRMS
(ESI) m/z: [M + H]+ calculated C19H19N3O3S, 370.1220; observed, 370.1222.
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3.7.15. 4-(5-Bromo-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3n)

The title compound was prepared according to general procedure 3 on a 1.30 g
(4.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.62) gave the product as a pale brown pow-
der in 28% (421 mg, 1.15 mmol) yield; m.p. 163–165 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 8.67 (s, 2H), 7.77 (s, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.17
(d, J = 7.3 Hz, 1H), 6.84 (d, J = 7.2 Hz, 1H), 4.13 (s, 2H), and 3.71 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 158.5, 143.2, 133.9, 133.3, 132.7, 131.5, 130.0 (2 signals),
127.8, 119.0, 113.9, 55.1, and 36.3. HRMS (ESI) m/z: [M + H]+ calculated C16H14BrN3OS,
376.0114; observed, 376.0113.

3.7.16. 4-(4-Bromo-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3o)

The title compound was prepared according to general procedure 3 on a 7.78 g
(24.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.60) gave the product as a pale brown powder
in 32% (2.86 g, 7.83 mmol) yield; m.p. 173–175 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.67 (s, 2H), 7.80 (d, J = 2.1 Hz, 1H), 7.58 (dd, J = 8.6 Hz, J = 2.1 Hz, 1H), 7.40 (d, J = 8.3
Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 4.22 (s, 2H), and 3.72 (s, 3H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 158.6, 143.3, 136.6, 131.6, 131.4, 130.2, 129.5, 129.1,
127.5, 123.0, 114.0, 55.1, and 35.9. HRMS (ESI) m/z: [M + H]+ calculated C16H14BrN3OS,
376.0114; observed, 376.0112.

3.7.17. 4-(5-Chloro-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3p)

The title compound was prepared according to general procedure 3 on a 3.36 g
(12.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.60) gave the product as a pale yellow powder in
32% (1.29 g, 3.88 mmol) yield; m.p. 158–159 ◦C. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.08
(s, 2H), 7.48 (d, J = 8.5 Hz, 1H), 7.39 (dd, J = 8.5 Hz, J = 2.1 Hz, 1H), 7.19 (d, J = 2.1 Hz,
1H), 6.94 (d, J = 8.6 Hz, 1H), 6.73 (d, J = 8.6 Hz, 1H), 3.85 (s, 1H), and 3.73 (s, 1H); 13C{1H}
NMR (100 MHz, CDCl3, 298 K): δ = 159.1, 142.7, 134.9, 133.8, 133.6, 131.7, 130.0 129.8, 127.6,
126.8, 114.1, 55.3, and 39.0. HRMS (ESI) m/z: [M + H]+ calculated C16H14ClN3OS, 332.0619;
observed, 332.0618.

3.7.18. 4-(3-Chloro-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3q)

The title compound was prepared according to general procedure 3 on a 4.20 mg
(15.0 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.43) gave the product as an off-white powder
in 39% (1.93 mg, 5.82 mmol) yield; m.p. 121–123 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 8.41 (s, 2H), 7.79 (dd, J = 8.1 Hz, J = 1.3 Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H), 7.46
(dd, J = 7.9 Hz, J = 1.3 Hz, 1H), 3.87 (s, 2H), and 3.71 (s, 3H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 158.5, 143.4, 140.4, 139.1, 131.0 (2 signals), 129.8, 129.8, 128.6, 126.3,
113.8, 55.1, and 38.0. HRMS (ESI) m/z: [M + H]+ calculated C16H14ClN3OS, 332.0619;
observed, 332.0617.

3.7.19. 4-(3-Fluoro-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3r)

The title compound was prepared according to general procedure 3 on a 2.11 g
(8.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.41) gave the product as a pale brown pow-
der in 87% (2.20 g, 6.984 mmol) yield; m.p. 218–219 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 8.46 (s, 2H), 7.62–7.56 (m, 1H), 7.50 (td, J = 9.7 Hz, J = 1.0 Hz, 1H), 7.35 (d,
J = 7.9 Hz, 1H), 6.91 (d, J = 8.6 Hz, 2H), 6.77 (d, J = 8.6 Hz, 2H), 3.88 (s, 2H), and 3.70 (s,
3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 163.0 (d, JC–F = 244.5 Hz), 158.5, 143.3,
137.9 (d, JC–F = 3.0 Hz), 131.2 (d, JC–F = 9.9 Hz), 129.8, 128.8, 123.2 (d, JC–F = 3.2 Hz), 118.7
(d, JC–F = 21.0 Hz), 116.9 (d, JC–F = 23.8 Hz), 131.8, 55.1, and 38.0. 19F{1H} NMR (376 MHz,
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DMSO-d6, 298 K, referenced to C6H5F): δ = −102.99. HRMS (ESI) m/z: [M + H]+ calculated
C16H14FN3OS, 316.0915; observed, 316.0913.

3.7.20. 4-(4-Fluoro-2-((4-Methoxybenzyl)thio)phenyl)-4H-1,2,4-triazole (3s)

The title compound was prepared according to general procedure 3 on a 2.788 g
(10.58 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/acetone 4:1; Rf = 0.38) gave the product as a pale brown powder
in 35% (1.148 g, 3.64 mmol) yield; m.p. 127–128 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 8.65 (s, 2H), 7.54–7.49 (m, 2H), 7.25–7.20 (m, 3H), 4.23 (s, 2H), and 3.71 (s, 2H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 162.3 (d, JC–F = 247.1 Hz), 158.6, 143.5, 137.3
(d, JC–F = 9.1 Hz), 130.1, 129.4 (d, JC–F = 9.6 Hz), 128.4 (d, JC–F = 2.8 Hz), 127.5, 115.5
(d, JC–F = 25.4 Hz), 114.0, 113.3 (d, JC–F = 23.0 Hz), 131.8, 55.0, and 36.7. 19F{1H} NMR
(376 MHz, DMSO-d6, 298 K, referenced to C6H5F): δ = -110.77. HRMS (ESI) m/z: [M + H]+

calculated C16H14FN3OS, 316.0915; observed, 316.0913.

3.8. Synthesis and Isolation of 2-(4H-1,2,4-Triazol-4-Yl)benzenethiol (4a) for Optimization
Reactions and NMR Studies

A 25 mL round-bottomed flask equipped with a stir bar was loaded with 594.8 mg
of triazole 3a (2 mmol, 1 equiv.) and 7.65 mL of trifluoroacetic acid (100 mmol, 50 equiv.).
After flushing with argon, 1.09 mL of anisole (10 mmol, 5 equiv.) and 0.99 mL of trifluo-
romethanesulfonic acid (10 mmol, 5 equiv.) were added to this solution, and the reaction
mixture was stirred at 0 ◦C for 1 h. The solution was then concentrated under high vacuum.
The resulting dark red oil was triturated with hexanes and then diluted with 20 mL of
water and extracted twice with dichloromethane (50 mL). The combined organic phases
were dried over MgSO4, filtered, and concentrated. The target compound was obtained
as a yellow oil (304.8 mg, 86%) and was used without any further purification. 1H NMR
(400 MHz, DMSO-d6, 298 K): δ = 8.78 (s, 2H), 7.66 (dd, J = 8.0 Hz, J = 1.3 Hz, 1H), 7.45–7.41
(m, 2 H), 7.34 (t, J = 7.0 Hz, 1H), and 5.79 (s, 1H); LCMS m/z: [M + H]+ calculated C9H7N3O,
178.0; observed, 178.1.

3.9. General Procedure 4 for the Synthesis of benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles (6a–6s)

A 25 mL round-bottomed flask equipped with a stir bar was loaded with the triazole
(3a–3s, 1 equiv.) and trifluoroacetic acid (50 equiv.). After flushing with argon, anisole
(5 equiv.) and trifluoromethanesulfonic acid (5 equiv.) were added to this solution, and the
reaction mixture was stirred at 0 ◦C for 1 h. The solution was then concentrated under high
vacuum. The resulting dark red oil was diluted with 20 mL of water and extracted twice
with dichloromethane (50 mL). Following concentration of the combined organic phases,
the crude thiol was dissolved in 2 mL of DMSO and heated to 100 C. After completion
of the cyclization reaction, the reaction mixture was diluted with 20 mL of sat. NaHCO3
and extracted twice with dichloromethane (50 mL). The combined organic phases were
dried over MgSO4, filtered, and concentrated. The resulting crude product was purified by
column chromatography or recrystallization as described below.

3.9.1. benzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6a)

The title compound was prepared twice according to general procedure 4 on a 297 mg
(1.0 mmol) and a 1.49 g (5.00 mmol) scale. Purification by column chromatography (silica
gel, 1. dichloromethane, and 2. dichloromethane/acetone 4:1, Rf = 0.50) gave the product
as a light yellow powder in 85% (149 mg, 0.85 mmol) and 90% (788 mg, 4.5 mmol) yield;
m.p. 179–181 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 9.64 (s, 1H), 8.11 (dd, J = 8.0 Hz,
J = 0.5 Hz, 1H), 8.05 (dd, J = 8.0 Hz, J = 0.4 Hz, 1H), 7.59 (td, J = 8.2 Hz, J = 1.0 Hz, 1H), and
7.49 (td, J = 8.3 Hz, J = 1.1 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 154.4,
136.8, 131.5, 129.0, 127.0, 126.6, 125.5, and 114.8. HRMS (ESI) m/z: [M + H] calculated for
C8H5N3S, 176.0277; observed, 176.0276.
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3.9.2. 8-Methylbenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6b)

The title compound was prepared according to general procedure 4 on a 156 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.48) gave the product as an off-white powder
in 89% (38 mg, 0.445 mmol) yield; m.p. 185–187 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.62 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.48 (t, J = 7.7 Hz, 1H), 7.32 (d, J = 7.6 Hz, 1H), and
2.43 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 153.6, 136.9, 134.2, 131.0, 128.7,
127.1, 127.0, 122.3, and 19.2. HRMS (ESI) m/z: [M + H]+ calculated for C9H7N3S, 190.0434;
observed, 190.0435.

3.9.3. 5-Methylbenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6c)

The title compound was prepared according to general procedure 4 on a 311 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.46) gave the product as a light yellow powder
in 82% (156 mg, 0.825 mmol) yield; m.p. 189–191 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.49 (s, 1H), 7.83–7.79 (m, 1H), 7.34 (t, J = 5.3 Hz, 1H), and 2.69 (s, 3H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 154.4, 138.0, 131.3, 128.6, 128.5, 126.1, 125.6, 122.6, and 18.7.
HRMS (ESI) m/z: [M + H]+ calculated for C9H7N3S, 190.0434; observed, 190.0433.

3.9.4. Naphtho[2′,1′:4,5]thiazolo[2,3-c][1,2,4]triazole (6d)

The title compound was prepared according to general procedure 4 on a 174 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.46) gave the product as a light yellow powder
in 87% (98 mg, 0.433 mmol) yield; m.p. 238–239 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.72 (s, 1H), 8.25 (d, J = 8.8 Hz, 1H), 8.15 (t, J = 8.6 Hz, 2H), 8.00 (d, J = 8.2 Hz, 1H),
7.74 (td, J = 7.1 Hz, J = 0.9 Hz, 1H), and 7.67 (td, J = 8.1 Hz, J = 1.0 Hz, 1H); 13C{1H} NMR
(100 MHz, DMSO-d6, 298 K): δ = 159.8, 136.8, 131.1, 129.4, 128.5, 128.1, 128.1, 127.2, 126.9,
126.5, 123.2, and 113.9. HRMS (ESI) m/z: [M + H]+ calculated for C12H7N3S, 226.0434;
observed, 266.0433.

3.9.5. N-(benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-6-Yl)acetamide (6e)

The title compound was prepared according to general procedure 4 on a 354 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.05) gave the product as a light yellow powder
in 82% (190 mg, 0.82 mmol) yield; m.p. 313–315 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 10.43 (s, 1H), 9.69 (s, 1H), 8.56 (d, J = 1.8 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 7.44 (dd,
J = 8.8 Hz, J = 2.0 Hz, 1H), and 2.11 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 168.8, 160.4, 151.4, 138.4, 136.7, 129.1, 125.5, 117.9, 105.3, and 24.0. HRMS (ESI) m/z:
[M + H]+ calculated for C10H8N4OS, 233.0492; observed, 233.0492.

3.9.6. benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-6-Amine (6f)

The title compound was prepared according to general procedure 4 on a 156 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.10) gave the product as a light yellow powder
in 60% (114 mg, 0.30 mmol) yield; m.p. 220–222 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.51 (s, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.15 (d, J = 2.1 Hz, 1H), 6.71 (dd, J = 8.7 Hz,
J = 2.1 Hz, 1H), and 5.68 (s, 2H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 155.2,
148.7, 136.3, 129.8, 125.5, 115.7, 133.7, and 98.9. HRMS (ESI) m/z: [M + H]+ calculated for
C8H6N4S, 191.0386; observed, 191.0387.

3.9.7. 6-(4H-1,2,4-Triazol-4-Yl)benzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6f′)

The title compound was prepared according to general procedure 4 on a 182 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.09) gave the product as an off-white powder
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in 90% (375 mg, 0.471 mmol) yield. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 9.53 (s,
1H), 9.17 (s, 2H), 8.60 (d, J = 2.2 Hz, 1H), 8.27 (d, J = 8.8 Hz, 1H), and 7.86 (dd, J = 8.7 Hz,
J = 2.2 Hz, 1H); 13C{1H} NMR was not obtained due to poor solubility. HRMS (ESI) m/z:
[M + H]+ calculated for C10H7N6S, 243.0448; observed, 243.0447.

3.9.8. 6-Methoxybenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6g)

The title compound was prepared according to general procedure 4 on an 82 mg
(0.25 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as an off-figurewhite
powder in 81% (42 mg, 0.202 mmol) yield; m.p. 223–224 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 9.57 (s, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.82 (d, J = 2.4 Hz, 1H), 7.08 (dd, J = 8.9 Hz,
J = 2.5 Hz, 1H), and 3.86 (s, 3H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 158.8, 155.4,
136.5, 129.7, 126.0, 122.1, 114.1, 100.4, and 55.9. HRMS (ESI) m/z: [M + H]+ calculated for
C9H7N3OS, 206.0383; observed, 206.0382.

3.9.9. benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-6-Ol (6h)

The title compound was prepared according to general procedure 4 on a 313 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 10:1, Rf = 0.05) gave the product as an off-white powder
in 84% (159.7 mg, 0.84 mmol) yield; m.p. 217–219 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 9.57 (s, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 2.3 Hz, 1H), and 6.93 (dd,
J = 8.8 Hz, J = 2.3 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 157.0, 155.3,
136.6, 129.8, 126.0, 120.2, 115.0, and 102.0. HRMS (ESI) m/z: [M + H]+ calculated for
C8H4N3OS, 192.0226; observed, 192.0224.

3.9.10. [1,2,4]. triazolo[3′,4′:2,3]thiazolo[4,5-b]pyridine (6i)

The title compound was prepared according to general procedure 4 on a 75 mg (0.25
mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane, and 2.
dichloromethane/methanol 5:1, Rf = 0.55) gave the product as a light orange powder in
76% (34 mg, 0.190 mmol) yield; m.p. 218–220 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ =
9.63 (s, 1H), 8.56–8.52 (m, 2H), and 7.56 (dd, J = 8.1 Hz, J = 4.9 Hz, 1H); 13C{1H} NMR (100
MHz, DMSO-d6, 298 K): δ = 153.8, 146.2, 141.4, 136.1, 135.1, 127.0, and 122.2. HRMS (ESI)
m/z: [M + H]+ calculated for C7H4N4S, 177.0230; observed, 177.0230.

3.9.11. [1,2,4]. triazolo[3′,4′:2,3]thiazolo[5,4-b]pyridine (6j)

The title compound was prepared according to general procedure 4 on a 75 mg
(0.25 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.55) gave the product as a light orange powder
in 70% (31 mg, 0.176 mmol) yield; m.p. 220–221 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.69 (s, 1H), 8.58 (dd, J = 4.8 Hz, J = 1.4 Hz, 1H), 8.51 (dd, J = 8.2 Hz, J = 1.4 Hz,
1H), and 7.68 (dd, J = 8.2 Hz, J = 4.9 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K):
δ = 153.9, 151.1, 147.6, 137.7, 125.4, 122.7, and 122.1. HRMS (ESI) m/z: [M + H]+ calculated
for C7H4N4S, 177.0230; observed, 177.0229.

3.9.12. 6-(Trifluoromethyl)benzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6k)

The title compound was prepared according to general procedure 4 on a 186 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as a light yellow powder
in 86% (105 mg, 0.430 mmol) yield; m.p. 203–204 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.69 (s, 1H), 8.63 (s, 1H), 8.28 (d, J = 8.5 Hz, 1H), and 7.83 (d, J = 8.4 Hz, 1H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 154.8, 137.2, 136.6, 129.3, 127.3 (q, JC–F = 32.6 Hz),
126.8, 123.9 (q, JC–F = 270.6 Hz), 122.9 (q, JC–F = 3.7 Hz), and 112. 3 (q, JC–F = 4.1 Hz). 19F{1H}
NMR (376 MHz, DMSO-d6, 298 K, referenced to C6H5F): δ = −60.85. HRMS (ESI) m/z:
[M + H]+ calculated for C9H4F3N3S, 244.0151; observed, 244.0151.
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3.9.13. benzo[4,5]thiazolo[2,3-c][1,2,4]triazole-6-Carbonitrile (6l)

The title compound was prepared according to general procedure 4 on a 322 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 10:1, Rf = 0.38) gave the product as a light yellow
powder in 80% (159 mg, 0.795 mmol) yield; m.p. 267–269 ◦C. 1H NMR (400 MHz, DMSO-
d6, 298 K): δ = 9.61 (s, 1H), 8.69 (s, 1H), 8.30 (d, J = 8.4 Hz, 1H), and 7.95 (d, J = 8.0 Hz,
1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 154.7, 137.8, 137.1, 129.6, 129.3, 126.7,
118.6, 118.1, and 108.9. HRMS (ESI) m/z: [M + H]+ calculated for C9H4N4S, 201.0229;
observed, 201.0230.

3.9.14. benzo[4,5]thiazolo[2,3-c][1,2,4]triazole-6-Carboxylic acid (6m)

The title compound was prepared according to general procedure 4 on a 341 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as a white powder in
85% (186 mg, 0.847 mmol) yield; m.p. > 360 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.78 (s, 1H), 8.74 (d, J = 1.1 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), and 8.03 (dd, J = 8.5 Hz,
J = 1.6 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 167.1, 158.0, 152.9, 138.3,
131.8, 129.1, 125.7, 123.9, and 113.8. HRMS (ESI) m/z: [M + H]+ calculated for C9H5N3O2S,
220.0175; observed, 220.0176.

3.9.15. Ethyl benzo[4,5]thiazolo[2,3-c][1,2,4]triazole-6-Carboxylate (6m′)

The title compound was prepared according to general procedure 4 on a 341 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as a light yellow powder
in 86% (173 mg, 0.865 mmol) yield; m.p. 209–210 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.80 (s, 1H), 8.73 (s, 1H), 8.19 (d, J = 8.5 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 4.39 (q,
J = 7.1 Hz, 2H), 3.86 (s, 3H), and 1.37 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, DMSO-d6,
298 K): δ = 164.8, 137.2, 129.3, 128.5, 126.9, 125.7, 115.5, 61.4, and 14.2. HRMS (ESI) m/z:
[M + H]+ calculated for C11H9N3O2S, 248.0488; observed, 248.0490.

3.9.16. 6-Bromobenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6n)

The title compound was prepared according to general procedure 4 on a 118 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.66) gave the product as an off-white powder
in 88% (112 mg, 0.442 mmol) yield; m.p. 240–243 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.59 (s, 1H), 8.47 (s, 1H), 8.01 (d, J = 8.4 Hz, 1H), and 8.67 (d, J = 8.3 Hz, 1H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 154.8, 136.9, 131.1, 130.0, 129.2, 127.2, 119.2, and
118.0. HRMS (ESI) m/z: [M + H]+ calculated for C8H4BrN3S, 253.9382; observed, 253.9381.

3.9.17. 7-Bromobenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6o)

The title compound was prepared twice according to general procedure 4 on a 376 mg
(1.0 mmol) scale and a 3.76 g (10 mmol) scale. The title compound was triturated with ace-
tone to afford an off-white powder in 90% (229 mg, 0.90 mmol) and 92% (2.34 g, 9.2 mmol)
yield; m.p. 273–275 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K): δ = 9.65 (s, 1H), 8.35 (d,
J = 1.9 Hz, 1H), 8.08 (t, J = 8.6 Hz, 1H), and 7.79 (dd, J = 8.6 Hz, J = 2.0 Hz, 1H); 13C{1H}
NMR (100 MHz, DMSO-d6, 298 K): δ = 154.5, 134.0, 133.8, 129.9, 128.4, 127.8, 118.3, and
116.5. HRMS (ESI) m/z: [M + H]+ calculated for C8H4BrN3S, 253.9382; observed, 253.9381.

3.9.18. 6-Chlorobenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6p)

The title compound was prepared according to general procedure 4 on a 166 mg
(0.50 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as an off-white powder
in 91% (99 mg, 0.457 mmol) yield; m.p. 229–231 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.59 (s, 1H), 8.36 (d, J = 1.8 Hz, 1H), 8.08 (d, J = 8.6 Hz, 1H), and 7.56 (dd, J = 8.7 Hz,
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J = 2.0 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 154.7, 137.4, 131.8, 131.0,
130.3, 127.4, 127.0, and 115.7. HRMS (ESI) m/z: [M + H]+ calculated for C8H4ClN3S,
209.9887; observed, 209.9887.

3.9.19. 8-Chlorobenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6q)

The title compound was prepared according to general procedure 4 on a 166 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.36) gave the product as an off-white powder
in 90% (93.8 mg, 0.448 mmol) yield; m.p. 249–251 ◦C. 1H NMR (400 MHz, DMSO-d6,
298 K): δ = 9.68 (s, 1H), 8.14–8.10 (m, 1H), and 7.66–7.64 (m, 2H); 13C{1H} NMR (100 MHz,
DMSO-d6, 298 K): δ = 153.0, 137.4, 130.8, 130.2, 128.6, 127.7, 126.3, and 113.8. HRMS (ESI)
m/z: [M + H]+ calculated for C8H4ClN3S, 209.9887; observed, 209.9886.

3.9.20. 8-Fluorobenzo[4,5]thiazolo[2,3-c][1,2,4]triazole (6r)

The title compound was prepared according to general procedure 4 on a 315 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.40) gave the product as a light yellow powder
in 98% (188 mg, 0.975 mmol) yield; m.p. 211–212 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.69 (s, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.69–7.63 (m, 1H), and 7.46 (t, J = 7.6 Hz, 1H);
13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 156.5 (d, JC–F = 244.7 Hz), 153.9, 137.3, 130.8
(d, JC–F = 6.8 Hz), 129.0 (d, JC–F = 7.8 Hz), 118.1 (d, JC–F = 22.3 Hz), 112.9 (d, JC–F = 18.1 Hz),
and 111.4 (d, JC–F = 3.4 Hz). 19F{1H} NMR (376 MHz, DMSO-d6, 298 K, referenced to
C6H5F): δ = −114.97. HRMS (ESI) m/z: [M + H]+ calculated for C8H4FN3S, 194.0183;
observed, 194.0182.

3.9.21. 7-Fluorobenzo[[1,3]4,5]thiazolo[2,3-c][1,2,4]triazole (6s)

The title compound was prepared according to general procedure 4 on a 315 mg
(1.00 mmol) scale. Purification by column chromatography (silica gel, 1. dichloromethane,
and 2. dichloromethane/methanol 5:1, Rf = 0.38) gave the product as an off-white powder
in 98% (188 mg, 0.976 mmol) yield; m.p. 255–258 ◦C. 1H NMR (400 MHz, DMSO-d6, 298 K):
δ = 9.59 (s, 1H), 8.14 (dd, J = 8.9 Hz, J = 4.6 Hz, 1H), 8.01 (dd, J = 8.8 Hz, J = 2.6 Hz, 1H), and
7.47 (td, J = 9.0 Hz, J = 2.6 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6, 298 K): δ = 159.7
(d, JC–F = 242.0 Hz), 154.6, 136.8, 133.3 (q, JC–F = 11.0 Hz), 125.9 (q, JC–F = 2.1 Hz), 116.1
(d, JC–F = 9,4 Hz), 114.5 (d, JC–F = 24.7 Hz), and 112.5 (d, JC–F = 28.2 Hz). 19F{1H} NMR
(376 MHz, DMSO-d6, 298 K, referenced to C6H5F): δ = −114.27. HRMS (ESI) m/z: [M + H]+

calculated for C8H4FN3S, 194.0183; observed, 194.0183.

4. Conclusions

In summary, a novel and efficient method for the synthesis of substituted benzo[4,5]
thiazolo[2,3-c][1,2,4]triazoles species (6a–6s) from the corresponding p-methoxybenzyl-
protected 4-(2-mercaptophenyl)triazoles (3a–3s) has been developed. Following the se-
lective removal of the protecting group, the free thiols (4a–4b) are oxidized to their
corresponding disulfides (5a–5s). These disulfides are thought to undergo C-H bond
functionalization, thus leading to an intramolecular ring closure, thereby forming the
C-S bond of the target heterocycle. Our synthetic approach allows the preparation of
benzo[4,5]thiazolo[2,3-c][1,2,4]triazoles (6a–6s) containing synthetically valuable functional
groups on their benzene rings. The combination of short reaction times and good to excel-
lent isolated yields, regardless of the nature of the substituents, is a clear advantage of this
scalable reaction protocol.

Supplementary Materials: The following supporting information can be downloaded, Copies of the
1H NMR and 13C NMR spectra for compounds 1b–1r, 2b–2s, 3b–3s, and 6a–6s.
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Abstract: An efficient access to the novel 5-(het)arylamino-1,2,3-triazole derivatives has been devel-
oped. The method is based on Buchwald–Hartwig cross-coupling reaction of 5-Amino or 5-Halo-
1,2,3-triazoles with (het)aryl halides and amines, respectively. As result, it was found that palladium
complex [(THP-Dipp)Pd(cinn)Cl] bearing expanded-ring N-heterocyclic carbene ligand is the most
active catalyst for the process to afford the target molecules in high yields.

Keywords: cross-coupling; amination; triazoles; palladium; carbene ligands; heterocycles

1. Introduction

Nitrogen containing heterocycles, in particular five-membered azole systems, are
common structural elements of many natural and synthetic biological active compounds.
They serve as universal scaffolds for creating new organic molecules with set properties
especially for the needs of biomolecular and medicinal chemistry as well as for materi-
als science [1–6]. In the last few decades fully substituted and variously functionalized
1,2,3-triazoles, whose structure fragment is not found in nature, became one of the most
interesting and widely used class of compounds due to their unique physicochemical
properties and synthetic accessibility [7,8]. These compounds possess remarkable thermal
and metabolic stability, large dipole moment, and capability for H-bond formation mak-
ing them effective peptide bond isosteres [9–11] that result in a variety of applications in
diverse fields of chemistry [12–20]. Among fully substituted 1,2,3-triazoles special atten-
tion is focused on 5-amino-1,2,3-triazoles and their 5-arylamino derivatives, which exhibit
very promising biological properties such as antiviral, antifungal, antiproliferative and
antimetastatic activities. They also serve as activators of potassium channel andchelating
agents and have a potential for treating inflammatory kidney diseases (Figure 1) [21–26].

Since the pioneering Dimroth works published in the beginning of the 20th cen-
tury [27,28], keteniminate-mediated 1,3-dipolar cycloaddition (DCR) of organic azides with
nitriles bearing an active methylene group provide one of the most efficient and straightfor-
ward methods to access to the 5-amino-1,2,3-triazole synthesis up to date (Scheme 1) [29–32].

Unfortunately this approach is not applicable to 5-amino substituted 1,2,3-triazoles
including 5-arylamino derivatives. The scope of the existing methods for the synthesis
of these compounds is limited to a few examples and has a number of disadvantages.
Thus, previously described methods for the preparation of 5-arylamino-1,2,3-triazoles
include: (1) interaction between hard accessible carbodiimides and diazo compounds [21];
(2) three-component amine/enolizible ketone/azide reaction leading to low yields of the
target products [33]; (3) high temperature thermolysis of the 5-triazenyl-1,2,3-triazoles to

37



Molecules 2022, 27, 1999

give a large amount of 2H-1,2,3-triazole as a by-product [34]; (4) base-mediated hydrolysis
of 1,2,3-triazolo[1,5-a]quinazolin-5(4H)-ones [35] as well as Rh-catalyzed azide-alkyne
cycloaddition of internal ynamides to afford N,N-disubstituted amino-1,2,3-triazoles [26].
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Scheme 1. 1,3-Dipolar cycloaddition reaction (DCR) between aryl azides and monosubstituted
acetonitriles.

On the other hand, in the past 30 years, palladium-catalyzed cross-coupling reac-
tions leading to the formation of new C-N bonds have become a widely used tool both
in academia and in industry [36,37]. This Buchwald–Hartwig amination is the most pop-
ular cross-coupling reaction [38–40] (Figure 2) to access a wide range of N-mono- and
N,N-disubstituted arylamines [41]. Despite impressive advances in the field, coupling of
heteroaromatic amines with (het)aryl halides still remains problematic, often requiring
long reaction times and time-consuming searches for optimal conditions and catalytic
systems [3,42–45]. tThere are no examples of Buchwald–Hartwig cross-coupling of 5-halo-
and 5-amino-1,2,3-triazoles with (het)aryl amines and halides, respectively, to afford N-aryl
amino derivatives except a report on synthesis of related 4-amino-1,2,3-triazoles (with just
3 examples) [46].

Therefore, taking into account the growing popularity of 5-amino-1,2,3-triazole deriva-
tives in medical chemistry, the development of new efficient and robust approaches to their
synthesis remains of great interest.
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We have recently developed effective methods for obtaining 5-amino- [47] and 5-
halo-1,2,3-triazoles [48] via one pot azide-nitrile cycloaddition/Dimroth rearrangement
(Scheme 2a) and Cu(I)-catalyzed [3+2] cycloaddition reaction of Cu(I)-acetylide and aryl
azides with subsequent Cu-triazolide halogenation (Scheme 2b). Based on our experience
in Pd-catalyzed cross-couplings of hetaryl halides [49–52] and halo-1,2,3-triazoles [53,54]
we would like to provide details of an efficient route to N-arylamino-1,2,3- triazoles using
the Buchwald–Hartwig reaction of 5-amino or 5-halo-1,2,3-triazoles (Scheme 2c).
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2. Results and Discussion

We commenced our investigation with the reaction between 1-benzyl-4-phenyl-1,2,3-
triazole-5-amine and 1-bromo-4-methylbenzene to screen for optimal conditions for the
cross-coupling (Table 1). A series of palladium complexes with expanded-ring NHC ligands
(Figure 3) were initially tested as they proved to be competent catalysts for Buchwald–
Hartwig amination of (het)aryl halides with primary aryl amines [50,51]. We found that the
reaction performed in the presence of 1.0 mol% (THP-Dipp)Pd(cinn)Cl and 1.2 equiv. of
sodium tert-butoxide in 1,4-dioxane at 120 ◦C for 24 h yielded the desired 5-(p-tolyl)amino-
1,2,3-triazole 2a in 53% yield (Table 1, entry 1). The reaction did not reveal the full conver-
sion of the starting materials (TLC and 1H NMR analysis). The prolonged reaction time
did not result in a better yield of the product. The increase of the Pd-catalyst loading up to
2 mol% and the base up to 3.0 equiv. almost led to quantitative formation of 2a (entry 3).
Other NHC-Pd complexes with allyl and metallyl ligands exhibited slightly less activity
under tested conditions (entries 4, 5). The traditional Pd(OAc)2/phosphine-based catalytic
systems [55] were also tested, exhibiting insufficient activity for the process (entries 6–9).

Table 1. Screening of catalytic systems in the BHA reaction 1.
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With these optimized conditions in hand, different 5-amino-1,2,3-triazoles were in-
volved in the Buchwald–Hartwig cross-coupling reactions with a wide range of aromatic
and heteroaromatic halides bearing various substituents in their structures. As a result, we
found that in all studied cases the nature and location of the substituent in the (het)aryl core
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of both triazole and halide substrates doesn’t not significantly influence the reaction leading
to the formation of the corresponding 5-amino-1,2,3-triazoles derivatives 2a–p including
sterically hindered ortho-Me aryl derivatives 2b, 2f, 2j in good and excellent yields. It is
noteworthy that the reaction works perfectly for both (het)aryl bromides and chlorides
(Scheme 3).
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1,4-dioxane (2.5 mL); 120 ◦C under argon 24 h; 2 4,6-Dichloropyrimidine (0.25 mmol); 5-aminotriazole
(2.0 equiv.); (THP-Dipp)Pd(cinn)Cl (4 mol %), t-BuONa (6 equiv.).

Then, we studied the reversed variant of the Buchwald–Hartwig cross-coupling re-
action, namely the interaction of 5-halo-1,2,3-triazoles with aryl amines. Fortunately, we
found that the conditions for aminotriazole—aryl halide coupling proved to also be suit-
able for the combination of halotriazole—aryl amine. Thus, corresponding derivatives of
5-arylamino-1,2,3-triazole such as N-(p-tolylamino) (2a, 2q) and N-(2,4-dimethylamino) (2r)
triazoles were obtained in good to excellent yields. Arylamines with electron-withdrawing
CF3 group(s) in aromatic ring (2s and 2t) can also be successfully used for this reaction.
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Example 2u demonstrates that the method is also applicable for the preparation of 4-
(N-arylamino)-1,2,3-triazoles from the corresponding 4-halo-1,2,3-triazoles, while their
synthesis was previously described via coupling of 4-amino-1,2,3-triazoles [46] (Scheme 4).
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3. Materials and Methods
3.1. General Information

All the reactions were carried out under argon atmosphere, and the solvents were dis-
tilled from appropriate drying agents prior to use. All reagents were used as
purchased from Sigma-Aldrich (Munich, Germany). In the study, 1,4-disubstituted-5-
chloro- [48] and 5-amino-1,2,3-triazoles [47] and 1-benzyl-4-bromo-5-methyl-1H-1,2,3-
triazole [56] were synthesized according to published procedures. (THP-Dipp)Pd(cinn)
Cl [57], (THP-Dipp)Pd(allyl)Cl [58] and (THP-Dipp)Pd(metallyl)Cl were synthesized ac-
cording to published procedure [57] from corresponding NHC-silver (I) complexes. Ana-
lytical data was in accordance with the literature data. Analytical TLC was performed with
Merck silica gel 60 F 254 plates (Darmstadt, Germany); visualization was accomplished
with UV light or iodine vapors. Chromatography was carried out using Merck silica gel
(Kieselgel 60, 0.063–0.200 mm, Darmstadt, Germany) and petroleum ether/ethyl acetate
as an eluent. The NMR spectra were obtained with Bruker AV-400, Karlsruhe, Germany)
(400 MHz 1H, 101 MHz 13C, 376 MHz 19F) using TMS and CCl3F as references for 1H
and 19F NMR spectra. respectively. Chemical shifts for 1H and 13C were reported as δ

values (ppm).
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3.2. General Procedure for Preparation of N-arylamino-1,2,3-triazoles via BHA Reaction of
5-Amino or 4(5)-halo-1,2,3-triazoles

Under argon in a Schlenk tube with magnetic stirring bar, corresponding amino- or
halo-1,2,3-triazole (0. 5 mmol), (het)arylhalide or primary amine (1.0 equiv.) were dissolved
in dry 1,4-dioxane (2.5 mL) at room temperature. The solution was degassed with three
freeze-pump-thaw cycles. Then 6.6 mg (0.01 mmol, 2 mol%) of (THP-Dipp)Pd(cinn)Cl and
sodium tert-butoxide (3.0 equiv.) were added to the reaction mixture, and the reaction
mixture was stirred at 120 ◦C (oil bath temperature) for 18 h. After cooling to room tem-
perature, the reaction mixture was poured into water and extracted with dichloromethane
(3 × 10 mL). The combined organic phases were washed with brine, dried over MgSO4,
filtered and concentrated under reduced pressure. Purification by chromatography
(eluent—hexane: ethyl acetate 4:1) gave analytically pure corresponding N-arylamino-
1,2,3-triazole as a white solid.

3.3. Preparation and Characterization of Novel Compounds

(THP-Dipp)Pd(methallyl)Cl
The title compound was synthesized according to literature procedure [58] from

(6-Dipp)AgBr and (2-Methylallyl)palladium(II) chloride dimer as a white powder (88%
yield). 1H NMR (400 MHz, Acetone-d6) δ 7.40–7.11 (m, 6H), 3.85–3.56 (m, 7H), 3.33–3.18
(m, 2H), 2.88 (s, 1H), 2.67–2.59 (m, 2H), 2.53–2.37 (m, 2H), 1.51–1.15 (m, 24H), 1.02 (s, 2H).
13C DEPTQ-135 NMR (Acetone, 101 MHz): δ 214.8, 146.6, 143.8, 130.0, 129.1, 128.2, 125.5,
70.3, 50.3, 49.2, 47.0, 47.0, 29.1, 27.1, 25.2, 24.9, 22.9, 22.1, 21.2, 21.0. HRMS (ESI): calcd for
C32H47N2Pd [(THP-Dipp)Pd(methallyl)]+: 563.2775, 564.2788, 565.2781, 566.2808, 567.2777;
found: 563.2776, 564.2795, 565.2788, 566.2810, 567.2780.

1-benzyl-5-(p-tolylamino)-4-phenyl-1H-1,2,3-triazole (2a)
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(165 mg, 97% yield) or from 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and p-toluidine
(163 mg, 96% yield), following general procedure, 2a was obtained as a white solid, m.p.
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1006 (S), 1072 (S), 1177 (S), 1251 (S), 1288 (S), 1325 (S), 1359 (S), 1422 (S), 1441 (S), 1518 (S),
1586 (S), 1610 (S), 1810 (M), 1888 (M), 1955 (M), 2980 (W), 3025 (W), 3249 (M). HRMS (ESI):
calcd for C22H21N4 [M+H]+: 341.1761; found: 341.1769.

1-benzyl-5-(o-tolylamino)-4-phenyl-1H-1,2,3-triazole (2b)
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5.33 (s, 2H), 4.82 (s, 1H), 2.12 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.5, 141.0, 
134.7, 131.9, 131.1, 130.4, 129.0, 128.8, 128.5, 128.1, 127.8, 127.6, 125.9, 123.3, 120.7, 112.7, 
51.8, 17.5. IR (υ/cm−1): 3271 (W), 1606 (S), 1586 (S), 1571 (S), 1514 (S), 1496 (S), 1448 (S), 1411 
(S), 1362 (S), 1294 (S), 1251 (S), 1159 (S), 1110 (S), 1073 (S), 1006 (S), 769 (VS), 747 (VS), 734 
(VS), 717 (VS). HRMS (ESI): calcd for C22H21N4 [M+H]+: 341.1761; found: 341.1764. 

1-benzyl-5-(phenylamino)-4-phenyl-1H-1,2,3-triazole (2c) 

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-2-methylbenzene, fol-
lowing general procedure, 2b (165 mg, 97% yield) was obtained as a white solid, m.p.
193–195 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 7.0 Hz, 2H), 7.33–7.25 (m, 6H),
7.18–7.12 (m, 3H), 6.98 (t, J = 7.5 Hz, 1H), 6.83 (t, J = 7.4 Hz, 1H), 6.25 (d, J = 8.1 Hz, 1H),
5.33 (s, 2H), 4.82 (s, 1H), 2.12 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.5, 141.0,
134.7, 131.9, 131.1, 130.4, 129.0, 128.8, 128.5, 128.1, 127.8, 127.6, 125.9, 123.3, 120.7, 112.7, 51.8,
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17.5. IR (υ/cm−1): 3271 (W), 1606 (S), 1586 (S), 1571 (S), 1514 (S), 1496 (S), 1448 (S), 1411 (S),
1362 (S), 1294 (S), 1251 (S), 1159 (S), 1110 (S), 1073 (S), 1006 (S), 769 (VS), 747 (VS), 734 (VS),
717 (VS). HRMS (ESI): calcd for C22H21N4 [M+H]+: 341.1761; found: 341.1764.

1-benzyl-5-(phenylamino)-4-phenyl-1H-1,2,3-triazole (2c)
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(S), 1173 (S), 1006 (S), 822 (VS), 773 (VS), 734 (VS), 716 (VS), 696 (VS). HRMS (ESI): calcd 
for C22H18N5 [M+H]+: 352.1557; found: 352.1556. 
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241–242 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.80–7.74 (m, 2H), 7.28–7.20 (m, 3H), 6.97 
(d, J = 6.5 Hz, 2H), 6.46 (d, J = 6.1 Hz, 2H), 5.25 (s, 1H), 2.22 (s, 3H), 1.68 (s, 9H). 13C{1H} 
NMR (101 MHz, Chloroform-d) δ 142.6, 142.3, 131.8, 130.6, 130.3, 129.3, 128.6, 127.8, 126.1, 
114.2, 61.3, 29.8, 20.6. IR (υ/cm−1): 3233 (M), 2975 (M), 1612 (S), 1593 (S), 1568 (S), 1516 (VS), 
1449 (S), 1410 (S), 1371 (S), 1309 (VS), 1235 (S), 1195 (S), 991 (VS), 805 (VS), 762 (VS), 693 
(VS). HRMS (ESI): calcd for C19H23N4 [M+H]+: 307.1917; found: 307.1921. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and bromobenzene, following gen-
eral procedure, 2c (151 mg, 93% yield) was obtained as a white solid, m.p. 187–188 ◦C. 1H
NMR (400 MHz, Chloroform-d) δ 7.80 (dd, J = 8.3, 1.4 Hz, 2H), 7.31–7.24 (m, 6H), 7.20–7.15
(m, 4H), 6.87 (t, J = 7.4 Hz, 1H), 6.52 (d, J = 7.6 Hz, 2H), 5.34 (s, 2H), 5.14 (s, 1H). 13C{1H}
NMR (101 MHz, Chloroform-d) δ 143.6, 141.1, 134.7, 131.6, 130.2, 129.9, 129.0, 128.8, 128.5,
128.1, 127.9, 126.0, 120.7, 114.3, 51.5. IR (υ/cm−1): 3234 (M), 3180 (W), 2930 (W), 1602 (S),
1582 (S), 1568 (S), 1496 (S), 1445 (S), 1422 (S), 1364 (S), 1325 (S), 1256 (S), 1236 (S), 1176 (S),
1151 (S), 1077 (S), 770 (VS), 752 (VS). HRMS (ESI): calcd for C21H19N4 [M+H]+: 327.1604;
found: 327.1608.
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From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4-bromobenzonitrile, following
general procedure, 2d (172 mg, 98% yield) was obtained as a white solid, m.p. 179–180 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 9.02 (s, 1H), 7.74 (d, J = 7.9 Hz, 2H), 7.48 (d, J = 8.5 Hz,
2H), 7.37 (t, J = 7.6 Hz, 2H), 7.31–7.24 (m, 4H), 7.19–7.15 (m, 2H), 6.52 (d, J = 8.6 Hz, 2H),
5.45 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 148.5, 139.2, 135.2, 133.8, 130.7, 130.0,
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(W), 2223 (M), 1604 (S), 1590 (S), 1519 (S), 1456 (S), 1434 (S), 1426 (S), 1358 (S), 1323 (S), 1258
(S), 1173 (S), 1006 (S), 822 (VS), 773 (VS), 734 (VS), 716 (VS), 696 (VS). HRMS (ESI): calcd for
C22H18N5 [M+H]+: 352.1557; found: 352.1556.
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(d, J = 6.5 Hz, 2H), 6.46 (d, J = 6.1 Hz, 2H), 5.25 (s, 1H), 2.22 (s, 3H), 1.68 (s, 9H). 13C{1H} 
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From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-methylbenzene,
following general procedure, 2e (100 mg, 65% yield) was obtained as a white solid, m.p.
241–242 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.80–7.74 (m, 2H), 7.28–7.20 (m, 3H), 6.97
(d, J = 6.5 Hz, 2H), 6.46 (d, J = 6.1 Hz, 2H), 5.25 (s, 1H), 2.22 (s, 3H), 1.68 (s, 9H). 13C{1H}
NMR (101 MHz, Chloroform-d) δ 142.6, 142.3, 131.8, 130.6, 130.3, 129.3, 128.6, 127.8, 126.1,
114.2, 61.3, 29.8, 20.6. IR (υ/cm−1): 3233 (M), 2975 (M), 1612 (S), 1593 (S), 1568 (S), 1516
(VS), 1449 (S), 1410 (S), 1371 (S), 1309 (VS), 1235 (S), 1195 (S), 991 (VS), 805 (VS), 762 (VS),
693 (VS). HRMS (ESI): calcd for C19H23N4 [M+H]+: 307.1917; found: 307.1921.
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1-benzyl-5-((4-fluoro-2-methylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2f)

Molecules 2022, 27, x FOR PEER REVIEW 9 of 17 
 

 

1-benzyl-5-((4-fluoro-2-methylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2f) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-fluoro- 2-
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white solid, m.p. 216–217 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.74 (dd, J = 8.2, 1.2 Hz, 
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134.6, 132.1, 130.4, 129.0, 128.9, 128.6, 128.2, 127.8, 125.9, 125.4 (d, J = 7.6 Hz), 117.8 (d, J = 
22.8 Hz), 114.1 (d, J = 8.2 Hz), 113.6 (d, J = 22.3 Hz), 51.8, 17.6. 19F NMR (376 MHz, Chloro-
form-d) δ -123.92. IR (υ/cm−1): 3241 (W), 1610 (S), 1588 (S), 1516 (S), 1498 (S), 1446 (S), 1411 
(S), 1362 (S), 1268 (S), 1239 (S), 1199 (S), 1007 (S), 953 (S), 856 (VS), 800 (VS), 771 (VS), 737 
(VS), 714 (VS), 697 (VS). HRMS (ESI): calcd for C22H20FN4 [M+H]+: 359.1667; found: 
359.1670. 
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From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and bromobenzene, following 

general procedure, 2g (136 mg, 93% yield) was obtained as a white solid, m.p. 228–229 °C. 
1H NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 7.3 Hz, 2H), 7.25–7.19 (m, 3H), 7.16 (t, J = 
7.1 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 6.55 (d, J = 7.6 Hz, 2H), 5.58 (s, 1H), 1.68 (s, 9H). 13C{1H} 
NMR (101 MHz, Chloroform-d) δ 144.6, 142.5, 131.6, 130.2, 129.7, 128.6, 127.9, 126.2, 120.1, 
114.1, 61.5, 29.8. IR (υ/cm−1): 3346 (W), 3056 (W), 2980 (W), 2931 (W), 1604 (S), 1566 (S), 1498 
(S), 1423 (S), 1370 (S), 1309 (S), 1233 (S), 1183 (S), 990 (VS), 768 (VS), 746 (VS), 717 (VS), 690 
(VS). HRMS (ESI): calcd for C18H21N4 [M+H]+: 293.1761; found: 293.1766. 

1-benzyl-5-((pyridine-2-yl)amino)-4-phenyl-1H-1,2,3-triazole (2h) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 2-bromopyridine, following 

general procedure, (2h) (127 mg, 77% yield) was obtained as a white solid, m.p. 173–174 
°C. 1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H), 7.99–7.96 (m, 1H), 7.77 (d, J = 7.0 Hz, 2H), 
7.57–7.52 (m, 1H), 7.37 (t, J = 7.5 Hz, 2H), 7.32–7.25 (m, 4H), 7.19 (dd, J = 7.6, 1.8 Hz, 2H), 
6.76–6.72 (m, 1H), 6.62 (d, J = 8.5 Hz, 1H), 5.40 (s, 2H). 13C{1H} NMR (101 MHz, Chloroform-
d) δ 156.1, 148.0, 141.2, 138.6, 134.6, 130.4, 130.2, 128.8, 128.7, 128.4, 128.2, 128.1, 125.9, 115.9, 
107.1, 51.6. IR (υ/cm−1): 3140 (W), 3082 (W), 3062 (W), 2914 (M), 2856 (M), 1588 (S), 1522 (S), 
1500 (S), 1436 (S), 1361 (S), 1319 (S), 1233 (S), 1213 (S), 1153 (VS), 1101 (S), 1074 (S), 996 (VS), 
783 (VS), 772 (VS), 738 (VS). HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557; found: 
328.1561. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-fluoro-
2-methylbenzene, following general procedure, 2f (177 mg, >99% yield) was obtained
as a white solid, m.p. 216–217 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.74 (dd, J = 8.2,
1.2 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 7.31–7.27 (m, 4H), 7.16–7.12 (m, 2H), 6.90 (dd, J = 9.1,
2.7 Hz, 1H), 6.70–6.60 (m, 1H), 6.15 (dd, J = 8.7, 4.8 Hz, 1H), 5.35 (s, 2H), 4.74 (s, 1H), 2.12
(s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 157.4 (d, J = 239.0 Hz), 140.7, 137.5 (d,
J = 2.0 Hz), 134.6, 132.1, 130.4, 129.0, 128.9, 128.6, 128.2, 127.8, 125.9, 125.4 (d, J = 7.6 Hz),
117.8 (d, J = 22.8 Hz), 114.1 (d, J = 8.2 Hz), 113.6 (d, J = 22.3 Hz), 51.8, 17.6. 19F NMR
(376 MHz, Chloroform-d) δ -123.92. IR (υ/cm−1): 3241 (W), 1610 (S), 1588 (S), 1516 (S),
1498 (S), 1446 (S), 1411 (S), 1362 (S), 1268 (S), 1239 (S), 1199 (S), 1007 (S), 953 (S), 856 (VS),
800 (VS), 771 (VS), 737 (VS), 714 (VS), 697 (VS). HRMS (ESI): calcd for C22H20FN4 [M+H]+:
359.1667; found: 359.1670.
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From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and bromobenzene, following
general procedure, 2g (136 mg, 93% yield) was obtained as a white solid, m.p. 228–229 ◦C.
1H NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 7.3 Hz, 2H), 7.25–7.19 (m, 3H), 7.16 (t,
J = 7.1 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 6.55 (d, J = 7.6 Hz, 2H), 5.58 (s, 1H), 1.68 (s, 9H).
13C{1H} NMR (101 MHz, Chloroform-d) δ 144.6, 142.5, 131.6, 130.2, 129.7, 128.6, 127.9, 126.2,
120.1, 114.1, 61.5, 29.8. IR (υ/cm−1): 3346 (W), 3056 (W), 2980 (W), 2931 (W), 1604 (S), 1566
(S), 1498 (S), 1423 (S), 1370 (S), 1309 (S), 1233 (S), 1183 (S), 990 (VS), 768 (VS), 746 (VS), 717
(VS), 690 (VS). HRMS (ESI): calcd for C18H21N4 [M+H]+: 293.1761; found: 293.1766.
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From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 2-bromopyridine, following
general procedure, (2h) (127 mg, 77% yield) was obtained as a white solid, m.p. 173–174 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H), 7.99–7.96 (m, 1H), 7.77 (d, J = 7.0 Hz, 2H),
7.57–7.52 (m, 1H), 7.37 (t, J = 7.5 Hz, 2H), 7.32–7.25 (m, 4H), 7.19 (dd, J = 7.6, 1.8 Hz, 2H),
6.76–6.72 (m, 1H), 6.62 (d, J = 8.5 Hz, 1H), 5.40 (s, 2H). 13C{1H} NMR (101 MHz, Chloroform-
d) δ 156.1, 148.0, 141.2, 138.6, 134.6, 130.4, 130.2, 128.8, 128.7, 128.4, 128.2, 128.1, 125.9, 115.9,
107.1, 51.6. IR (υ/cm−1): 3140 (W), 3082 (W), 3062 (W), 2914 (M), 2856 (M), 1588 (S), 1522
(S), 1500 (S), 1436 (S), 1361 (S), 1319 (S), 1233 (S), 1213 (S), 1153 (VS), 1101 (S), 1074 (S),
996 (VS), 783 (VS), 772 (VS), 738 (VS). HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557;
found: 328.1561.
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From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-tert-butylbenzene, 

following general procedure, 2i (172 mg, 90% yield) was obtained as a white solid, m.p. 
169–171 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.81 (d, J = 7.0 Hz, 2H), 7.31–7.24 (m, 6H), 
7.19–7.14 (m, 4H), 6.46 (d, J = 8.7 Hz, 2H), 5.33 (s, 2H), 5.07 (s, 1H), 1.27 (s, 9H). 13C{1H} 
NMR (101 MHz, Chloroform-d) δ 143.6, 141.0, 141.0, 134.8, 132.1, 130.4, 128.9, 128.8, 128.4, 
128.0, 127.9, 126.6, 126.0, 114.1, 51.4, 34.2, 31.6. IR (υ/cm−1): 3253 (M), 3054 (M), 3034 (M), 
2956 (M), 2900 (M), 2857 (M), 1607 (S), 1587 (S), 1568 (S), 1515 (VS), 1400 (S), 1360 (S), 1252 
(S), 1190 (S), 922 (S), 814 (S), 770 (VS), 737 (VS), 719 (VS), 695 (VS). HRMS (ESI): calcd for 
C25H27N4 [M+H]+: 383.2230; found: 383.2241. 

1-benzyl-5-(mesitylamino)-4-phenyl-1H-1,2,3-triazole (2j) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 2-bromo- 1,3,5-trimethylben-

zene, following general procedure, 2j (146 mg, 79% yield) was obtained as a white solid, 
m.p. 132–133 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 7.3 Hz, 2H), 7.31–7.20 
(m, 6H), 6.89 (dd, J = 7.2, 2.2 Hz, 2H), 6.72 (s, 2H), 5.15 (s, 2H), 4.93 (s, 1H), 2.23 (s, 3H), 1.75 
(s, 6H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 135.8, 135.1, 134.9, 134.9, 133.6, 131.2, 
130.1, 129.8, 128.8, 128.4, 128.2, 127.2, 127.1, 126.2, 51.6, 20.7, 18.2. IR (υ/cm−1): 3339 (M), 
3060 (W), 3032 (M), 2913 (M), 2853 (W), 1606 (S), 1586 (S), 1571 (S), 1485 (S), 1445 (S), 1421 
(S), 1361 (S), 1317 (S), 1250 (S), 1073 (S), 1029 (S), 994 (S), 840 (S), 769 (VS), 724 (VS), 694 
(VS). HRMS (ESI): calcd for C24H25N4 [M+H]+: 369.2074; found: 369.2074. 

1-tert-butyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2k) 

 
From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, following 

general procedure, 2k (110 mg, 75% yield) was obtained as a white solid, m.p. 233–234 °C. 
1H NMR (400 MHz, DMSO-d6) δ 8.27 (s, 1H), 7.94 (s, 1H), 7.90 (d, J = 4.7 Hz, 1H), 7.73 (d, J 
= 7.9 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.6 Hz, 1H), 7.08 (dd, J = 8.3, 4.6 Hz, 1H), 
6.73 (d, J = 8.0 Hz, 1H), 1.65 (s, 9H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 141.6, 140.9, 139.9, 
136.0, 131.1, 130.3, 128.6, 127.8, 125.4, 124.0, 119.5, 60.7, 29.1. IR (υ/cm−1): 3252 (W), 3002 
(W), 2974 (W), 1589 (S), 1580 (S), 1508 (S), 1477 (S), 1449 (S), 1370 (S), 1299 (S), 1239 (S), 990 
(VS), 800 (VS), 772 (VS), 709 (VS). HRMS (ESI) calcd for C17H20N5 [M+H]+: 294.1719; found: 
294.1718. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-tert-butylbenzene,
following general procedure, 2i (172 mg, 90% yield) was obtained as a white solid, m.p.
169–171 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.81 (d, J = 7.0 Hz, 2H), 7.31–7.24 (m, 6H),
7.19–7.14 (m, 4H), 6.46 (d, J = 8.7 Hz, 2H), 5.33 (s, 2H), 5.07 (s, 1H), 1.27 (s, 9H). 13C{1H}
NMR (101 MHz, Chloroform-d) δ 143.6, 141.0, 141.0, 134.8, 132.1, 130.4, 128.9, 128.8, 128.4,
128.0, 127.9, 126.6, 126.0, 114.1, 51.4, 34.2, 31.6. IR (υ/cm−1): 3253 (M), 3054 (M), 3034 (M),
2956 (M), 2900 (M), 2857 (M), 1607 (S), 1587 (S), 1568 (S), 1515 (VS), 1400 (S), 1360 (S), 1252
(S), 1190 (S), 922 (S), 814 (S), 770 (VS), 737 (VS), 719 (VS), 695 (VS). HRMS (ESI): calcd for
C25H27N4 [M+H]+: 383.2230; found: 383.2241.
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zene, following general procedure, 2j (146 mg, 79% yield) was obtained as a white solid, 
m.p. 132–133 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 7.3 Hz, 2H), 7.31–7.20 
(m, 6H), 6.89 (dd, J = 7.2, 2.2 Hz, 2H), 6.72 (s, 2H), 5.15 (s, 2H), 4.93 (s, 1H), 2.23 (s, 3H), 1.75 
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3060 (W), 3032 (M), 2913 (M), 2853 (W), 1606 (S), 1586 (S), 1571 (S), 1485 (S), 1445 (S), 1421 
(S), 1361 (S), 1317 (S), 1250 (S), 1073 (S), 1029 (S), 994 (S), 840 (S), 769 (VS), 724 (VS), 694 
(VS). HRMS (ESI): calcd for C24H25N4 [M+H]+: 369.2074; found: 369.2074. 
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1H NMR (400 MHz, DMSO-d6) δ 8.27 (s, 1H), 7.94 (s, 1H), 7.90 (d, J = 4.7 Hz, 1H), 7.73 (d, J 
= 7.9 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.6 Hz, 1H), 7.08 (dd, J = 8.3, 4.6 Hz, 1H), 
6.73 (d, J = 8.0 Hz, 1H), 1.65 (s, 9H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 141.6, 140.9, 139.9, 
136.0, 131.1, 130.3, 128.6, 127.8, 125.4, 124.0, 119.5, 60.7, 29.1. IR (υ/cm−1): 3252 (W), 3002 
(W), 2974 (W), 1589 (S), 1580 (S), 1508 (S), 1477 (S), 1449 (S), 1370 (S), 1299 (S), 1239 (S), 990 
(VS), 800 (VS), 772 (VS), 709 (VS). HRMS (ESI) calcd for C17H20N5 [M+H]+: 294.1719; found: 
294.1718. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 2-bromo- 1,3,5-trimethylbenzene,
following general procedure, 2j (146 mg, 79% yield) was obtained as a white solid, m.p.
132–133 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 7.3 Hz, 2H), 7.31–7.20 (m, 6H),
6.89 (dd, J = 7.2, 2.2 Hz, 2H), 6.72 (s, 2H), 5.15 (s, 2H), 4.93 (s, 1H), 2.23 (s, 3H), 1.75 (s, 6H).
13C{1H} NMR (101 MHz, Chloroform-d) δ 135.8, 135.1, 134.9, 134.9, 133.6, 131.2, 130.1, 129.8,
128.8, 128.4, 128.2, 127.2, 127.1, 126.2, 51.6, 20.7, 18.2. IR (υ/cm−1): 3339 (M), 3060 (W), 3032
(M), 2913 (M), 2853 (W), 1606 (S), 1586 (S), 1571 (S), 1485 (S), 1445 (S), 1421 (S), 1361 (S), 1317
(S), 1250 (S), 1073 (S), 1029 (S), 994 (S), 840 (S), 769 (VS), 724 (VS), 694 (VS). HRMS (ESI):
calcd for C24H25N4 [M+H]+: 369.2074; found: 369.2074.
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1-benzyl-5-((4-tert-butylphenyl))amino)-4-phenyl-1H-1,2,3-triazole (2i) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo-4-tert-butylbenzene, 

following general procedure, 2i (172 mg, 90% yield) was obtained as a white solid, m.p. 
169–171 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.81 (d, J = 7.0 Hz, 2H), 7.31–7.24 (m, 6H), 
7.19–7.14 (m, 4H), 6.46 (d, J = 8.7 Hz, 2H), 5.33 (s, 2H), 5.07 (s, 1H), 1.27 (s, 9H). 13C{1H} 
NMR (101 MHz, Chloroform-d) δ 143.6, 141.0, 141.0, 134.8, 132.1, 130.4, 128.9, 128.8, 128.4, 
128.0, 127.9, 126.6, 126.0, 114.1, 51.4, 34.2, 31.6. IR (υ/cm−1): 3253 (M), 3054 (M), 3034 (M), 
2956 (M), 2900 (M), 2857 (M), 1607 (S), 1587 (S), 1568 (S), 1515 (VS), 1400 (S), 1360 (S), 1252 
(S), 1190 (S), 922 (S), 814 (S), 770 (VS), 737 (VS), 719 (VS), 695 (VS). HRMS (ESI): calcd for 
C25H27N4 [M+H]+: 383.2230; found: 383.2241. 

1-benzyl-5-(mesitylamino)-4-phenyl-1H-1,2,3-triazole (2j) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 2-bromo- 1,3,5-trimethylben-

zene, following general procedure, 2j (146 mg, 79% yield) was obtained as a white solid, 
m.p. 132–133 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 7.3 Hz, 2H), 7.31–7.20 
(m, 6H), 6.89 (dd, J = 7.2, 2.2 Hz, 2H), 6.72 (s, 2H), 5.15 (s, 2H), 4.93 (s, 1H), 2.23 (s, 3H), 1.75 
(s, 6H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 135.8, 135.1, 134.9, 134.9, 133.6, 131.2, 
130.1, 129.8, 128.8, 128.4, 128.2, 127.2, 127.1, 126.2, 51.6, 20.7, 18.2. IR (υ/cm−1): 3339 (M), 
3060 (W), 3032 (M), 2913 (M), 2853 (W), 1606 (S), 1586 (S), 1571 (S), 1485 (S), 1445 (S), 1421 
(S), 1361 (S), 1317 (S), 1250 (S), 1073 (S), 1029 (S), 994 (S), 840 (S), 769 (VS), 724 (VS), 694 
(VS). HRMS (ESI): calcd for C24H25N4 [M+H]+: 369.2074; found: 369.2074. 

1-tert-butyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2k) 

 
From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, following 

general procedure, 2k (110 mg, 75% yield) was obtained as a white solid, m.p. 233–234 °C. 
1H NMR (400 MHz, DMSO-d6) δ 8.27 (s, 1H), 7.94 (s, 1H), 7.90 (d, J = 4.7 Hz, 1H), 7.73 (d, J 
= 7.9 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.6 Hz, 1H), 7.08 (dd, J = 8.3, 4.6 Hz, 1H), 
6.73 (d, J = 8.0 Hz, 1H), 1.65 (s, 9H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 141.6, 140.9, 139.9, 
136.0, 131.1, 130.3, 128.6, 127.8, 125.4, 124.0, 119.5, 60.7, 29.1. IR (υ/cm−1): 3252 (W), 3002 
(W), 2974 (W), 1589 (S), 1580 (S), 1508 (S), 1477 (S), 1449 (S), 1370 (S), 1299 (S), 1239 (S), 990 
(VS), 800 (VS), 772 (VS), 709 (VS). HRMS (ESI) calcd for C17H20N5 [M+H]+: 294.1719; found: 
294.1718. 

  

From 1-tert-butyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, following
general procedure, 2k (110 mg, 75% yield) was obtained as a white solid, m.p. 233–234 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 8.27 (s, 1H), 7.94 (s, 1H), 7.90 (d, J = 4.7 Hz, 1H), 7.73 (d,
J = 7.9 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.6 Hz, 1H), 7.08 (dd, J = 8.3, 4.6 Hz, 1H),
6.73 (d, J = 8.0 Hz, 1H), 1.65 (s, 9H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 141.6, 140.9,
139.9, 136.0, 131.1, 130.3, 128.6, 127.8, 125.4, 124.0, 119.5, 60.7, 29.1. IR (υ/cm−1): 3252 (W),
3002 (W), 2974 (W), 1589 (S), 1580 (S), 1508 (S), 1477 (S), 1449 (S), 1370 (S), 1299 (S), 1239 (S),
990 (VS), 800 (VS), 772 (VS), 709 (VS). HRMS (ESI) calcd for C17H20N5 [M+H]+: 294.1719;
found: 294.1718.

1-phenethyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2l)
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1-phenethyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2l) 

 
From 1-phenethyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, follow-

ing general procedure, 2l (142 mg, 83% yield) was obtained as a white solid, m.p. 199–200 
°C. 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.01–7.92 (m, 2H), 7.72 (d, J = 7.3 Hz, 2H), 
7.35 (t, J = 7.4 Hz, 2H), 7.29–7.16 (m, 4H), 7.12 (d, J = 7.2 Hz, 2H), 7.07 (dd, J = 8.0, 4.6 Hz, 
1H), 6.65 (dd, J = 8.5, 1.3 Hz, 1H), 4.44 (t, J = 7.3 Hz, 2H), 3.13 (t, J = 7.6 Hz, 2H). 13C{1H} 
NMR (101 MHz, DMSO-d6) δ 140.6, 140.3, 138.3, 137.5, 136.4, 131.5, 130.3, 128.7, 128.6, 
128.5, 127.7, 126.6, 125.2, 124.0, 119.7, 47.7, 35.0. IR (υ/cm−1): 3203 (W), 3162 (W), 3083 (W), 
3025 (W), 2969 (W), 1582 (S), 1569 (S), 1480 (S), 1455 (S), 1402 (S), 1361 (S), 1312 (S), 1278 
(S), 1232 (S), 990 (S), 799 VS, 763 (VS), 743 (VS), 701 (VS). HRMS (ESI): calcd for C21H20N5 
[M+H]+: 342.1719; found: 342.1717. 

1-benzyl-5-((3,5-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2m) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo- 3,5-dimethylben-

zene, following general procedure, 2m (149 mg, 84% yield) was obtained as a white solid, 
m.p. 154–155 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (d, J = 7.0 Hz, 2H), 7.35–7.26 
(m, 6H), 7.23–7.19 (m, 2H), 6.54 (s, 1H), 6.15 (s, 2H), 5.34 (s, 2H), 5.06 (s, 1H), 2.18 (s, 6H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 143.7, 141.1, 139.7, 134.8, 131.9, 130.4, 128.9, 128.8, 
128.4, 128.1, 128.0, 126.0, 122.7, 112.2, 51.4, 21.5. IR (υ/cm−1): 3266 (W), 2919 (W), 1601 (S), 
1585 (S), 1495 (S), 1444 (S), 1353 (S), 1324 (S), 1233 (S), 1170 (S), 1004 (VS), 993 (VS), 837 
(VS), 774 (VS), 739 (VS), 727 (VS), 691 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 
355.1917; found: 355.1920. 

1-benzyl-5-((pyrimidine-4-yl)amino)-4-phenyl-1H-1,2,3-triazole (2n) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4-chloropyrimidine, following 

general procedure, 2n (161 mg, 98% yield) was obtained as a white solid, m.p. 156–157 °C. 
1H NMR (400 MHz, DMSO-d6) δ 9.40 (s, 1H), 8.10 (s, 1H), 7.93 (d, J = 5.6 Hz, 2H), 7.75 (d, J 
= 7.7 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.27 (q, J = 7.7, 6.7 Hz, 4H), 7.18 (d, J = 7.7 Hz, 2H), 
5.44 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 152.5, 141.8, 139.4, 135.3, 135.0, 133.0, 
130.5, 130.4, 128.7, 128.5, 127.8, 127.8, 127.8, 125.3, 50.5. IR (υ/cm−1): 3189 (W), 3067 (W), 
2953 (W), 1593 (S), 1497 (S), 1472 (S), 1446 (S), 1360 (S), 1318 (S), 1278 (S), 1231 (S), 1150 (S), 
996 (S), 825 (VS), 767 (VS), 734 (VS), 694 (VS). HRMS (ESI) calcd for C19H17N6 [M+H]+: 
329.1515; found: 329.1514. 
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From 1-phenethyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, following
general procedure, 2l (142 mg, 83% yield) was obtained as a white solid, m.p. 199–200 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.01–7.92 (m, 2H), 7.72 (d, J = 7.3 Hz, 2H),
7.35 (t, J = 7.4 Hz, 2H), 7.29–7.16 (m, 4H), 7.12 (d, J = 7.2 Hz, 2H), 7.07 (dd, J = 8.0, 4.6 Hz,
1H), 6.65 (dd, J = 8.5, 1.3 Hz, 1H), 4.44 (t, J = 7.3 Hz, 2H), 3.13 (t, J = 7.6 Hz, 2H). 13C{1H}
NMR (101 MHz, DMSO-d6) δ 140.6, 140.3, 138.3, 137.5, 136.4, 131.5, 130.3, 128.7, 128.6, 128.5,
127.7, 126.6, 125.2, 124.0, 119.7, 47.7, 35.0. IR (υ/cm−1): 3203 (W), 3162 (W), 3083 (W), 3025
(W), 2969 (W), 1582 (S), 1569 (S), 1480 (S), 1455 (S), 1402 (S), 1361 (S), 1312 (S), 1278 (S), 1232
(S), 990 (S), 799 VS, 763 (VS), 743 (VS), 701 (VS). HRMS (ESI): calcd for C21H20N5 [M+H]+:
342.1719; found: 342.1717.

1-benzyl-5-((3,5-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2m)
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From 1-phenethyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, follow-

ing general procedure, 2l (142 mg, 83% yield) was obtained as a white solid, m.p. 199–200 
°C. 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.01–7.92 (m, 2H), 7.72 (d, J = 7.3 Hz, 2H), 
7.35 (t, J = 7.4 Hz, 2H), 7.29–7.16 (m, 4H), 7.12 (d, J = 7.2 Hz, 2H), 7.07 (dd, J = 8.0, 4.6 Hz, 
1H), 6.65 (dd, J = 8.5, 1.3 Hz, 1H), 4.44 (t, J = 7.3 Hz, 2H), 3.13 (t, J = 7.6 Hz, 2H). 13C{1H} 
NMR (101 MHz, DMSO-d6) δ 140.6, 140.3, 138.3, 137.5, 136.4, 131.5, 130.3, 128.7, 128.6, 
128.5, 127.7, 126.6, 125.2, 124.0, 119.7, 47.7, 35.0. IR (υ/cm−1): 3203 (W), 3162 (W), 3083 (W), 
3025 (W), 2969 (W), 1582 (S), 1569 (S), 1480 (S), 1455 (S), 1402 (S), 1361 (S), 1312 (S), 1278 
(S), 1232 (S), 990 (S), 799 VS, 763 (VS), 743 (VS), 701 (VS). HRMS (ESI): calcd for C21H20N5 
[M+H]+: 342.1719; found: 342.1717. 

1-benzyl-5-((3,5-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2m) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo- 3,5-dimethylben-

zene, following general procedure, 2m (149 mg, 84% yield) was obtained as a white solid, 
m.p. 154–155 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (d, J = 7.0 Hz, 2H), 7.35–7.26 
(m, 6H), 7.23–7.19 (m, 2H), 6.54 (s, 1H), 6.15 (s, 2H), 5.34 (s, 2H), 5.06 (s, 1H), 2.18 (s, 6H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 143.7, 141.1, 139.7, 134.8, 131.9, 130.4, 128.9, 128.8, 
128.4, 128.1, 128.0, 126.0, 122.7, 112.2, 51.4, 21.5. IR (υ/cm−1): 3266 (W), 2919 (W), 1601 (S), 
1585 (S), 1495 (S), 1444 (S), 1353 (S), 1324 (S), 1233 (S), 1170 (S), 1004 (VS), 993 (VS), 837 
(VS), 774 (VS), 739 (VS), 727 (VS), 691 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 
355.1917; found: 355.1920. 

1-benzyl-5-((pyrimidine-4-yl)amino)-4-phenyl-1H-1,2,3-triazole (2n) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4-chloropyrimidine, following 

general procedure, 2n (161 mg, 98% yield) was obtained as a white solid, m.p. 156–157 °C. 
1H NMR (400 MHz, DMSO-d6) δ 9.40 (s, 1H), 8.10 (s, 1H), 7.93 (d, J = 5.6 Hz, 2H), 7.75 (d, J 
= 7.7 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.27 (q, J = 7.7, 6.7 Hz, 4H), 7.18 (d, J = 7.7 Hz, 2H), 
5.44 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 152.5, 141.8, 139.4, 135.3, 135.0, 133.0, 
130.5, 130.4, 128.7, 128.5, 127.8, 127.8, 127.8, 125.3, 50.5. IR (υ/cm−1): 3189 (W), 3067 (W), 
2953 (W), 1593 (S), 1497 (S), 1472 (S), 1446 (S), 1360 (S), 1318 (S), 1278 (S), 1231 (S), 1150 (S), 
996 (S), 825 (VS), 767 (VS), 734 (VS), 694 (VS). HRMS (ESI) calcd for C19H17N6 [M+H]+: 
329.1515; found: 329.1514. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo- 3,5-dimethylbenzene,
following general procedure, 2m (149 mg, 84% yield) was obtained as a white solid, m.p.
154–155 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (d, J = 7.0 Hz, 2H), 7.35–7.26 (m, 6H),
7.23–7.19 (m, 2H), 6.54 (s, 1H), 6.15 (s, 2H), 5.34 (s, 2H), 5.06 (s, 1H), 2.18 (s, 6H). 13C{1H}
NMR (101 MHz, Chloroform-d) δ 143.7, 141.1, 139.7, 134.8, 131.9, 130.4, 128.9, 128.8, 128.4,
128.1, 128.0, 126.0, 122.7, 112.2, 51.4, 21.5. IR (υ/cm−1): 3266 (W), 2919 (W), 1601 (S), 1585
(S), 1495 (S), 1444 (S), 1353 (S), 1324 (S), 1233 (S), 1170 (S), 1004 (VS), 993 (VS), 837 (VS),
774 (VS), 739 (VS), 727 (VS), 691 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917;
found: 355.1920.

1-benzyl-5-((pyrimidine-4-yl)amino)-4-phenyl-1H-1,2,3-triazole (2n)
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From 1-phenethyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine, follow-

ing general procedure, 2l (142 mg, 83% yield) was obtained as a white solid, m.p. 199–200 
°C. 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.01–7.92 (m, 2H), 7.72 (d, J = 7.3 Hz, 2H), 
7.35 (t, J = 7.4 Hz, 2H), 7.29–7.16 (m, 4H), 7.12 (d, J = 7.2 Hz, 2H), 7.07 (dd, J = 8.0, 4.6 Hz, 
1H), 6.65 (dd, J = 8.5, 1.3 Hz, 1H), 4.44 (t, J = 7.3 Hz, 2H), 3.13 (t, J = 7.6 Hz, 2H). 13C{1H} 
NMR (101 MHz, DMSO-d6) δ 140.6, 140.3, 138.3, 137.5, 136.4, 131.5, 130.3, 128.7, 128.6, 
128.5, 127.7, 126.6, 125.2, 124.0, 119.7, 47.7, 35.0. IR (υ/cm−1): 3203 (W), 3162 (W), 3083 (W), 
3025 (W), 2969 (W), 1582 (S), 1569 (S), 1480 (S), 1455 (S), 1402 (S), 1361 (S), 1312 (S), 1278 
(S), 1232 (S), 990 (S), 799 VS, 763 (VS), 743 (VS), 701 (VS). HRMS (ESI): calcd for C21H20N5 
[M+H]+: 342.1719; found: 342.1717. 

1-benzyl-5-((3,5-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2m) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 1-bromo- 3,5-dimethylben-

zene, following general procedure, 2m (149 mg, 84% yield) was obtained as a white solid, 
m.p. 154–155 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (d, J = 7.0 Hz, 2H), 7.35–7.26 
(m, 6H), 7.23–7.19 (m, 2H), 6.54 (s, 1H), 6.15 (s, 2H), 5.34 (s, 2H), 5.06 (s, 1H), 2.18 (s, 6H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 143.7, 141.1, 139.7, 134.8, 131.9, 130.4, 128.9, 128.8, 
128.4, 128.1, 128.0, 126.0, 122.7, 112.2, 51.4, 21.5. IR (υ/cm−1): 3266 (W), 2919 (W), 1601 (S), 
1585 (S), 1495 (S), 1444 (S), 1353 (S), 1324 (S), 1233 (S), 1170 (S), 1004 (VS), 993 (VS), 837 
(VS), 774 (VS), 739 (VS), 727 (VS), 691 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 
355.1917; found: 355.1920. 

1-benzyl-5-((pyrimidine-4-yl)amino)-4-phenyl-1H-1,2,3-triazole (2n) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4-chloropyrimidine, following 

general procedure, 2n (161 mg, 98% yield) was obtained as a white solid, m.p. 156–157 °C. 
1H NMR (400 MHz, DMSO-d6) δ 9.40 (s, 1H), 8.10 (s, 1H), 7.93 (d, J = 5.6 Hz, 2H), 7.75 (d, J 
= 7.7 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.27 (q, J = 7.7, 6.7 Hz, 4H), 7.18 (d, J = 7.7 Hz, 2H), 
5.44 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 152.5, 141.8, 139.4, 135.3, 135.0, 133.0, 
130.5, 130.4, 128.7, 128.5, 127.8, 127.8, 127.8, 125.3, 50.5. IR (υ/cm−1): 3189 (W), 3067 (W), 
2953 (W), 1593 (S), 1497 (S), 1472 (S), 1446 (S), 1360 (S), 1318 (S), 1278 (S), 1231 (S), 1150 (S), 
996 (S), 825 (VS), 767 (VS), 734 (VS), 694 (VS). HRMS (ESI) calcd for C19H17N6 [M+H]+: 
329.1515; found: 329.1514. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4-chloropyrimidine, following
general procedure, 2n (161 mg, 98% yield) was obtained as a white solid, m.p. 156–157 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 9.40 (s, 1H), 8.10 (s, 1H), 7.93 (d, J = 5.6 Hz, 2H), 7.75 (d,
J = 7.7 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.27 (q, J = 7.7, 6.7 Hz, 4H), 7.18 (d, J = 7.7 Hz, 2H),
5.44 (s, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 152.5, 141.8, 139.4, 135.3, 135.0, 133.0,
130.5, 130.4, 128.7, 128.5, 127.8, 127.8, 127.8, 125.3, 50.5. IR (υ/cm−1): 3189 (W), 3067 (W),
2953 (W), 1593 (S), 1497 (S), 1472 (S), 1446 (S), 1360 (S), 1318 (S), 1278 (S), 1231 (S), 1150 (S),
996 (S), 825 (VS), 767 (VS), 734 (VS), 694 (VS). HRMS (ESI) calcd for C19H17N6 [M+H]+:
329.1515; found: 329.1514.

1-benzyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2o)
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1-benzyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2o) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine (159 mg, 97% 

yield) or 3-bromopyridine (163 mg, >99% yield), following general procedure, 2o was ob-
tained as a white solid, m.p. 169–170 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.02–7.97 
(m, 2H), 7.73 (dd, J = 7.9, 1.6 Hz, 2H), 7.27–7.22 (m, 3H), 7.21–7.17 (m, 3H), 7.15–7.11 (m, 
2H), 6.92 (dd, J = 8.3, 4.7 Hz, 1H), 6.52 (ddd, J = 8.3, 2.7, 1.2 Hz, 1H), 6.30 (s, 1H), 5.36 (s, 
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.3, 141.3, 140.3, 136.9, 134.3, 130.6, 129.9, 
129.0, 128.8, 128.6, 128.4, 127.9, 125.9, 124.1, 120.3, 51.6. IR (υ/cm−1): 3221 (W), 3173 (M), 
3090 (W), 3043 (M), 3027 (M), 2962 (M), 2904 (M), 2780 (M), 1608 (S), 1583 (S), 1570 (S), 1538 
(S), 1480 (S), 1427 (S), 1409 (S), 1364 (S), 1321 (S), 1246 (S), 1234 (S), 1048 (S), 1006 (S), 994 
(S). HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557; found: 328.1561. 

N4,N6-bis(1-benzyl-4-phenyl-1H-1,2,3-triazol-5-yl)pyrimidine-4,6-diamine (2p) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4,6-dichloropyrimidine, fol-

lowing general procedure, 2p (88 mg, 61% yield) was obtained as a white solid, m.p. 263–
264 °C. 1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 2H), 7.98 (s, 1H), 7.73 (s, 4H), 7.40 (s, 4H), 
7.37–7.29 (m, 3H), 7.28–7.10 (m, 10H), 5.38 (s, 4H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 
161.3, 158.2, 139.4, 135.2, 130.2, 130.1, 128.7, 128.5, 127.9, 127.8, 125.3, 50.5. IR (υ/cm−1): 3064 
(M), 3032 (M), 2927 (M), 1601 (S), 1587 (S), 1496 (S), 1356 (S), 1288 (S), 1237 (S), 1188 (S), 
1073 (S), 991 (S), 822 (VS), 769 (VS), 734 (VS), 720 (VS), 692 (VS). HRMS (ESI): calcd for 
C34H29N10 [M+H]+: 577.2571; found: 577.2574. 

1-phenethyl-5-(p-tolylamino)-4-phenyl- 1H-1,2,3-triazole (2q) 

 
From 5-chloro-1-phenethyl-4-phenyl-1H-1,2,3-triazole and p-toluidine, following 

general procedure, 2q (147 mg, 83% yield) was obtained as a white solid, m.p. 152–153 °C. 
1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 7.9 Hz, 2H), 7.30–7.23 (m, 6H), 7.04–6.99 
(m, 2H), 6.93 (d, J = 8.0 Hz, 2H), 6.29 (d, J = 7.5 Hz, 2H), 4.77 (s, 1H), 4.37 (t, J = 8.3 Hz, 2H), 
3.14 (t, J = 8.4 Hz, 2H), 2.21 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.8, 139.5, 
137.6, 132.9, 130.2, 129.9, 129.1, 129.0, 128.7, 128.4, 127.3, 126.2, 125.9, 114.2, 49.2, 36.4, 20.6. 
IR (υ/cm−1): 3205 (M), 3176 (M), 3085 (M), 3027 (M), 2950 (M), 2931 (M), 1878 (M), 1610 (S), 
1585 (S), 1572 (S), 1520 (S), 1498 (S), 1451 (S), 1364 (S), 1258 (S), 1011 (S), 807 (VS), 762 (VS), 
748 (VS), 699 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1920. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine (159 mg, 97%
yield) or 3-bromopyridine (163 mg, >99% yield), following general procedure, 2o was
obtained as a white solid, m.p. 169–170 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 8.02–7.97

47



Molecules 2022, 27, 1999

(m, 2H), 7.73 (dd, J = 7.9, 1.6 Hz, 2H), 7.27–7.22 (m, 3H), 7.21–7.17 (m, 3H), 7.15–7.11 (m,
2H), 6.92 (dd, J = 8.3, 4.7 Hz, 1H), 6.52 (ddd, J = 8.3, 2.7, 1.2 Hz, 1H), 6.30 (s, 1H), 5.36 (s,
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.3, 141.3, 140.3, 136.9, 134.3, 130.6, 129.9,
129.0, 128.8, 128.6, 128.4, 127.9, 125.9, 124.1, 120.3, 51.6. IR (υ/cm−1): 3221 (W), 3173 (M),
3090 (W), 3043 (M), 3027 (M), 2962 (M), 2904 (M), 2780 (M), 1608 (S), 1583 (S), 1570 (S), 1538
(S), 1480 (S), 1427 (S), 1409 (S), 1364 (S), 1321 (S), 1246 (S), 1234 (S), 1048 (S), 1006 (S), 994 (S).
HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557; found: 328.1561.

N4,N6-bis(1-benzyl-4-phenyl-1H-1,2,3-triazol-5-yl)pyrimidine-4,6-diamine (2p)
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1-benzyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2o) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine (159 mg, 97% 

yield) or 3-bromopyridine (163 mg, >99% yield), following general procedure, 2o was ob-
tained as a white solid, m.p. 169–170 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.02–7.97 
(m, 2H), 7.73 (dd, J = 7.9, 1.6 Hz, 2H), 7.27–7.22 (m, 3H), 7.21–7.17 (m, 3H), 7.15–7.11 (m, 
2H), 6.92 (dd, J = 8.3, 4.7 Hz, 1H), 6.52 (ddd, J = 8.3, 2.7, 1.2 Hz, 1H), 6.30 (s, 1H), 5.36 (s, 
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.3, 141.3, 140.3, 136.9, 134.3, 130.6, 129.9, 
129.0, 128.8, 128.6, 128.4, 127.9, 125.9, 124.1, 120.3, 51.6. IR (υ/cm−1): 3221 (W), 3173 (M), 
3090 (W), 3043 (M), 3027 (M), 2962 (M), 2904 (M), 2780 (M), 1608 (S), 1583 (S), 1570 (S), 1538 
(S), 1480 (S), 1427 (S), 1409 (S), 1364 (S), 1321 (S), 1246 (S), 1234 (S), 1048 (S), 1006 (S), 994 
(S). HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557; found: 328.1561. 

N4,N6-bis(1-benzyl-4-phenyl-1H-1,2,3-triazol-5-yl)pyrimidine-4,6-diamine (2p) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4,6-dichloropyrimidine, fol-

lowing general procedure, 2p (88 mg, 61% yield) was obtained as a white solid, m.p. 263–
264 °C. 1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 2H), 7.98 (s, 1H), 7.73 (s, 4H), 7.40 (s, 4H), 
7.37–7.29 (m, 3H), 7.28–7.10 (m, 10H), 5.38 (s, 4H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 
161.3, 158.2, 139.4, 135.2, 130.2, 130.1, 128.7, 128.5, 127.9, 127.8, 125.3, 50.5. IR (υ/cm−1): 3064 
(M), 3032 (M), 2927 (M), 1601 (S), 1587 (S), 1496 (S), 1356 (S), 1288 (S), 1237 (S), 1188 (S), 
1073 (S), 991 (S), 822 (VS), 769 (VS), 734 (VS), 720 (VS), 692 (VS). HRMS (ESI): calcd for 
C34H29N10 [M+H]+: 577.2571; found: 577.2574. 

1-phenethyl-5-(p-tolylamino)-4-phenyl- 1H-1,2,3-triazole (2q) 

 
From 5-chloro-1-phenethyl-4-phenyl-1H-1,2,3-triazole and p-toluidine, following 

general procedure, 2q (147 mg, 83% yield) was obtained as a white solid, m.p. 152–153 °C. 
1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 7.9 Hz, 2H), 7.30–7.23 (m, 6H), 7.04–6.99 
(m, 2H), 6.93 (d, J = 8.0 Hz, 2H), 6.29 (d, J = 7.5 Hz, 2H), 4.77 (s, 1H), 4.37 (t, J = 8.3 Hz, 2H), 
3.14 (t, J = 8.4 Hz, 2H), 2.21 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.8, 139.5, 
137.6, 132.9, 130.2, 129.9, 129.1, 129.0, 128.7, 128.4, 127.3, 126.2, 125.9, 114.2, 49.2, 36.4, 20.6. 
IR (υ/cm−1): 3205 (M), 3176 (M), 3085 (M), 3027 (M), 2950 (M), 2931 (M), 1878 (M), 1610 (S), 
1585 (S), 1572 (S), 1520 (S), 1498 (S), 1451 (S), 1364 (S), 1258 (S), 1011 (S), 807 (VS), 762 (VS), 
748 (VS), 699 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1920. 

  

From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4,6-dichloropyrimidine, follow-
ing general procedure, 2p (88 mg, 61% yield) was obtained as a white solid, m.p. 263–264 ◦C.
1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 2H), 7.98 (s, 1H), 7.73 (s, 4H), 7.40 (s, 4H), 7.37–7.29
(m, 3H), 7.28–7.10 (m, 10H), 5.38 (s, 4H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 161.3, 158.2,
139.4, 135.2, 130.2, 130.1, 128.7, 128.5, 127.9, 127.8, 125.3, 50.5. IR (υ/cm−1): 3064 (M), 3032
(M), 2927 (M), 1601 (S), 1587 (S), 1496 (S), 1356 (S), 1288 (S), 1237 (S), 1188 (S), 1073 (S),
991 (S), 822 (VS), 769 (VS), 734 (VS), 720 (VS), 692 (VS). HRMS (ESI): calcd for C34H29N10
[M+H]+: 577.2571; found: 577.2574.

1-phenethyl-5-(p-tolylamino)-4-phenyl- 1H-1,2,3-triazole (2q)
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1-benzyl-5-((pyridine-3-yl)amino)-4-phenyl-1H-1,2,3-triazole (2o) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 3-chloropyridine (159 mg, 97% 

yield) or 3-bromopyridine (163 mg, >99% yield), following general procedure, 2o was ob-
tained as a white solid, m.p. 169–170 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.02–7.97 
(m, 2H), 7.73 (dd, J = 7.9, 1.6 Hz, 2H), 7.27–7.22 (m, 3H), 7.21–7.17 (m, 3H), 7.15–7.11 (m, 
2H), 6.92 (dd, J = 8.3, 4.7 Hz, 1H), 6.52 (ddd, J = 8.3, 2.7, 1.2 Hz, 1H), 6.30 (s, 1H), 5.36 (s, 
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 141.3, 141.3, 140.3, 136.9, 134.3, 130.6, 129.9, 
129.0, 128.8, 128.6, 128.4, 127.9, 125.9, 124.1, 120.3, 51.6. IR (υ/cm−1): 3221 (W), 3173 (M), 
3090 (W), 3043 (M), 3027 (M), 2962 (M), 2904 (M), 2780 (M), 1608 (S), 1583 (S), 1570 (S), 1538 
(S), 1480 (S), 1427 (S), 1409 (S), 1364 (S), 1321 (S), 1246 (S), 1234 (S), 1048 (S), 1006 (S), 994 
(S). HRMS (ESI): calcd for C20H18N5 [M+H]+: 328.1557; found: 328.1561. 

N4,N6-bis(1-benzyl-4-phenyl-1H-1,2,3-triazol-5-yl)pyrimidine-4,6-diamine (2p) 

 
From 1-benzyl-4-phenyl-1H-1,2,3-triazol-5-amine and 4,6-dichloropyrimidine, fol-

lowing general procedure, 2p (88 mg, 61% yield) was obtained as a white solid, m.p. 263–
264 °C. 1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 2H), 7.98 (s, 1H), 7.73 (s, 4H), 7.40 (s, 4H), 
7.37–7.29 (m, 3H), 7.28–7.10 (m, 10H), 5.38 (s, 4H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 
161.3, 158.2, 139.4, 135.2, 130.2, 130.1, 128.7, 128.5, 127.9, 127.8, 125.3, 50.5. IR (υ/cm−1): 3064 
(M), 3032 (M), 2927 (M), 1601 (S), 1587 (S), 1496 (S), 1356 (S), 1288 (S), 1237 (S), 1188 (S), 
1073 (S), 991 (S), 822 (VS), 769 (VS), 734 (VS), 720 (VS), 692 (VS). HRMS (ESI): calcd for 
C34H29N10 [M+H]+: 577.2571; found: 577.2574. 

1-phenethyl-5-(p-tolylamino)-4-phenyl- 1H-1,2,3-triazole (2q) 

 
From 5-chloro-1-phenethyl-4-phenyl-1H-1,2,3-triazole and p-toluidine, following 

general procedure, 2q (147 mg, 83% yield) was obtained as a white solid, m.p. 152–153 °C. 
1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 7.9 Hz, 2H), 7.30–7.23 (m, 6H), 7.04–6.99 
(m, 2H), 6.93 (d, J = 8.0 Hz, 2H), 6.29 (d, J = 7.5 Hz, 2H), 4.77 (s, 1H), 4.37 (t, J = 8.3 Hz, 2H), 
3.14 (t, J = 8.4 Hz, 2H), 2.21 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.8, 139.5, 
137.6, 132.9, 130.2, 129.9, 129.1, 129.0, 128.7, 128.4, 127.3, 126.2, 125.9, 114.2, 49.2, 36.4, 20.6. 
IR (υ/cm−1): 3205 (M), 3176 (M), 3085 (M), 3027 (M), 2950 (M), 2931 (M), 1878 (M), 1610 (S), 
1585 (S), 1572 (S), 1520 (S), 1498 (S), 1451 (S), 1364 (S), 1258 (S), 1011 (S), 807 (VS), 762 (VS), 
748 (VS), 699 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1920. 

  

From 5-chloro-1-phenethyl-4-phenyl-1H-1,2,3-triazole and p-toluidine, following gen-
eral procedure, 2q (147 mg, 83% yield) was obtained as a white solid, m.p. 152–153 ◦C. 1H
NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 7.9 Hz, 2H), 7.30–7.23 (m, 6H), 7.04–6.99 (m,
2H), 6.93 (d, J = 8.0 Hz, 2H), 6.29 (d, J = 7.5 Hz, 2H), 4.77 (s, 1H), 4.37 (t, J = 8.3 Hz, 2H),
3.14 (t, J = 8.4 Hz, 2H), 2.21 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.8, 139.5,
137.6, 132.9, 130.2, 129.9, 129.1, 129.0, 128.7, 128.4, 127.3, 126.2, 125.9, 114.2, 49.2, 36.4, 20.6.
IR (υ/cm−1): 3205 (M), 3176 (M), 3085 (M), 3027 (M), 2950 (M), 2931 (M), 1878 (M), 1610 (S),
1585 (S), 1572 (S), 1520 (S), 1498 (S), 1451 (S), 1364 (S), 1258 (S), 1011 (S), 807 (VS), 762 (VS),
748 (VS), 699 (VS). HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1920.

1-benzyl-5-((2,4-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2r)
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1-benzyl-5-((2,4-dimethylphenyl)amino)-4-phenyl-1H-1,2,3-triazole (2r) 

 
From 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and 2,4-dimethylaniline, follow-

ing general procedure, 2r (169 mg, 95% yield) was obtained as a white solid, m.p. 194–195 
°C. 1H NMR (400 MHz, Chloroform-d) δ 7.77 (d, J = 7.5 Hz, 2H), 7.33–7.24 (m, 6H), 7.16–
7.11 (m, 2H), 6.99 (s, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.16 (d, J = 8.1 Hz, 1H), 5.31 (s, 2H), 4.84 
(s, 1H), 2.25 (s, 3H), 2.11 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.5, 139.0, 
134.7, 132.5, 131.8, 130.2, 130.1, 129.0, 128.8, 128.5, 128.1, 127.9, 127.9, 126.0, 123.5, 113.0, 
51.8, 20.6, 17.5. IR (υ/cm−1): 3260 (W), 2962 (W), 2924 (W), 2857 (W), 1608 (S), 1587 (S), 1571 
(S), 1517 (S), 1446 (S), 1360 (S), 1237 (S), 1156 (S), 804 (VS), 766 (VS), 736 (VS), 694 (VS). 
HRMS (ESI): calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1918. 

1-benzyl-5-((3-(trifluoromethyl)phenyl)amino)-4-phenyl-1H-1,2,3-triazole (2s) 

 
From 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and 3-(trifluoromethyl)aniline, 

following general procedure, 2s (159 mg, 81% yield) was obtained as a white solid, m.p. 
115–117 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.72 (dd, J = 6.4, 2.9 Hz, 2H), 7.23–7.11 
(m, 9H), 7.05 (d, J = 7.7 Hz, 1H), 6.81 (s, 1H), 6.55 (d, J = 8.0 Hz, 1H), 6.41 (m, 1H), 5.32 (s, 
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 144.3, 141.3, 134.2, 131.9 (q, J = 32.3 Hz), 
131.1, 130.2, 129.8, 128.9, 128.8, 128.5, 128.3, 128.0, 125.9, 124.0 (q, J = 272.8 Hz), 116.9, 110.9 
(q, J = 3.6 Hz), 51.5. 19F NMR (376 MHz, Chloroform-d) δ -62.8. IR (υ/cm−1): 3195 (M), 3038 
(M), 2927 (M), 1619 (S), 1586 (S), 1571 (S), 1495 (S), 1486 (S), 1444 (S), 1425 (S), 1336 (VS), 
1231 (S), 1163 (VS), 1118 (VS), 1099 (S), 1067 (VS), 1006 (S), 996 (S), 916 (S), 871 (S), 791 (S), 
769 (VS), 736 (VS), 692 (VS). HRMS (ESI): calcd for C22H18F3N4 [M+H]+: 395.1478; found: 
395.1482. 

1-benzyl-5-((3,5-bis(trifluoromethyl)phenyl)amino)-4-phenyl-1H-1,2,3-triazole (2t) 

 
From 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and 3,5-bis(trifluoromethyl) ani-

line, following general procedure, 2t (136 mg, 59% yield) was obtained as a white solid, 
m.p. 110–111 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.70 (dd, J = 7.7, 1.9 Hz, 2H), 7.35–
7.26 (m, 4H), 7.24–7.22 (m, 3H), 7.16–7.11 (m, 2H), 6.75 (s, 2H), 5.52 (s, 1H), 5.42 (s, 2H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 144.8, 141.9, 133.8, 133.0 (q, J = 33.5 Hz), 129.8, 
129.5, 129.2, 129.0, 128.8, 128.7, 127.9, 126.0, 125.8, 123.1 (q, J = 272.6 Hz), 113.8 (p, J = 3.8 
Hz), 113.7, 113.6, 52.0. 19F NMR (376 MHz, Chloroform-d) δ -63.19. IR (υ/cm−1): 3457 (W), 
3204 (W), 3074 (W), 2930 (W), 1616 (S), 1590 (S), 1498 (S), 1471 (S), 1387 (S), 1276 (S), 1182 

From 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and 2,4-dimethylaniline, following
general procedure, 2r (169 mg, 95% yield) was obtained as a white solid, m.p. 194–195 ◦C.
1H NMR (400 MHz, Chloroform-d) δ 7.77 (d, J = 7.5 Hz, 2H), 7.33–7.24 (m, 6H), 7.16–7.11
(m, 2H), 6.99 (s, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.16 (d, J = 8.1 Hz, 1H), 5.31 (s, 2H), 4.84 (s,
1H), 2.25 (s, 3H), 2.11 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 140.5, 139.0, 134.7,
132.5, 131.8, 130.2, 130.1, 129.0, 128.8, 128.5, 128.1, 127.9, 127.9, 126.0, 123.5, 113.0, 51.8, 20.6,
17.5. IR (υ/cm−1): 3260 (W), 2962 (W), 2924 (W), 2857 (W), 1608 (S), 1587 (S), 1571 (S), 1517
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(S), 1446 (S), 1360 (S), 1237 (S), 1156 (S), 804 (VS), 766 (VS), 736 (VS), 694 (VS). HRMS (ESI):
calcd for C23H23N4 [M+H]+: 355.1917; found: 355.1918.
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lowing general procedure, 2s (159 mg, 81% yield) was obtained as a white solid, m.p.
115–117 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.72 (dd, J = 6.4, 2.9 Hz, 2H), 7.23–7.11
(m, 9H), 7.05 (d, J = 7.7 Hz, 1H), 6.81 (s, 1H), 6.55 (d, J = 8.0 Hz, 1H), 6.41 (m, 1H), 5.32 (s,
2H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 144.3, 141.3, 134.2, 131.9 (q, J = 32.3 Hz),
131.1, 130.2, 129.8, 128.9, 128.8, 128.5, 128.3, 128.0, 125.9, 124.0 (q, J = 272.8 Hz), 116.9, 110.9
(q, J = 3.6 Hz), 51.5. 19F NMR (376 MHz, Chloroform-d) δ -62.8. IR (υ/cm−1): 3195 (M),
3038 (M), 2927 (M), 1619 (S), 1586 (S), 1571 (S), 1495 (S), 1486 (S), 1444 (S), 1425 (S), 1336
(VS), 1231 (S), 1163 (VS), 1118 (VS), 1099 (S), 1067 (VS), 1006 (S), 996 (S), 916 (S), 871 (S),
791 (S), 769 (VS), 736 (VS), 692 (VS). HRMS (ESI): calcd for C22H18F3N4 [M+H]+: 395.1478;
found: 395.1482.
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From 1-benzyl-5-chloro-4-phenyl-1H-1,2,3-triazole and 3,5-bis(trifluoromethyl) aniline,
following general procedure, 2t (136 mg, 59% yield) was obtained as a white solid, m.p.
110–111 ◦C. 1H NMR (400 MHz, Chloroform-d) δ 7.70 (dd, J = 7.7, 1.9 Hz, 2H), 7.35–7.26
(m, 4H), 7.24–7.22 (m, 3H), 7.16–7.11 (m, 2H), 6.75 (s, 2H), 5.52 (s, 1H), 5.42 (s, 2H). 13C{1H}
NMR (101 MHz, Chloroform-d) δ 144.8, 141.9, 133.8, 133.0 (q, J = 33.5 Hz), 129.8, 129.5,
129.2, 129.0, 128.8, 128.7, 127.9, 126.0, 125.8, 123.1 (q, J = 272.6 Hz), 113.8 (p, J = 3.8 Hz),
113.7, 113.6, 52.0. 19F NMR (376 MHz, Chloroform-d) δ -63.19. IR (υ/cm−1): 3457 (W), 3204
(W), 3074 (W), 2930 (W), 1616 (S), 1590 (S), 1498 (S), 1471 (S), 1387 (S), 1276 (S), 1182 (S), 1130
(VS), 953 (VS), 873 (VS), 766 (VS), 700 (VS). HRMS (nESI): calcd for C23H17F6N4 [M+H]+:
463.1357; found: 463.1348.
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system based on the palladium complex [(THP-Dipp)Pd(cinn)Cl] with expanded-ring 
NHC ligand has been revealed as the most active for the process. The reaction functions 
perfectly in 1,4-dioxane medium at 120 °C in the presence of an excess of t-BuONa to af-
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pounds obtained have major potential to be used in biomolecular chemistry and material 
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From 1-benzyl-4-bromo-5-methyl-1H-1,2,3-triazole and p-toluidine, following general
procedure, 2u (97 mg, 69% yield) was obtained as a white solid, m.p. 133–134 ◦C. 1H NMR
(400 MHz, Chloroform-d) δ 7.38–7.32 (m, 3H), 7.19 (d, J = 6.7 Hz, 2H), 6.98 (d, J = 8.3 Hz,
2H), 6.63 (d, J = 8.1 Hz, 2H), 5.61 (s, 1H), 5.48 (s, 2H), 2.24 (s, 3H), 2.02 (s, 3H). 13C{1H} NMR
(101 MHz, Chloroform-d) δ 144.7, 142.4, 134.6, 129.8, 129.2, 129.1, 128.5, 127.3, 125.1, 114.8,
52.9, 29.8, 20.6. IR (υ/cm−1): 3246 (M), 3109 (W), 3034 (M), 2924 (M), 2855 (M), 1884 (M),
1602 (S), 1511 (S), 1455 (S), 1435 (S), 1390 (S), 1345 (S), 1234 (S), 1121 (S), 815 (VS), 725 (VS),
696 (VS). HRMS (ESI): calcd for C17H18N5 [M+H]+: 279.1604; found: 279.1606.
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4. Conclusions

In conclusion, we have developed an efficient and robust method for the preparation
of a series of new 5-(het)arylamino-1,2,3-triazole derivatives via Buchwald–Hartwig cross-
coupling reaction of 5-amino or 5-halo-1,2,3-triazoles with (het)aryl halides and amines
respectively. As a result of the careful screening for optimal conditions, a catalytic system
based on the palladium complex [(THP-Dipp)Pd(cinn)Cl] with expanded-ring NHC ligand
has been revealed as the most active for the process. The reaction functions perfectly in
1,4-dioxane medium at 120 ◦C in the presence of an excess of t-BuONa to afford a variety
of 5-(het)arylamino-1,2,3-triazoles with good to excellent yields. The compounds obtained
have major potential to be used in biomolecular chemistry and material science.
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Abstract: Viruses have been a long-term source of infectious diseases that can lead to large-scale
infections and massive deaths. Especially with the recent highly contagious coronavirus (COVID-19),
antiviral drugs were developed nonstop to deal with the emergence of new viruses and subject
to drug resistance. Nitrogen-containing heterocycles have compatible structures and properties
with exceptional biological activity for the drug design of antiviral agents. They provided a broad
spectrum of interference against viral infection at various stages, from blocking early viral entry
to disrupting the viral genome replication process by targeting different enzymes and proteins of
viruses. This review focused on the synthesis and application of antiviral agents derived from various
nitrogen-containing heterocycles, such as indole, pyrrole, pyrimidine, pyrazole, and quinoline, within
the last ten years. The synthesized scaffolds target HIV, HCV/HBV, VZV/HSV, SARS-CoV, COVID-19,
and influenza viruses.

Keywords: nitrogen-containing heterocycles; synthesis; antiviral agents; viruses; COVID-19;
inhibition

1. Introduction

In recent years, outbreaks of infectious viral diseases have been increasing unexpect-
edly and costing millions of human lives. Despite many developed vaccines and therapeu-
tics for prevention and treatment, viruses have continuously evolved and re-emerged to
threaten public health, social relations, and economic stability.

In the early 1980s, the human immunodeficiency virus/acquired immunodeficiency
syndrome (HIV/AIDS) infected 79 million people, with 39 million deaths over three
decades [1]. The influenza virus series also have a long-term effect on public health.
The seasonal influenza viruses infect 2–5 million people and kill 250,000–500,000 people
worldwide per year [2]. Other influenza viruses also have caused occasional pandemics
throughout history. The H1N1 influenza pandemic of 1918 cost approximately 40 million
lives. H2N2 caused another epidemic in 1957, while H3N2 struck in 1968, and H1N1
again in 2009 [2]. During the early 21st century, the severe acute respiratory syndrome
coronavirus (SARS-CoV) from a zoonotic source started in Guangdong Province, China.
It spread through the global community, causing about 8000 infections and 800 deaths
worldwide [3]. Middle East respiratory syndrome coronavirus (MERS-CoV) emerged in
2012 and caused 2029 infections and 704 deaths in 27 countries [4]. The novel coronavirus
(SARS-CoV-2) has caused a worldwide pandemic with more than 99 million infections
and 2 million deaths within the first twelve months, starting in December 2019 in Wuhan,
China. Although some antiviral drugs and vaccines are available for certain viruses, it is
necessary to continuously develop new drugs and methods for drug-resistant viruses and
viruses newly evolved from mutations.
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The most promising antiviral drugs are small organic molecules that can target specific
parts of the viruses and interfere with different stages of the viral life cycle [4]. Various
strategies have been applied to target different viruses effectively. For example, for SARS-
CoV, small molecules were used to target protease activity and inhibit viral replication. For
anti-HIV/AIDS agents, viral glycoproteins were targeted to hinder their interaction with
the receptors on cell surfaces, which then activate the virus’s endocytosis into the cell [4].
Among many chemical scaffolds, nitrogen-containing heterocyclic small compounds have
been exploited extensively due to their broad range of applications in biological and phar-
macological activities. The nitrogen-containing heterocyclic bases have high versatility in
synthesis with different moieties. Those heterocyclic backbones have rigid aromatic struc-
tures that can be incorporated into the binding pockets and provide various molecular inter-
actions, such as ionic bonding, hydrogen bonding, hydrophobic interaction, non-covalent
bonding, etc., for ligand binding with receptor proteins [5,6]. The interaction can mimic
specific properties that can effectively inhibit the activities of various biological enzymes
and components that play vital roles in the development of viral infections [7,8]. Previous
reviews focused on single types of nitrogen-containing heterocycles such as indole and/or
imidazothiazole derivatives in designing antiviral agents [7,9]. Other reviews covered
broader details on various biological applications such as antimicrobial, anti-inflammatory,
anti-tubercular, anti-depressant, and anti-cancer activities [10–12]. Our current review
focuses specifically on the common nitrogen-containing heterocycles including indoles,
pyrroles, pyrimidines, pyrazoles, and quinolines that have been applied in drug design for
antiviral purposes during the past ten years. These heterocycles are significant backbones
of pharmaceutical products with exceptional biological activity to interfere with various
viral infections [8]. While the indole cores are known for their wide existence in natural
products with biological activity [7], the properties of pyrrole can be expanded for chemical
design and are suitable for biological systems [13]. Pyrimidine derivatives have widespread
therapeutic applications, as they are essential building blocks of nucleic acids in DNA and
RNA [14]. Pyrazoles can be fused with other heterocycles to extend their active biological
potential [15]. Quinoline derivatives have versatile chemical properties for synthesis and
biological activities [16]. Our review discusses the synthesis and biological characteristics of
nitrogen-containing heterocycle derivatives in detail. Further modifications and functions
of nitrogen heterocycles are introduced along with various antiviral purposes.

2. Indole

Indole derivatives are one of the well-known scaffolds in drug discovery that can
inhibit a wide diversity of enzymes by binding with potential ligands [7]. The first indole
was prepared using Fischer indole synthesis, which was reported in 1866. Nowadays, most
indole synthesis pathways start with incorporating a benzene ring with additional factors
that stabilize the formation with the fused pyrrole ring. Indole is an aromatic ring with ten
π electrons and a lone pair of nitrogens. The lone pair is not available for protonation but is
involved in the delocalization of the indole conjugated system. The protonation and other
electrophilic substitutions mostly occur at the C-3 position, which has the highest electron
density and is most thermodynamically stable for modifying antiviral agents [17].

Hassam et al. designed new scaffolds of HIV non-nucleoside reverse transcriptase
(RT) inhibitor with the addition of a cyclopropyl group at the C-3 of the indole base [18].
The RT enzyme plays a crucial role in the reverse transcription of viral RNA to single-
stranded DNA in host cells. The binding of specific cyclopropyl chemical moiety to the
RT pocket can significantly inhibit the enzyme’s function by improving electrostatic in-
teraction with the hydrophobic pocket [18]. As shown in Scheme 1, the ester-substituted
indole 1 reacted with benzoyl chloride for the electrophilic substitution at the C-3 posi-
tion. Tert-butyloxycarbonyl (Boc) was added to intermediate 2 to prevent reactions at the
amine before further modifying cyclopropyl moiety. Intermediate 3 underwent a Wittig
reaction with methyl triphenylphosphonium ylide reagent to convert ketone to alkene 4,
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which then reacted with diiodomethane and zinc alloy for cyclopropyl addition to furnish
product 5 [18].
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As shown in Figure 1, in the in vitro phenotypic assay, compounds 5a–c showed high
inhibitory activity (IC50), with low cytotoxicity (CC50) in 5a and 5c. In the modeling study,
5a was better at accommodating the binding site. The indole NH and ester moiety was
incorporated for hydrogen bonding in the reverse transcriptase’s allosteric site at Lys 101.
The ester group associates well in the binding site with the ethyl directed out of the site.
Modification of the ethyl group decreased the potency of the compound. The cyclopropyl
moiety was implemented to bind with Val 179 binding pocket, a small, hydrophobic cleft
located near the catalytic site. The aromatic ring of R2 was favorable for the interaction
with Tyr 188 and Trp 299. The modification at R2 from phenyl to 2-thiophenyl resulted in
a slightly better inhibitory value but increased toxicity in cells. Increasing the size of the
halogen at R3 also enhanced IC50 and CC50 values [18].
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Another study of antiviral agents with substitution at C-3 of indole was utilized
to target the hepatitis C virus (HCV). HCV infection can lead to acute or chronic liver
diseases, such as hepatocellular carcinoma and liver cirrhosis. Specific treatments have been
approved for clinical applications. However, those treatments possessed low effectiveness
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in the patient population with additional side effects [19]. Han et al. [20] introduced
the small molecules of N-protected indole scaffolds (NINS) to inhibit HCV. As shown
in Scheme 2, scaffold 6 reacted with the racemic epibromohydrin to form N-protection
derivative 7 with two enantiomers. The substitution of NH was further extended by
ring-opening of epoxide with the nucleophilic amine chain to afford 8.
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R1 EC50 (μM) CC50 (μM) SI 
Ph 2.04 ± 0.11 35.83 ± 0.25 17.56 

p-F-Ph 1.02 ± 0.10 46.47 ± 0.24 45.56 
(R) p-F-Ph 0.72 ± 0.09 >50 >69.44 
(S) p-F-Ph 7.12 ± 0.21 34.57 ± 0.53 4.86 
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In the structure–activity relationship (SAR) study, multiple modifications of the phenyl
ring at R1 were analyzed. As shown in Table 1, p-F-Ph and m-F-Ph improved inhibitory
potency, but o-F-Ph reduced anti-HCV activity. The m-F-Ph exhibited lower cytotoxicity
compared to p-F-Ph. The (R)-enantiomer can possess better anti-HCV potency and less
cytotoxicity than its corresponding (S)-enantiomer of both m-F-Ph and p-F-Ph. The results
indicated that the position of substitution and chirality has a high impact on their inhibitory
effect. The scaffold was also proved to inhibit viral entry into the viral cycle rather than
interfere in any viral RNA replication in host cells with a mechanism of action (MoA) study.

Table 1. The in vitro SAR study of compounds against HCV [20].

R1 EC50 (µM) CC50 (µM) SI

Ph 2.04 ± 0.11 35.83 ± 0.25 17.56
p-F-Ph 1.02 ± 0.10 46.47 ± 0.24 45.56

(R) p-F-Ph 0.72 ± 0.09 >50 >69.44
(S) p-F-Ph 7.12 ± 0.21 34.57 ± 0.53 4.86

m-F-Ph 0.92 ± 0.06 21.46 ± 0.34 23.33
(R) m-F-Ph 0.74 ± 0.11 31.06 ± 0.37 41.97
(S) p-F-Ph 5.87 ± 0.18 23.31 ± 0.30 3.97

o-F-Ph 2.79 ± 0.17 34.21 ± 0.43 12.26

The varicella-zoster virus (VZV) infection can cause acute varicella and herpes zoster,
leading to various disease complications in the central nervous system from latent viruses [21].
Most approved drugs for VZV-associated treatments were nucleosides that competitively
inhibit the viral DNA polymerase and interfere with DNA replication. However, those
nucleosides implied multiple drug resistance and produced low efficacy in the anti-VZV
virus. Mussela et al. [22] synthesized a family of indole derivatives as non-nucleoside
antivirals to mimic deoxythymidine. The compounds can inhibit thymidine kinase (TK)
by interfering with the series phosphorylation of thymidine triphosphates, which can be
used as a complementary base in the replication process [23]. As shown in Scheme 3,
the 3-(2-bromoethyl)-1H-indole 9 was reacted with methyl iodide for N-alkylation. The
nucleophilic displacement of bromine in 10 was conducted with chain-linked amine and
used palladium as a catalyst under microwave conditions to obtain 11, which was then
treated with acetyl chloride under the basic condition to yield the final compound 12.
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second most reactive site for electrophiles. For targeting SARS-CoV viruses, Thanigaima-
lai et al. [24] discovered compounds to target the chymotrypsin-like protease (CL ), 
which plays a vital role in cleaving polyproteins to produce functional proteins directly 
involved in viral replication and transcription [25]. The analogs were peptidomimetic co-
valent inhibitors that can mimic the substrate of CoV 3CLpro. As shown in Scheme 4, to 
synthesize compound 17, the peptidomimetic chain was added to the commercially avail-
able indole derivative 13, through peptide coupling with the carboxyl group at C2 to form 
the peptide 14. For the other intermediate, γ-lactam acid 15 coupled with N, O-dime-
thylhydroxylamine to form substituted amide from the carboxylic end using Weinreb–
Nahm synthesis. The amide continuously reacted with benzothiazole to create 16, which 
then deprotected and coupled with the peptide 14 in the presence of peptide coupling 
reagent to furnish compound 17 [24]. 
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Compound 12 has low cytotoxicity in cells and good inhibitory activity at low EC50
due to the alkylation of NH and acylation of the amine group in C-3 substitution [22]. This
tryptamine derivative has lower potency than reference drugs Acyclovir and Brivudine
but displayed similar inhibiting activity against TK in anti-VZV mechanisms. Additionally,
the derivative 12 selectively targeted VZV strains (OKA, 07-1, and YS-R) only when tested
with other members in the same family of Herpesviridae (HMCV, HSV-1, and HSV-2) and
various RNA virus strains such as HIV and influenza, as shown in Table 2. Compound 12
can be a leading compound for further investigation in inhibiting VZV specifically.

Table 2. Activity of compound 12 against various viral strains [22].

Virus
Strain

OKA
(TK+) 07-1 (TK−) YS-R

(TK−)
AD 169

(HMCV)
Davis

(HMCV)
KOS

(HSV-1)
TK- KOS ACVr 1

(HSV-1)
HSV-2

EC50 (µM) 2.5 1.7 2.1 >4 >4 >100 >100 >1002

1 TK− KOS ACVr: HSV-1; KOS and thymidine kinase-deficient acyclovir-resistant.

Other synthesized potential antiviral agents have substitution at C-2 of indole, the
second most reactive site for electrophiles. For targeting SARS-CoV viruses, Thanigaimalai
et al. [24] discovered compounds to target the chymotrypsin-like protease (CLpro), which
plays a vital role in cleaving polyproteins to produce functional proteins directly involved
in viral replication and transcription [25]. The analogs were peptidomimetic covalent
inhibitors that can mimic the substrate of CoV 3CLpro. As shown in Scheme 4, to synthesize
compound 17, the peptidomimetic chain was added to the commercially available indole
derivative 13, through peptide coupling with the carboxyl group at C2 to form the peptide
14. For the other intermediate, γ-lactam acid 15 coupled with N, O-dimethylhydroxylamine
to form substituted amide from the carboxylic end using Weinreb–Nahm synthesis. The
amide continuously reacted with benzothiazole to create 16, which then deprotected and
coupled with the peptide 14 in the presence of peptide coupling reagent to furnish com-
pound 17 [24].

The synthetic inhibitor 17 has four main features that are suitable for different pockets
in the active site of CoV CLpro. The compounds included ketone to target cysteine residue’s
thiol (Cys 145) in the S1” pocket and (S)-γ-lactam ring for the S1 pocket. The hydrophobic
leucine was used for the S2 position [24,26]. In another study, the leucine was replaced
by the π conjugated system and hydrophobic interaction of the aryl or cyclohexyl group
to enhance access of the S2 pocket to target SARS-CoV-2 [27]. Based on its SAR study,
compound 17 exhibited great inhibitory (Ki = 0.006 µM or IC50 = 0.74 µM) activity with
the methoxy at C-4 of the indole. Indole possessed the best inhibitory effect among other
heterocycles due to its NH, which can provide hydrogen bonding interaction with Gln 166,
as shown in Figure 2 from the molecular docking study.
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3. Pyrrole

Pyrrole is a heterocyclic aromatic five-membered ring that was first observed in coal tar
and bone oil in 1834. Many investigations reported pyrrole as an integral part of different
natural compounds. The delocalization of the lone pair of electrons from the nitrogen atom
provided additional stabilization of the ring. In total, six π electrons delocalized over the
five-membered ring formed the isoelectronic system and allowed electrophilic attack in
different reactions [28].

Curreli et al. [29] have developed drugs to block HIV-1 envelope glycoprotein (gp120)
from binding the receptor CD4 of the host cells and prevent the entry of viral RNA [30].
The scaffolds were designed to mimic receptor CD4 and act as HIV-1 entry antagonists.
Intermediates 18 and 19 were synthesized and coupled to yield compound 20, as shown in
Scheme 5 [28,31]. The deprotonation of amine followed to afford product 21. Intermediate
19 can be synthesized from R- and S-isomer imines that derived isomers in compounds 20
and 21 [29].
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and (S) 21b required higher IC50 compared to NBD-556 (HIV-1 entry agonist) and NBD-
11021 (HIV-1 entry antagonist), negative and positive controls, respectively, two synthe-
sized compounds still exhibited antagonist properties to reduce infections. The com-
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Scheme 5. The synthesis of pyrrole derivatives as glycoprotein inhibitors of HIV-1.

Based on X-ray crystal structure analysis, pyrrole allowed a potential hydrogen bond
of NH with the residue Asn425 of gp120. Methylation of NH lost an H-bond donor atom
and increased steric hindrance, which interferes with binding capability. The scaffold loses
its antiviral activity when replacing the pyrrole ring with imidazole. According to Table 3,
the compounds exhibited high antiviral potency with low cytotoxicity and good selectivity
for HIV-1 gp120. The methyl substitution at R2 of 21a enhanced antiviral potency, while
the addition of fluoro at R3 of 21b showed similar activity but improved metabolic stability.
Because (R) 21a (NBD-14088) and (S) 21b (NBD-14107) have better selectivity, they were
used to measure HIV-1 entry antagonist properties with cell-to-cell fusion inhibition assay
and infectivity in cells, as shown in Figure 3. Even though (R) 21a and (S) 21b required
higher IC50 compared to NBD-556 (HIV-1 entry agonist) and NBD-11021 (HIV-1 entry
antagonist), negative and positive controls, respectively, two synthesized compounds still
exhibited antagonist properties to reduce infections. The compounds also can inhibit HIV-1
reverse transcriptase from converting viral RNA into complementary DNA in hosts [29].

Table 3. The SAR study of the compounds against HIV-1 in TZM-bl and MT-2 cells [29].

Compound TZM-bl Cells MT-2-Cells
IC50 (µM) CC50 (µM) IC50 (µM) CC50 (µM)

(S) 21a 0.85± 0.06 39.2± 0.8 1.6± 0.08 35.2± 0.8
(R) 21a 0.45± 0.05 38.8± 0.06 0.76± 0.3 38± 1
(S) 21b 0.64± 0.06 39.5± 2.3 0.96± 0.1 37± 1.5
(R) 21b 0.48± 0.1 20.6± 0.2 0.97± 0.2 17.4± 0.4
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Herpes simplex virus (HSV) is another virus in the family of α-herpesviruses with
VZV that can cause common, self-resolving diseases of skin or mucosa, such as herpes
labialis and other infectious diseases. However, HSV and VZV possess differences in the
route of infection, spread pathway, and range of hosts [32]. Due to the viral strains highly
resistant to the nucleoside treatments, non-nucleoside compounds were synthesized to
inhibit thymidine kinase (TK) from early DNA replication. According to Hilmy et al. [33],
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the pyrrole analogs 23a–d were synthesized using different substituted 2-amino-3-cyano-
1,5-diarylpyrroles to react with various aryl aldehydes under the basic condition with
phosphorous pentoxide, as shown in Scheme 6.
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Scheme 6. Synthesis of thymidine kinase inhibitors to target HSV.

The analogs were compared with Acyclovir (ACV), a standard drug used to treat HSV,
for anti-HSV activity and cytotoxicity. As shown in Table 4, all new compounds exhibited a
high percentage of reduction (94–99%) in the number of virus plaques. Compounds 23a
(99%) and 23d (97%) even had better results than ACV due to their similarity at substituted
N of pyrrole with 4-methoxyphenyl. Compound 23a had the highest activity with the
4-methoxybenzylideneamino at position C-2 of pyrrole. The synthesized compounds had
better docking scores than ACV, indicating that they had better ligand–receptor interaction
in the TK active site. Comparing compounds 23a and 23d in Figure 4, they had different
interactions in the binding pocket. The two oxygens of the methoxy group in 23a had
hydrogen bonding with Lys62 and Tyr132. Another hydrogen bond was formed between
the cyano nitrogen and Arg222. However, for 23d, the methoxy group formed two hydrogen
bonds with Arg176 and Tyr101. Other hydrogen bonds were also established from the
nitrogens of the compounds. Both also formed hydrophobic and van der Waals interactions
with other amino acids. However, 23d interacted with crucial amino acids that actively
contribute to the function of TK; hence, 23d showed better inhibitory effect compared to 23a.
Additionally, compounds 27b and 27c might have different anti-HSV activity mechanisms
rather than targeting TK [33].

Table 4. Anti-HSV-1 activity and docking score of analogs 27a–d and Acyclovir [33].

Compound Cytotoxicity
(µM)

% Reduction in Cytopathic
Effect of HSV-1 Docking Score

ACV 10−2 96 −12.74
23a 10−2 99 −11.30
23b 10−2 96 −11.44
23c 10−2 94 -8.98
23d 10−2 97 −7.32

Lin et al. [34] introduced a class of anti-influenza agents targeting the viral nucleopro-
tein (NP), a binding protein that contributes to the transcription and packaging processes.
The synthesized pyrimido-pyrrolo-quinoxalinedione analogs were aimed to inhibit the
synthesis of NP and interrupt viral replication [35]. As shown in Scheme 7, substituted
pyrimidinedione 24 was methylated at the two atoms of nitrogenusing dimethyl sulfate,
followed by Friedel–Crafts acylation with benzyl chloride to furnish compound 26. The
synthesis was continued with the addition of bromine and the formation of fused pyrrole 28
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from the reaction of 27 with 2-amino-2-methylpropan-1-ol. The annulation of intermediate
28 with F- substituted aryl aldehyde produced the final product, compound 29.
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Scheme 7. The synthesis of pyrimido-pyrrolo-quinoxalinedione for inhibiting nucleoprotein of
influenza A H1N1 virus.

The inhibiting effect of compound 29 (PPQ-581) was compared with that of the nu-
cleozin 3061, a potent antagonist of NP. Both have a similar trend of effectively inhibiting
nucleoprotein (NP) synthesis shortly after infection. Treatment with 29 and nucleozin from
3–8 h post-infection partially inhibits NP synthesis. The docking study of compound 29 in
the influenza A nucleoprotein is shown in Figure 5. The oxygen of ketone formed hydrogen
bonding with S377, which was a crucial binding area for compound 29. The mutation
of the S377 sidechain can result in the loss of the anti-influenza activity of compound
29. Compound 29 also inhibited the influenza RNA-dependent RNA polymerase (RdRP)
activity of nucleozin-resistant influenza strains.
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4. Pyrimidine

Pyrimidine is a heterocycle composed of a six-membered ring with two nitrogens at
positions 1 and 3. The first pyrimidine derivative was synthesized in 1818 by Gaspare
Brugnatelli. Pyrimidines were continuously developed for applications in biological sys-
tems, as their nitrogen bases were associated with DNA and RNA. The two nitrogens in
pyrimidines are electron withdrawers, leaving specific carbons with electron deficiency [36].
Pyrimidine has also been fused with other heterocycles to improve its applicable spectrum
of biological activity [37].

Currently, HIV/AIDS is still causing a major global health issue. The treatments for
HIV/AIDS require a long-term commitment to target different stages of viral DNA repli-
cation. Malancona et al. [38] introduced the 5,6-dihydroxypyrimidine scaffolds to target
the HIV nucleocapsid (NC), which is a multifunctional protein that plays crucial roles in
binding amino acids for their sequence-specific binding in reverse transcription. NC is also
a nucleic acid chaperone that can manipulate nucleic acid structures for their thermodynam-
ically stable conformations [39]. As shown in Scheme 8, the central dihydroxypyrimidine
cores were obtained by reacting substituted 2-pyridinecarbonitrile with hydroxylamine
hydrochloride to form intermediate 31. The synthesis was continued with the reaction of
compound 31 with dimethyl acetylenedicarboxylate (DMAD) for thermal cyclization to
produce 32, which coupled with (R)-1-cyclohexylethanamine to furnish 33a–33d.
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The 2-(pyridin-2-yl) substituent at R1 was essential for the inhibitory activity of the
analogs. The amide moiety (N-cyclohexylmethyl) targeted the hydrophobic binding site
of the protein. As shown in Table 5, further modification with 5-methoxy, 5-chlorine
at the pyridine group, and quinoline resulted in 33b–33d with 40–80 folds of improved
potency and higher SI values (25–75) than without any modification of 2-(pyridin-2-yl)
substituent. As shown in Figure 6, the molecular docking of compound 33c in the NC
demonstrated that 2-(pyridin-2-yl) substituent has π-stacking interaction with Trp37, while
the dihydroxypyrimidine formed H-bonds with Gly35, Met46, and Gln45. The amide
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moiety interacted with the hydrophobic pocket, including Phe16, Ala25, Trp37, and Met46.
Other in vitro and in vivo tests against multiple drug-resistant HIV-1 strains were also
analyzed in the study. The analogs were also active in different HIV-1 resistant strains, with
high oral bioavailability and excellent in vitro metabolic stability in rat and human samples
and half-life in the in vivo study [38].

Table 5. The inhibiting activity of analogs 33 against HIV nucleocapsid and cells [38].

ID
NC Inhibition IC50

(µM)

BiCycle Wild Type
Strain NL4-3 HeLa PMBC

EC50 (µM) CC50
(µM) SI CC50

(µM) SI

33a 167 ± 7 1.2± 0.7 3.6 ± 0.7 3 2.6 ± 1.7 2
33b 22 ± 7 0.04 ± 0.03 3.0 ± 0.1 75 2.7 ± 0.1 75
33c 2 ± 1 0.1 ± 0.03 3.0 ± 0.5 30 2.5 ± 0.2 25
33d 4 ± 1 0.1 ± 0.05 2.1 ± 0.3 21 5 ± 2 50
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hepatitis C virus (HCV), which has the highest infection rate in Egypt and causes 350,000 
deaths worldwide annually. The HCV NS5B polymerase functioned as RNA-dependent 
RNA polymerase (RdRp) and enabled the catalyzation of viral genome synthesis [41]. The 
synthesis of pyrrolopyrimidine derivative 39 as a non-nucleoside purine scaffold to inhibit 
HCC NS5B polymerase is summarized in Scheme 9. The benzoin 34 was condensed with 
aryl amine to form intermediate 35, which then reacted with malononitrile to produce 
pyrrole derivative 36 via Dakin West reaction. The 2-aminopyrrole-3-carbonitrile 36 cou-
pled with formic acid to furnish associated pyrrolopyrimidine derivative 37. The carbonyl 
was replaced by chlorine at C-4 pyrimidine, resulting in intermediate 38 for further mod-
ification at this position. Aryl amine was introduced to produce 4-aryl amino derivative 
39.  
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Mohamed et al. [40] reported the synthesis of non-nucleoside antiviral agents for hep-
atitis C virus (HCV), which has the highest infection rate in Egypt and causes 350,000 deaths
worldwide annually. The HCV NS5B polymerase functioned as RNA-dependent RNA
polymerase (RdRp) and enabled the catalyzation of viral genome synthesis [41]. The syn-
thesis of pyrrolopyrimidine derivative 39 as a non-nucleoside purine scaffold to inhibit
HCC NS5B polymerase is summarized in Scheme 9. The benzoin 34 was condensed with
aryl amine to form intermediate 35, which then reacted with malononitrile to produce pyr-
role derivative 36 via Dakin West reaction. The 2-aminopyrrole-3-carbonitrile 36 coupled
with formic acid to furnish associated pyrrolopyrimidine derivative 37. The carbonyl was
replaced by chlorine at C-4 pyrimidine, resulting in intermediate 38 for further modification
at this position. Aryl amine was introduced to produce 4-aryl amino derivative 39.
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Scheme 9. Synthesis of anti-HCV agents targeting HCV polymerase (NS5B). 
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group (‘‘) enhanced the toxicity of the scaffold in HCV genotype 4a cells. In the molecular 
docking, it was found that 39 bound strongly with Mg2+ in the docked site. Other meas-
urements in the docking system proved that 39 was stable in the binding pocket and im-
proved binding affinity. As shown in Figure 7, the carbonyl C=O of Gln446 in the HCV 
RdRp catalytic site can form a hydrogen bond with aniline NH. At the same time, the NH2 
interacted with nitrogen in the pyrimidine ring to enhance the binding of compound 39 
to the inhibition site. 

 
Figure 7. Molecular interaction of compound 39 in the binding site of HCV polymerase [40]. 

Pyrimidine derivatives were also employed in the study of anti-HSV activity. Cur-
rently, Acylclovir (Figure 8) is one of the drugs used to treat the herpes simplex virus 
(HSV). However, in some cases, the viruses can resist the drug; hence, new agents are 
continuously developed and tested for antiviral activity. Mohamed et al. [42] reported the 
synthesis of pyrimidine derivatives as anti-HSV agents. As shown in Scheme 10, aceto-
phenone 40 was coupled with 3,4-dimethoxybenzaldehyde via aldol condensation to af-
ford chalcone 41, which was reacted with hydrogen peroxide to form epoxide 42. The 
condensation of compound 42 with thiourea resulted in the cyclic formation of compound 
43, which could either react with 3-chloroacetylacetone to produce compound 44 or be 
condensed with 2-bromopropionic acid to form methylthiazolo compound 45.  

Scheme 9. Synthesis of anti-HCV agents targeting HCV polymerase (NS5B).

Compound 39 exhibited the highest antiviral activity in the study. The arylamino
group (“) enhanced the toxicity of the scaffold in HCV genotype 4a cells. In the molec-
ular docking, it was found that 39 bound strongly with Mg2+ in the docked site. Other
measurements in the docking system proved that 39 was stable in the binding pocket and
improved binding affinity. As shown in Figure 7, the carbonyl C=O of Gln446 in the HCV
RdRp catalytic site can form a hydrogen bond with aniline NH. At the same time, the NH2
interacted with nitrogen in the pyrimidine ring to enhance the binding of compound 39 to
the inhibition site.
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Figure 7. Molecular interaction of compound 39 in the binding site of HCV polymerase [40].

Pyrimidine derivatives were also employed in the study of anti-HSV activity. Currently,
Acylclovir (Figure 8) is one of the drugs used to treat the herpes simplex virus (HSV).
However, in some cases, the viruses can resist the drug; hence, new agents are continuously
developed and tested for antiviral activity. Mohamed et al. [42] reported the synthesis
of pyrimidine derivatives as anti-HSV agents. As shown in Scheme 10, acetophenone 40
was coupled with 3,4-dimethoxybenzaldehyde via aldol condensation to afford chalcone
41, which was reacted with hydrogen peroxide to form epoxide 42. The condensation of
compound 42 with thiourea resulted in the cyclic formation of compound 43, which could
either react with 3-chloroacetylacetone to produce compound 44 or be condensed with
2-bromopropionic acid to form methylthiazolo compound 45.
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Scheme 10. Synthesis of pyrimidine derivatives as anti-HSV agents. 

For the antiviral activity of compounds 44 and 45, a plaque reduction assay was con-
ducted using concentrations of 2 and 5 μg/mL, and the viral count was recorded after 
adding the compounds. As shown in Table 6, compounds 44 and 45 showed a slightly 
higher percentage of inhibition with the 5 μg/mL concentration. Compound 44 was more 
effective than compound 45, achieving 100% inhibition with 5 μg/mL in the test sample. 
As shown in Figure 8, both compounds showed a higher percentage of inhibition at much 
lower concentrations compared to Acyclovir®. For the antiviral mechanism, 44 and 45 
showed viricidal activity that possibly altered viral epitopes to inhibit binding to cells. 
Besides viricidal activity, compound 44 also has the potential to interfere with the replica-
tion processes of HSV. The two compounds are highly promising as potential new anti-
HSV agents.  

Table 6. The calculated percentage of inhibition in the plaque reduction assay of compounds 44 and 
45 [42]. 

ID Concentration (μg/mL) 
Viral Count 

(Control) 
Viral Count (Ex-

tract) % Inhibition 

44 
2 0.84  107 0.08  107 90 
5 0.84  107 0 100 

45 
2 0.84  107 0.08  107 90 
5 0.84  107 0.04  107 95 

During the current COVID-19 pandemic, Remdesivir® (Figure 9) was approved for 
use in the treatment of patients with confirmed SARS-CoV-2 infection. Remdesivir® is an 
adenosine nucleoside prodrug that exhibits a broad antiviral spectrum. Due to the rapid 
emergence of coronavirus infections that threaten millions of people in the global 
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For the antiviral activity of compounds 44 and 45, a plaque reduction assay was
conducted using concentrations of 2 and 5 µg/mL, and the viral count was recorded after
adding the compounds. As shown in Table 6, compounds 44 and 45 showed a slightly
higher percentage of inhibition with the 5 µg/mL concentration. Compound 44 was
more effective than compound 45, achieving 100% inhibition with 5 µg/mL in the test
sample. As shown in Figure 8, both compounds showed a higher percentage of inhibition
at much lower concentrations compared to Acyclovir®. For the antiviral mechanism, 44
and 45 showed viricidal activity that possibly altered viral epitopes to inhibit binding to
cells. Besides viricidal activity, compound 44 also has the potential to interfere with the
replication processes of HSV. The two compounds are highly promising as potential new
anti-HSV agents.

Table 6. The calculated percentage of inhibition in the plaque reduction assay of compounds 44 and
45 [42].

ID Concentration (µg/mL) Viral Count
(Control)

Viral Count
(Extract)

%
Inhibition

44
2 0.84 × 107 0.08 × 107 90
5 0.84 × 107 0 100

45
2 0.84 × 107 0.08 × 107 90
5 0.84 × 107 0.04 × 107 95

During the current COVID-19 pandemic, Remdesivir® (Figure 9) was approved for
use in the treatment of patients with confirmed SARS-CoV-2 infection. Remdesivir® is
an adenosine nucleoside prodrug that exhibits a broad antiviral spectrum. Due to the
rapid emergence of coronavirus infections that threaten millions of people in the global
community, a safe, approved drug like Remdesivir® was temporarily employed for treat-
ment. It showed in vitro antiviral activity with animal and human coronaviruses, including
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SARS-CoV-2. As shown in Figure 10, Remdesivir® can effectively inhibit viral infection at a
low concentration (EC50 = 0.77 µM) with a high SI value (129.87 µM). The antiviral activity
of Remdesivir® was confirmed with an immunofluorescence assay. The results indicated
complete viral reduction, as the viral nucleoproteins could not be observed with a 3.70 µM
concentration at 48 h post-infection [43].
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pocket. Additionally, RemTP affected D618, which is an essential residue for the function 
of SARS-CoV-2 RdRp by forming a hydrogen bond with K798. The binding free energies 
of ATP and RemTP were represented by FEP calculations, which showed that RemTP 
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Figure 10. (A) Percentage of inhibition measured by qRT-PCR and cytotoxicity of Remdesivir® when
used to treat SARS-CoV-2-infected Vero E6 cells. (B) Immunofluorescence assay of viral infection
with Remdesivir® treatment [43].

Remdesivir® was originally targeted to inhibit RNA-dependent RNA polymerase
(RdRp), which has adenosine triphosphate (ATP) as the main substrate. Zhang et al. [44]
reported the homology modeling of NSP12 (the RdRp complex with multiple nonstructural
protein units) of SARS-CoV-2 RdRp (SARS-CoV-2 NSP12). When accumulated in cells,
Remdesivir® was hydrolyzed and coupled with triphosphate (RemTP) to compete with
ATP actively. As shown in Figure 11, the triphosphate of RemTP has other interactions
with crucial residues compared to ATP interactions to inhibit NSP12. The adenosine of
ATP and the Remdesivir® core also interacted differently from each other in the binding
pocket. Additionally, RemTP affected D618, which is an essential residue for the function
of SARS-CoV-2 RdRp by forming a hydrogen bond with K798. The binding free energies of
ATP and RemTP were represented by FEP calculations, which showed that RemTP binds
more strongly than ATP in the pocket of SARS-CoV-2 RdRp with approximately 800 folds
in Kd value to effectively inhibit SARS-CoV-2 RdRp activity in RNA reproduction [44].
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In addition, Grein et al. [45] further investigated Remdesivir® clinical application
conducted within a cohort of hospitalized patients diagnosed with COVID-19. The data
were collected from 53 patients across three continents. The majority of patients (34 out of
53) had severe symptoms and were under invasive oxygen support. The treatment plan
was designed for a 10-day course with 200 mg administered intravenously on day 1 and
100 mg daily for the next nine days. Only 40 patients completed ten days of treatments,
while others discontinued treatment due to serious adverse effects. After 18 days of day one
treatment, 12 patients (100%) previously with no oxygen or low-flow oxygen support were
discharged. Five out of seven patients (71%) previously under non-invasive ventilation
were also discharged. Nineteen out of thirty-four showed improvement within the oxygen-
support group, as they were discharged without oxygen aid and under non-invasive
oxygen support. The other patients in this group either showed no improvement (9 out of
34) or died (6 out of 34). About 83% experienced various common to serious adverse effects.
Overall, Remdesivir in this study showed improvement in the treatment of COVID-19 based
on the oxygen support scale. Among the patients, 68% showed improvement in oxygen
supporting status or were fully discharged, with a 13% mortality rate after treatment.

5. Pyrazole

Pyrazole is an aromatic heterocycle composed of a five-membered ring with two
nitrogens. Pyrazole core structures have been employed in wide applications from natural
components to pharmaceutical activities [46]. With high electron densities of nitrogen at
positions 1 and 2, pyrazole is considered as a π-excessive heterocycle. The ring is avail-
able for various modifications with multiple reagents in synthetic reactions. Substituted
pyrazole can form chelation with metal ions to inhibit enzymes [47].

Currently, HIV-1 is still considered one of the most threatening infectious diseases to
people with a high rate of infection. The crucial step of viral infection is the integration
of viral RNA into host DNA by reverse transcriptase (RT). RT is composed of a DNA
polymerase domain and a ribonuclease H domain (RNase H) [48]. Messore et al. [49]
reported the synthesis of specific inhibitory analogs to target RNase H. As shown in
Scheme 11, the synthesis started with the aldol condensation of substituted benzaldehyde 46
with acetone, then its reaction with TosMIC to furnish pyrrole derivative 47. Compound 47
coupled with substituted aryl or alkyl chloride for the N-substitution of pyrrole ring to form
compound 48. Diethyl oxalate was coupled with intermediate 48 for aldol condensation
product 49. Then, hydrazine reacted with compound 49 for the formation of the pyrazole
ring of product 50. The ester of product 50 was hydrolyzed under a basic condition to yield
carboxylic acid for a separate analysis of antiviral activity.
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Scheme 11. Synthesis of inhibitors against HIV-1 RNase H. 

In in vitro screening of RNase H inhibitory activity, compound 50 showed better in-
hibitory activity of 0.27 ± 0.05 μM compared to its ester version 50 (17.8 ± 1.2). However, 
compound 50 had a better effective concentration (EC50), higher cytotoxicity, and selectiv-
ity index; hence, compound 50 was chosen for analysis in the docking study, as shown in 
Figure 12. The nitrogen of pyrazole ring and ester moiety formed ligands with two mag-
nesium ions in the core of RNase H ligands. The ester moiety also had hydrogen interac-
tion with H539, while the substituted benzyl group was possibly linked with W535 and 
K540 by π–cation interaction. The phenyl moiety was linked with Y501, S499, Q475, E478, 
N474, and Q475. The scaffold exhibited high potency with the HIV-1 RT pocket and could 
be optimized for drug development.  
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against influenza viruses. Among many molecular drug targets of influenza viruses, only 
neuraminidase (NA) inhibitors were approved for treatment [50,51]. Meng et al. [52] syn-
thesized pyrazole derivatives as neuraminidase inhibitors. As shown in Scheme 12, 4-
methoxy substituted benzaldehyde 52, phenylhydrazine 53, and ethyl acetoacetate 54 
were allowed to react in the presence of cerium (IV) ammonium nitrate (CAN) and PEG 

Scheme 11. Synthesis of inhibitors against HIV-1 RNase H.

In in vitro screening of RNase H inhibitory activity, compound 50 showed better
inhibitory activity of 0.27 ± 0.05 µM compared to its ester version 50 (17.8 ± 1.2). However,
compound 50 had a better effective concentration (EC50), higher cytotoxicity, and selectivity
index; hence, compound 50 was chosen for analysis in the docking study, as shown in
Figure 12. The nitrogen of pyrazole ring and ester moiety formed ligands with two
magnesium ions in the core of RNase H ligands. The ester moiety also had hydrogen
interaction with H539, while the substituted benzyl group was possibly linked with W535
and K540 by π–cation interaction. The phenyl moiety was linked with Y501, S499, Q475,
E478, N474, and Q475. The scaffold exhibited high potency with the HIV-1 RT pocket and
could be optimized for drug development.
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Annually, the influenza virus causes respiratory infection, known as flu, in millions
of people in the United States and worldwide. A vaccine is available to prevent the
massive outbreak of the disease, but it does not efficiently protect children and elders
from the infection. Hence, inhibitors were continuously developed for a long-term battle
against influenza viruses. Among many molecular drug targets of influenza viruses, only
neuraminidase (NA) inhibitors were approved for treatment [50,51]. Meng et al. [52]
synthesized pyrazole derivatives as neuraminidase inhibitors. As shown in Scheme 12,
4-methoxy substituted benzaldehyde 52, phenylhydrazine 53, and ethyl acetoacetate 54
were allowed to react in the presence of cerium (IV) ammonium nitrate (CAN) and PEG 400
in a one-pot synthesis. The reaction time and yield were optimized with CAN compared to
other catalysts to yield pyrazole derivative 55.
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As shown in Table 7, compound 55 has a high potency to inhibit the replication of 
viruses with an IC50 of 5.4 ± 0.34 μM and a high selectivity index of 102.20 μM in the 
assay with the influenza A (H1N1) virus. Additionally, the analog also showed great po-
tency (1.32 ± 0.06 μM) against neuraminidase. As shown in Figure 13, the molecular 
docking of compound 55 in the 3D structure of neuraminidase (NA) was observed. Com-
pound 55 can fit into the binding pocket of neuraminidase and form two hydrogen bonds 
with residues Arg371 and Arg118 from the methoxy of the compound. The aromatic ring 
also stabilized with Arg152 through π–cation interaction. With all of the interacted factors 
in the binding site of NA, compound 55 efficiently exerted inhibitory activity against the 
targeted protein. 
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55 552.14 ± 187.34 5.4 ± 0.34 102.20 1.32 ± 0.06 

Hepatitis B is another viral infection that is caused by a member of the Hepadnaviri-
dae family. Hepatitis B virus (HBV) has infected millions of people worldwide and the 
deaths of more than 700,000 people per year. Its replication process is similar to that of 
RNA retrovirus using the reverse transcription of RNA progenome. Jia et al. [53] devel-
oped non-nucleoside HBV inhibitors to combat HBV. As shown in Scheme 13, diethyl 
carbonate 56 coupled with 4-methylpentan-2-one to produce diketone 57. Compound 57 
reacted with 1,1-dimethoxy-N, N-dimethylmethanamine for α-substitution to furnish 
compound 58. The substituted hydrazine condensed with compound 58 for pyrazole ring 
formation of compound 59. Pyrazole derivative 60 was produced via base hydrolysis of 
compound 59. The carboxylic acid of 60 continued to react with an aryl-substituted amine 
under the coupling condition to form amide 61. 

Scheme 12. One-pot synthesis of influenza neuraminidase inhibitor.

As shown in Table 7, compound 55 has a high potency to inhibit the replication of
viruses with an IC50 of 5.4 ± 0.34 µM and a high selectivity index of 102.20 µM in the assay
with the influenza A (H1N1) virus. Additionally, the analog also showed great potency
(1.32 ± 0.06 µM) against neuraminidase. As shown in Figure 13, the molecular docking of
compound 55 in the 3D structure of neuraminidase (NA) was observed. Compound 55 can
fit into the binding pocket of neuraminidase and form two hydrogen bonds with residues
Arg371 and Arg118 from the methoxy of the compound. The aromatic ring also stabilized
with Arg152 through π–cation interaction. With all of the interacted factors in the binding
site of NA, compound 55 efficiently exerted inhibitory activity against the targeted protein.

Table 7. The inhibitory activity of compound 55 against influenza H1N1 virus and neuraminidase.

Compound CC50 (µM)
Influenza H1N1 Virus NA Inhibitor

IC50 (µM)IC50 (µM) SI (CC50/ IC50) (µM)

55 552.14 ± 187.34 5.4 ± 0.34 102.20 1.32 ± 0.06
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Hepatitis B is another viral infection that is caused by a member of the Hepadnaviridae
family. Hepatitis B virus (HBV) has infected millions of people worldwide and the deaths
of more than 700,000 people per year. Its replication process is similar to that of RNA
retrovirus using the reverse transcription of RNA progenome. Jia et al. [53] developed
non-nucleoside HBV inhibitors to combat HBV. As shown in Scheme 13, diethyl carbonate
56 coupled with 4-methylpentan-2-one to produce diketone 57. Compound 57 reacted
with 1,1-dimethoxy-N, N-dimethylmethanamine for α-substitution to furnish compound
58. The substituted hydrazine condensed with compound 58 for pyrazole ring formation
of compound 59. Pyrazole derivative 60 was produced via base hydrolysis of compound
59. The carboxylic acid of 60 continued to react with an aryl-substituted amine under the
coupling condition to form amide 61.
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Scheme 13. Synthesis of pyrazole derivatives as anti-HBV agents. 

As shown in Table 8, compound 61 demonstrated excellent cytotoxicity in the SAR 
study. Comparing the inhibitory activity, compound 61 seemed to inhibit viral proteins 
(HBeAg) of HBV more effectively with a lower IC50 (2.22 μM) and corresponding selectiv-
ity index (37.69 μM) than the surface antigen (HBsAg). According to the study, compound 
61 showed moderate inhibitory activity of approximately 50% against HBV DNA replica-
tion. As a result, compound 61 needs further investigation to optimize its inhibitory prop-
erties in targeting viral proteins and inhibiting the fusing of viral DNA into host cells.  

Table 8. The SAR study of compound 61 against HBV. 

Compound CC50 (μM) 
HBsAg HBeAg 

IC50 (μM) SI IC50 (μM) SI 
61 83.67 24.33 3.44 2.22 37.69 

6. Quinoline 
Quinoline is a heterocycle made of benzene and a fused pyridine ring found in shale 

oil, coal, and petroleum. This heterocycle attracted attention in organic chemistry for its 
feasible synthesis and availability for substitution modifications. Quinoline derivatives 
have been employed in various applications, including those in the pharmaceutical, bioor-
ganic, and industrial chemistry fields [54]. Quinoline skeletons exhibited a broad range of 
antiviral activities and were submitted for potential clinical applications. 

With the progress in developing inhibitors at the RNase H of HIV RT, quinoline scaf-
folds also joined the race to combat HIV-1. While HIV RT synthesizes DNA from viral 
RNA, RNase H plays a crucial role in degrading RNA to form double-stranded DNA. 
Overacker et al. [55] synthesized quinoline derivatives to target HIV RNase H. As shown 
in Scheme 14, the methanolysis of carbamate moiety in compound 62 took place to afford 
quinol derivative 63, which then underwent Williamson ether synthesis, converting to 
isopropyl ether to furnish product 64.  
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As shown in Table 8, compound 61 demonstrated excellent cytotoxicity in the SAR
study. Comparing the inhibitory activity, compound 61 seemed to inhibit viral proteins
(HBeAg) of HBV more effectively with a lower IC50 (2.22 µM) and corresponding selectivity
index (37.69 µM) than the surface antigen (HBsAg). According to the study, compound 61
showed moderate inhibitory activity of approximately 50% against HBV DNA replication.
As a result, compound 61 needs further investigation to optimize its inhibitory properties
in targeting viral proteins and inhibiting the fusing of viral DNA into host cells.

Table 8. The SAR study of compound 61 against HBV.

Compound CC50 (µM)
HBsAg HBeAg

IC50 (µM) SI IC50 (µM) SI

61 83.67 24.33 3.44 2.22 37.69

6. Quinoline

Quinoline is a heterocycle made of benzene and a fused pyridine ring found in shale oil,
coal, and petroleum. This heterocycle attracted attention in organic chemistry for its feasible
synthesis and availability for substitution modifications. Quinoline derivatives have been
employed in various applications, including those in the pharmaceutical, bioorganic, and
industrial chemistry fields [54]. Quinoline skeletons exhibited a broad range of antiviral
activities and were submitted for potential clinical applications.

With the progress in developing inhibitors at the RNase H of HIV RT, quinoline
scaffolds also joined the race to combat HIV-1. While HIV RT synthesizes DNA from viral
RNA, RNase H plays a crucial role in degrading RNA to form double-stranded DNA.
Overacker et al. [55] synthesized quinoline derivatives to target HIV RNase H. As shown
in Scheme 14, the methanolysis of carbamate moiety in compound 62 took place to afford
quinol derivative 63, which then underwent Williamson ether synthesis, converting to
isopropyl ether to furnish product 64.
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As shown in Table 9, quinoline derivative 64 required a low concentration for antiviral
activity and a high concentration for cytotoxicity in the in vitro infectivity assay with
pseudoviruses. The compound also had a high selectivity index to inhibit the growth of
HIV. For the mode of action, the compound showed better inhibition against the HIV-1
RNase H enzyme compared to weak inhibition (>100 µM) in HIV-1 integrase and HIV-1
RT. As shown in Figure 14, no changes could be detected from the UV spectra, indicating
that compound 64 did not chelate with Mg2+ ion in RNase H’s core despite varying
concentrations. The structure possibly acted differently in a cell environment or worked as
a non-competitive inhibitor of RNase H. This compound was a lead compound for further
modification to target RNase H.

Table 9. The inhibitory activity of compound 64 against different HIV strains and HIV-1 RNase H.

Compound
HIV-IC50 (µM) CC50 (µM)

TZM-bl
SI (CC50/

IC50)
IC50 (µM)

HIV-1 RNase HHXB2 YU2 89.6

64 6.7 ± 0.9 8.9 ± 0.6 4.7 ± 1.6 68.5 ± 17.1 14.6 46.8 ± 7.3
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NS3/4a protease, which plays crucial roles in processing viral protein and replicating viral 
RNA. It also inhibits the production of interferons that can enhance the immune system 
against viral infection [57]. The new scaffold was developed based on previous clinical 
candidate MK-5172 (Figure 15), with a quinoline moiety instead of quinoxaline. As shown 
in Scheme 15, compound 65 was synthesized by linking the amine derivative with quino-
line via five steps. The hydroxyl group was protected using N-Boc-4-hydroxypiperidine 
before the methyl ester was hydrolyzed and coupled with an amine-acyl sulfonamide 
chain. The N-Boc-piperidine was then deprotected for the addition of bicyclic piperidine 
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Due to the rapid emergence of hepatitis C virus (HCV) drug resistance, Shah et al. [56]
reported the synthesis of quinoline derivatives as HCV drug candidates to target the
NS3/4a protease, which plays crucial roles in processing viral protein and replicating viral
RNA. It also inhibits the production of interferons that can enhance the immune system
against viral infection [57]. The new scaffold was developed based on previous clinical
candidate MK-5172 (Figure 15), with a quinoline moiety instead of quinoxaline. As shown
in Scheme 15, compound 65 was synthesized by linking the amine derivative with quinoline
via five steps. The hydroxyl group was protected using N-Boc-4-hydroxypiperidine before
the methyl ester was hydrolyzed and coupled with an amine-acyl sulfonamide chain. The
N-Boc-piperidine was then deprotected for the addition of bicyclic piperidine to produce
product 66.
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Compound 66 exhibited improved potency against HCV genotype 3a and A165 mu-
tants compared to reference MK-5172 and had a moderate pharmacokinetic profile in rats 
in the SAR study. Compared to MK-5172, the replacement of quinoxaline for quinoline in 
compound 66 enhanced its interaction with the binding pocket HCV NS3 protease. As 
shown in Figure 15, the substitution at C-4 of quinoline mainly improved the interaction 
with D79. The replacement of t-butyl with cyclohexane near P3 or modifying cyclopropyl 
group seemed to not impact the activity of the scaffold in the HCV NS3 protease binding 
pocket.  
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Wang et al. [58] reported the synthesis of indoloquinoline or quindoline derivatives 
as potential anti-influenza A agents to counter drug resistance of viral strains. As shown 
in Scheme 16, the 11-chloroquindoline 67 reacted with benzene-1,2-diamine to produce 
compound 68. In the study, benzene-1,2-diamine could be changed to 1,3 and 1,4-diamine, 
which then further affected the position of carboxyphenylboronic acid for different ana-
logs of the scaffold. The final product, compound 69, was produced by the coupling reac-
tion of compound 68 and 2-carboxyphenylboronic acid. 
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Scheme 16. Synthesis of quindoline derivative 69 as anti-influenza A agent. 

Compound 69 exhibited superior properties compared to other derivatives in this 
scaffold with low cytotoxicity. As shown in Figure 16, the plaque reduction assay showed 
that plaque development was effectively inhibited, indicating that the compound could 
inhibit the replication of influenza H1N1 and H3N1. In the confocal imaging, compound 
69 was detected in the cytoplasm to target viral neuraminidase and prevent the import of 
viruses. Compound 69 could interfere with cellular signaling pathways that are essential 
for viral replication and improve the survival rate of the mouse model in a histopathology 
study. The quindoline with boronic acid possessed broad anti-influenza A activity for fu-
ture references and applications. 
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Compound 66 exhibited improved potency against HCV genotype 3a and A165 mu-
tants compared to reference MK-5172 and had a moderate pharmacokinetic profile in rats in
the SAR study. Compared to MK-5172, the replacement of quinoxaline for quinoline in com-
pound 66 enhanced its interaction with the binding pocket HCV NS3 protease. As shown
in Figure 15, the substitution at C-4 of quinoline mainly improved the interaction with
D79. The replacement of t-butyl with cyclohexane near P3 or modifying cyclopropyl group
seemed to not impact the activity of the scaffold in the HCV NS3 protease binding pocket.

Wang et al. [58] reported the synthesis of indoloquinoline or quindoline derivatives
as potential anti-influenza A agents to counter drug resistance of viral strains. As shown
in Scheme 16, the 11-chloroquindoline 67 reacted with benzene-1,2-diamine to produce
compound 68. In the study, benzene-1,2-diamine could be changed to 1,3 and 1,4-diamine,
which then further affected the position of carboxyphenylboronic acid for different analogs
of the scaffold. The final product, compound 69, was produced by the coupling reaction of
compound 68 and 2-carboxyphenylboronic acid.
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Compound 69 exhibited superior properties compared to other derivatives in this
scaffold with low cytotoxicity. As shown in Figure 16, the plaque reduction assay showed
that plaque development was effectively inhibited, indicating that the compound could
inhibit the replication of influenza H1N1 and H3N1. In the confocal imaging, compound
69 was detected in the cytoplasm to target viral neuraminidase and prevent the import of
viruses. Compound 69 could interfere with cellular signaling pathways that are essential
for viral replication and improve the survival rate of the mouse model in a histopathology
study. The quindoline with boronic acid possessed broad anti-influenza A activity for
future references and applications.
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Figure 16. (A) Plaque reduction assay at different concentrations of 69 with PR8, Cal09, Minnesota 
influenza strains in MDCK cells. (B) Corresponding plaque number from the assay with three vi-
ruses at different concentrations [58]. 

In the early study of COVID-19, besides Remdesivir®, Chloroquine®, an anti-malarial 
drug (Figure 17), exhibited antiviral activity against 2019-n-CoVs infection in vitro. As 
shown in Figure 18, Chloroquine® could effectively inhibit viral infection at a low concen-
tration and with good cytotoxicity compared to other FDA-approved antiviral agents. Ad-
ditionally, Chloroquine® also effectively reduced viral copies with 10 μM after 48 h post-
infection in the nucleoprotein through immunofluorescence assay [43].  

 
Figure 17. The molecular structure of Chloroquine® [43]. 

 

Figure 18. (A) Percentage of inhibition measured by qRT-PCR and cytotoxicity of Chloroquine® 
when treating 2019 n-CoV infected Vero E6 cells. (B) Immunofluorescence assay of viral infection 
with Chloroquine® treatment [43]. 

As shown in Figure 18, Chloroquine showed its effectiveness in blocking virus infec-
tion at EC50 = 1.13 μM concentration with a high selectivity index (SI). The immunofluo-
rescence assay also confirmed the efficiency of Chloroquine in inhibiting viruses, as the 
viral nucleoproteins were eliminated completely with 10 μM. Together with 

Figure 16. (A) Plaque reduction assay at different concentrations of 69 with PR8, Cal09, Minnesota
influenza strains in MDCK cells. (B) Corresponding plaque number from the assay with three viruses
at different concentrations [58].

In the early study of COVID-19, besides Remdesivir®, Chloroquine®, an anti-malarial
drug (Figure 17), exhibited antiviral activity against 2019-n-CoVs infection in vitro. As
shown in Figure 18, Chloroquine® could effectively inhibit viral infection at a low con-
centration and with good cytotoxicity compared to other FDA-approved antiviral agents.
Additionally, Chloroquine® also effectively reduced viral copies with 10 µM after 48 h
post-infection in the nucleoprotein through immunofluorescence assay [43].

Molecules 2022, 27, x FOR PEER REVIEW 21 of 25 
 

 
Molecules 2022, 27, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/molecules 

  
Figure 16. (A) Plaque reduction assay at different concentrations of 69 with PR8, Cal09, Minnesota 
influenza strains in MDCK cells. (B) Corresponding plaque number from the assay with three vi-
ruses at different concentrations [58]. 

In the early study of COVID-19, besides Remdesivir®, Chloroquine®, an anti-malarial 
drug (Figure 17), exhibited antiviral activity against 2019-n-CoVs infection in vitro. As 
shown in Figure 18, Chloroquine® could effectively inhibit viral infection at a low concen-
tration and with good cytotoxicity compared to other FDA-approved antiviral agents. Ad-
ditionally, Chloroquine® also effectively reduced viral copies with 10 μM after 48 h post-
infection in the nucleoprotein through immunofluorescence assay [43].  

 
Figure 17. The molecular structure of Chloroquine® [43]. 

 

Figure 18. (A) Percentage of inhibition measured by qRT-PCR and cytotoxicity of Chloroquine® 
when treating 2019 n-CoV infected Vero E6 cells. (B) Immunofluorescence assay of viral infection 
with Chloroquine® treatment [43]. 

As shown in Figure 18, Chloroquine showed its effectiveness in blocking virus infec-
tion at EC50 = 1.13 μM concentration with a high selectivity index (SI). The immunofluo-
rescence assay also confirmed the efficiency of Chloroquine in inhibiting viruses, as the 
viral nucleoproteins were eliminated completely with 10 μM. Together with 

Figure 17. The molecular structure of Chloroquine® [43].

73



Molecules 2022, 27, 2700

Molecules 2022, 27, x FOR PEER REVIEW 21 of 25 
 

 
Molecules 2022, 27, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/molecules 

  
Figure 16. (A) Plaque reduction assay at different concentrations of 69 with PR8, Cal09, Minnesota 
influenza strains in MDCK cells. (B) Corresponding plaque number from the assay with three vi-
ruses at different concentrations [58]. 

In the early study of COVID-19, besides Remdesivir®, Chloroquine®, an anti-malarial 
drug (Figure 17), exhibited antiviral activity against 2019-n-CoVs infection in vitro. As 
shown in Figure 18, Chloroquine® could effectively inhibit viral infection at a low concen-
tration and with good cytotoxicity compared to other FDA-approved antiviral agents. Ad-
ditionally, Chloroquine® also effectively reduced viral copies with 10 μM after 48 h post-
infection in the nucleoprotein through immunofluorescence assay [43].  

 
Figure 17. The molecular structure of Chloroquine® [43]. 

 

Figure 18. (A) Percentage of inhibition measured by qRT-PCR and cytotoxicity of Chloroquine® 
when treating 2019 n-CoV infected Vero E6 cells. (B) Immunofluorescence assay of viral infection 
with Chloroquine® treatment [43]. 

As shown in Figure 18, Chloroquine showed its effectiveness in blocking virus infec-
tion at EC50 = 1.13 μM concentration with a high selectivity index (SI). The immunofluo-
rescence assay also confirmed the efficiency of Chloroquine in inhibiting viruses, as the 
viral nucleoproteins were eliminated completely with 10 μM. Together with 

Figure 18. (A) Percentage of inhibition measured by qRT-PCR and cytotoxicity of Chloroquine®

when treating 2019 n-CoV infected Vero E6 cells. (B) Immunofluorescence assay of viral infection
with Chloroquine® treatment [43].

As shown in Figure 18, Chloroquine showed its effectiveness in blocking virus infec-
tion at EC50 = 1.13 µM concentration with a high selectivity index (SI). The immunofluo-
rescence assay also confirmed the efficiency of Chloroquine in inhibiting viruses, as the
viral nucleoproteins were eliminated completely with 10 µM. Together with Chloroquine®,
Hydroxychloroquine® was also tested for its anti-2019-nCoV activity. Hydroxychloro-
quine possessed less toxicity in cells compared to Chloroquine® with anti-inflammatory
properties [59]. However, both Chloroquine® and Hydroxychloroquine® have side effects,
interfering with lysosomal activity and causing cardiac and skeletal muscle problems [60].

7. Conclusions

Nitrogen-containing heterocycle derivatives have a long history against a broad spec-
trum of viral agents. Their structures are similar to the biological components that are vital
for the infection mechanism and replication of viruses. Incorporating nitrogen-containing
heterocycles enhances the binding affinity of the scaffolds by increasing interaction with
residues and matching with the pocket shape to deactivate the function of targeted en-
zymes. This article summarized the history, synthesis, and antiviral applications of various
nitrogen-containing heterocycle scaffolds, such as indoles, pyrroles, pyrimidines, pyrazoles,
and quinolines. The scaffolds were applied to a variety of viruses, ranging from HIV and
HCV/HBV to VZV/HSV, SARS-CoV, and influenza viruses. Some approved scaffolds
exhibit multiple functions in targeting different viruses, similar to applying Remdesivir®,
Chloroquine®, and Hydrochloroquine® for the recent SARS-Co-V 2 viruses. Most scaffolds
exhibited potential antiviral activity that could lead to further optimization and in vivo
studies for drug development. For example, for HCV treatment, FDA-approved drugs such
as Grazoprevir, Voxilaprevir, and Glecaprevir were modified from scaffold 66. Viruses have
high rates of emergence that demand continual drug discovery of new antiviral agents.
Research on nitrogen heterocycles will progressively expand for future drug development.
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Abstract: The COVID-19 pandemic caused by SARS-CoV-2 is a global burden on human health
and economy. The 3-Chymotrypsin-like cysteine protease (3CLpro) becomes an attractive target
for SARS-CoV-2 due to its important role in viral replication. We synthesized a series of 8H-
indeno[1,2-d]thiazole derivatives and evaluated their biochemical activities against SARS-CoV-2
3CLpro. Among them, the representative compound 7a displayed inhibitory activity with an IC50 of
1.28 ± 0.17 µM against SARS-CoV-2 3CLpro. Molecular docking of 7a against 3CLpro was performed
and the binding mode was rationalized. These preliminary results provide a unique prototype for
the development of novel inhibitors against SARS-CoV-2 3CLpro.

Keywords: COVID-19; Mpro inhibitors; drug design and synthesis; structure-activity relationships
(SAR)

1. Introduction

The global pandemic of coronavirus disease (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has posted major challenges to public
health systems and the economy worldwide [1–5]. There have been 434 million confirmed
cases of COVID-19 worldwide as of the end of February 2022, and almost 6 million deaths
have been reported [6]. Although multiple effective vaccines against COVID-19 are avail-
able, reinfections and breakthrough infections are frequently reported [7,8]. In addition, the
virus is continuing to evolve, and a new variant named Omicron enables the virus to evade
the immune protective barrier due to a large number of mutations in the receptor binding
sites [9–11]. Therefore, it is urgent to develop effective drugs and specific treatments for
people who are infected by COVID-19 with severe symptoms.

3CLpro (also called Mpro) plays an essential role during replication and transcription
of SARS-CoV-2 and has been regarded as an attractive target for treating COVID-19 and
other coronavirus-caused diseases [12–14]. The development of 3CLpro inhibitors has
attracted much attention from medicinal chemists and the pharmaceutical industry. The
collective efforts culminated in the recent approval of Paxlovid (nirmatrelvir) by FDA for
the treatment of SARS-CoV-2 [15]. As shown in Figure 1, Most known 3CLpro inhibitors are
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peptidomimetic inhibitors containing a warhead of Michael acceptor, such as nirmatrelvir
with nitrile [16], YH-53 with benzothiazolyl ketone [17], compound 1 with α-ketoamide [18],
and compound 2 with aldehyde [19]. Others are nonpeptidic inhibitors including covalent
and noncovalent inhibitors. Covalent inhibitors, such as Carmofur, Shikonin [20], and 3 [21],
are identified by high-throughput screening. Noncovalent inhibitor CCF0058981 [22] and
flavonoid analogs (baicalin, baicalein, and 4′-O-Methylscutellarein) [23,24] were obtained
through structure-based optimization and from traditional Chinese medicines, respectively.
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Figure 1. SARS-CoV-2 3CLpro inhibitors.

In pursuit of novel 3CLpro inhibitors, we identified 8H-indeno[1,2-d]thiazole derivative
4 as a novel SARS-CoV-2 3CLpro inhibitor (IC50 = 6.42± 0.90 µM) through high-throughput
screening of our compound collection (Figure 2). This result provided us with an oppor-
tunity to explore novel small molecule inhibitors against SARS-CoV-2 3CLpro. Herein,
we designed and synthesized a series of 8H-indeno[1,2-d]thiazole derivatives, evaluated
their inhibitory activities against SARS-CoV-2 3CLpro, and elucidated the SARs. Selected
compound 7a was subjected to molecular docking to predict the binding mode with SARS-
CoV-2 3CLpro.
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2. Results and Discussion
2.1. Design and Synthesis of 8H-Indeno[1,2-d]thiazole Derivatives

Based on the structure of compound 4, 14 new 8H-indeno[1,2-d]thiazole derivatives
(compounds 7a–7l, and 10a–10b) (shown in Schemes 1 and 2) were designed and synthesized
through a two-step synthesis from the appropriate ketone and thiourea [25–28]. Adjusting
the methoxy group of compound 4 from position 5 to position 6 afforded compound 7a.
Considering the effects of steric hindrance and electron withdrawing, compounds 7b–7e
were synthesized by substitution of the methoxy group for the butoxy, isobutoxy, and methyl
groups and for the chlorine atom. After replacing the 3,5-dimethoxybenzamido moiety in com-
pound 7a with 3,4,5-trimethoxybenzamido, 3,5-diacetoxybenzamido, 3-methoxybenzamido,
3-fluorobenzamido, thiophene-2-carboxamido, and 4-chlorobenzamido, compounds 7f–7k
were obtained. To evaluate the effect of ring expansion, compound 7l was synthesized. Finally,
ring opening analogues 10a and 10b were synthesized to elucidate the effect of the central
ring on the inhibition of 3CLpro.
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2.2. SARS-CoV-2 3CLpro Inhibitory Activities and Structure-Activity Relationships

All synthesized compounds were evaluated for inhibitory activity against SARS-
CoV-2 3CLpro using PF-07321332 as positive control [29–31], and the results were de-
tailed in Table 1. We initially prepared 7a from the commercially available compound
5a by the route outlined in Scheme 1. We noticed that compound 7a with 6-methoxy
group on the phenyl ring exhibited inhibitory activity against SARS-CoV-2 3CLpro with
1.28 ± 0.17 µM, about five times more potent than compound 4 with 5-methoxy group
on the phenyl ring. The result indicated that the position of the methoxy group on the
phenyl ring significantly affected inhibitory activities against SARS-CoV-2 3CLpro. To
explore the SAR of this seemingly important position, methoxy group on compound
7a was replaced by butoxy (7b), isobutoxy (7c), methyl groups (7d), and chlorine atom
(7e); the inhibitory activities of the corresponding compounds 7b–7e were completely
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abolished. These results demonstrated that the effect of steric hindrance at this position
was detrimental to inhibitory activities. The SAR of R3 was explored next. Replace-
ment of the 3,5-dimethoxybenzamido moiety with 3,4,5-trimethoxybenzamido moiety,
3,5-diacetoxybenzamido moiety, 3-methoxybenzamido moiety, 3-fluorobenzamido moiety,
thiophene-2-carboxamido moiety, and 4-chlorobenzamido moiety led to compounds 7f, 7g,
7h, 7i, 7j, and 7k, respectively. The inhibitory activity of compounds 7f and 7g dropped
significantly, while compound 7h almost maintained its inhibitory activities. These results
indicated that the extra steric hindrance had negative impact on the inhibitory activities.
Compared to compound 7h, the inhibitory activities of compounds 7i–7k diminished; these
results indicated that introduction of an electron-withdrawing group or heterocyclic ring
on the scaffold of 8H-indeno[1,2-d]thiazole took negative roles for inhibitory activities. Ex-
panding the five-membered ring on compound 7a to a six-membered ring led to compound
7l, which unfortunately did not show any inhibitory activity against SARS-CoV-2 3CLpro.
Opening the five-membered ring on compound 7a resulted in compounds 10a and 10b,
which also lost inhibitory activities. These results indicated that the five-membered ring on
compound 7a is important for the inhibitory activity against SARS-CoV-2 3CLpro.

Table 1. Inhibitory activities of target compounds against SARS-CoV-2 3CLpro.
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7a methoxy 

 

1 89.5 ± 2.0 1.28 ± 0.17 

7b butoxy 
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7d methyl 
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7a methoxy 

 

1 89.5 ± 2.0 1.28 ± 0.17 

7b butoxy 
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7d methyl 

 

1 21.7 ± 2.2 >20 
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7d methyl 

 

1 21.7 ± 2.2 >20 
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1 27.2 ± 5.3 >20 
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1 5.0 ± 5.6 >20 

7g methoxy 

 

1 32.6 ± 6.8 >20 
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1 89.5 ± 2.0 1.28 ± 0.17 

7b butoxy 

 

1 0.5 ± 4.9 >20 

7c isobutoxy 

 

1 −3.1 ± 1.7 >20 

7d methyl 

 

1 21.7 ± 2.2 >20 

7e chloro 

 

1 27.2 ± 5.3 >20 
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1 5.0 ± 5.6 >20 
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Inhibition (%) at 20 μM IC50 (μM) 

7a methoxy 

 

1 89.5 ± 2.0 1.28 ± 0.17 

7b butoxy 

 

1 0.5 ± 4.9 >20 

7c isobutoxy 

 

1 −3.1 ± 1.7 >20 

7d methyl 

 

1 21.7 ± 2.2 >20 
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1 27.2 ± 5.3 >20 
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1 5.0 ± 5.6 >20 

7g methoxy 

 

1 32.6 ± 6.8 >20 

7h methoxy 
 

1 72.5 ± 6.1 2.86 ± 0.11 

7i methoxy 
 

1 20.3 ± 4.7 >20 1 20.3 ± 4.7 >20
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2.3. Predicting Binding Mode of 4b with 3CLpro 
To explore the interaction mode between small molecule 7a and 3CLpro (PDB code: 

6M2N) [23], we carried out molecular docking by applying AutoDock 4.2 program [31–
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2.3. Predicting Binding Mode of 7a with 3CLpro

To explore the interaction mode between small molecule 7a and 3CLpro (PDB code:
6M2N) [23], we carried out molecular docking by applying AutoDock 4.2 program [31–34].
Figure 3a showed that 7a docked well into the binding pockets S1 and S2 of 3CLpro,
in which the S1, S2 sites play a key role in substrate recognition [35]. As illustrated
in Figure 3b, the indene moiety of compound 7a buried deeply into the hydrophobic
S2 subsite with π-electrons with Arg188 and hydrophobic interaction with Met165; the
3,5-dimethoxybenzamido moiety of compound 7a formed strong H-bonds with Asn142,
Glu166 on S1 subsite, while compounds 4 and 7h escaped from S1 subsite, as shown in
Supplementary Materials Figures S1 and S2.
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3. Materials and Methods
3.1. Chemistry

All chemical reagents are reagent grade and used as purchased. 1H NMR (400 MHz)
spectra were recorded on a Bruker AVIII 400 MHz spectrometer (Bruker, Billerica, MA,
USA). The chemical shifts were reported in parts per million (ppm) using the 2.50 signal
of DMSO (1H NMR) and the 39.52 signal of DMSO (13C NMR) as internal standards. ESI
Mass spectra (MS) were obtained on a SHIMADZU 2020 Liquid Chromatograph Mass
Spectrometer (SHIMADZU, Kyoto, Japan).

3.1.1. General Procedure for the Synthesis of Compounds 7a–7k (Exemplified by 7a)

To a solution of 5a (6.2 mmol, 1.0 equiv) in dry ethanol (25 mL) were added thiourea
(12.4 mmol, 2.0 equiv) and bromine (6.8 mmol, 1.1 equiv) at room temperature. The
reaction solution was stirred at 100 ◦C for 5–6 h, At the end of the reaction, the solvent
was evaporated, and aqueous ammonium hydroxide (25%) was added to the residue. The
precipitated solid was collected without purification for the next step. The mixture of 6a
(2.2 mmol, 1.1 equiv), aromatic acid (2.0 mmol, 1.0 equiv), HATU (2.0 mmol, 1.0 equiv),
and DIPEA (6.0 mmol, 3.0 equiv) in DMF (15 mL) was stirred at room temperature for
2 h. The reaction mixture was quenched with water. The aqueous layer was extracted
with EtOAc (30 mL × 2). The combined organic layers were dried over Na2SO4. The
residue was purified by column chromatography on silica gel (eluting with DCM) to afford
compound 7a as a yellow solid (280.0 mg, yield 37%). 1H NMR (400 MHz, DMSO-d6) δ
12.81 (s, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 2.0 Hz, 2H), 7.22 (d, J = 2.0 Hz, 1H), 6.94 (dd,
J = 8.0, 2.4 Hz, 1H), 6.74 (t, J = 2.0 Hz, 1H), 3.87 (s, 2H), 3.84 (s, 6H), 3.80 (s, 3H) ppm. 13C
NMR (100 MHz, DMSO-d6) δ 164.22, 162.12, 160.52, 157.76, 155.03, 147.98, 133.82, 130.05,
128.39, 118.28, 112.37, 111.83, 105.74, 105.08, 55.60, 55.36, 32.43 ppm. MS (ESI): m/z calcd
for C20H19N2O4S [M + H]+ 383.11, found 383.20.

N-(6-butoxy-8H-indeno[1,2-d]thiazol-2-yl)-3,5-dimethoxybenzamide (7b), eluting with DCM,
yield = 32%; 1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.33
(d, J = 2.4 Hz, 2H), 7.18 (s, 1H), 6.91 (dd, J = 8.4, 2.4 Hz, 1H), 6.73 (d, J = 2.4 Hz, 1H), 3.99 (t,
J = 6.4 Hz, 2H), 3.84 (s, 2H), 3.83 (s, 6H), 1.74–1.67 (m, 2H), 1.49–1.40 (m, 2H), 0.95–0.91 (m, 3H)
ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.25, 162.15, 160.54, 157.20, 155.04, 147.96, 133.85,
129.95, 128.32, 118.29, 112.97, 112.39, 105.76, 105.10, 67.48, 55.62, 32.43, 30.89, 18.84, 13.76 ppm.
MS (ESI): m/z calcd for C23H25N2O4S [M + H]+ 425.15, found 425.10.
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N-(6-isobutoxy-8H-indeno[1,2-d]thiazol-2-yl)-3,5-dimethoxybenzamide (7c), eluting with
DCM, yield = 40%; 1H NMR (400 MHz, DMSO-d6) δ 8.27 (s, 1H), 7.43 (dd, J = 8.4, 3.2 Hz,
1H), 7.36–7.32 (m, 2H), 7.19 (d, J = 2.8 Hz, 1H), 6.92 (dd, J = 8.4, 3.2 Hz, 1H), 6.73 (t,
J = 2.4 Hz, 1H), 3.85 (s, 2H), 3.83 (s, 6H), 3.78 (d, J = 6.4 Hz, 2H), 2.06–2.00 (m, 1H), 0.99 (d,
J = 7.2 Hz, 6H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.25, 162.17, 160.50, 157.26, 154.99,
147.94, 133.86, 129.95, 128.31, 118.26, 112.99, 112.45, 105.74, 105.06, 74.11, 55.59, 32.41, 27.78,
19.11 ppm. MS (ESI): m/z calcd for C23H25N2O4S [M + H]+ 425.15, found 425.20.

3,5-dimethoxy-N-(6-methyl-8H-indeno[1,2-d]thiazol-2-yl)benzamide (7d), eluting with DCM,
yield = 47%; 1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.39 (s,
1H), 7.34 (d, J = 2.4 Hz, 2H), 7.18 (d, J = 7.6 Hz, 1H), 6.74 (t, J = 2.0 Hz, 1H), 3.87 (s, 2H), 3.84 (s,
6H), 2.38 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 164.26, 162.14, 160.50, 155.22, 146.31,
134.42, 134.30, 133.78, 129.84, 127.40, 126.00, 117.56, 105.73, 105.09, 55.58, 32.16, 21.13 ppm. MS
(ESI): m/z calcd for C20H19N2O3S [M + H]+ 367.11, found 366.95.

N-(6-chloro-8H-indeno[1,2-d]thiazol-2-yl)-3,5-dimethoxybenzamide (7e), eluting with DCM,
yield = 39%; 1H NMR (400 MHz, DMSO-d6) δ 12.85 (s, 1H), 7.64 (d, J = 1.6 Hz, 1H), 7.54
(d, J = 8.0 Hz, 1H), 7.42 (dd, J = 8.0, 2.0 Hz, 1H), 7.33 (d, J = 2.0 Hz, 2H), 6.74 (t, J = 2.0 Hz,
1H), 3.94 (s, 2H), 3.84 (s, 6H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.36, 162.60, 160.48,
154.14, 148.13, 135.82, 133.64, 131.60, 129.72, 126.87, 125.43, 118.83, 105.75, 105.13, 55.57,
32.49 ppm. MS (ESI): m/z calcd for C19H16ClN2O3S [M + H]+ 387.06, found 387.15.

3,5-dimethoxy-N-(5-methoxy-8H-indeno[1,2-d]thiazol-2-yl)benzamide (4), eluting with DCM,
yield = 50%; 1H NMR (400 MHz, DMSO-d6) δ 12.80 (s, 1H), 7.44 (d, J = 8.4 Hz, 1H), 7.34 (d,
J = 2.4 Hz, 2H), 7.07 (d, J = 2.4 Hz, 1H), 6.81 (dd, J = 8.4, 2.4 Hz, 1H), 6.73 (t, J = 2.4 Hz, 1H),
3.83 (s, 6H), 3.82 (s, 2H), 3.81 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.32, 162.22,
160.50, 158.81, 138.17, 137.75, 133.77, 132.04, 125.68, 110.29, 105.74, 105.10, 104.65, 103.93, 55.58,
55.20, 31.64 ppm. MS (ESI): m/z calcd for C20H19N2O4S [M + H]+ 383.11, found 383.15.

3,4,5-trimethoxy-N-(6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)benzamide (7f), eluting with
DCM, yield = 44%; 1H NMR (400 MHz, DMSO-d6) δ 12.76 (s, 1H), 7.52 (s, 2H), 7.45 (d,
J = 8.4 Hz, 1H), 7.21 (d, J = 2.4 Hz, 1H), 6.93 (dd, J = 8.4, 2.4 Hz, 1H), 3.89 (s, 6H), 3.86
(s, 2H), 3.80 (s, 3H), 3.75 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 163.94, 162.29,
157.73, 154.98, 152.79, 147.95, 141.00, 130.07, 128.23, 126.73, 118.20, 112.35, 111.81, 105.61,
60.14, 56.11, 55.35, 32.41 ppm. MS (ESI): m/z calcd for C21H21N2O5S [M + H]+ 413.12,
found 413.15.

5-((6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)carbamoyl)-1,3-phenylene diacetate (7g), eluting
with DCM, yield = 25%; 1H NMR (400 MHz, DMSO-d6) δ 12.91 (s, 1H), 7.86 (d, J = 2.0 Hz,
2H), 7.46 (d, J = 8.4 Hz, 1H), 7.33 (t, J = 2.0 Hz, 1H), 7.22 (d, J = 2.0 Hz, 1H), 6.94 (dd, J = 8.4,
2.0 Hz, 1H), 3.88 (s, 2H), 3.80 (s, 3H), 2.33 (s, 6H) ppm. 13C NMR (100 MHz, DMSO-d6) δ
172.06, 169.05, 164.01, 158.37, 157.74, 151.38, 147.94, 134.01, 130.00, 128.36,119.23, 118.29,
113.15, 112.35, 111.83, 55.35, 32.42, 20.86 ppm. MS (ESI): m/z calcd for C22H19N2O6S
[M + H]+ 439.10, found 439.05

3-methoxy-N-(6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)benzamide (7h), eluting with DCM,
yield = 47%; 1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1H), 7.72–7.70 (m, 2H), 7.48–7.44 (m,
2H), 7.22–7.18 (m, 2H), 6.94 (dd, J = 8.0, 2.4 Hz, 1H), 3.88 (s, 2H), 3.86 (s, 3H), 3.80 (s, 3H)
ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.43, 162.14, 159.31, 157.73, 155.00, 147.95, 133.25,
130.05, 129.78, 128.32, 120.45, 119.02, 118.26, 112.58, 112.34, 111.80, 55.41, 55.34, 32.40 ppm.
MS (ESI): m/z calcd for C19H17N2O3S [M + H]+ 353.10, found 353.15.

3-fluoro-N-(6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)benzamide (7i), eluting with DCM,
yield = 34%; 1H NMR (400 MHz, DMSO-d6) δ 12.92 (s, 1H), 8.00–7.94 (m, 2H), 7.65–7.59
(m, 1H), 7.52 (dd, J =8.4, 2.4 Hz, 1H), 7.47 (d, J = 8.0 Hz, 1H), 7.22 (d, J = 2.4 Hz, 1H), 6.94
(dd, J = 8.0, 2.4 Hz, 1H), 3.88 (s, 2H), 3.80 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ
163.43,163.21, 161.90, 160.77, 157.77, 147.93, 134.26, 130.84 (d, J = 8.0 Hz), 129.95, 128.48,
124.36 (d, J = 3.0 Hz), 119.52 (d, J = 21.0 Hz), 118.30, 114.91 (d, J = 23.0 Hz), 112.36, 111.80,
55.34, 32.42 ppm. MS (ESI): m/z calcd for C18H14FN2O2S [M + H]+ 341.08, found 341.05.

N-(6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)thiophene-2-carboxamide (7j), eluting with DCM,
yield = 30%; 1H NMR (400 MHz, DMSO-d6) δ 12.92 (s, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.98 (d,
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J = 4.8 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.27 (t, J = 4.8 Hz, 1H), 7.22 (d, J = 2.4 Hz, 1H), 6.94 (dd,
J = 8.0, 2.4 Hz, 1H), 3.87 (s, 2H), 3.80 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 161.76,
159.35, 157.74, 154.97, 147.91, 137.30, 133.61, 130.69, 129.96, 128.64, 128.29, 118.24, 112.34, 111.78,
55.33, 32.43 ppm. MS (ESI): m/z calcd for C16H13N2O2S2 [M + H]+ 329.04, found 329.10.

4-chloro-N-(6-methoxy-8H-indeno[1,2-d]thiazol-2-yl)benzamide (7k), eluting with DCM,
yield = 38%; 1H NMR (400 MHz, DMSO-d6) δ 12.90 (s, 1H), 8.14 (dt, J = 8.8, 2.0 Hz, 2H),
7.63 (dt, J = 8.4, 2.0 Hz, 2H), 7.47 (d, J = 8.4 Hz, 1H), 7.22 (d, J = 2.0 Hz, 1H), 6.94 (dd, J = 8.4,
2.4 Hz, 1H), 3.88 (s, 2H), 3.80 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 163.77, 162.03,
157.74, 154.90, 147.93, 137.48, 130.82, 130.03, 129.97, 128.73, 128.38, 118.28, 112.34, 111.79,
55.34, 32.41 ppm. MS (ESI): m/z calcd for C18H14ClN2O2S [M + H]+ 357.05, found 356.90.

3.1.2. Procedure for the Synthesis of Compound 7l

To a solution of 5f (528.2 mg, 3.0 mmol) in dry ethanol (10 mL) were added thiourea
(456.7 mg, 6.0 mmol) and bromine (0.2 mL, 3.3 mmol) at room temperature. The reaction
solution was stirred at 100 ◦C for 5–6 h. At the end of the reaction, the solvent was
evaporated and aqueous ammonium hydroxide (25%) was added to the residue. The
precipitated solid 6f was collected without purification for the next step. The mixture of 6f
(255.2 mg, 1.1 mmol), 3,5-dimethoxybenzoic acid (182.1 mg, 1.0 mmol), HATU (380.2 mg,
1.0 mmol), and DIPEA (0.5 mL 3.0 mmol) in DMF (6 mL) was stirred at room temperature
for 2 h. The reaction mixture was quenched with water. The aqueous layer was extracted
with EtOAc (20 mL × 2). The combined organic layers were dried over Na2SO4. The
residue was purified by column chromatography on silica gel (eluting with DCM) to afford
compound 7l (103.0 mg, yield 26%) as a white solid.

1H NMR (400 MHz, DMSO-d6) δ 12.66 (s, 1H), 7.66 (dd, J = 8.4, 2.0 Hz, 1H), 7.32 (t,
J = 2.0 Hz, 2H), 6.88 (s, 1H), 6.85 (dd, J = 8.4, 2.4 Hz, 1H), 6.73 (d, J = 2.4 Hz, 1H), 3.83 (s,
6H), 3.77 (s, 3H), 3.00–2.91 (m, 4H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.31, 160.45,
158.42, 156.44, 143.66, 136.68, 133.90, 124.23, 123.33, 121.55, 114.08, 111.82, 105.75, 105.06,
55.59, 55.09, 28.65, 20.74 ppm. MS (ESI): m/z calcd for C21H21N2O4S [M + H]+ 397.12,
found 396.95.

3.1.3. General Procedure of Synthesis of 10a–10b (Exemplified by 10a)

A mixture of 8a (10.0 mmol, 1.0 equiv), thiourea (20.0 mmol, 2.0 equiv), and iodine
(10.0 mmol, 1.0 equiv) was stirred at 110 ◦C for 10 h. After the reaction was completed,
the residue was triturated with MTBE and adjusted to pH 9–10 with 25% ammonium
hydroxide. The precipitated solid was collected and washed with EtOAc (30 mL × 2) and
NaHCO3 (15 mL × 2) aqueous solution. The separated organic layer dried over Na2SO4
and evaporated to dryness to afford crude product 9a. The mixture of 9a (3.3 mmol, 1.1
equiv), aromatic acid (3.0 mmol, 1.0 equiv), HATU (3.0 mmol, 1.0 equiv), and DIPEA
(9.0 mmol, 3.0 equiv) in DMF (20 mL) was stirred at room temperature for 2 h. Then the
reaction mixture was quenched with water. The aqueous layer was extracted with EtOAc
(30 mL × 2). The combined organic layers were dried over Na2SO4. The residue was puri-
fied by column chromatography on silica gel (eluting with DCM) to afford compound 10a
as a white solid (406.7 mg, yield 35%). 1H NMR (400 MHz, DMSO-d6) δ 12.67 (s, 1H), 7.57
(d, J = 8.4 Hz, 1H), 7.32 (d, J = 2.0 Hz, 2H), 7.21 (s, 1H), 6.86 (d, J = 2.4 Hz, 1H), 6.83 (dd,
J =8.4, 2.8 Hz, 1H), 6.74 (t, J = 2.4 Hz, 1H), 3.83 (s, 6H), 3.77 (s, 3H), 2.43 (s, 3H) ppm. 13C
NMR (100 MHz, DMSO-d6) δ 164.74, 160.45, 158.60, 157.76, 149.01, 136.97, 134.22, 130.74,
127.31, 115.96, 111.22, 110.14, 105.80, 104.90, 55.58, 55.04, 21.26 ppm. MS (ESI): m/z calcd
for C20H21N2O4S [M + H]+ 385.12, found 385.20.

3,5-dimethoxy-N-(4-(4-methoxy-3-methylphenyl)thiazol-2-yl)benzamide (10b), eluting with
DCM, yield = 40%; 1H NMR (400 MHz, DMSO-d6) δ 12.70 (s, 1H), 7.77 (d, J = 2.4 Hz, 1H),
7.75 (s, 1H), 7.49 (s, 1H), 7.33 (d, J = 2.4 Hz, 2H), 6.99 (d, J = 8.8 Hz, 1H), 6.74 (t, J = 2.4 Hz,
1H), 3.84 (s, 6H), 3.82 (s, 3H), 2.20 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 164.59,
160.46, 158.26, 157.15, 149.27, 133.86, 128.07, 126.72, 125.68, 124.62, 110.36, 106.38, 105.79,
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105.09, 55.59, 55.31, 16.21 ppm. MS (ESI): m/z calcd for C20H21N2O4S [M + H]+ 385.12,
found 385.25.

3.2. Molecule Docking

The protease structure, SARS-CoV-2 3CLpro enzyme (PDB code: 6M2N) with 2.2 Å, was
obtained from the the Protein Data Bank at the RCSB site (http://www.rcsb.org (accessed
on 6 March 2022)). The molecule docking used the Lamarckian genetic algorithm local
search method and the semiempirical free energy calculation method in the AutoDock 4.2
program. Additionally, the charge was added by Kollman in AutoDock 4.2, The docking
methold was employed on rigid receptor conformation, all the rotatable torsional bonds of
compound 7a were set free, the size of grid box was set at to 10.4 nm × 12.6 nm × 11.0 nm
points with a 0.0375 nm spacing and grid center (−33.798 −46.566 39.065), and the other
parameters were maintained at their default settings.

3.3. Enzymatic Activity and Inhibition Assays

The enzyme activity and inhibition assays of SARS-CoV-2 3CLpro have been described
previously [20,36]. Briefly, the recombinant SARS-CoV-2 3CLpro (40 nM at a final concentra-
tion) was mixed with each compound in 50 µL of assay buffer (20 mM Tris, pH 7.3, 150 mM
NaCl, 1% Glycerol, 0.01% Tween-20) and incubated for 10 min. The reaction was initiated
by adding the fluorogenic substrate MCA-AVLQSGFRK (DNP) K (GL Biochem, Shanghai,
China), with a final concentration of 40 µM. After that, the fluorescence signal at 320 nm
(excitation)/405 nm (emission) was immediately measured by continuous 10 points for
5 min with an EnVision multimode plate reader (Perkin Elmer, Waltham, MA, USA). The
initial velocity was measured when the protease reaction was proceeding in a linear fash-
ion; plots of fluorescence units versus time were fitted with linear regression to determine
initial velocity. Plots of initial velocity versus inhibitor concentration were fitted using a
four-parameter concentration–response model in GraphPad Prism 8 to calculate the IC50
values. All data are shown as mean ± SD, n = 3 biological replicates.

4. Conclusions

In summary, we synthesized a series of 8H-Indeno[1,2-d]thiazole derivatives and
evaluated their biochemical activities against SARS-CoV-2 3CLpro. Among them, the
representative compound 7a displayed inhibitory activity with an IC50 of 1.28 ± 0.17 µM
against SARS-CoV-2 3CLpro. Molecular docking elucidated that 7a was well-docked into
the binding pockets S1 and S2 of 3CLpro. These preliminary results could provide a possible
opportunity for the development of novel inhibitors against SARS-CoV-2 3CLpro with
optimal potency and improved pharmacological properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27103359/s1, copies of the 1H NMR and 13C NMR
spectra for compounds 4, 7a–7l, 10a–10b and Figure S1. surf representation of the compound 4 (bonds
representation) in the 3CLpro S1 (red), S2 (blue), S1′ (green), S4 (orange) binding pockets, Figure S2.
surf representation of the compound 7h (bonds representation) in the 3CLpro S1 (red), S2 (blue), S1′

(green), S4 (orange) binding pockets.
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Świątkowski, M. Synthesis and

Luminescent Properties of s-Tetrazine

Derivatives Conjugated with the

4H-1,2,4-Triazole Ring. Molecules

2022, 27, 3642. https://doi.org/

10.3390/molecules27113642

Academic Editor: Joseph Sloop

Received: 11 May 2022

Accepted: 2 June 2022

Published: 6 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Synthesis and Luminescent Properties of s-Tetrazine
Derivatives Conjugated with the 4H-1,2,4-Triazole Ring
Anna Maj 1, Agnieszka Kudelko 1,* and Marcin Świątkowski 2
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Abstract: New derivatives obtained by the combination of unique 1,2,4,5-tetrazine and 4H-1,2,4-
triazole rings have great application potential in many fields. Therefore, two synthetic few-step
methodologies, which make use of commercially available 4-cyanobenzoic acid (method A) and ethyl
diazoacetate (method B), were applied to produce two groups of the aforementioned heterocyclic
conjugates. In both cases, the target compounds were obtained in various combinations, by introduc-
ing electron-donating or electron-withdrawing substituents into the terminal rings, together with
aromatic or aliphatic substituents on the triazole nitrogen atom. Synthesis of such designed systems
made it possible to analyze the influence of individual elements of the structure on the reaction course,
as well as the absorption and emission properties. The structure of all products was confirmed by
conventional spectroscopic methods, and their luminescent properties were also determined.

Keywords: s-tetrazine; 4H-1,2,4-triazole; pinner reaction

1. Introduction

Over the years, scientists from around the world have been keen to study heterocyclic
organic compounds, and nitrogen-rich systems have proven to be particularly valuable.
One of the most interesting areas of this research is the synthesis and properties of 1,2,4,5-
tetrazine derivatives (s-tetrazine). This unique ring contains four nitrogen atoms, which
is the maximum content in a stable six-membered system. This specific structure has
attracted scientists’ attention as an important candidate for high energy density materials
(HEDMs, A, Scheme 1), as its thermal decomposition leads to ring opening and the release
of a nitrogen molecule [1–3]. The high nitrogen content has also encouraged research
into its biological activity (B, Scheme 1), which has resulted in compounds that have
anti-tubercular, anti-cancer, or anti-malarial effects [4–6]. Moreover, its high reactivity in
Diels–Alder reactions with inverse electron demand determines its application potential
in bioorthogonal chemistry (C, Scheme 1) [7–10]. Important features of the s-tetrazine
ring are its low-energy n→π electronic transitions, which are especially valuable from the
point of view of optoelectronics (Scheme 1). It can be used in the production of organic
light-emitting diodes (OLEDs), organic field-effect transistors (OFETs), and solar cells. Due
to the high electronegativity of nitrogen, the ring in question is also characterized by a high
electron deficit, and thus a high electron affinity. Consequently, it is also a promising
building block in ambipolar and n-type materials [11,12].

The five-membered compound, which, like s-tetrazine, shows high nitrogen content,
is 4H-1,2,4-triazole. In this case, too, the presence of nitrogen is associated with a high
affinity toward biological macromolecules, which results in biological activity, such as
the possession of antiviral, anti-migraine, antifungal, anti-cancer, or psychotropic prop-
erties, and various commercially available products incorporate 4H-1,2,4-triazole rings
(E, Scheme 1) [13–16]. Another consequence of the nitrogen atoms is the aforementioned
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change in the electron density distribution, and the associated ability to transport electrons,
making it an acceptor unit (F, Scheme 1). Therefore, 4H-1,2,4-triazole derivatives are often
used in the production of blue OLEDs [17–20].

Scheme 1. Derivatives of the title heterocycles with great application potential [3,4,7,12,13,17].

Many synthetic methods can be found in the literature for both s-tetrazine and 4H-1,2,4-
triazole derivatives. The five-membered heterocycle is usually obtained from acyclic com-
pounds such as N,N’-diacylhydrazines, N-cyanoguanidine, isothiocyanates, hydrazides,
aminoethylidenehydrazones, aldehydes, and semicarbazides [21]. For the six-membered
s-tetrazine system, the Pinner method is the most popular: cyclization, supported by an
activating agent, occurs as a result of the reaction of carbonitriles with hydrazine hydrate.
The product of this transformation is the corresponding dihydro derivative that requires
oxidation to give the desired ring [22,23]. This approach is distinguished by a wide range of
substrates, but also the ability to synthesize both symmetrical and unsymmetrical products.
Our research to date proves that, among its other uses, it is perfect for the preparation of
complex conjugated systems that contain additional five-membered rings. In recent years,
we have successfully synthesized s-tetrazine conjugated via a 1,4-phenylene linker with
a range of 1,3,4-oxadiazoles, 1,3,4-thiadiazoles and 4H-1,2,4-triazoles; however, in the latter
case, we have so far only obtained symmetrical systems [24–26]. In a continuation of our
research, we decided to use the Pinner method to prepare unsymmetrical ones. Moreover,
encouraged by the improvement in the luminescent properties after the introduction of
the 4H-1,2,4-triazole ring, we found that the directly connected heterocycles could be the
basis of very promising products. Therefore, we focused on modifying the methodology
used to prepare analogous compounds containing 1,3,4-oxadiazole and 1,3,4-thiadiazole,
so as to introduce the triazole ring instead [27]. This study was planned to make it possible
not only to obtain new, unknown compounds, but also to analyze the influence of their
structure on their absorption and emission properties.
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2. Results
2.1. Synthesis

As already mentioned in previous studies, we obtained a series of symmetric s-tetrazine
derivatives conjugated via a 1,4-phenylene linker with a 4H-1,2,4-triazole ring. For this
purpose, it was necessary to prepare appropriate precursors for the Pinner reaction, i.e.,
carbonitriles containing a five-membered ring (Scheme 2, 6a–h). Initially, from the com-
mercially available 4-cyanobenzoic acid (1), we obtained the hydrazide (2) in a two-step
reaction sequence. The original assumption was to treat it with acid chlorides (3a–d) in
order to obtain diacyl derivatives (4a–d), and then convert them into the corresponding
imidoyl chlorides (5a–d), which, under the influence of amines, would be cyclized to the
assumed products (6a–h). This approach, however, turned out to be very troublesome due
to the formation of the undesirable products 7a–d. This prompted us to change the reaction
path by synthesizing other imidoyl chlorides (8a–h) from the corresponding amides. These
intermediates were treated with hydrazide (3), resulting in the target precursors (6a–h) in
satisfactory yields [26].

Scheme 2. Synthesis of precursors containing a 4H-1,2,4-triazole ring (6a–h) [26].

The presence of the carbonitrile moiety allows the formation of a second heterocycle,
which is s-tetrazine. Under the conditions of the Pinner method, the treatment of the
precursors 6a–h with hydrazine hydrate, in the presence of an activating agent, leads to
the formation of unoxidized derivatives of the assumed products 9a–l. One of the popular
activating agents is sulfur, with the help of which we have successfully obtained symmet-
rical s-tetrazine derivatives connected via a 1,4-phenylene linker with a 4H-1,2,4-triazole
ring, and extended systems containing 1,3,4-oxadiazole and 1,3,4-thiadiazole cores [24–26].
Therefore, we also began to research the synthesis of unsymmetrical compounds with
the use of this methodology, which allowed us to obtain the product 10a with a yield of
42% (Entry 1, Table 1). In connection with literature reports on the possibility of improv-
ing this yield with the use of zinc catalysts [28,29], we attempted to repeat the described
transformation with its participation and, as a result, the yield increased to 56% (Entry 2,
Table 1). An analogous test was performed for derivatives containing an aliphatic chain
attached to the triazole nitrogen atom, instead of an aromatic ring (10g). Again, the yield
improved from 35% to 50% (Entries 8 and 9, Table 1). These results were an important
reason to modify the previously used procedure. Such a modified approach resulted
in obtaining a series of unsymmetrical systems containing both electron-donating and
electron-withdrawing substituents in the terminal ring. Traces of two symmetrical products
were also detected. As in the previous studies, the oxidation was carried out with hydrogen
peroxide (Scheme 3).
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Table 1. The yield of the reaction for the preparation of s-tetrazine derivatives conjugated via
a 1,4-phenylene linker with a 4H-1,2,4-triazole ring (10a–l).

Entry Product R1 R3 R2 Activating
Agent

Yield
[%]

1 10a H OCH3 Ph S 42
2 Zn(CF3SO3)2 56
3 10b H t-Bu Ph Zn(CF3SO3)2 52
4 10c H NO2 Ph Zn(CF3SO3)2 49
5 10d OCH3 t-Bu Ph Zn(CF3SO3)2 56
6 10e OCH3 NO2 Ph Zn(CF3SO3)2 54
7 10f t-Bu NO2 Ph Zn(CF3SO3)2 52
8 10g H OCH3 n-Bu

S 35
9 Zn(CF3SO3)2 50

10 10h H t-Bu n-Bu Zn(CF3SO3)2 47
11 10i H NO2 n-Bu Zn(CF3SO3)2 45
12 10j OCH3 t-Bu n-Bu Zn(CF3SO3)2 51
13 10k OCH3 NO2 n-Bu Zn(CF3SO3)2 48
14 10l t-Bu NO2 n-Bu Zn(CF3SO3)2 47

Scheme 3. Synthesis of s-tetrazine derivatives conjugated via a 1,4-phenylene linker with a 4H-1,2,4-
triazole ring (10a–l). Reaction conditions: step 1: two precursors (6a–h, 0.5 mmol of each compound),
activating agent (zinc trifluoromethanesulfonate (0.009 g, 5 mol%) or sulfur (0.02 g, 125 mol%),
ethanol (25 mL), hydrazine hydrate (hydrazine 64%,0.1 mL), reflux 12 h; step 2: methanol (10 mL),
hydrogen peroxide (solution 34.5–36.5%,11 mL), rt, 24 h.

The next step was the synthesis of products in which s-tetrazine is directly linked
to the 4H-1,2,4-triazole ring. As part of our previous research, we had already obtained
similar compounds containing 1,3,4-oxadiazole and 1,3,4-thiadiazole, but their synthesis
required the use of microwave irradiation [27]. The methodology was based on the use of
commercially available ethyl diazoacetate (11), which was transformed into a dihydrazide
(12) in a sequence of several transformations (Scheme 4). The product was then treated with
acid chlorides to prepare bisdiacyl derivatives (13). In this case, too, we intended to convert
these compounds into imidoyl chlorides (14), which could then be cyclized to triazoles
(15a) under the influence of amines. However, the high reactivity of such derivatives
again caused serious difficulties. Despite the maximum shortening of the reaction times,
which had a beneficial effect in previous studies, the observed undesirable derivatives of
1,3,4-oxadiazole (16) were predominantly formed. Additionally, isolation of the desired
product from the reaction mixture was extremely problematic and, as a result, only traces
of the target compound were obtained.
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Scheme 4. An attempt to synthesize s-tetrazine derivatives directly conjugated to the 4H-1,2,4-
triazole ring.

Based on the experience of obtaining triazole precursors for the Pinner reaction, where
we encountered a similar problem, we decided to use an alternative methodology. For
this purpose, the dihydrazide 12 was reacted with a range of imidoyl chlorides (8a–h)
previously obtained from amides (Scheme 5). This approach was effective for both systems
containing an aromatic ring (15a–d) and an aliphatic chain (15e–h) on the triazole nitrogen
atom. In addition, derivatives containing both electron-donating and electron-withdrawing
moieties attached to a terminal aromatic ring were obtained. Compared to the unsubstituted
products, the electron-withdrawing nitro group showed a decreased yield (Entries 4 and 8,
Table 2), while for the electron-donating groups (methoxy and tert-butyl) the yield was
increased (Entries 2, 3, 6, 7, Table 2). The presence of an aliphatic chain also had a beneficial
effect on the reaction yield (Entries 5–8, Table 2).

Scheme 5. Synthesis of s-tetrazine derivatives directly conjugated to the 4H-1,2,4-triazole ring (15a–h).
Reaction conditions: 1,2,4,5-tetrazine-3,6-dicarbohydrazide (12, 0.50 g, 2.5 mmol), imidoyl chloride
(8a–h, 5.5 mmol), chloroform (20 mL), reflux, 24 h.
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Table 2. The yield of the reaction for the preparation of s-tetrazine derivatives directly conjugated to
the 4H-1,2,4-triazole ring (15a–h).

Entry Product R1 R2 Yield [%]

1 15a H Ph 45
2 15b OCH3 Ph 68
3 15c t-Bu Ph 59
4 15d NO2 Ph 40
5 15e H n-Bu 56
6 15f OCH3 n-Bu 78
7 15g t-Bu n-Bu 73
8 15h NO2 n-Bu 42

The structure of all the obtained intermediates and final products was confirmed by
1H- and 13C-NMR spectroscopy. Both in the case of systems containing a 1,4-phenylene
linker, and with directly conjugated heterocycles, the 13C-NMR spectra were the most
characteristic. The presence of the 4H-1,2,4-triazole ring was confirmed by signals above
140 ppm, and the presence of the s-tetrazine ring by signals above 160 ppm. The intro-
duction of individual groups to the terminal aromatic ring conditioned the appearance of
specific signals for the benzene carbon attached to them: above 160 ppm for the methoxy
group, above 150 ppm for the tert-butyl group, and above 140 ppm for the nitro group.
The lowest shifts corresponded to the carbon atoms of the aliphatic chain (13–45 ppm),
the methoxy group (about 55 ppm), and the tert-butyl group (30–35 ppm). The 1H-NMR
spectra mainly included aromatic signals. Additionally, the protons of the aliphatic chain
(butyl) gave a series of signals in the range of 0.6–4.5 ppm, the methoxy group a peak
around 3.8 ppm, and the tert-butyl group a peak around 1.3 ppm.

2.2. Luminescent Properties

UV-Vis and 3D fluorescence spectra were registered for compounds 10a–l and 15a–h
(Figures S40–S64, Supplementary Materials). The fluorescence was completely quenched in
the case of 15d and 15h, due to the presence of two NO2 groups in their structure. The rest of
the compounds exhibited a maximum of one emission. The range of emission wavelengths
is 375–412 nm for the 10a–l series (Entries 1–12, Table 3) and 353–375 nm for the 15a–h series
(Entries 13–20, Table 3). It shows that the separation of fluorophore moieties by phenyl ring
leads to a bathochromic shift of fluorescence. In the tetrazine and triazole derivatives, the
n→π* transitions are a source of fluorescence [30–33]. The location of emission maximum
(excitation wavelength—λex and emission wavelength—λem) is dependent on substituents
R1, R2, and R3, which indicates that both tetrazine and triazole rings are involved in the
orbitals from which the excitation occurs. The influence of substituents on λex and λem is the
same as in previously reported symmetrically substituted analogs of the 10a–l series [26].
The R2 affects the λex, whereas R1 and R3 affect the λem. The Ph substituent as R2 induces
the bathochromic shift of λex (Entries 1–6 and 13–16, Table 3) in comparison to n-Bu (Entries
7–12 and 17–20, Table 3, red color vs. blue color in Figure S65). In the case of the 15a–h series,
which consists of the symmetrically substituted compounds, the λem increases together with
the rising electron-donating strength of R1 (H < t-Bu < OCH3), which is typical for tetrazine
derivatives [34,35]. A partially similar relationship is observed in the unsymmetrically
substituted 10a–l series. Taking into account compounds with the same substituent as
one of R1/R3, e.g., NO2, the λem shifts bathochromically in line with the electron-donating
properties of the second R1/R3 substituent, i.e., H < t-Bu < OCH3. However, there are some
exceptions to that rule in this series because, compared to compounds containing OCH3/
t-Bu and OCH3/NO2 substituents (10d vs. 10e and 10j vs. 10k, Entries 4, 5, 10 and 11,
Table 3), those with NO2 (which is an electron-withdrawing group) unexpectedly possess
a larger λem. This shows that the changes in the electron density distribution induced by
different substituents in unsymmetrically substituted compounds are difficult to predict,
thus inferring their absorption-emission properties based only on a molecular structure can
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be misleading. The quantum yield (Φ) is directly related to the fluorescence intensity for the
studied compounds (Figure S66). Generally, the compounds with Ph as R2 exhibit higher
Φs than those with n-Bu, which is in agreement with previous findings [26]. However, most
of the studied compounds are not efficient fluorescent materials, because their Φs do not
exceed 0.3 (Table 3). The relatively favorable conjugation occurs only for three compounds,
i.e., 10a, 10b, and 10d. It shows that the direct coupling of tetrazine and triazole rings, as
well as n-Bu as R2 and NO2 as R1/R3, decreases the population of fluorescent transitions.

Table 3. Spectroscopic data for the studied s-tetrazine derivatives. λabs—wavelength of absorption max-
imum directly preceding λem. λex and λem—excitation and emission wavelength at global fluorescence
maximum. Stokes shift was calculated as λem − λabs. UV-Vis absorption and 3D fluorescence spectra
were registered in dichloromethane solutions (c = 5 × 10−6 mol/dm3). The quantum yields Φ were
determined according to the method described by Brouwer [36] by comparison with two standards:
quinine sulphate (qn-SO4

2−) [37] and trans,trans-1,4-diphenyl-1,3-butadiene (dpb) [38].

Entry Compound λabs
(nm)

ε λex
(nm)

λem
(nm)

Stokes Shift
(nm)

Φ

(mol−1 dm3 cm−1) qn-SO4
2− dpb

1 10a 283 43,774 295 386 103 0.50 0.49
2 10b 284 43,560 300 382 98 0.70 0.69
3 10c 293 50,920 294 375 82 0.24 0.24
4 10d 287 41,880 302 391 104 0.67 0.66
5 10e 303 48,280 303 409 106 0.14 0.14
6 10f 292 44,760 299 384 92 0.29 0.28
7 10g 242 32,860 288 399 157 0.19 0.19
8 10h 232 32,680 291 378 146 0.20 0.20
9 10i 236 21,760 291 375 139 0.04 0.04

10 10j 253 38,120 288 396 143 0.05 0.05
11 10k 257 32,260 304 412 155 0.03 0.03
12 10l 239 36,940 296 386 147 0.22 0.21
13 15a 278 30,180 297 354 76 0.26 0.26
14 15b 256 36,160 309 375 119 0.26 0.25
15 15c 276 32,600 298 362 86 0.30 0.29
16 15d 298 31,300 - - - - -
17 15e 257 27,900 270 353 96 0.07 0.07
18 15f 253 37,100 284 373 120 0.21 0.20
19 15g 259 15,100 283 361 102 0.11 0.10
20 15h 269 12,800 - - - - -

Summarizing the current and previous research on s-tetrazine derivatives in terms of their
Φs, it can be stated that they are moderately efficient fluorescent materials. Most of the investi-
gated tetrazine derivatives exhibit Φ no higher than 0.60, but there are some examples, which
achieve Φ close to 1, which shows their great potential to use as functional materials, e.g., in op-
toelectronic applications. In the case of s-tetrazines conjugated via phenylene linkers with dif-
ferent 5-membered rings (Scheme 6, Table 4), the Φ changes approximately according to the fol-
lowing order, Triazole (R2 = n-Bu) < Oxadiazole ≤ Thiadiazole < Triazole (R2 = Ph). On the
other hand, the analogical order for s-tetrazines directly conjugated with the same 5-membered
rings is as follows, Triazole (R2 = n-Bu) < Triazole (R2 = Ph) < Oxadiazole < Thiadiazole
(Scheme 7, Table 5). The greatest similarities are between oxadiazoles and thiadiazoles
bearing s-tetrazine, due to small structural changes resulting from the replacement of
oxygen with sulfur (atoms with similar electronic properties). Notably, the separation of
tetrazine rings and triazole rings via phenylene linkers is more favorable for the fluores-
cence efficiency than the direct conjugation of them. This is in agreement with the study on
the nature of the absorption–emission properties of tetrazine derivatives, which revealed
that fluorescence is dependent on the character of HOMO and HOMO-1 orbitals [34]. Fluo-
rescence occurs when the orbital involved in the excitation has a nonbonding n character,
but if it is π orbital, the fluorescence is quenched. In this research, it was found that tetrazine
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derivatives directly conjugated with heteroatomic rings did not exhibit fluorescence, while
diphenyl s-tetrazine was reported to be weakly fluorescent [34,39]. It showed that the
conjugation with phenyl rings allows for the retention of the nonbonding n character of
the excited orbitals, whereas the direct conjugation with heteroatomic rings changes its
character to the π one.

Scheme 6. Structure of s-tetrazine derivatives conjugated via phenylene linkers with oxadiazole,
thiadiazole, and triazole rings.

Table 4. Comparison of the quantum yields of s-tetrazine derivatives conjugated via phenylene
linkers with oxadiazole [24], thiadiazole [25], and triazole rings (symmetrically substituted from [26],
and unsymmetrically substituted from current work).

Entry R1 R3 Oxadiazole Thiadiazole Triazole
R2 = Ph

Triazole
R2 = n-Bu

1 H H 0.09 0.46 0.69 0.59
2 OCH3 OCH3 0.39 0.60 >0.98 0.49
3 t-Bu t-Bu 0.43 0.58 0.33 0.51
4 NO2 NO2 0.09 0.14 0.02 0.02
5 H OCH3 0.41 0.44 0.50 0.19
6 H t-Bu 0.51 0.40 0.70 0.20
7 H NO2 0.57 0.26 0.24 0.04
8 OCH3 t-Bu 0.54 0.53 0.67 0.05
9 OCH3 NO2 0.39 0.38 0.14 0.03

10 t-Bu NO2 0.05 0.26 0.29 0.22

Scheme 7. Structure of s-tetrazine derivatives directly conjugated with oxadiazole, thiadiazole, and
triazole rings.
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Table 5. Comparison of the quantum yields of s-tetrazine derivatives directly conjugated with
oxadiazole [27], thiadiazole [27], and triazole rings (current work).

Entry R1 Oxadiazole Thiadiazole Triazole
R2 = Ph

Triazole
R2 = n-Bu

1 H 0.10 0.74 0.26 0.07
2 OCH3 >0.98 >0.98 0.26 0.21
3 t-Bu * * 0.30 0.11
4 NO2 0.08 0.50 - -

* compound was not synthesized.

3. Experimental Section
3.1. General Information

All reagents were purchased from commercial sources and used without further
purification. Melting points were measured on a Stuart SMP3 melting point apparatus
(Staffordshire, UK). NMR spectra were recorded at 25 ◦C on an Agilent 400-NMR spec-
trometer (Agilent Technologies, Waldbronn, Germany) at 400 MHz for 1H and 100 MHz
for 13C, using CDCl3 or DMSO as the solvent and TMS as the internal standard. UV-
Vis absorption and 3D fluorescence spectra were registered in dichloromethane solutions
(c = 5 × 10−6 mol/dm3) with Jasco V-660 (Jasco Corporation, Tokyo, Japan) and Jasco F-
6300 (Jasco Corporation, Tokyo, Japan) spectrometers, respectively. FT-IR spectra were
measured between 4000 and 650 cm−1 on an FT-IR Nicolet 6700 apparatus (Thermo Fischer
Scientific, Wesel, Germany) with a Smart iTR accessory. Elemental analyses were performed
with a VarioELanalyser (Elementar UK Ltd., Stockport, UK). High-resolution mass spectra
were obtained by means of a Waters ACQUITY UPLC/Xevo G2QT instrument (Waters
Corporation, Milford, MA, USA). Thin-layer chromatography was performed on silica gel
60 F254 (Merck, Merck KGaA, Darmstadt, Germany) thin-layer chromatography plates
using chloroform, chloroform/ethyl acetate (1:1 v/v), or chloroform/ethyl acetate (5:1 v/v)
as the mobile phases.

3.2. Synthesis and Characterization

Compounds 6, 8 and 12 were synthesized according to the literature [26,27].

3.2.1. Synthesis of s-Tetrazine Derivatives Coupled via a 1,4-Phenylene Linkage with
a 4H-1,2,4-Triazole Ring (10a–l)

Two of substrates (6a–h, 0.5 mmol of each compound) and zinc trifluoromethane-
sulfonate (0.009 g, 5 mol%) were suspended in ethanol (25 mL) and hydrazine hydrate
(hydrazine 64%, 0.1 mL) was added dropwise. It was heated under reflux for 12 h, then
filtered and evaporated on a rotary evaporator. The obtained crude intermediate (9a–l)
was dissolved in methanol (10 mL), hydrogen peroxide was added (hydrogen peroxide
solution 34.5−36.5%, 11 mL), and it was stirred at room temperature for 24 h. The resulting
mixture was filtered and concentrated on a rotary evaporator. The crude product (10a–l)
was purified by column chromatography using chloroform/ethyl acetate (1:1 v/v) as the
mobile phases.

3-(4-(4,5-Diphenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(5-(4-methoxyphenyl)-4-phenyl-4H-
1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10a)

The product was obtained as yellow powder (0.20 g, 56%); m.p. 187–188 ◦C. UV
(CH2Cl2) λmax (log ε) 257 (4.76), 283 (4.64) nm; IR (ATR) νmax 3064, 2947, 2232, 2187, 2141,
2129, 2098, 1696, 1683, 1609, 1565, 1533, 1494, 1472, 1445, 1256, 1179, 1077, 1019, 991, 972, 932,
848, 790, 772, 751, 730, 713, 699, 678 cm–1; 1H-NMR (400 MHz, CDCl3): δ 3.79 (s, 3H, OCH3),
6.81 (d, 2H, J = 8.0 Hz, Ar), 7.17–7.21 (m, 2H, Ar), 7.30–7.38 (m, 7H, Ar), 7.52–7.58 (m, 12H,
Ar), 7.76 (d, 2H, J = 12.0 Hz, Ar), 8.11 (d, 2H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3):
δ 55.3, 113.4, 114.1, 117.6, 117.7, 118.1 126.2, 127.7, 127.7, 128.6, 128.8, 129.0, 129.9, 130.1,
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130.2, 130.3, 130.3, 130.4, 130.4, 131.1, 132.2, 123.5, 134.2, 134.7, 152.7, 153.0, 155.3, 155.5,
161.0, 169.2, 171.1. Anal. calc. for C43H30N10O: C, 73.49; H, 4.30; N, 19.93. Found: C, 73. 46;
H, 4.32; N, 19.91; HRMS (ESI): m/z calcd for C43H30N10O + H+: 703.2682; found: 703.2684.

3-(4-(5-(4-(tert-Butyl)phenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4,5-diphenyl-
4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10b)

The product was obtained as pink powder (0.19 g, 52%); m.p. 174–175 ◦C. UV (CH2Cl2)
λmax (log ε) 284 (4.64) nm; IR (ATR) νmax 3062, 2964, 2868, 2232, 2167, 2155, 2028, 2007,
1966, 1695, 1610, 1527, 1494, 1473, 1435, 1362, 1305, 1269, 1201, 1181, 1156, 1108, 1078, 1019,
973, 932, 850, 837, 790, 773, 749, 730, 699 cm–1; 1H-NMR (400 MHz, CDCl3): δ 1.28 (s, 9H,
C(CH3)3), 7.18 (t, 2H, J = 8.0 Hz, Ar), 7.29–7.39 (m, 9H, Ar), 7.48–7.57 (m, 14H, Ar), 7.78
(d, 2H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 31.1, 34.8, 113.2, 113.3, 118.1, 118.1,
123.4, 125.5, 126.2, 127.6, 127.7, 128.3, 128.5, 128.8, 128.9, 129.0, 129.0, 130.0, 130.2, 130.2,
131.3, 132.2, 132.4, 134.7, 134.9, 152.9, 153.0, 153.3, 155.5, 155.5, 166.7, 167.6. Anal. calc. for
C46H36N10: C, 75.80; H, 4.98; N, 19.22. Found: C, 75.81; H, 4.99; N, 19.20; HRMS (ESI): m/z
calcd for C46H36N10 + H+: 729.3203; found: 729.3202.

3-(4-(4,5-Diphenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(5-(4-nitrophenyl)-4-phenyl-4H-
1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10c)

The product was obtained as yellow powder (0.18 g, 49%); m.p. 199–200 ◦C. UV
(CH2Cl2) λmax (log ε) 293 (4.71) nm; IR (ATR) νmax 3053, 2232, 2172, 2142, 2129, 2003, 1965,
1698, 1608, 1550, 1515, 1494, 1468, 1446, 1428, 1406, 1337, 1317, 1277, 1202, 1181, 1152, 1108,
1078, 1018, 1002, 973, 933, 848, 790, 773, 760, 739, 713, 698, 685 cm–1; 1H-NMR (400 MHz,
CDCl3): δ 7.22 (d, 2H, J = 8.0 Hz, Ar), 7.54–7.63 (m, 21H, Ar), 7.88 (d, 2H, J = 8.0 Hz, Ar),
8.16 (d, 2H, J= 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 113.3, 113.8, 117.9, 118.1, 123.8,
126.4, 127.5, 127.7, 128.1, 128.5, 128.8, 129.0 129.0, 129.4, 130.1, 130.2, 130.4, 130.8, 131.3, 132.2,
132.3, 134.2, 134.8, 148.4, 153.0, 153.5, 153.8, 155.5, 163.6, 164.0. Anal. calc. for C42H27N11O2:
C, 70.28; H, 3.79; N, 21.47. Found: C, 70.25; H, 3.77; N, 21.45; HRMS (ESI): m/z calcd for
C42H27N11O2 + H+: 718.2427; found: 718.2425.

3-(4-(5-(4-(tert-Butyl)phenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(5-(4-
methoxyphenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10d)

The product was obtained as pink powder (0.21 g, 56%); m.p. 159–160 ◦C. UV (CH2Cl2)
λmax (log ε) 238 (4.56), 287 (4,62) nm; IR (ATR) νmax 3060, 2966, 2268, 2232, 2172, 2140, 2032,
2003, 1972, 1948, 1911, 1690, 1609, 1565,1531, 1496, 1475, 1459, 1434, 1362, 1305, 1254,
1200, 1175, 1156, 1099, 1076, 1020, 992, 972, 920, 851, 837, 789, 774, 749, 737, 714, 699 cm–1;
1H-NMR (400 MHz, CDCl3): δ 1.28 (s, 9H, C(CH3)3), 3.79 (s, 3H, OCH3), 6.80 (d, 2H,
J = 8.0 Hz, Ar), 7.17 (m, 4H, Ar), 7.29–735 (m, 6H, Ar), 7.49–7.58 (m, 14H, Ar); 13C-NMR
(100 MHz, CDCl3): δ 31.1, 34.8, 55.3, 113.2, 114.0, 118.1, 118.6, 120.2, 123.3, 125.5, 125.7, 127.7,
127.7, 128.3, 129.0, 129.9, 130.2, 130.2, 130.4, 131.3, 132.2, 132.4, 132.5, 132.9, 134.9, 152.9,
153.3, 154.6, 155.4, 155.5, 160.9, 164.0, 154.8. Anal. calc. for C47H38N10O: C, 74.39; H, 5.05;
N, 18.46. Found: C, 74.38; H, 5.07; N, 18.44; HRMS (ESI): m/z calcd for C47H38N10O + H+:
759.3308; found: 759.3309.

3-(4-(5-(4-Methoxyphenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(5-(4-nitrophenyl)-
4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10e)

The product was obtained as orange powder (0.20 g, 54%); m.p. 189–190 ◦C. UV
(CH2Cl2) λmax (log ε) 303 (4.68) nm; IR (ATR) νmax 3073, 2957, 2228, 2175, 2138, 2030, 2014,
1978, 1960, 1697, 1684, 1607, 1577, 1515, 1493, 1472, 1434, 1407, 1337, 1316, 1288, 1253,
1178, 1108, 1068, 1021, 992, 972, 848, 834, 784, 771, 752, 741, 698 cm–1; 1H-NMR (400 MHz,
DMSO-d6): δ 3.75 (s, 3H, OCH3), 6.92 (d, 2H, J = 8.0 Hz, Ar), 7.33 (d, 2H, J = 12.0 Hz, Ar),
7.47–7.59 (m, 10H, Ar), 7.67 (d, 4H, J = 8.0 Hz, Ar), 7.88 (d, 4H, J = 8.0 Hz, Ar), 8.23 (d,
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4H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, DMSO-d6): δ 55.2, 112.4, 113.95, 116.5, 118.1,
118.8, 123.7, 127.6, 128.1, 128.9, 129.1, 129.5, 129.7, 129.9, 130.0, 130.2, 130.4, 131.0, 131.5,
132.4, 132.5, 133.9, 134.6, 147.9, 152.6, 153.2, 153.6, 154.7, 160.3, 161.2, 163.3. Anal. calc. for
C43H29N11O3: C, 69.07; H, 3.91; N, 20.60. Found: C, 69.09; H, 3.94; N, 20.58; HRMS (ESI):
m/z calcd for C43H29N11O3 + H+: 748.2533; found: 748.2531.

3-(4-(5-(4-(tert-Butyl)phenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(5-(4-
nitrophenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10f)

The product was obtained as orange powder (0.20 g, 52%); m.p. 124–125 ◦C. UV
(CH2Cl2) λmax (log ε) 292 (4.65) nm; IR (ATR) νmax 3062, 2962, 2229, 2159, 2136, 2127, 2099,
2028, 1989, 1974, 1966, 1700, 1608, 1523, 1498, 1476, 1433, 1407, 1338, 1268, 1200, 1156, 1109,
1075, 1019, 972, 842, 787, 771, 752, 739, 729, 698 cm–1; 1H-NMR (400 MHz, CDCl3): δ 1.28 (s,
9H, C(CH3)3), 7.23 (d, 4H, J = 8.0 Hz, Ar), 7.32 (d, 2H, J = 8.0 Hz, Ar), 7.37 (d, 2H, J = 8.0 Hz,
Ar), 7.48–7.64 (m, 16H, Ar), 8.16 (d, 2H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ
31.1, 34.9, 113.6, 113.8, 117.9, 118.0, 122.2, 123.8, 125.7, 127.5, 127.8, 128.6, 129.1, 129.2, 129.4,
130.5, 130.5, 130.6, 130.8, 130.9, 132.2, 132.3, 134.2, 134.3, 148.5, 152.9, 153.5, 153.8, 154.0,
155.2, 164.6, 166.0. Anal. calc. for C46H35N11O2: C, 71.40; H, 4.56; N, 19.91. Found: C, 71.42;
H, 4.54; N, 19.90; HRMS (ESI): m/z calcd for C46H35N11O2 + H+: 774.3054; found: 774.3056.

3-(4-(4-Butyl-5-(4-methoxyphenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-phenyl-
4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10g)

The product was obtained as orange powder (0.16 g, 52%); m.p. 173–174 ◦C. UV
(CH2Cl2) λmax (log ε) 242 (4.52) nm; IR (ATR) νmax 3103, 3075, 3053, 2329, 2231, 2175, 2138,
1945, 1695, 1682, 1607, 1566, 1504, 1403, 1317, 1294, 1243, 1176, 1130, 1112, 1052, 1024, 990,
869, 856, 844, 769, 751, 676 cm–1; 1H-NMR (400 MHz, CDCl3): δ 0.63–0.67 (m, 6H, CH3),
0.91–0.93 (m, 4H CH2), 1.36–1.43 (m, 4H, CH2), 3.87 (s, 3H, OCH3), 3.93–3.96 (m, 4H, CH2),
7.13 (d, 2H, J = 8.0 Hz, Ar), 7.73–7.78 (m, 9H, Ar), 7.90 (d, 2H, J = 8.0 Hz, Ar), 7.97–8.01 (m,
4H, Ar); 13C-NMR (100 MHz, CDCl3): δ 14.2, 14.3, 22.7, 22.8, 29.9, 30.4, 47.6, 47.6, 55.7, 113.7,
114.1, 117.7, 117.8, 128.2, 129.5, 129.7, 130.0, 130.2, 130.4, 131.7, 131.9, 132.3, 133.1, 134.3,
151.9, 152.1, 154.6, 155.4, 162.2, 164.1, 165.1. Anal. calc. for C39H38N10O: C, 70.67; H, 5.78;
N, 21.13. Found: C, 70.69; H, 5.75; N, 21.11; HRMS (ESI): m/z calcd for C39H38N10O + H+:
663.3308; found: 663.3309.

3-(4-(4-Butyl-5-(4-(tert-butyl)phenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-phenyl-
4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10h)

The product was obtained as pink powder (0.16 g, 47%); m.p. 90–91 ◦C. UV (CH2Cl2)
λmax (log ε) 232 (4.51) nm; IR (ATR) νmax 3316, 3067, 2958, 2932, 2867, 2231, 2193, 2170,
2134, 2034, 1978, 1959, 1721, 1637, 1578, 1541, 1490, 1465, 1395, 1364, 1308, 1275, 1249,
1221, 1178, 1154, 1109, 1074, 1018, 993, 946, 845, 803, 772, 694 cm–1; 1H-NMR (400 MHz,
CDCl3): δ 0.63–0.67 (m, 6H, CH3), 0.92–0.95 (m, 4H CH2), 1.36–1.41 (m, 13H, CH2, C(CH3)3),
3.42–3.46 (m, 4H, CH2), 7.45–7.50 (m, 3H, Ar), 7.53 (d, 2H, J = 8.0 Hz, Ar), 7.60 (d, 2H,
J = 8.0 Hz, Ar), 7.68–7.71 (m, 2H, Ar), 7.74–7.77 (m, 4H, Ar), 7.84 (d, 4H, J = 4.0 Hz, Ar);
13C-NMR (100 MHz, CDCl3): δ 13.1, 13.8, 19.3, 20.2, 31.2, 31.2, 21.7, 34.9, 44.8, 44.9, 113.9,
114.7, 118.0, 118.1, 124.0, 126.9, 127.8, 128.5, 129.4, 129.5, 129.9, 130.1, 131.3, 132.3, 132.5,
153.7, 153.8, 154.8, 155.3, 156.4, 167.5, 167.6. Anal. calc. for C42H44N10: C, 73.23; H, 6.44;
N, 20.33. Found: C, 73.21; H, 6.46; N, 20.32; HRMS (ESI): m/z calcd for C42H44N10 + H+:
689.3829; found: 689.3827.

3-(4-(4-Butyl-5-(4-nitrophenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-phenyl-4H-
1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10i)

The product was obtained as orange powder (0.15 g, 45%); m.p. 183–184 ◦C. UV
(CH2Cl2) λmax (log ε) 236 (4.34) nm; IR (ATR) νmax 3307, 3067, 2958, 2928, 2872, 2231,
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2173, 2136, 1697, 1637, 1602, 1578, 1526, 1490, 1466, 1346, 1307, 1248, 1178, 1108, 1074,
1016, 995, 853, 803, 771, 753, 694 cm–1; 1H-NMR (400 MHz, CDCl3): δ 0.94–0.97 (m, 6H,
CH3), 1.36–1.46 (m, 4H CH2), 1.57–1.64 (m, 4H, CH2), 3.43–3.48 (m, 4H, CH2), 7.42 (t, 3H,
J = 8.0 Hz, Ar), 7.47–7.49 (m, 2H, Ar), 7.74–7.76, m, 8H, Ar), 7.94 (d, 2H, J = 12.0 Hz, Ar),
8.24 (d, 2H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.1, 13.8, 19.3, 20.2, 31.6, 31.7,
39.9, 40.2, 114.4, 114.8, 117.9, 119.0, 123.7, 126.8, 127.7, 128.2, 128.6, 129.5, 129.9, 130.4, 131.4,
132.5, 132.9, 149.5, 151.8, 152.0, 154.8, 155.1, 165.6, 167.7. Anal. calc. for C38H35N11O2: C,
67.34; H, 5.21; N, 22.73. Found: C, 67.33; H, 5.23; N, 22.74; HRMS (ESI): m/z calcd for
C38H35N11O2 + H+: 678.3054; found: 678.3053.

3-(4-(4-Butyl-5-(4-(tert-butyl)phenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-(4-
methoxyphenyl)-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10j)

The product was obtained as pink powder (0.18 g, 51%); m.p. 95–96 ◦C. UV (CH2Cl2)
λmax (log ε) 253 (4.58) nm; IR (ATR) νmax 3265, 2957, 2871, 2229, 1632, 1607, 1544, 1504,
1464, 1396, 1365, 1307, 1253, 1222, 1176, 1113, 1031, 978, 918, 841, 772 cm–1; 1H-NMR
(400 MHz, CDCl3): δ 0.65–0.67 (m, 6H, CH3), 0.92–0.96 (m, 4H CH2), 1.37–1.41 (m, 13H,
CH2, C(CH3)3), 3.84 (s, 3H, OCH3), 3.86–3.89 (m, 4H, CH2), 7.04 (d, 2H, J = 8.0 Hz, Ar),
7.54 (d, 2H, J = 8.0 Hz, Ar), 7.61 (d, 2H, J = 4.0 Hz, Ar), 7.66–7.74 (m, 8H, Ar), 7.92 (d, 2H,
J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.2, 13.5, 19.2, 19.7, 31.2, 31.6, 31.8, 34.9,
44.8, 44.9, 55.4, 113.7, 114.6, 117.4, 118.2, 125.4, 126.0, 127.8, 128.6, 128.7, 129.4, 130.5, 131.5,
132.3, 133.0, 153.8, 154.7, 154.8, 155.2, 155.8, 162.0, 167.1, 167.5. Anal. calc. for C43H46N10O:
C, 71.84; H, 6.45; N, 19.48. Found: C, 71.86; H, 6.44; N, 19.45; HRMS (ESI): m/z calcd for
C43H46N10O + H+: 719.3934; found: 719.3935.

3-(4-(4-Butyl-5-(4-methoxyphenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-(4-
nitrophenyl)-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10k)

The product was obtained as orange powder (0.17 g, 48%); m.p. 194–195 ◦C. UV
(CH2Cl2) λmax (log ε) 257 (4.51) nm; IR (ATR) νmax 2964, 2842, 2228, 2128, 1601, 1578, 1519,
1437, 1308, 1256, 1171, 1105, 1050, 1033, 1021, 919, 837, 762, 747, 727, 686 cm–1; 1H-NMR
(400 MHz, CDCl3): δ 0.65–0.69 (m, 6H, CH3), 0.94–0.99 (m, 4H CH2), 1.38–1.46 (m, 4H,
CH2), 3.88–3.95 (m, 7H, CH2, OCH3), 6.92 (d, 2H, J = 8.0 Hz, Ar), 7.60 (d, 2H, J = 12.0 Hz,
Ar), 7.72 (d, 2H, J = 8.0 Hz, Ar), 7.81–7.84 (m, 4H, Ar), 7.90–7.93 (m, 4H, Ar), 8.27–8.29 (m,
2H, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.8, 13.8, 20.1, 20.2, 31.8, 31.9, 39.8, 40.2, 55.5, 113.7,
114.7, 117.5, 118.2, 124.1, 128.0, 128.6, 129.0, 129.4, 129.6, 130.3, 130.4, 130.7, 133.0, 148.0,
150.8, 150.8, 155.4, 156.2, 160.6, 165.1, 165.8. Anal. calc. for C39H37N11O3: C, 66.18; H, 5.27;
N, 21.77. Found: C, 66.15; H, 5.29; N, 21.76; HRMS (ESI): m/z calcd for C39H37N11O3 + H+:
708.3159; found: 707.3157.

3-(4-(4-Butyl-5-(4-(tert-butyl)phenyl)-4H-1,2,4-triazol-3-yl)phenyl)-6-(4-(4-butyl-5-(4-
nitrophenyl)-4H-1,2,4-triazol-3-yl)phenyl)-1,2,4,5-tetrazine (10l)

The product was obtained as orange powder (0.17 g, 47%); m.p. 99–100 ◦C. UV
(CH2Cl2) λmax (log ε) 239 (4.57) nm; IR (ATR) νmax 3265, 3067, 2958, 2933, 2867, 2230, 2149,
2132, 1636, 1611, 1526, 1501, 1477, 1464, 1395, 1364, 1346, 1304, 1286, 1269, 1200, 1154, 1111,
1016, 977, 841, 773, 751, 710, 693 cm–1; 1H-NMR (400 MHz, CDCl3): δ 0.64–0.69 (m, 6H,
CH3), 1.02–1.05 (m, 4H CH2), 1.38–1.44 (m, 13H, CH2, C(CH3)3), 4.12–4.20 (m, 4H, CH2),
7.55 (d, 2H, J = 8.0 Hz, Ar), 7.61 (d, 2H, J = 8.0 Hz, Ar), 7.69–7.71 (m, 4H, Ar), 7.84–7.90 (m,
4H, Ar), 7.96 (d, 2H, J = 12.0 Hz, Ar), 8.25 (d, 2H, J = 12.0 Hz, Ar); 13C-NMR (100 MHz,
CDCl3): δ 13.1, 13.8, 19.3, 20.2, 31.2, 31.6, 31.8, 35.0, 39.7, 40.2, 114.8, 114.9, 117.9, 118.1, 123.7,
125.5, 126.1, 126.6, 127.7, 128.2, 128.7, 129.3, 132.0, 132.4, 149.4, 151.2, 151.4, 154.8, 155.2,
155.7, 165.7, 167.5. Anal. calc. for C42H43N11O2: C, 68.74; H, 5.91; N, 20.99. Found: C, 68.75;
H, 5.94; N, 20.97; HRMS (ESI): m/z calcd for C42H43N11O2 + H+: 734.3679; found: 734.3678.
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3.2.2. Synthesis of s-Tetrazine Derivatives Directly Conjugated with a 4H-1,2,4-Triazole
Ring (15a–h)

The crude imidoyl chloride (8a–h, 5.5 mmol) and 1,2,4,5-tetrazine-3,6-dicarbohydrazide
(12, 0.50 g, 2.5 mmol) were dissolved in chloroform (20 mL) and heated under reflux for 24 h.
The mixture was then cooled to room temperature, filtered, and evaporated on a rotary
evaporator. For systems containing an aromatic ring attached to a triazole nitrogen atom
(15a–d) and compound 15h, residue was washed with a small amount of cold ethanol to
produce a pure product. For systems with an aliphatic chain, except compound 15h (15e–g),
a small amount of ethanol (5 mL) was added, filtered, and the filtrate was evaporated again
to give the product as an oil.

3,6-Bis(4,5-diphenyl-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15a)

The product was obtained as brown powder (0.59 g, 45%); m.p. 208–209 ◦C. UV
(CH2Cl2) λmax (log ε) 278 (4.48) nm; IR (ATR) νmax 3352, 3061, 1967, 1685, 1596, 1541, 1497,
1466, 1444, 1385, 1317, 1261, 1188, 1074, 1017, 1000, 973, 931, 803, 781, 769, 730, 715, 692 cm–1;
1H-NMR (400 MHz, DMSO-d6): δ 7.39–7.45 (m, 12H, Ar), 7.50–7.56 (m, 8H, Ar); 13C-NMR
(100 MHz, DMSO-d6): δ 120.3, 123.6, 127.6, 128.3, 128.4, 128.5, 128.6, 134.2, 154.5, 155.3,
164.1. Anal. calc. for C30H20N10: C, 69.22; H, 3.87; N, 26.91. Found: C, 69.25; H, 3.89; N,
26.90; HRMS (ESI): m/z calcd for C30H20N10 + H+: 521.1951; found: 521.1952.

3,6-Bis(5-(4-methoxyphenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15b)

The product was obtained as yellow powder (0.99 g, 68%); m.p. 217–218 ◦C. UV
(CH2Cl2) λmax (log ε) 256 (4.56) nm; IR (ATR) νmax 3308, 3212, 2938, 2840, 2038, 1712, 1697,
1686, 1604, 1578, 1551, 1535, 1512, 1458, 1432, 1363, 1318, 1307, 1276, 1252, 1172, 1105, 1073,
1020, 916, 887, 851, 832, 795, 771, 741, 697 cm–1; 1H-NMR (400 MHz, DMSO-d6): δ 3.83 (s,
6H, OCH3), 7.04 (d, 4H, J = 8.0 Hz, Ar), 7.27–7.51 (m, 10H, Ar), 7.92 (d, 4H, J = 12.0 Hz, Ar);
13C-NMR (100 MHz, DMSO-d6): δ 55.5, 113.9, 120.3, 122.1, 127.7, 129.3, 130.1, 131.1, 153.8,
155.4, 163.0, 165.4. Anal. calc. for C32H24N10O2: C, 66.20; H, 4.17; N, 24.12. Found: C, 66.21;
H, 4.19; N, 24.11; HRMS (ESI): m/z calcd for C32H24N10O2 + H+: 581.2162; found: 581.2160.

3,6-Bis(5-(4-(tert-butyl)phenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine(15c)

The product was obtained as orange powder (0.93 g, 59%); m.p. 198–199 ◦C. UV
(CH2Cl2) λmax (log ε) 276 (4.51) nm; IR (ATR) νmax 3058, 2957, 2866, 2238, 2184, 2174, 2019,
1982, 1958, 1697, 1596, 1541, 1495, 1466, 1439, 1394, 1363, 1316, 1269, 1201, 1112, 1076,
1017, 963, 915, 841, 751, 731, 711, 692 cm–1; 1H-NMR (400 MHz, DMSO-d6): δ 1.22 (s, 18H,
C(CH3)3), 7.14–7.19 (m, 4H, Ar), 7.24(d, 4H, J = 8.0 Hz, Ar), 7.47–7.53 (m, 10H, Ar); 13C-NMR
(100 MHz, DMSO-d6): δ 29.8, 33.5, 119.2, 124.4, 126.8, 127.0, 127.2, 127.8, 132.9, 151.8, 153.0,
153.3, 163.1. Anal. calc. for C38H36N10: C, 72.13; H, 5.73; N, 22.14. Found: C, 72.11; H, 5.76;
N, 22.12; HRMS (ESI): m/z calcd for C38H36N10 + H+: 633.3203; found: 633.3204.

3,6-Bis(5-(4-nitrophenyl)-4-phenyl-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15d)

The product was obtained as orange powder (0.61 g, 40%); m.p. 172–173 ◦C. UV
(CH2Cl2) λmax (log ε) 298 (4.50) nm; IR (ATR) νmax 3064, 2851, 2206, 2166, 2030, 1983, 1948,
1698, 1653, 1598, 1576, 1520, 1494, 1441, 1343, 1205, 1178, 1108, 1075, 1014, 965, 919, 853,
756, 708, 692 cm–1; 1H-NMR (400 MHz, DMSO-d6): δ 7.61–7.69 (m, 6H, Ar), 7.80(d, 4H,
J = 8.0 Hz, Ar), 8.21 (d, 4H, J = 8.0 Hz, Ar), 8.37 (d, 4H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz,
DMSO-d6): δ 120.5, 123.5, 123.7, 124.1, 128.7, 129.2, 138.7, 149.1, 153.2, 153.4, 163.8. Anal.
calc. for C30H18N12O4: C, 59.02; H, 2.97; N, 27.53. Found: C, 59.03; H, 2.99; N, 27.51; HRMS
(ESI): m/z calcd for C30H18N12O4 + H+: 611.1652; found: 611.1650.

3,6-Bis(4-butyl-5-phenyl-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15e)

The product was obtained as brown oil (0.67 g, 56%). UV (CH2Cl2) λmax (log ε)
257 (4.45) nm; IR (ATR) νmax 3264, 2957, 2932, 2873, 2212, 2165, 1636, 1541, 1491, 1449, 1378,
1308, 1220, 1157, 1113, 1074, 1026, 930, 802, 772, 694 cm–1; 1H-NMR (400 MHz, CDCl3): δ
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0.92 (t, 6H, J = 8.0 Hz, CH3), 1.37 (sextet, 4H, J = 8.0 Hz, CH2), 1.63 (quintet, 4H, J = 8.0 Hz,
CH2), 3.48 (t, 4H, J = 8.0 Hz, CH2), 7.39 (t, 4H, J = 8.0 Hz, Ar), 7.51 (t, 2H, J = 8.0 Hz, Ar),
7.85 (d, 4H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.7, 20.1, 31.0, 41.3, 128.1,
128.6, 130.9, 132.8, 149.3, 153.8, 169.8. Anal. calc. for C26H28N10: C, 64.98; H, 5.87; N, 29.15.
Found: C, 64.96; H, 5.88; N, 29.17; HRMS (ESI): m/z calcd for C26H28N10 + H+: 481.2577;
found: 481.2578.

3,6-Bis(4-butyl-5-(4-methoxyphenyl)-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15f)

The product was obtained as brown oil (1.05 g, 78%). UV (CH2Cl2) λmax (log ε)
253 (4.57) nm; IR (ATR) νmax 3299, 2957, 2932, 2872, 2213, 2151, 1697, 1608, 1577, 1541, 1506,
1464, 1440, 1365, 1295, 1251, 1176, 1112, 1027, 971, 837, 801, 770 cm–1; 1H-NMR (400 MHz,
CDCl3): δ 0.95 (t, 6H, J = 8.0 Hz, CH3), 1.40 (sextet, 4H, J = 8.0 Hz, CH2), 1.59 (quintet, 4H,
J = 8.0 Hz, CH2), 4.44 (t, 4H, J = 8.0 Hz, CH2), 3.84 (s, 6H, OCH3), 6.90 (d, 4H, J = 8.0 Hz,
Ar), 7.74 (d, 4H, J = 12.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.9, 20.3, 31.9, 39.8, 55.5,
113.8, 114.6, 128.7, 144.6, 155.0, 161.3, 167.1. Anal. calc. for C28H32N10O2: C, 62.21; H, 5.97;
N, 25.91. Found: C, 62.24; H, 5.99; N, 25.90; HRMS (ESI): m/z calcd for C28H32N10O2 + H+:
541.2788; found: 541.2789.

3,6-Bis(4-butyl-5-(4-(tert-butyl)phenyl)-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15g)

The product was obtained as brown oil (1.08 g, 73%). UV (CH2Cl2) λmax (log ε)
259 (4.18) nm; IR (ATR) νmax 3265, 2958, 2867, 2240, 2212, 2170, 2049, 1978, 1958, 1698, 1612,
1541, 1504, 1464, 1363, 1302, 1254, 1219, 1177, 1114, 1024, 924, 839, 771, 751 cm–1; 1H-NMR
(400 MHz, CDCl3): δ 0.94 (t, 6H, J = 8.0 Hz, CH3), 1,35–1,38 (m, 22H, CH2, C(CH3)3),
1.58 (quintet, 4H, J = 8.0 Hz, CH2), 3.72 (t, 4H, J = 8.0 Hz, CH2), 7.42 (d, 4H, J = 8.0 Hz, Ar),
7.69 (d, 4H, J = 8.0 Hz, Ar); 13C-NMR (100 MHz, CDCl3): δ 13.9, 20.3, 31.3, 31.9, 35.1, 39.8,
125.5, 126.2, 126.8, 145.4, 154,8, 155.0, 167.5. Anal. calc. for C34H44N10: C, 68.89; H, 7.48;
N, 23.63. Found: C, 68.87; H, 7.49; N, 23.65; HRMS (ESI): m/z calcd for C34H44N10 + H+:
593.3829; found: 593.3827.

3,6-Bis(4-butyl-5-(4-nitrophenyl)-4H-1,2,4-triazol-3-yl)-1,2,4,5-tetrazine (15h)

The product was obtained as yellow powder (0.60 g, 42%); m.p. 103–104 ◦C. UV
(CH2Cl2) λmax (log ε) 269 (4.11) nm; IR (ATR) νmax 3303, 3110, 2938, 2864, 2167, 2142, 2038,
2029, 2004, 1949, 1635, 1599, 1518, 1481, 1466, 1422, 1343, 1317, 1294, 1255, 1181, 1153, 1132,
1108, 1011, 973, 938, 868, 855, 841, 762, 723, 710, 691 cm–1; 1H-NMR (400 MHz, CDCl3): δ
0.97 (t, 6H, J = 8.0 Hz, CH3), 1.43 (sextet, 4H, J = 8.0 Hz, CH2), 1.63 (quintet, 4H, J = 8.0 Hz,
CH2), 3.49 (t, 4H, J = 8.0 Hz, CH2), 7.93 (d, 4H, J = 12.0 Hz, Ar), 8.28 (d, 4H, J = 12.0 Hz, Ar);
13C-NMR (100 MHz, CDCl3): δ 13.9, 20.3, 31.7, 40.3, 123.9, 128.2, 130.2, 140.6, 145.1, 149.6,
165.6. Anal. calc. for C26H26N12O4: C, 54.73; H, 4.59; N, 29.46. Found: C, 54.71; H, 4.58; N,
29.47; HRMS (ESI): m/z calcd for C26H26N12O4 + H+: 571.2278; found: 571.2277.

4. Conclusions

Two effective methodologies for the synthesis of extended systems containing 1,2,4,5-
tetrazine and 4H-1,2,4-triazole have been presented. The first methodology, comprising the
Pinner reaction of carbonitriles bearing a 4H-1,2,4-triazole scaffold, is useful for obtaining
unsymmetrical derivatives with heterocycles connected via a 1,4-phenylene linker. The sec-
ond procedure, which makes use of imidoyl chloride and s-tetrazine-3,6-dicarbohydrazide,
has proven to be successful for symmetrical systems with directly conjugated rings. In
both cases, the approach leads to the desired products in satisfactory yields, regardless of
the nature of the substituents attached to the terminal rings, as well as the type of groups
on the triazole nitrogen atom. The obtained compounds exhibit mainly violet lumines-
cence in CH2Cl2 solution. Their absorption–emission properties are directly related to the
compound structure. The spectroscopic investigation revealed the dependency between
the electron-donating strength of substituents and the emission wavelength, as well as

104



Molecules 2022, 27, 3642

the relationship between the quantum yield and the separation or direct conjunction of
fluorophore moieties (tetrazine and triazole rings).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27113642/s1. Copies of the 1H-NMR, 13C-NMR, UV-Vis and fluorescent spectra
of the title compounds are available in the online Supplementary Materials.
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Abstract: Pyrazines and pyridazines fused to 1,2,3-triazoles comprise a set of heterocycles obtained
through a variety of synthetic routes. Two typical modes of constructing these heterocyclic ring
systems are cyclizing a heterocyclic diamine with a nitrite or reacting hydrazine hydrate with
dicarbonyl 1,2,3-triazoles. Several unique methods are known, particularly for the synthesis of
1,2,3-triazolo[1,5-a]pyrazines and their benzo-fused quinoxaline and quinoxalinone-containing analogs.
Recent applications detail the use of these heterocycles in medicinal chemistry (c-Met inhibition or
GABAA modulating activity) as fluorescent probes and as structural units of polymers.

Keywords: synthesis; 1,2,3-triazole; fused 1,2,3-triazole; 1,2,3-triazolo[4,5-b]pyrazine; 1,2,3-
triazolo[4,5-c]pyridazine; 1,2,3-triazolo[4,5-d]pyridazine; 1,2,3-triazolo[1,5-a]pyrazine; 1,2,3-
triazolo[1,5-b]pyridazine; triazolopyrazine; triazolopyridazine; practical applications

1. Introduction

Within the 1,2,3-triazole-fused pyrazines and pyridazines, a series of congeners exists
depending on whether a nitrogen atom occupies a position at the ring fusion (Figure 1).
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Figure 1. Structures of 1,2,3-triazole-fused pyrazines and pyridazines: 1H-1,2,3-triazolo[4,5-
b]pyrazine (2); 1H-1,2,3-triazolo[4,5-c]pyridazine (4); 1H-1,2,3-triazolo[4,5-d]pyridazine (6); 1,2,3-
triazolo[1,5-a]pyrazine (8); 1,2,3-triazolo[1,5-b]pyridazine (10); common precursors 1, 3, 5, 7, 9.
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We became interested in structures containing heterocyclic nuclei 2, 4, 6, 8 and 10
following reports detailing potent mesenchymal–epithelial transition factor (c-Met) protein
kinase inhibition, such as the current clinical candidate Savolitinib [1] (Figure 2, Structure A)
and specifically those containing substructures 2 and 8 [1,2]. In addition to c-Met inhibition,
structures containing these heterocyclic nuclei have shown GABAA allosteric modulat-
ing activity [3] (Figure 2, Structure B), have been incorporated into polymers for use in
solar cells [4,5] (Figure 2, Structure C), and have demonstrated β-secretase 1 (BACE-1)
inhibition [6] (Figure 2, Structure D). Their piperazine derivatives have demonstrated
potent PDP-IV inhibition [7].
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Figure 2. Examples of useful structures containing 1,2,3-triazole-fused pyrazines and pyri-
dazines: (A) c-Met inhibitor Savolitinib [1], containing a 1,2,3-triazolo[4,5-b]pyrazine, (B) a com-
pound with GAGAA allosteric modulating activity containing a 1,2,3-triazolo[4,5-c]pyridazine [3],
(C) a 1,2,3-triazolo[4,5-d]pyridazine derivative used in polymers for solar cells [4,5], and (D),
a 1,2,3-triazolo[1,5-a]pyrazine derivative with BACE-1 inhibitory activity [6].

Emphasis in this review is placed on the more common derivatives of 2 and 8. In com-
parison to the heterocyclic scaffolds outlined in Figure 2, derivatives of 4, 6 and 10 are less
common in the literature. Among fused heterocycles containing the more well-known fused
1,2,4-triazoles, both 1,2,4-triazolo[1,5-a]pyrimidines [8] and 1,2,4-triazolo[4,3-a]pyrazines [9]
have been recently reviewed. Kumar and coworkers [10] surveyed 1,2,3-triazoles fused
to various rings, both aromatic and non-aromatic. In the present review, we address ap-
proaches to the synthesis of 1,2,3-triazole-fused pyrazines and pyridazines and their related
congeners, while setting two limitations:
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1. This review covers synthetic methods of preparing structures containing fused hete-
rocycles 2, 4, 6, 8, 10 (Figure 1). Tricyclic and tetracyclic congeners containing these
heterocycles are included.

2. 1,2,3-Triazolopyrimidines do not appear in this review. They have received attention
in the literature on purine chemistry [11–13].

1,2,3-Triazolopyrimidines, which form the core structure of 8-azapurines, 8-azaadenines,
and 8-azaguanines, have been well-studied and reviewed [13–15] owing to their simi-
larity to the respective nucleobases. With both scope and limitations in place, this re-
view addresses synthetic approaches to the 1,2,3-triazolodiazine family: 1,2,3-triazolo[4,5-
b]pyrazine, 1,2,3-triazolo[4,5-c]pyridazine, 1,2,3-triazolo[4,5-d]pyridazine, 1,2,3-triazolo[1,5-
a]pyrazine, and 1,2,3-triazolo[1,5-b]pyridazine. The literature covered includes articles
published since the most recent review of each type of compound, or earlier if no review
exists. Reports are covered until the spring of 2022 and exclude tetrahydro-derivatives.

2. Synthetic Approaches

This overview of synthetic methods is organized according to the type of heterocycle.
In the case of 1H-1,2,3-triazolo[1,5-a]pyrazines, methods are subdivided into pyrazines
and benzopyrazines. Reaction times are included along with solvents, catalysts, and
other reagents in most examples. Commercial availability of precursors is emphasized
where applicable.

2.1. Syntheses of 1H-1,2,3-Triazolo[4,5-b]pyrazines

One of the first reported preparations of a 1H-1,2,3-triazolo[4,5-b]pyrazine came from
Lovelette and coworkers [16], who utilized condensation of a 4,5-diamino-1,2,3-triazole,
14, and a 1,2-dicarbonyl compound 15 (Scheme 1) to give the desired triazolopyrazines 16
in yields in the range 30–35%. A useful precursor, 4,5-diamino-1,2,3-1H-triazole 14, was
prepared by reacting carbamate 13 with a strong base. This carbamate was readily prepared
from the carbonyl azide by refluxing in ethanol. The carbonyl azide can be prepared from
benzyl azide 11, ethyl cyanoacetate 12, and sodium ethoxide, all commercially available
starting materials.
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Dicarbonyl compounds included glyoxal (R1 = R2 = H), benzil (R1 = R2 = Ph), and
others. This was one of the first reports of 1,2,3-triazole-fused pyrazines, highlighted
within a study of fused 1,2,3-triazoles. This method offers three-point diversity, one from
the triazole substituent, and the other two from the respective dicarbonyl substituents.
Despite this, a potential drawback lay in the restriction to a symmetrically substituted
1,2-dicarbonyl species to avoid mixtures of isomers. Indeed, the authors noted the two
condensation products using an asymmetrically substituted diketone, where R1 = CH3 and
R2 = H, as being indistinguishable.

Monge and coworkers [17] prepared benzo-fused 1H-1,2,3-triazolo[4,5-b]pyrazines
through the acid-catalyzed cyclization of 2-azido-3-cyanoquinoxaline, 18, obtained from
2-chloro-3-cyanoquinoxaline 17, yielding 1-hydroxy-1H-1,2,3-triazolo[4,5-b]quinoxaline 19
(Scheme 2) in 52% yield. Though uncommon, acid-catalyzed cyclization of ortho-substituted
azidocyanoaryl species may represent an underutilized method of obtaining structures
with the 1,2,3-triazolo[4,5-b]pyrazine core. Despite this, the use of costly starting materials
hinders wider applicability.

Molecules 2022, 27, x FOR PEER REVIEW 4 of 29 
 

 

Dicarbonyl compounds included glyoxal (R1 = R2 = H), benzil (R1 = R2 = Ph), and oth-
ers. This was one of the first reports of 1,2,3-triazole-fused pyrazines, highlighted within 
a study of fused 1,2,3-triazoles. This method offers three-point diversity, one from the tri-
azole substituent, and the other two from the respective dicarbonyl substituents. Despite 
this, a potential drawback lay in the restriction to a symmetrically substituted 1,2-dicar-
bonyl species to avoid mixtures of isomers. Indeed, the authors noted the two condensa-
tion products using an asymmetrically substituted diketone, where R1 = CH3 and R2 = H, 
as being indistinguishable. 

Monge and coworkers [17] prepared benzo-fused 1H-1,2,3-triazolo[4,5-b]pyrazines 
through the acid-catalyzed cyclization of 2-azido-3-cyanoquinoxaline, 18, obtained from 
2-chloro-3-cyanoquinoxaline 17, yielding 1-hydroxy-1H-1,2,3-triazolo[4,5-b]quinoxaline 
19 (Scheme 2) in 52% yield. Though uncommon, acid-catalyzed cyclization of ortho-sub-
stituted azidocyanoaryl species may represent an underutilized method of obtaining 
structures with the 1,2,3-triazolo[4,5-b]pyrazine core. Despite this, the use of costly start-
ing materials hinders wider applicability. 

 
Scheme 2. Conversion of 2-chloro-3-cyanoquinoxaline 17 to 2-azido-3-cyanoquinoxaline 18 and 
benzo-fused 1H-1,2,3-triazolo[4,5-b]pyrazine 19. 

Unexpectedly, Starchenkov and coworkers [18] determined that, upon treatment of 
diamine 20 with trifluoroacetic anhydride (TFAA) and HNO3 and proceeding via interme-
diate 21, triazolopyrazine N-oxide 22 was formed (Scheme 3). This was one of the first re-
ports of the preparation of a fused 1,2,3-triazole 2-N-oxide, namely [1,2,5]oxadiazolo[3,4-
,b][1,2,3]triazolo[4,5-e]pyrazine-6-oxide 22, formed in 92% yield. 

 
Scheme 3. Formation of triazolopyrazine N-oxide 22 from diaminopyrazine 20, proceeding via in-
termediate 21. 

Forming a mesoionic ring system while studying luminescence, Slepukhin and 
coworkers [19] obtained the 1H-1,2,3-triazolo[4,5-b]pyrazine core within the azapentalene 
inner salt 27 in 50% yield after intramolecular cyclization of 8-(benzotriazole-1-yl)te-
trazolo[1,5-a]pyrazine 25 in refluxing DMF, causing loss of nitrogen via intermediate 26 
and formation of 5H-pyrazino[2′,3′:4,5][1,2,3]triazol[1,2-a]benzotriazol-6-ium, inner salt 
27 (Scheme 4). Pyrazine 25 was prepared in 48% yield by nucleophilic aromatic substitu-
tion of chloride by the benzotriazolyl ion after deprotonation of 1H-1,2,3-benzotriazole 24 
by carbonate. 

N

N

Cl

N

N

N

N3

N

N

N

N
N

N

OH
17                                                   18                                                     19

NaN3

DMSO, 80 °C

6% aq. HCl

reflux

N

NN
O

N

NH2

NH2 N

NN
O

N N
N

H
N

O

TFAA + HNO3

NO2

N

NN
O

N

NH

NH

NO2

NO2

20 22

HNO3

21

Scheme 2. Conversion of 2-chloro-3-cyanoquinoxaline 17 to 2-azido-3-cyanoquinoxaline 18 and
benzo-fused 1H-1,2,3-triazolo[4,5-b]pyrazine 19.

Unexpectedly, Starchenkov and coworkers [18] determined that, upon treatment of
diamine 20 with trifluoroacetic anhydride (TFAA) and HNO3 and proceeding via inter-
mediate 21, triazolopyrazine N-oxide 22 was formed (Scheme 3). This was one of the first
reports of the preparation of a fused 1,2,3-triazole 2-N-oxide, namely [1,2,5]oxadiazolo[3,4-
b][1,2,3]triazolo[4,5-e]pyrazine-6-oxide 22, formed in 92% yield.
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Scheme 3. Formation of triazolopyrazine N-oxide 22 from diaminopyrazine 20, proceeding via
intermediate 21.

Forming a mesoionic ring system while studying luminescence, Slepukhin and cowork-
ers [19] obtained the 1H-1,2,3-triazolo[4,5-b]pyrazine core within the azapentalene inner
salt 27 in 50% yield after intramolecular cyclization of 8-(benzotriazole-1-yl)tetrazolo[1,5-
a]pyrazine 25 in refluxing DMF, causing loss of nitrogen via intermediate 26 and formation
of 5H-pyrazino[2′,3′:4,5][1,2,3]triazol[1,2-a]benzotriazol-6-ium, inner salt 27 (Scheme 4).
Pyrazine 25 was prepared in 48% yield by nucleophilic aromatic substitution of chloride by
the benzotriazolyl ion after deprotonation of 1H-1,2,3-benzotriazole 24 by carbonate.
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Scheme 4. Synthesis of an azapentalene, 5H-pyrazino[2′,3′:4,5][1,2,3]triazolo[1,2-a]benzotriazol-6-ium,
inner salt 27, after intramolecular cyclization of 25 and loss of nitrogen via intermediate 26.

Azapentalenes, containing the 1H-1,2,3-triazolo[4,5-b]pyrazine nucleus, have gained
attention for their useful properties, such as in luminescence and complexation [19]. Com-
pounds of this type have demonstrated low toxicity, high solubility, and other properties
desirable as potential fluorescence probes [20]. This intramolecular approach has remained
popular in obtaining various substituted azapentalenes, another example being that of Nyf-
fenegger and coworkers [21]. Here, the azapentalene, 5H-pyrazolo[1′,2′:1,2][1,2,3]triazolo[4,5-
b]pyrazin-6-ium, inner salt, 31, was obtained in yields up to 85% via cyclization with loss
of nitrogen after amination of 2-azido-3-chloropyrazine, 28, with either pyrazole 29 or 1,2,4-
triazole affording 2-azido-3-(1H-pyrazol-1-yl)pyrazine 30 (Scheme 5). Other derivatives
using nitro-substituted pyrazoles were formed in yields in the range 63–97%. This method
offers convenience in that a precursor to 28, 2,3-dichloropyrazine, is commercially available.
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Scheme 5. Synthesis of the azapentalene 31, from pyrazine 30, derived from 2-azido-3-chloropyrazine 28.

Notably, in addition to having an azido group substituted ortho to the pyrazole of
30 [20,21], reports have also made use of the respective amine via ring closure by displace-
ment of an N-iodonium intermediate by an adjacent nitrogen atom of the attached pyrazole
to form azapentalenes [22,23]. Compounds of this type have been thoroughly characterized
via NMR spectroscopy [24]. A Pfizer patent [25] filed in 2007 detailed the use of either
isoamyl nitrite in DMF or NaNO2 in aqueous acetic acid, after first aminating commercially
available 2-amino-3,5-dibromopyrazine 32 in the presence of a sterically hindered base,
N,N-diisopropylethylamine (DIPEA), then treating diaminopyrazine 33 with nitrite to form
3,5-disubstituted 1H-1,2,3-triazolo[4,5-b]pyrazine 34 (Scheme 6).
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The use of nitrite for triazole cyclization, via the nitrosonium ion, has also been
reported by Ye and coworkers [26,27], Cui and coworkers [2] (who were cited in the orig-
inal patent [25]), and others. Thottempudi and coworkers [28] used a combination of
TFAA/HNO3 as an in situ nitronium source, giving a triazole 2-N-oxide, while Jia and
coworkers [1], and others [29,30] used nitrosonium generated from nitrite. Both synthe-
ses offer straightforward introduction of the triazole based on the amine chosen during
amination. They also have the advantage of short reaction times and little or no required pu-
rification. Likely owing to these benefits, cyclization using nitrite to generate nitrosonium
ion, such as in 33 to 34 (Scheme 6), continues to dominate reports in the literature. Indeed,
the reaction of various diazinyl diamines with nitrite represents a central theme throughout
the discussion of syntheses of 1H-1,2,3-triazole-fused pyrazines and pyridazines.

2.2. Syntheses of 1,2,3-Triazolo[1,5-a]pyrazines

More well-known than 1,2,3-triazolo[4,5-b]pyrazines are the fused [1,5-a]pyrazine
derivatives. While benzo[b]pyrazines (i.e., quinoxalines) are not commonly encountered
as part of 1,2,3-triazolo[4,5-b]pyrazines, they are widespread in the literature in com-
pounds containing the 1,2,3-triazolo[1,5-a]pyrazine nucleus. Therefore, this section is
organized into the syntheses of benzo-fused structures (e.g., 1,2,3-triazolo[1,5-a]pyrazines
containing quinoxaline or quinoxalinone), and those that are bicyclic 1,2,3-triazolo[1,5-
a]pyrazines. A recent brief review of 4,5,6,7-tetrahydro[1–3]triazolo[1,5-a]pyrazines has
been published [31]. An earlier review detailed aspects of the chemistry of 1,2,3-triazolo[1,5-
a]pyrazines [32]. A review on the synthesis of triazoloquinazolines also appeared in 2016 [33].

2.2.1. Syntheses of Bicyclic 1,2,3-Triazolo[1,5-a]pyrazines

The first method of synthesizing a 1,2,3-triazolo[1,5-a]pyrazine by Wentrup [34] was,
at the time, the synthesis of a novel purine isomer. Wentrup utilized the thermolysis of
5-(2-pyrazinyl)tetrazole 36 (400 ◦C, 10−5 Torr), affording 38, 1,2,3-triazolo[1,5-a]pyrazine in
20% yield proceeding via diazo intermediate 37. The precursor 2-(2H-tetrazol-5-yl)pyrazine
36 was readily prepared from 2-cyanopyrazine, 35, upon treatment with hydrazoic acid
generated in situ from ammonium chloride and sodium azide (Scheme 7). This method,
while suffering from harsh reaction conditions and poor yields, was the first utilizing
intramolecular cyclization of diazo intermediates in the formation of 1,2,3-triazolo[1,5-
a]pyrazines. Lead tetraacetate oxidation of the hydrazone of pyrazine-2-carbaldehyde
similarly gave 38 in 75% yield [35].
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In addition to syntheses of neutral compounds of this type, several reports have ap-
peared for the preparation of fused pyrazinium salts. A method by Beres and coworkers [36]
afforded 1-(4-bromophenyl)-3-methyl-1,2,3-triazolo[1,5-a]pyrazinium tetrafluoroborates 31
in 55% yield (when R1 = p-chlorophenyl) and 81% yield (when R1 = CH3) after reaction
of 4-bromophenylhydrazones 39 (prepared from the respective 2-pyrazinyl ketone) with
tribromophenol bromine (TBB) and NH4BF4 (Scheme 8). When R1 = CH3, the yield of 40
was 81%. Interestingly, after treatment of 40 with pyrrolidine in methanol, the ring-opened
2-aza-1,3-butadienes can be valuable starting materials for other conversions. For exam-
ple, a ring-opened triazolyl-2-aza-1,3-butadiene was converted to a fused pyridine after
treatment with N-phenylmaleinimide, or an imidazoline when treated with tosyl azide [36].
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Scheme 8. Intramolecular cyclization of a 4-bromophenylhydrazone 39 forming triazolopyrazinium
tetrafluoroborate 40. (R1 = alkyl or aryl.)

Methods have been reported for the preparation of 1,2,3-triazolo[1,5-a]pyrazinones.
In work by Nein and coworkers [37,38], the reaction of 5-hydroxy-N-diphenyl-1H-1,2,3-
triazole-4-carboxamide 41 with chloroacetonitrile in DMF and base gave the alkylated
product 42, which, after refluxing in sodium ethoxide, gave 6-amino-4-oxo-2,5-diphenyl-
4,5-dihydro-2H-1,2,3-triazolo[1,5-a]pyrazinium-5-olate 43 in 80% yield (Scheme 9). They
proposed the geometry of 3-phenacyl- and 3-cyanomethyl derivatives of triazolium-5-
olates indicated interaction of the carboxamide nitrogen at position 4 of the triazole
with cyano groups, which was then confirmed experimentally after obtaining the desired
mesoionic 42 [37].
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Similarly involving reaction of triazolium olates such as 42, during a synthesis of
1,2,5-triazepines by Savel’eva and coworkers [39], [1,5-a]triazolopyrazines were formed as
byproducts (5–7%) from the intramolecular cyclization of 1-amino-3-(p-phenacyl)-4-{[2-(1-
methylethylidene)hydrazino]carbonyl}-[1,2,3]-triazolium-5-olates. Jug and coworkers [40]
took a novel approach for the reaction of 4-(ethoxymethylene)-2-phenyloxazol-5(4H)-one
44 with commercially available diaminomaleonitrile 45, forming adduct 46 which, after
conversion to triazole 47 with nitrite, afforded the substituted 1,2,3-triazolo[1,5-a]pyrazine
48 (Scheme 10). Later, derivatives of 48 such as ethyl 4-amino-3-cyano-1,2,3-triazolo[1,5-
a]pyrazine-6-carboxylate were further reacted by Trcek and coworkers [41] to form 1,2,3-
triazolo[1,5-a]-1,2,4-triazolo[5,1-c]pyrazines in 55–65% yield.
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Scheme 10. Reaction of 4-(ethoxymethylene)-2-phenyloxazol-5(4H)-one 44 and diaminomaleonitrile
45 forming an adduct 46, which led to triazole 47 and pyrazine 48. (R1 = alkyl.)

Raghavendra and coworkers [42] reported a triazolopyrazine synthesis employing
solid-phase polystyrene p-toluenesulfonyl hydrazide, a common carbonyl scavenging resin.
After reaction of the polystyrene p-toluenesulfonyl hydrazide 49 with an acetylpyrazine
50 in the presence of 5% TiCl4 in MeOH, hydrazone 51 was obtained. Reaction of 51
with morpholine gave the desired 1,2,3-triazolo[1,5-a]pyrazines, 52 (Scheme 11), in yields
ranging from 33–62%. This regiospecific, traceless protocol represented the first solid-phase
assisted synthesis of a triazolopyrazine and was also used for the synthesis of several
non-fused 1,2,3-triazoles in the same report in yields up to 60%.
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Copper-catalyzed [3 + 2] cycloaddition of propiolamide 53, followed by halide dis-
placement to form a fused product, was utilized in the synthesis of saturated derivatives
of 1,2,3-triazolo[1,5-a]pyrazine (i.e., triazolopiperazines) 54 in 80% yield [43] (Scheme 12).
Koguchi and coworkers used ynones and β-amino azides to afford 6,7-dihydro-1,2,3-
triazolo[1,5-a]pyrazines. These authors verified that the one-pot reaction gave cycloaddition
of the alkyne and azide first, followed by reaction of the amine with the ketone [44].
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Scheme 12. Cycloaddition of propiolamide 53 and displacement of iodide to form triazolopiperazine
54. (R1, R2, R3, R4 = alkyl or aryl.)

2.2.2. Syntheses of Benzo-Fused 1,2,3-Triazolo[1,5-a]pyrazines

One of the first reported preparations of a 1,2,3-triazolo[1,5-a]pyrazine by Kauer and
coworkers [45] started with dimethyl l-(o-nitrophenyl)-lH-triazole-4,5-dicarboxylate 59, and
upon treatment with tributyl phosphine in refluxing toluene, afforded methyl 4-methoxy-
1,2,3-triazolo[3,4-a]quinoxaline-3-carboxylate 60 (Scheme 13). Triazole 59 was readily pre-
pared from o-azidonitrobenzene 57 (which in turn was prepared from o-chloronitrobenzene
55 or o-aminonitrobenzene 56) and dimethyl acetylenedicarboxylate 58 in CHCl3.
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Scheme 13. Treatment of triazolyl-o-nitrobenzene 59 with tributyl phosphine, PBu3, resulting in
1,2,3-triazolo[3,4-a]quinoxaline 60.

Through a different approach, Cue and coworkers [46] accessed 1,2,3-triazolo[l,5-
a]quinoxaline N-oxides 62 in yields ranging from 52–70% by cyclization of quinoxaline-
3-carboxaldehyde-1-oxide-p-toluenesulfonylhydrazone 61 (Scheme 14). The starting sul-
fonylhydrazone 61 was prepared by reaction of a 3-substituted quinoxaline N-oxide with
p-toluenesulfonylhydrazide [45].
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Scheme 14. Synthesis of substituted 1,2,3-triazolo[l,5-a]quinoxaline N-oxides, 62, via intramolecular
cyclization of sulfonylhydrazone 61. (R1, R2 = H, methyl.)

For the intramolecular cyclization of ortho-substituted amines to prepare 1,2,3-triazoles
using nitrite, as is commonly reported for non-fused derivatives [2,25], Ager and cowork-
ers [47] illustrated that the amines used in cyclization do not need to be primary. Through
reaction of a secondary amine within a ring and a primary amine 63 with isoamyl nitrite in
chloroacetic acid, they obtained 1,2,3-triazoles fused to both lactones and lactams, 64, in
yields in the range 54–76% (Scheme 15). In the case of lactams, 1,2,3-triazoloquinoxalinones
were formed.
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Scheme 15. Synthesis of 1,2,3-triazole-fused quinoxalinones, using a diamine in which one amine
is secondary.

Synthesizing compounds of the same type, Bertelli, and coworkers [48] first formed
a triazole diester on a ring ortho to a nitro group, 65, which was intramolecularly cy-
clized to form ethyl 4,5-dihydro-4-oxo-[1,2,3]triazolo[1,5-a]quinoxaline-3-carboxylate, 66
(Scheme 16). This reaction was conducted by hydrogenation with a 10% Pd/C catalyst
or by reaction with FeCl3 and Fe powder. Biagi and coworkers [49] cyclized the triazole
diester into 1,2,3-triazoloquinoxalinone 66 with 10% Pd/C in ethanol in an excellent 98%
yield. Shen and coworkers further modified the ester group of 66 to prepare a derivative
suitable for biological testing [50].
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116



Molecules 2022, 27, 4681

Abbott and coworkers [51] prepared 1,2,3-triazoloquinoxalines in an analogous man-
ner, but opted for use of an amide instead of a nitro group, giving mesoionic 1,2,3-triazoles
68, which were derived from the lithium salt of [2-(acetylamino)phenyl]amino acetic acid
67 (Scheme 17). A series of 1,2,3-triazoloquinoxalines, 69, was synthesized after cyclization
with p-toluenesulfonic acid (p-TSA) in refluxing toluene in yields in the range 16–59%.
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Scheme 17. Synthesis of mesoionic 1,2,3-triazoloquinoxalines 69 from ortho-substituted 1,2,3-
triazolobenzamides 68. (R1, R2 = alkyl or aryl.)

Saha and coworkers [52] used the intramolecular cyclization of ortho-substituted anilines
with tethered 1,2,3-triazoles, 72, a Pictet–Spengler reaction, to form 1,2,3-triazoloquinoxalines 73
in yields in the range 61–70% (Scheme 18). This sequence offers two-point diversity: one
from 72, and the other from an aryl aldehyde 73. The prerequisite triazole 72 was conve-
niently prepared from readily available starting materials, including o-fluoronitrobenzene
70, phenylacetylene 71, and sodium azide.
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Scheme 18. 3-Phenyl-4-p-tolyl-1,2,3-triazolo[1,5-a]quinoxalines 74 synthesized from ortho-substituted
2-(4-phenyl-[1,2,3]triazol-1-yl)anilines 72. (R1, R2 = alkyl or aryl.)

117



Molecules 2022, 27, 4681

Chen and coworkers [53] used a novel approach for the synthesis of 4-(trifluoromethyl)-
1,2,3-triazolo[1,5-a]quinoxaline 76 via cascade reactions of N-(o-haloaryl)alkynylimine 75
with sodium azide in the presence of copper iodide and L-proline (Scheme 19). Among
a series of amine-containing catalysts, L-proline resulted in a 98% isolated yield, while
tetramethylethylenediamine and N,N′-dimethylethylenediamine gave lower yields, and
higher percentages of the uncyclized imine product.
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Scheme 19. Synthesis of 3-phenyl-4-(trifluoromethyl)-1,2,3-triazolo[1,5-a]quinoxaline 76 from N-(o-
haloaryl)alkynylimine 75.

Using photoredox catalysis, He and coworkers [54] used [fac-Ir(ppy)3] as a photo-
catalyst to afford the corresponding 1,2,3-triazoloquinoxaline 78 from isonitrile 77 in 60%
yield (Scheme 20). Due to poor solubility of the catalyst, ACN resulted in decreased
yields compared to DMF. This work is a rare example of free-radical generation of 1,2,3-
triazole-fused ring systems, as cyclohexyl radicals are proposed to have formed from
phenyliodine(III)dicarboxylate. The radicals yield isonitrile carbon radicals, followed by
reaction with carbon 5 of the triazole. Various fused rings were synthesized in addition to
1,2,3-triazoles including tetrazoles, pyrazoles, and imidazoles in yields as high as 80%.
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Scheme 20. Photoredox approach for the synthesis of a 1,2,3-triazoloquinoxaline 78. (Cy = cyclohexyl,
fac = facial, ppy = 2-phenylpyridine).

In the presence of Cu(OAc)2 and base in DMSO/THF, Li and coworkers [55] re-
ported an efficient one-pot synthesis of 1,2,3-triazolo[1,5-a]quinoxalines 81 from 1-azido-2-
isocyanoarenes 79 in yields in the range 40–84% (Scheme 21). They outlined the option of
using terminal acetylenes 80 or substituted acetaldehydes 82, the former being cyclized into
81 in one step (in yields ranging from 40–83%), and the latter forming uncyclized triazole 83,
which was annulated using Togni’s reagent II and tetra-n-butylammonium iodide (TBAI),
forming 84, or phenylboronic acid, forming 85. Derivatives of 84 were prepared in yields
in the range 26–78%, and one synthesis of 85 yielded 86%.
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Scheme 21. Copper-catalyzed synthesis of 1,2,3-triazolo[1,5-a]quinoxalines 81 from 1-azido-2-
isocyanoarenes 79. Annulation of intermediate 83 with 1) Togni’s reagent II and catalytic TBAI
forming 84, or 2) phenylboronic acid and a manganese catalyst forming 85. (R1, R2 = alkyl or aryl.)

Owing to the versatility of intermediate 83, many functionalized 1,2,3-triazoloquinoxalines
were prepared, and indeed, Li and coworkers reported several compounds containing the
1,2,3-triazolo[1,5-a]quinoxaline core with a variety of functionalities. Additionally, in this
report, the fused products were further reacted into diversified quinoxaline derivatives via
Rh(II)-catalyzed carbenoid insertion reactions [55].

Employing a Pd-catalyzed intramolecular cyclization of triazole 86, Kotovshchikov
and coworkers [56] synthesized 3-butyl-[1,2,3]triazolo[1,5-a]quinoxalin-4(5H)-one 87 in
77% yield. As this reaction was conducted under CO (1 atm), the carbonyl carbon of the
quinoxalinone was introduced by Pd-catalyzed insertion of CO (Scheme 22).
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Scheme 22. Pd-catalyzed synthesis of quinoxalinone 87 from ortho-substituted aniline 86.

Xiao and coworkers [43] and Chen and coworkers [57] used in situ conversion of
N-propargyl-N-(2-iodoaryl)amides 88 to azides, which underwent 1,3-dipolar cycload-
dition with the adjacent alkyne to form substituted 1,2,3-triazolo[1,5-a]quinoxalines 89
(Scheme 23) in yields in the range 58–91%. Chen and coworkers suggested that cycload-
dition might occur first. The sequence was conducted in the presence of DIPEA and
1,2-dimethylethylenediamine (DMEDA).
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Scheme 23. Intramolecular cyclization of N-propargyl-N-(2-iodoaryl)amides 88, yielding 1,2,3-
triazoloquinoxalines 89 after in situ conversion of 88 to the azide. (R1, R2, R3, R4 = alkyl or aryl.)

Preparative thermolysis of tetrazoloquinoxaline 90 proceeded by loss of nitrogen
through diazo intermediate 91 and then to 1,2,3-triazolo[1,5-a]quinoxaline 92 in 67% yield
(Scheme 24) [58]. Using a ring-closure method similar to that used by both Raghavendra
and coworkers [42] and Cue and coworkers [46], Vogel and Lippmann [59] developed
a route to derivatives of 92 in 47–89% yield via conversion from tosylhydrazones 93 using
base (Bamford-Stevens conditions) or, in certain cases, heat (Scheme 24).
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Scheme 24. Cyclization methods for preparing 1,2,3-triazolo[1,5-a]quinoxalines.

Overall, there exist diverse methods for the synthesis of both bicyclic 1,2,3-triazolo[1,5-
a]pyrazines and 1,2,3-triazolo[1,5-a]quinoxalines.

2.3. Syntheses of 1H-1,2,3-Triazolo[4,5-d]pyridazines

Livi and coworkers [60] reviewed syntheses of this heterocyclic system covering re-
ports prior to 1996. Another review on condensed 1,2,3-triazoles appeared in 2008, which
includes synthesis of 1H-1,2,3-triazolo[4,5-d]pyridazines [32]. Here, we summarize both
older and newer reports. A common theme in the literature regarding the synthesis of
1H-1,2,3-triazolo[4,5-d]pyridazines is the reaction of 1,2,3-triazole dicarbonyl species with
hydrazine hydrate. This yields a diacylhydrazide, which can be cyclized with either high
heat or acid. One of the first examples (Scheme 25) is from Fournier and Miller [61], who
used 2-(4,5-dibenzoyl-1H-1,2,3-triazol-1-ylmethyl)-3,4,6-trimethylhydroquinone diacetate
and hydrazine hydrate in ethanol to form 4,5-diphenyl-1H-1,2,3-triazolo[4,5-d]pyridazine.
In a comparable manner, Erichomovitch [62] used triazole diesters 94 to obtain diacylhy-
drazides 95, which were heated to form 1H-1,2,3-triazolo[4,5-d]pyridazines 96 in 80% yield
with loss of hydrazine.
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Scheme 25. Intramolecular cyclization of diacylhydrazide 95, forming 1,2,3-triazolo[4,5-d]pyridazine
96 upon high heat with loss of hydrazine. (R1 = alkyl.)

Janietz and coworkers [63] developed a scheme that proceeded through dichlorotria-
zole 97, which, after conversion to a dinitrone and subsequent treatment with acid, afforded
the dialdehyde 98, which cyclized to form the desired 1H-1,2,3-triazolo[4,5-d]pyridazine 99
after treatment with hydrazine (Scheme 26).
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Scheme 26. Synthesis of substituted 1,2,3-triazolo[4,5-d]pyridazines 99 from 4,5-dichloromethyltriazoles
97, proceeding through dialdehyde 98. (R = aryl.)

Reports of forming 1,2,3-triazolo[4,5-d]pyridazones or pyridazines using this method
include those of Gilchrist [64,65], Milhelcic [66], Ramesh [67], Theocharis [68], Bussolari [69],
Biagi [70–72], Abu-Orabi [73], Ramanaiah [74], Bankowska [75], and others [5,76–78].

Martin and Castle [79] used ring closure by nitrosonium ion in their treatment of a 4,5-
diamino-6-pyridazinone 101 in forming 3,5-dihydro-4H-1,2,3-triazolo[4,5-d]pyridazin-4-
one 102 in 91% yield (Scheme 27). Commercially available 4,5-dichloro-3(2H)-pyridazinone
100 was converted to 101 in three steps. Similar methods of reacting substituted diaminopy-
ridazines with nitrite have been conducted by Yanai [80] (conversion of 103 to 104 in
Scheme 27), Chen [81], Draper [82], and Mataka [83].
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Scheme 27. Formation of 3,5-dihydro-4H-1,2,3-triazolo[4,5-d]pyridaz-4-one 102 upon treatment of
4,5-diamino-6-pyridazone 101 with nitrite, and a similar reaction of diaminopyridazine 103 cyclizing
to 104 with nitrite. (R1 = H, O-alkyl, SH, SCH3, OH, NH2, R2 = H, CH3, O-alkyl, OH, Cl.)
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Smolyar and coworkers [84] reported a novel synthesis of a 1H-1,2,3-triazolo[4,5-
d]pyridaz-4-one, 106 by a ring-opening/ring-closing “cyclotransformation” involving
treatment of 1H-1,2,3-triazole-fused 5-nitropyridin-2(1H)-ones 105 with a large excess
of hydrazine hydrate (Scheme 28). They reported that after heating for 3–4 h, at 140 ◦C,
the desired pyrazinone was obtained in 86% yield with no chromatography required. 5-
Nitropyridin-2(1H)-ones fused with benzene and pyridine were also studied in this report.
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Scheme 28. Cyclotransformation of 1,2,3-triazole-fused lactams 105 to 1,5-dihydro-1,7-dimethyl-1,5-
4H-1,2,3-triazolo[4,5-d]pyridazin-4-ones 106 in the presence of excess hydrazine hydrate and high
heat. (R1 = methyl, ethyl, butyl, cyclohexyl, and (CH2)3NMe2.)

A number of methods exist for the preparation of molecules containing the 1,2,3-
triazolo[4,5-d]pyridazine core, the majority of which involve the treatment of 1,2,3-triazole
dicarbonyl species with hydrazine hydrate followed by acid or heat-promoted cyclization,
or the cyclization of a diaminopyridazine with nitrite.

2.4. Syntheses of 1,2,3-Triazolo[1,5-b]pyridazines

Despite being reported as early as 1949 by Schofield and coworkers [85] in their
study of cinnolines, 1,2,3-triazolo[1,5-b]pyridazines remain rare in the literature, in part
owing to few methods available for their synthesis. While synthesizing azepinones,
Evans and coworkers [86] instead serendipitously obtained 3,6-diphenyl-1,2,3-triazolo[1,5-
b]pyridazine 108. This was obtained from the intramolecular cyclization of diketo-oxime
107 (Scheme 29) after refluxing in HCl. This gave up to 22% of a pyrazinylhydrazone
byproduct. A similar method in the same report used HOAc, but this resulted in poor
yields (about 15%) and up to three products.
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Scheme 29. Formation of a 1,2,3-triazolo[1,5-b]pyridazine 108 after the intramolecular cyclization
of oxime 107.

A fluoroborate salt was prepared by Riedl and coworkers [87] in a manner similar
to that of Beres and coworkers [36]. The acyl-substituted pyridazine, 111, after treat-
ment with p-bromophenyl hydrazine hydrochloride 112 gave the hydrazone 113. Tribro-
mophenol bromine (TBP) in DCM afforded the desired ring-closed product 114 in 67%
yield (Scheme 30). The initial bromide salt was converted to the fluoroborate salt with
40% fluoroboric acid in ACN. Ketone 111 was prepared by the same group via reaction of
a commercially available 3-cyanopyridizine 109 with p-chlorophenylmagnesium bromide
110, also synthesized from commercially available p-chlorobromobenzene and Mg. This
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was followed by acidic workup to afford the desired ketone. Compounds of this type
were also prepared by Vasko and coworkers [88] using a similar method, which gave
a 27% yield. A third method for the synthesis of 1,2,3-triazolo[1,5-b]pyridazines consisted
of intramolecular oxidative ring closure of a hydrazone derived from 111 to afford the neu-
tral 1,2,3-triazolo[1,5-b]pyridazine 115 [89]. Kvaskoff and coworkers employed MnO2 as
an oxidant using a similar procedure [35,89,90], where purification by sublimation afforded
the desired product 115 (where R1 = R2 = H) in 71% yield.
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Scheme 30. Cyclization of hydrazone 113, derived from acylpyridazine 111, to afford the 1,2,3-
triazolo[1,5-b]pyridazinium salt 114, or 1,2,3-triazolo[1,5-b]pyridazine 115. (R1, R2 = alkyl or aryl.)

2.5. Syntheses of 1,2,3-Triazolo[4,5-c]pyridazines

More prevalent in the literature than 1,2,3-triazolo[1,5-b]pyridazines but still un-
common are the 1,2,3-triazolo[4,5-c]pyridazines. One of the first reports of such a com-
pound came from Gerhardt and coworkers [91], whereas in previous reports, nitrite was
used to cyclize 5-chloro-3,4-diaminopyridazine 116 to afford 7-chloro-3H-1,2,3-triazolo[4,5-
c]pyridazine 117 (Scheme 31) in 83% yield. Nitrite in the presence of an acid catalyst has
been used for the synthesis of this heterocyclic ring system from the respective diaminopy-
ridazines in other reports by Murakami [92], Lunt [93], Ramanaiah [74], and Owen [3].
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In a report by Pokhodylo and coworkers [94], nitrite was used in the synthesis of
a substituted 1,2,3-triazolo[4,5-c]pyridazine despite only having one amine group present
(as opposed to other cyclizations, which have two amine groups present). For example,
4-(3,4-dimethoxyphenyl)-1-phenyl-1H-1,2,3-triazol-5-amine 118 was reacted with sodium
nitrite and glacial acetic acid to give the desired 3-(4-chlorophenyl)-7,8-dimethoxy-3H-
[1,2,3]triazolo[4,5-c]cinnoline 119 in 35% yield (Scheme 32). Yields may have been low
compared to other nitrite cyclizations due to the formation of a C-N bond directly with
a carbon of an aromatic ring.
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Scheme 32. Cyclization of aminotriazole 118 to give triazolo[4,5-c]cinnoline 119.

Daniel and coworkers [22] formed tricyclic ylides 121 in 65% yield by oxidative cycliza-
tion of the respective ortho-substituted amino pyridazine 120 (Scheme 33). Unfortunately,
compounds containing the 1,2,3-triazolo[4,5-c]pyridazine nucleus remain rare in the litera-
ture, and little is known of their biological or pharmacological properties.
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3. Applications

Recent applications of the aforementioned heterocyclic systems, covering both medici-
nal and non-medicinal topics, are discussed in the following section.

3.1. Applications of 1H-1,2,3-Triazolo[4,5-b]pyrazines

In the last decade, 1H-1,2,3-triazolo[4,5-b]pyrazines have garnered an interest within
the field of medicinal chemistry for serving as the scaffold of selective c-Met inhibitors.
Medicinal studies of 1H-1,2,3-triazolo[4,5-b]pyrazines have extended well into the patent
literature, with one patent even exploring antiviral efficacy against SARS-CoV-2 [95]. The
first notable report of physiological activity came from Cui and coworkers [2], who reported
the discovery of PF-04217903, a 1,2,3-triazolo[4,5-b]pyrazine that demonstrated potent
(IC50 = 0.005 µM) and selective inhibition of over 200 c-Met kinases [2]. This heterocyclic
scaffold in general gave rise to derivatives (altering substituents at the 2 and 6 ring positions)
with potent inhibition, of which PF-04217903 was the best. This compound was selected as
a preclinical candidate for the treatment of cancer [96].
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Later, using PF-04217903 as a reference, Jia, and coworkers [1] reported the discovery
of a compound now known as Savolitinib (Figure 3). This compound, also an exquisite
c-Met inhibitor with an equal IC50 of 0.005 µM, demonstrated favorable pharmacokinetic
properties in mice [1]. Savolitinib possessed equal potency. Having recently passed phase
II clinical trials for the treatment of metastatic non-small cell lung cancer, papillary and
clear cell renal cell carcinoma, gastric cancer, and colorectal cancer, Savolitinib has been
granted conditional approval for use in China at the time of this review [97]. A review of
c-Met inhibitors in non-small cell lung cancer has recently appeared [98].
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Figure 3. Two potent and selective c-Met inhibitors containing the 1,2,3-triazolo[4,5-b]pyrazine core:
PF-04217903 and Savolitinib.

Sirbu and coworkers [20] recently reported a novel class of small molecules contain-
ing the 1,2,3-triazolo[4,5-b]pyrazine scaffold with excellent properties for use as versatile
fluorescent probes in optical imaging (Figure 4). Specifically, a phenyl ester derivative
was used to dye HeLa cells in epifluorescence microscopy. Compared to commercially
available LysoTracker Green DND-26, the tested triazolopyrazine derivative demonstrated
comparable properties. In addition, it showed low cytotoxicity when evaluated in Alamar
Blue assay (>95% cell viability up to 170 µM) and showed high solubility with a variety of
desirable characteristics. A phenyl ester derivative, when evaluated as a dye in HeLa cells,
showed high photostability and low cytotoxicity [20].
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Intriguingly, another application lay in the monitoring of hypoxic regions within
tumor cells. This was explored by Janczy-Cempa and coworkers [23], who looked at the
fluorescent products produced after reduction of nitrotriazolopyrazine probes by nitrore-
ductases (enzymes often overexpressed in tumor regions). Both probes studied (Figure 5)
had very weak fluorescence in normoxic regions, but their reduction by nitroreductases
led to a 15-fold increase in intensity in hypoxic regions. This was evaluated using the
human melanoma cell line A2058. In contrast to the fluorescence probes developed by
Sirbu and coworkers [20], probes in this study had substitutions on the pyrazine ring as
opposed to the triazole-fused pyrazole. While additional work is still to be done, this
report demonstrates the potential for these highly conjugated compounds to be useful
in biomedical monitoring. Legentil and coworkers [99] obtained compounds similar
to the structure on the right in Figure 5 in yields as high as 79%, which were used to
develop a luminescence layered double-hydroxide filter. This material was dispersed
into a polymer for use as a dye.
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Overall, applications of compounds containing 1,2,3-triazolo[4,5-b]pyrazines in the
current literature are focused on c-Met inhibition (i.e., the treatment of distinct types
of cancers), and optical and/or cellular imaging, with triazapentalene-type molecules
demonstrating a wide range of favorable characteristics as fluorescent probes.

3.2. Applications of 1H-1,2,3-Triazolo[4,5-c]pyridazines

After being initially evaluated by Gerhardt and coworkers [91] as potential purine
antagonists, 1H-1,2,3-triazolo[4,5-c]pyridazines have since found broader interest within
medicinal chemistry. In a report by Owen and coworkers [3], a 1H-1,2,3-triazolo[4,5-
c]pyridazine was found to have GABAA modulating activity during a structure–activity
relationship study of the respective imidazolopyridazine. Compounds containing the
1,2,3-triazolo[4,5-c]pyridazine scaffold have been investigated in the patent literature for
the treatment of Huntington’s disease [100] and as modulators of Janus-family kinase-
related diseases [101].

Other recent patents have been filed regarding fused pyridazines with herbicidal
activity, of which 1,2,3-triazolo[4,5-c]pyridazine is included [102]. In another recent patent,
compounds of this type were implicated in controlling unwanted plant growth [103].

Reports of compounds containing the 1,2,3-triazolo[4,5-c]pyridazine scaffold are
uncommon in the current literature beyond synthetic reports and patents. Undoubt-
edly, there is still work to be done in exploring the potential applications of this unique
heterocyclic system.
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3.3. Applications of 1H-1,2,3-Triazolo[4,5-d]pyridazines

In a recent development, Li, and coworkers [4] outlined a series of triazole-based struc-
tures for the construction of conjugated polymers for solar cells. In addition to demonstrat-
ing desirable properties as units incorporated into polymers (Figure 6), their reported syn-
thetic route uses affordable, commercially available starting materials and produces units
compatible with other monomers. Structures containing 1,2,3-triazolo[4,5-d]pyridazine
components offer a privileged, conjugated unit for the construction of polymers owing
in part to the convenient para substitution of the pyridazine ring and perpendicular N2
substitution of the triazole ring.
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Another notable outcome of the study of 1,2,3-triazolo[4,5-d]pyridazines was that from
Biagi and coworkers [104], who reported compounds of this type with high selectivity for
the A1 receptor subtype in radioligand binding assays at bovine brain adenosine A1 and
A2A receptors. The most potent compound contained a 4-amino-substituted 7-hydroxy-
1,2,3-triazolo[4,5-d]pyridazine, and after substitution of the hydroxyl group for a chlorine,
affinity decreased and suggested a hydrogen-bond donating substituent at position 7 was
critical for binding affinity.

3.4. Applications of 1,2,3-Triazolo[1,5-a]pyrazines

Among applications of compounds containing the 1,2,3-triazolo[1,5-a]pyrazine unit are
those of benzo-fused 1,2,3-triazoloquinoxalines and saturated 1,2,3-triazole-fused piperidines.
In a recent report by Pérez Morales and coworkers [105], a 1,2,3-triazoloquinoxalinone
(Structure A, Figure 7) was identified via high-throughput screening as inducing expres-
sion of Rgg2/3-regulated genes in the presence of short hydrophobic pheromones at low
concentrations. This work stemmed from interest in the Rgg2/3 quorum sensing circuit of
the pathogen Streptococcus pyogenes, with the objective of manipulating and inhibiting the
bacteria. After analyzing its mode of action, it was determined this compound directly un-
competitively inhibited recombinant PepO in vitro, and induced quorum sensing signaling
by stabilizing short hydrophobic pheromones.
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pyogenes [105], (B) a potent DPP-IV inhibitor evaluated for the treatment of type II diabetes [7], and
(C), an identified BACE-1 inhibitor [6].

Based on the antidiabetic 1,2,4-triazolopiperazine-containing drug Sitagliptin (brand
name Januvia), Shan and coworkers [7] identified a dipeptidyl peptidase (DPP) IV inhibitor
containing a 1,2,3-triazolopiperazine (Structure B, Figure 7) for use in the treatment of
type II diabetes.

Partially saturated 1,2,3-triazolo[1,5-a]pyrazines have demonstrated BACE-1 inhi-
bition, an enzyme implicated in the formation of amyloid beta in Alzheimer’s disease.
Oehlrich and coworkers [6] identified one such candidate, (R)-N-(3-(4-amino-6-methyl-6,7-
dihydro-[1,2,3]triazolo[1,5-a]pyrazin-6-yl)-4-fluorophenyl)-5-cyanopicolinamide, (Structure
C, Figure 7). This demonstrated an inhibition of the BACE-1 enzyme of pIC50 = 8.70.

These reports, while not exhaustive, demonstrate recent applications of compounds
containing the 1,2,3-triazolo[1,5-a]pyrazine scaffold or congeners thereof. Particularly
prominent in the literature are benzo-fused and piperazine-containing analogs.

3.5. Applications of 1,2,3-Triazolo[1,5-b]pyridazines

There are no reported applications of compounds containing the 1,2,3-triazolo[1,5-
b]pyridazine ring system, and little regarding its physiological and/or pharmacological
effects are known. Aside from one recent patent [106] regarding immunoregulatory func-
tions, additional applications remain scarce at the time of this review.
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4. Conclusions

In reviewing synthetic approaches to and reported applications of members of the 1,2,3-
triazolodiazine family of fused bicyclic heterocycles, the following conclusions can be drawn
regarding the most common synthetic methods and applications in the present literature:

(a) 1,2,3-Triazolo[4,5-b]pyrazines: The most common synthetic method is cyclization of
an ortho-substituted diaminopyrazine [2], in which one of the amines does not need
to be primary [18,25]. Given the current commercial availability and affordability of 2-
amino-3,5-dibromopyrazine, this serves as a convenient starting material. Other meth-
ods include condensation of a dicarbonyl species with a 4,5-diamino-1,2,3-triazole [16],
cyclization of a 2-azido-3-cyanoquinoxaline [17], or formation of azapentalenes from
tetrazolopyrazines [19] or pyrazolopyrazines [21] with loss of nitrogen. Primary Appli-
cations: Primarily c-Met inhibition [1,2,25,96] and use as fluorescent probes in optical
and/or cellular imaging [20,23,99].

(b) 1,2,3-Triazolo[1,5-a]pyrazines: For non-fused derivatives, the most common meth-
ods are: intramolecular cyclization of pyrazinyl hydrazones [36,42], formation of
1,2,3-triazolo[1,5-a]pyrazinium-5-olates from cyano and amide groups [37,40], or
reaction of iodopropiolamides to form triazolopiperazine [43]. For benzo-fused
derivatives (i.e., those containing quinoxaline or quinoxalinone), the most common
methods are: cyclization of a ring-bound 1,2,3-triazole with an ortho-substituted
amine [52] or nitro [45] group (if a nitro group, either PBu3 to give a quinoxaline [45]
or FeCl3 [48] to give a quinoxalinone), cyclization of 1-azido-2-isocyanoarenes or
1-triazolyl-2-isocyanoarenes [54,55], or intramolecular cyclization of alkynes [53,57].
Primary Applications: Primarily GABAA modulating activity [3], and patents detailing
use as Janus-family kinase modulators [101] or for the treatment of Huntington’s
disease [100]. There also exist recent patents describing use as herbicides [102] and plant
growth attenuators [103].

(c) 1,2,3-Triazolo[4,5-d]pyridazines: The most common synthetic method is reaction of a 4,5-
dicarbonyl-1,2,3-triazole species with hydrazine to form the hydrazone, followed
by acid or heat promoted cyclization [5,64–70,73–78,104]. The second most common
method is treatment of the respective diaminopyridazine with nitrite [80–83]. Ring-
opening/ring-closing of lactams has also been reported [84]. Primary Applications: Use
as highly conjugated linkers in triazole-based polymers [4] for the evaluation of solar
cell materials is the main reported application.

(d) 1,2,3-Triazolo[1,5-b]pyridazines: The most common synthetic method is treatment of
a keto-substituted pyridazine with p-bromophenyl hydrazine hydrochloride forming
the hydrazone, then treatment with TBP in DCM [87,88]. A report of intramolecular
cyclization of a diketo-oxime has been reported [86]. Primary Applications: Benzo-fused
or saturated piperazine-containing analogs are common. Notable reports include
identification of a 1,2,3-triazole-fused quinoxalinone as inducing Rgg2/3-related
gene expression in the human pathogen Streptococcus pyrogenes, as a potent DPP IV
inhibitor [7], and as a BACE-1 inhibitor [6].

(e) 1,2,3-Triazolo[4,5-c]pyridazines: The most common method is cyclization of the re-
spective diaminopyridazine with nitrite [3,74,91–93]. The intramolecular cyclization
to form a pyridazine [94] or a tricyclic ylide have also been reported [22]. Primary
Applications: Outside of a patent [106] detailing immunoregulatory functions, no other
applications exist in the literature at the time of this review.

The potential for new synthetic contributions is considerable for the triazole-fused
pyrazines and pyridazines. Given the diversity of synthetic methods summarized in this
review, new contributions that could be most beneficial are new routes to some of the
precursors of the fused systems. In many of the reports cited, the starting materials are
either not available commercially or are very expensive. For example, some diamino
pyrazines are available as unsubstituted compounds or as halogenated derivatives, but all
are USD 500–1000 per gram. Future studies of methods employing additional intramolec-
ular cycloadditions leading to 1,2,3-triazolo[1,5-a]pyrazine derivatives would appear to
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have potential. Work on synthesis of the 1H-1,2,3-triazolo[4,5-c]pyridazines and the 1,2,3-
triazolo[1,5-b]pyridazines would be welcome for these less frequently studied areas.

Overall, diverse methods exist for the preparation of 1,2,3-triazole-fused diazines,
spanning the last seven decades with numerous reports in the last five years. Currently,
drugs containing these ring systems remain scarce with only a handful of exceptions, par-
ticularly containing either the 1,2,3-triazolo[4,5-b]pyrazine or 1,2,3-triazolo[4,5-c]pyridazine
scaffold. Applications of the aforementioned types of compounds span from medicinal
chemistry into the development of dyes, probes, and inhibitors of enzymes implicated in
various diseases. Despite this, there lies underrealized and exciting potential for employing
triazolopyrazines and triazolopyridazines as diverse substrates in the generation of novel
molecules with a wide array of applications.
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Abstract: Spiro-fused polycyclic aromatic compounds (PACs) have received growing interest as rigid
chiral scaffolds. However, furan-containing spiro-fused PACs have been quite limited. Here, we
design spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene] as a new family of
spiro-fused PACs that contains a furan unit. The compound was successfully synthesized in enan-
tiopure form and also transformed to its S,S-dioxide derivative and the pyrrole-containing analog via
aromatic metamorphosis. The absorption and emission properties of the obtained furan-containing
chiral spiro-fused PACs are apparently different from those of their thiophene analogs that have
been reported, owing to the increased electron-richness of furan compared to thiophene. All of the
furan-containing chiral spiro-fused PACs were found to be circularly polarized luminescent materials.

Keywords: spiro π-conjugated compound; chiral compound; thiophene; furan; pyrrole; nucleophilic
aromatic substitution; circular dichroism; circularly polarized luminescence

1. Introduction

Spiro-fused polycyclic aromatic compounds (PACs), in which two planarized biaryls
are connected perpendicularly by a tetragonal spiro atom, have been intensively studied in
the last few decades, owing to their unique three-dimensional structure, high thermal sta-
bility, superior processability, and promising photophysical and electronic properties [1–3].
These intriguing characteristics offer advantages in (opto)electronic applications, such as
organic field effect transistors [4,5], organic light emitting diodes [6–8], and organic solar
cells [9–12]. The prototypical motif of spiro-fused PACs is 9,9′-spirobi[fluorene] (SBF).
A variety of SBF-based compounds with functional substituent(s) and/or a π-extended
structure have been developed for the purpose of tuning the photophysical and electronic
properties [1,2]. Incorporation of heterocycle unit(s) into π-conjugated systems or a het-
eroatom as a spiro atom has also been a promising strategy to achieve the desired functions
of spiro-fused PACs [3,13–16].

When two dissymmetric biaryls are linked by a spiro atom, the resulting spiro com-
pound is chiral. Two different dissymmetric biaryls give a C1-symmetric spiro com-
pound, while two identical dissymmetric biaryls afford a C2-symmetric one. Although
chiral spiro-fused PACs have attracted less attention until recently, there have been sev-
eral reports on their applications to molecular recognition [17,18], diastereoselective self-
assembly [19,20], and asymmetric catalysts [21,22]. In 2016, Kuninobu, Takai, and co-
workers reported the first example of a chiral spiro-fused PAC [23] that exhibited circularly
polarized luminescence (CPL), which has received significant interest, owing to its poten-
tial applications [24–28]. This report has triggered many studies on spiro-fused PACs that
exhibit CPL [29–37]. We have also developed a series of chiral spiro-fused PACs, such
as spiro-SS, -SS(O)2, and -SN (Figure 1) [16,38–42]. These spiro-fused PACs exhibit CPL
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and their optical properties were found to depend on the substituents and the incorpo-
rated heterocycle units. The recent studies clearly demonstrate the excellent potential
of spiro-fused PACs as chiral materials, and further investigations are still required for
elucidating the structure–property relationship, and thus developing spiro-fused PACs
with tailored properties.

Molecules 2022, 27, x FOR PEER REVIEW 2 of 17 
 

 

spiro-SS, -SS(O)2, and -SN (Figure 1) [16,38–42]. These spiro-fused PACs exhibit CPL and 
their optical properties were found to depend on the substituents and the incorporated 
heterocycle units. The recent studies clearly demonstrate the excellent potential of spiro-
fused PACs as chiral materials, and further investigations are still required for elucidating 
the structure–property relationship, and thus developing spiro-fused PACs with tailored 
properties. 

 
Figure 1. Molecular structures of previously reported chiral spiro-fused PACs and 1–3 in this study. 

In the course of our studies, we have focused on incorporating a furan unit in a chiral 
spiro-fused PAC skeleton. Furan, the oxygen analog of thiophene, has reduced aromatic-
ity and is more electron-rich compared to thiophene [43]. Therefore, the electronic pertur-
bation of a furan unit to a π-conjugated system would be different from that of a thiophene 
unit, inducing unique electronic and photophysical properties. To date, a wide range of 
furan-containing π-conjugated compounds have been reported as organic functional ma-
terials [44–48]. However, the synthetic attempt of spiro-fused PACs containing furan 
unit(s) have been quite limited. In 2010, Ohe and co-workers reported the first examples 
of furan-containing spiro-fused PACs [49,50]. These compounds were found to be highly 
emissive. More recently, the chiral spiro-fused PAC with a furan unit has been reported 
by Nakamura and co-workers, demonstrating CPL properties [35]. Herein, we report the 
synthesis and photophysical properties of furan-containing chiral spiro-fused PACs 1–3, 
which are oxygen analogs of spiro-SS, -SS(O)2, and -SN (Figure 1). The S,S-dioxide de-
rivative 2 and the pyrrole-containing compound 3 can be synthesized from 1 through ar-
omatic metamorphosis. Incorporation of a furan unit in place of a thiophene unit was 
found to have great impact on photophysical properties. 

2. Results 
Our first attempt to prepare racemic 1 (rac-1) is illustrated in Scheme 1. 3-Bromo-2-

(bromophenyl)-1-benzothiophene (4) was dilithiated with BuLi, and then treated with the 
ester 5. The subsequent Friedel–Crafts cyclization of the resulting tertiary alcohol 6 suc-
cessfully gave the desired compound rac-1 (37% yield from 4). The structure was con-
firmed by X-ray crystallographic analysis (Figure 2). Both enantiomers were found to be 
contained in the unit cell. The two spiro-linked π-conjugated planes are almost completely 
perpendicular (87.3°). Screening of optical resolution conditions with HPLC on a chiral 
stationary phase (chiral HPLC) showed that baseline separation of enantiomers cannot be 
achieved. 

Figure 1. Molecular structures of previously reported chiral spiro-fused PACs and 1–3 in this study.

In the course of our studies, we have focused on incorporating a furan unit in a chiral
spiro-fused PAC skeleton. Furan, the oxygen analog of thiophene, has reduced aromaticity
and is more electron-rich compared to thiophene [43]. Therefore, the electronic perturbation
of a furan unit to a π-conjugated system would be different from that of a thiophene
unit, inducing unique electronic and photophysical properties. To date, a wide range
of furan-containing π-conjugated compounds have been reported as organic functional
materials [44–48]. However, the synthetic attempt of spiro-fused PACs containing furan
unit(s) have been quite limited. In 2010, Ohe and co-workers reported the first examples
of furan-containing spiro-fused PACs [49,50]. These compounds were found to be highly
emissive. More recently, the chiral spiro-fused PAC with a furan unit has been reported
by Nakamura and co-workers, demonstrating CPL properties [35]. Herein, we report
the synthesis and photophysical properties of furan-containing chiral spiro-fused PACs
1–3, which are oxygen analogs of spiro-SS, -SS(O)2, and -SN (Figure 1). The S,S-dioxide
derivative 2 and the pyrrole-containing compound 3 can be synthesized from 1 through
aromatic metamorphosis. Incorporation of a furan unit in place of a thiophene unit was
found to have great impact on photophysical properties.

2. Results

Our first attempt to prepare racemic 1 (rac-1) is illustrated in Scheme 1. 3-Bromo-
2-(bromophenyl)-1-benzothiophene (4) was dilithiated with BuLi, and then treated with
the ester 5. The subsequent Friedel–Crafts cyclization of the resulting tertiary alcohol
6 successfully gave the desired compound rac-1 (37% yield from 4). The structure was
confirmed by X-ray crystallographic analysis (Figure 2). Both enantiomers were found to be
contained in the unit cell. The two spiro-linked π-conjugated planes are almost completely
perpendicular (87.3◦). Screening of optical resolution conditions with HPLC on a chiral
stationary phase (chiral HPLC) showed that baseline separation of enantiomers cannot
be achieved.
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In order to prepare each enantiomer of 1, we designed the hydroxy-substituted
spiro compound 11, which would be converted into 1 via a two-step reaction (Scheme 2).
Previously, Lützen and co-workers have reported the efficient optical resolution of 9,9′-
spirobi[fluorene]-2,2′-diol and its derivatives with chiral HPLC [51]. We have also demon-
strated that the dihydroxylated derivative of spiro-SS can be separated into enantiomers
with chiral HPLC more efficiently than its parent compound spiro-SS [39]. Furthermore,
Nakamura and co-workers reported the optical resolution of the furan-containing chiral
spiro-fused PAC with one hydroxy group by using chiral HPLC [35]. Accordingly, we
envisaged that incorporation of a hydroxy group on 1 would make an efficient optical
resolution with chiral HPLC possible.

The synthesis of the hydroxy-substituted compound 11 and its transformation to 1
are illustrated in Scheme 2. First, 2-(2-bromo-4-methoxyphenyl)-1-benzothiophene (7) was
lithiated with BuLi, and then treated with 10H-indeno[1,2-b][1]benzofuran-10-one (8). The
resulting tertiary alcohol 9 was converted into the methoxy-substituted spiro compound
rac-10 via acid-promoted Friedel–Crafts cyclization (66% yield from 8). Finally, demethy-
lation of rac-10 with BBr3 gave the hydroxy-substituted compound 11 (58% yield) in a
racemic form. As expected, the optical resolution of rac-11 was achieved by HPLC with
a CHIRALPAK® IA column with hexane/CHCl3 (50/50) as an eluent (Figure S18). In
addition, the hydroxy group of 11 was found to be cleaved off via the transformation to
the triflate 12 (85% yield with rac-11; 87% yield with (+)-11) and the following palladium-
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catalyzed reduction with formic acid (96% yield with rac-12; 89% yield with (+)-12) [39].
This two-step reaction should not affect the chiral center. Therefore, the transformation of
enantiopure 11 can give the corresponding enantiomer of 1 without racemization.
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Scheme 2. Synthesis of the hydroxy-substituted spiro compound 11 and its transformation to 1.

A benzothiophene skeleton can be transformed to an indole one by aromatic metamor-
phosis, which includes oxidation of a thiophene unit and the inter/intra molecular SNAr
reaction of the resulting S,S-dioxide unit with a primary amine [52]. Recently, we applied
this transformation to spiro-SS [40]. The resulting spiro-fused compounds with one [spiro-
SS(O)2] or two S,S-dioxide units or with one (spiro-SN) or two pyrrole units showed
photophysical properties that were quite different from the parent compound spiro-SS. In
this context, we investigated the transformation of 1 to the S,S-dioxide derivative 2 and the
pyrrole-containing compound 3 (Scheme 3). The oxidation of rac-1 was readily achieved
by using an excess amount of 3-chloroperbenzoic acid (mCPBA) as an oxidant, affording
rac-2 in high yield (96%). Furthermore, the reaction of rac-2 with aniline in the presence
of KHMDS (potassium hexamethyldisilazide) successfully gave rac-3 in a moderate yield
(64%). Enantiomers of 2 and 3 were also prepared from enantiopure 1. The oxidation and
the inter/intra molecular SNAr reaction should not affect the chiral center. Therefore, these
transformations could proceed without racemization to afford enantiopure 2 and 3.
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The UV–vis absorption and photoluminescence (PL) spectra of spiro-fused PACs 1–3
are shown in Figure 3. The photophysical data are summarized in Table 1, together with
those of the previously reported spiro-SS, spiro-SS(O)2, and spiro-SN for comparison.
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We also performed theoretical calculations by density functional theory (DFT) and time-
dependent (TD) DFT methods at the B3LYP/6-31G(d) level of theory to understand the
experimental photophysical properties.

Molecules 2022, 27, x FOR PEER REVIEW 5 of 17 
 

 

The UV–vis absorption and photoluminescence (PL) spectra of spiro-fused PACs 1–
3 are shown in Figure 3. The photophysical data are summarized in Table 1, together with 
those of the previously reported spiro-SS, spiro-SS(O)2, and spiro-SN for comparison. 
We also performed theoretical calculations by density functional theory (DFT) and time-
dependent (TD) DFT methods at the B3LYP/6-31G(d) level of theory to understand the 
experimental photophysical properties. 

 
Figure 3. (a) UV–vis absorption and (b) PL spectra of rac-1–3 in CH2Cl2. 

Table 1. Photophysical properties of spiro-fused PACs 1–3. 

 λabs (nm) a λem (nm) b Φ c 
rac-1 337 369 (320) 13 
rac-2 332, 355 (sh) 480, 519 (330) <1 
rac-3 335, 353 (sh) 402 (330) 16 

rac-SS d 340 368 (330) 6 
rac-SS(O)2 d 336, 356 (sh) 459 (380) 1 

rac-SN e 334, 350 (sh) 414 (330) 2 
a The longest absorption maximum in CH2Cl2. sh: shoulder. b Emission maximum in CH2Cl2. Excita-
tion wavelength in parenthesis. c Absolute quantum yield in CH2Cl2. d Reference [38]. e Reference 
[40]. 

Compound rac-1 gave a well-resolved absorption spectrum, with the longest absorp-
tion maximum (λabs) at 337 nm (Figure 3a). In contrast, the absorption spectrum of the S,S-
dioxide derivative rac-2 exhibited well-resolved absorption bands in the <340 nm range 
and broad absorption bands in the longer wavelength range. Such a difference in the ab-
sorption properties between rac-1 and rac-2 is the same as that observed for spiro-SS and 
spiro-SS(O)2 [38]. By analogy with the discussion on spiro-SS and spiro-SS(O)2 in our 
previous report, the well-resolved absorption bands and the broader absorption bands 
were derived from the indeno[1,2-b][1]benzofuran subunit and the indeno[1,2-b][1]ben-
zothiophene S,S-dioxide subunit, respectively. Each of these two subunits works as an 
almost-independent chromophore, since their perpendicular arrangement through a spiro 
carbon atom allows a limited orbital interaction between them in the ground state. The 
absorption spectrum of rac-3 is slightly broader and red-shifted in comparison to that of 
rac-1, exhibiting a shoulder peak at 353 nm. The absorption spectra of rac-1–3 are almost 
independent of solvent polarity (Figure S19a–c). The TD-DFT calculations demonstrated 
that the spiro-fused PACs rac-1–3 exhibit the calculated longest absorption bands at 352 
nm, 428 nm, and 361 nm, respectively, all of which are assigned to the transitions domi-
nated by the HOMO→LUMO transition (Table S5). The obtained calculation results are 
qualitatively coincident with their experimental absorption spectra. The absorption spec-
tra of rac-1–3 are very similar to those of their thiophene analogs spiro-SS, -SS(O)2, and -

Figure 3. (a) UV–vis absorption and (b) PL spectra of rac-1–3 in CH2Cl2.

Table 1. Photophysical properties of spiro-fused PACs 1–3.

λabs (nm) a λem (nm) b Φ c

rac-1 337 369 (320) 13
rac-2 332, 355 (sh) 480, 519 (330) <1
rac-3 335, 353 (sh) 402 (330) 16

rac-SS d 340 368 (330) 6
rac-SS(O)2

d 336, 356 (sh) 459 (380) 1
rac-SN e 334, 350 (sh) 414 (330) 2

a The longest absorption maximum in CH2Cl2. sh: shoulder. b Emission maximum in CH2Cl2. Excitation
wavelength in parenthesis. c Absolute quantum yield in CH2Cl2. d Reference [38]. e Reference [40].

Compound rac-1 gave a well-resolved absorption spectrum, with the longest absorp-
tion maximum (λabs) at 337 nm (Figure 3a). In contrast, the absorption spectrum of the
S,S-dioxide derivative rac-2 exhibited well-resolved absorption bands in the <340 nm range
and broad absorption bands in the longer wavelength range. Such a difference in the
absorption properties between rac-1 and rac-2 is the same as that observed for spiro-SS
and spiro-SS(O)2 [38]. By analogy with the discussion on spiro-SS and spiro-SS(O)2
in our previous report, the well-resolved absorption bands and the broader absorption
bands were derived from the indeno[1,2-b][1]benzofuran subunit and the indeno[1,2-
b][1]benzothiophene S,S-dioxide subunit, respectively. Each of these two subunits works as
an almost-independent chromophore, since their perpendicular arrangement through a
spiro carbon atom allows a limited orbital interaction between them in the ground state.
The absorption spectrum of rac-3 is slightly broader and red-shifted in comparison to that
of rac-1, exhibiting a shoulder peak at 353 nm. The absorption spectra of rac-1–3 are almost
independent of solvent polarity (Figure S19a–c). The TD-DFT calculations demonstrated
that the spiro-fused PACs rac-1–3 exhibit the calculated longest absorption bands at 352 nm,
428 nm, and 361 nm, respectively, all of which are assigned to the transitions dominated by
the HOMO→LUMO transition (Table S5). The obtained calculation results are qualitatively
coincident with their experimental absorption spectra. The absorption spectra of rac-1–3
are very similar to those of their thiophene analogs spiro-SS, -SS(O)2, and -SN, respec-
tively [38,40]. Therefore, the replacement of a thiophene unit with a furan unit was found
to have little impact on absorption properties.

In the PL spectra, rac-1 exhibited emission maximum (λem) at 369 nm in CH2Cl2
(Figure 3b). A slight red-shift was observed with an increase in solvent polarity (λem:
361 nm (hexane), 366 nm (toluene), 366 nm (THF), 369 nm (CH2Cl2), and 381 nm (ace-
tonitrile) Figure S19d). The S,S-dioxide derivative rac-2 exhibited emission maximum at
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434 nm in non-polar hexane, which is largely red-shifted compared to that of rac-1. With
the increase in solvent polarity, a significant positive solvatochromic shift was observed
(Figure 4a). In addition, the second emission band clearly appeared at the longer wave-
length (519 nm) in CH2Cl2 and became predominant in the most polar acetonitrile (542 nm).
According to our previous report [38], the shorter-wavelength emission band reflects the
feature of the indeno[1,2-b][1]benzothiophene S,S-dioxide subunit. On the other hand, the
longer-wavelength one could be ascribed to the photo-induced intramolecular charge trans-
fer (ICT), in which the indeno[1,2-b][1]benzofuran and the indeno[1,2-b][1]benzothiophene
S,S-dioxide subunits work as electron-donating and electron-accepting units, respectively.
Indeed, the HOMO and LUMO estimated by DFT calculation are mainly localized in
indeno[1,2-b][1]benzofuran and the indeno[1,2-b][1]benzothiophene S,S-dioxide subunits,
respectively, by reflecting the donor–acceptor-type structure (Figure 5). The emission
band of the pyrrole-containing compound rac-3 is also red-shifted compared to that of
rac-1. In addition, the PL spectrum of rac-3 exhibited a stronger dependence on solvent
polarity than that of rac-1 (Figure 4b). The HOMO of rac-3 is delocalized both on indeno[1,2-
b][1]benzofuran and indeno[1,2-b]indole subunits, but the apparently larger distribution
is demonstrated on the latter subunit. In contrast, the LUMO is mainly located on the
indeno[1,2-b][1]benzofuran subunit. Therefore, indeno[1,2-b][1]benzofuran and indeno[1,2-
b]indole subunits act as electron-accepting and electron-donating units, respectively, induc-
ing an ICT character of rac-3 in its emissive state and a clear positive solvatochromic shift
in the PL spectrum.
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Next, the effect of the furan unit on the emission properties of rac-1–3 was evalu-
ated through a comparison with those of the thiophene analogs spiro-SS, SS(O)2, and
-SN. As described above, the PL spectrum of rac-2 in CH2Cl2 clearly shows the longer-
wavelength emission band, owing to a photo-induced ICT, and it is predominant in ace-
tonitrile (Figure 4a). On the other hand, such an emission band is less clear and observed
only as a shoulder in the case of spiro-SS(O)2 [38]. This difference could be attributed
to the more electron-rich furan unit, which works as a stronger electron-donating unit
and allows more efficient photo-induced ICT. The degree of the solvatochromic shift of
rac-3 (λem: 374 nm (hexane) and 421 (acetonitrile)) (Figure 4b) is slightly smaller than
that of the thiophene analog spiro-SN (λem: 375 nm (hexane) and 430 (acetonitrile)) [40].
The indeno[1,2-b]indole unit is the electron-donating unit both in rac-3 and spiro-SN, and
the indeno[1,2-b][1]benzofuran and the indeno[1,2-b][1]benzothiophene subunits work as
electron-accepting units in rac-3 and spiro-SN, respectively. Therefore, the smaller solva-
tochromic shift of rac-3 could be due to the less efficient electron-accepting character of
the more electron-rich indeno[1,2-b][1]benzofuran unit. The absolute quantum yields of
rac-1 and rac-3 are 0.13 and 0.16, respectively (Table 1), which are much higher than those
of spiro-SS (0.06) and spiro-SN (0.02) [38,40]. The S,S-dioxide derivative rac-2 is merely
emissive (<0.01), similar to spiro-SS(O)2 [38].

Chiroptical properties of 1–3 were investigated by CD and CPL spectroscopies (Figure 6
and Table 2). The CD spectrum of (+)-1 exhibited two large positive Cotton effects at 340 nm
and 328 nm and several negative and positive ones around 305 nm and 260 nm, respec-
tively, which are quite similar to those of (+)-(S)-spiro-SS [38,39]. Therefore, the absolute
configuration of (+)-1 is considered to be S. The TD-DFT calculation results also support this
assignment. CD spectra of (+)-2 and (+)-3 are slightly different from those of the thiophene
analogs spiro-SS(O)2 and spiro-SN, respectively, but the sign of the first Cotton effect of
(+)-2 and (+)-3 is identical to that of (+)-(S)-isomers of spiro-SS(O)2 and spiro-SN [38,40].
The dissymmetry factors in absorption, gabs (∆ε/ε = (εL − εR)/[(εL + εR)/2]), were esti-
mated to be approximately 1.2 × 10−3 for (+)-1, 1.4 × 10−3 for (+)-2, and +1.4 × 10−3 for
(+)-3. In the CPL spectra, (+)- and (−)-1–3 gave mirror-image CPL spectra with each other.
The dissymmetry factors in luminescence, glum [2∆I/I = 2(IL − IR)/(IL + IR), IL and IR:
luminescence intensities of left and right circularly polarized light, respectively) [24], of
(+)-1–3 were estimated to be +0.90 × 10−3, +2.8 × 10−3, and +0.97 × 10−3, respectively,
which are comparable to those of spiro-SS, SS(O)2, and -SN [38,40] and the previously
reported chiral small organic molecules with significant CPL activity. The solvent effect
on CPL was also investigated for (+)-2, since its PL spectrum exhibits significant positive
solvatochromism. As expected, with the increase in solvent polarity, the CPL maximum
shifted to the longer wavelength range (Figure 6b).
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Table 2. Chiroptical date of spiro-fused PACs 1–3 in CH2Cl2.

gabs (×10−3) a glum (×10−3) b |[α]D
25| c

(+)-1 +1.2 (341 nm) +0.90 (381 nm) 154 (c 0.298)
(+)-2 +1.4 (378 nm) +2.8 (517 nm) 151 (c 0.150)
(+)-3 +0.31 (351 nm) +0.97 (394 nm) 175 (c 0.094)

a Calculated at the longest CD maximum. Wavelength for the calculated gabs in parentheses. b Calculated at the
CPL maximum. Wavelength for the calculated glum in parentheses. c In CH2Cl2. Concentration in parentheses.

3. Materials and Methods
3.1. General Procedures

All manipulations that involved air- and/or moisture-sensitive compounds were
carried out with the standard Schlenk technique under argon. Analytical thin-layer chro-
matography was performed on glass plates coated with 0.25-mm 230–400 mesh silica gel
that contained a fluorescent indicator. Column chromatography was performed by using
silica gel (spherical neutral, particle size 63–210 µm). The recycling preparative HPLC was
performed with YMC–GPC T–2000 and T–4000 columns (chloroform as an eluent). Most
of the reagents were purchased from commercial suppliers, such as Sigma-Aldrich Co.
LLC (St. Louis, MO, USA), Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), and Kanto
Chemical Co., Inc. (Tokyo, Japan), and used without further purification, unless otherwise
specified. Commercially available anhydrous solvents were used for air- and/or moisture
sensitive reactions. Compound 4 was prepared according to the literature [53].

NMR spectra were recorded in CDCl3 on a JEOL-ECX400 spectrometer (JEOL Ltd.,
Tokyo, Japan) (1H 400 MHz; 13C 101 MHz; 19F 376 MHz). Chemical shifts were reported
in ppm relative to the internal standard signal (0 ppm for Me4Si in CDCl3 and acetone-
d6) for 1H and the deuterated solvent signal (77.16 ppm for CDCl3 and 29.84 ppm for
acetone-d6) for 13C. Data are presented as follows: chemical shift, multiplicity (s = singlet,
brs = broad singlet, d = doublet, t = triplet, m = multiplet and/or multiple resonances),
coupling constant in hertz (Hz), and signal area integration in natural numbers. Melting
points were determined on SRS OptiMelt melting point apparatus (Stanford Research
Systems, Sunnyvale, CA, USA). High resolution mass spectra were taken with a Bruker
Daltonics micrOTOF–QII mass spectrometer (Bruker Corporation, Billerica, MA, USA) by
the atmospheric pressure chemical ionization-time-of-flight (APCI–TOF) method. UV–vis
absorption spectra were recorded on a JASCO V-650 spectrophotometer (JASCO Corpo-
ration, Tokyo, Japan). Photoluminescence spectra were recorded on a JASCO FP–6500
spectrofluorometer (JASCO Corporation, Tokyo, Japan). Absolute quantum yields were
determined by an absolute quantum yield measurement system with a JASCO ILF–533
integrating sphere (JASCO Corporation, Tokyo, Japan). HPLC analyses and optical reso-
lution were carried out using a DAICEL CHIRALPAK® IA-3 column (4.6 mm × 250 mm)
and a DAICEL CHIRALPAK® IA column (20 mm × 250 mm) (Daicel Corporation, Tokyo,
Japan), respectively. Circular dichroism (CD) spectra were recorded on a JASCO J–725
spectrometer (JASCO Corporation, Tokyo, Japan). CPL spectra were measured by using a
JASCO CPL–300 spectrometer (JASCO Corporation, Tokyo, Japan). Optical rotations were
measured on a JASCO P–2200 polarimeter (JASCO Corporation, Tokyo, Japan) using a
50-mm cell.

3.2. Synthesis
3.2.1. Methyl 2-(1-Benzofuran-2-yl)benzoate (5)

A mixture of methyl 2-bromobenzoate (0.97 mL, 6.9 mmol), (1-benzofuran-2-yl)boronic
acid (1.23 g, 7.6 mmol), Pd2(dba)3 (0.13 g, 0.14 mmol), SPhos (0.22 g, 0.53 mmol), and K2CO3
(2.86 g, 21 mmol) in anhydrous MeCN (30 mL) and deionized water (3 mL) was placed
in a 100-mL Schlenk tube and degassed by three freeze–pump–thaw cycles. After stirring
at 80 ◦C for 24 h under argon, the reaction mixture was cooled to room temperature. To
the reaction mixture, 1 M aqueous HCl was slowly added, and the resulting mixture
was extracted with CH2Cl2 (10 mL × 3). The combined organic layers were dried over
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anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude
residue was purified by silica-gel column chromatography with hexane/CH2Cl2 (3/2,
Rf = 0.48) as an eluent to give 5 as a colorless oil (1.55 g, 89% yield). The 1H and 13C NMR
data were identical to those reported in the literature [54].
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3.2.2. rac-Spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene] (rac-1)

A mixture of 4 (0.74 g, 2.0 mmol) and N,N,N′,N′-tetramethylethylenediamine (1.2 mL,
8.0 mmol) in anhydrous THF (15 mL) was placed in a 50-mL Schlenk tube and cooled to
−78 ◦C. To the mixture was added BuLi (2.3 M in hexane, 1.8 mL, 4.2 mmol) dropwise,
and the resulting mixture was stirred at −78 ◦C for 1 h. Compound 5 (0.56 g, 2.2 mmol)
in anhydrous THF (15 mL) was slowly added to the reaction mixture at −78 ◦C, and the
resulting mixture was stirred at −78 ◦C for 1 h, warmed to ambient temperature, and then
stirred for 18 h, before being quenched with water. The resulting mixture was extracted
with EtOAc (5 mL × 3), and the combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude residue
containing the tertiary alcohol 6 was used in the following step without purification.

The obtained crude residue was dissolved in CH2Cl2 (7 mL). To the solution, tri-
fluoroacetic acid (1.5 mL) was added at ambient temperature, and the reaction mixture
was stirred at ambient temperature for 6 h, before being quenched with aqueous satu-
rated NaHCO3. The resulting mixture was extracted with CH2Cl2 (10 mL × 4), and the
combined organic layers were dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with hexane (Rf = 0.38) as an eluent to give rac-1 as a colorless solid
(0.30 g, 37% yield); mp 245.5–246.6 ◦C; 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.2 Hz,
1H), 7.74 (d, J = 7.3 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.39–7.35 (m,
2H), 7.18–7.12 (m, 2H), 7.07 (td, J = 7.3, 0.9 Hz, H), 7.04 (td, J = 7.8, 0.9 Hz, H), 7.01–6.93 (m,
2H), 6.83 (d, J = 7.3 Hz, 1H), 6.77–6.73 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 162.4, 160.2,
149.8, 148.7, 144.4, 144.0, 141.7, 139.2, 133.4, 128.3, 128.2, 127.2, 126.9, 125.5, 124.9, 124.4,
124.2, 124.0, 123.9, 123.8, 123.5, 123.3, 121.1, 120.1, 119.3, 118.2, 112.4, 57.4 (one missing
signal for an aromatic carbon is presumed to overlap one of the signals that was observed.);
HRMS–APCI+ (m/z) calcd for C29H17OS+ ([M + H]+), 413.0995, found 413.0994.
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3.2.3. 2-(2-Bromo-4-methoxyphenyl)-1-benzothiophene (7)

A mixture of (1-benzothiophen-2-yl)boronic acid (99 mg, 0.55 mmol), 2-bromo-1-iodo-
4-methoxybenzene (0.15 g, 0.49 mmol), Na2CO3 (0.11 g, 1.1 mmol), and Pd(PPh3)4 (29 mg,
25 µmol) in anhydrous 1,4-dioxane (2.1 mL) and deionized water (0.30 mL) was placed
in a 30-mL Schlenk tube and degassed by three freeze–pump–thaw cycles. After stirring
at 90 ◦C for 48 h under argon, the reaction mixture was cooled to room temperature. To
the reaction mixture, 1 M aqueous HCl was slowly added, and the resulting mixture was
extracted with CH2Cl2 (5 mL× 3). The combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude residue
was purified by silica-gel column chromatography with hexane/EtOAc (9/1, Rf = 0.52)
as an eluent and preparative HPLC to give 7 as a colorless solid (0.11 g, 67% yield): mp
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82.3–84.1 ◦C; 1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 8.2, 0.9 Hz, 1H), 7.80 (dd, J = 7.3,
1.4 Hz, 1H), 7.46 (d, J = 8.2 Hz, 1H), 7.42 (s, 1H), 7.37 (td, J = 6.9, 1.4 Hz, 1H), 7.32 (td, J = 7.3,
1.4 Hz, 1H), 7.25 (d, J = 2.7 Hz, 1H), 6.92 (dd, J = 8.7, 2.7 Hz, 1H), 3.85 (s, 3H); 13C NMR
(101 MHz, CDCl3) δ 160.0, 142.1, 140.2, 140.0, 132.9, 127.8, 124.5, 124.4, 124.2, 123.8, 123.6,
122.2, 118.9, 113.8, 55.8; HRMS–APCI+ (m/z) calcd for C15H12BrOS+ ([M + H]+), 318.9787,
found 318.9791.
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3.2.4. 2-(1-Benzofuran-2-yl)benzoic Acid (13)

To a solution of 5 (1.75 g, 6.9 mmol) in methanol (20 mL), a mixture of NaOH (1.68 g,
42 mmol) and water (20 mL) was added at room temperature. After stirring at 60 ◦C for
4.5 h, the reaction mixture was cooled to room temperature and acidified with 1 M aqueous
HCl. The resulting mixture was extracted with Et2O (10 mL × 4). The combined organic
layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure to give 5 as a colorless solid (1.60 g, 97% yield); mp 132.8–135.3 ◦C; 1H NMR
(400 MHz, acetone-d6) δ 11.30 (br, 1H), 7.84 (d, J = 7.3 Hz, 1H), 7.83 (d, J = 7.3 Hz, 1H),
7.67–7.62 (m, 2H), 7.55 (td, J = 7.8, 1.4 Hz, 1H), 7.51 (ddd, J = 8.2, 1.8, 0.9 Hz, 1H), 7.3
(ddd, J = 8.7, 7.3, 1.4 Hz, 1H), 7.25 (td, J = 7.6, 1.4 Hz, 1H), 7.12 (d, J = 0.9 Hz, 1H); 13C
NMR (101 MHz, acetone-d6) δ 169.6, 155.93, 155.88, 132.8, 131.9, 130.4, 130.2, 130.1, 130.0,
129.7, 125.3, 123.8, 122.1, 111.8, 105.3; HRMS–APCI+ (m/z) calcd for C15H11O3

+ ([M + H]+),
239.0703, found 239.0702.

3.2.5. 10H-Indeno[1,2-b][1]benzofuran-10-one (8)

A mixture of 13 (3.83 g, 16 mmol) and thionyl chloride (1.4 mL, 19 mmol) in anhydrous
CH2Cl2 (160 mL) was placed in a 300-mL three-neck flask with a condenser at ambient
temperature. To the mixture, anhydrous DMF (100 µL) was added, and the resulting
mixture was stirred for 1.5 h at 40 ◦C. The volatiles were removed under reduced pressure
to afford the acid chloride intermediate.

A mixture of AlCl3 (3.26 g, 24 mmol) and anhydrous CH2Cl2 (180 mL) was charged in
a 500-mL three-neck flask with a condenser and a dropping funnel and cooled at 0 ◦C. To
the mixture, a solution of the acid chloride intermediate in anhydrous CH2Cl2 (160 mL)
was slowly added via the dropping funnel over 2 h at 0 ◦C under argon atmosphere. The
reaction mixture was stirred for 18 h at 40 ◦C, cooled to ambient temperature, and then
poured into ice-cooled 1 M aqueous HCl. The resulting mixture was extracted with CH2Cl2
(100 mL× 3), and the combined organic layers were dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure. The resulting crude residue was purified by
silica-gel column chromatography with hexane/EtOAc (9/1, Rf = 0.49) as an eluent to give
8 as an orange solid (1.44 g, 41% yield). The 1H and 13C NMR data were identical to those
reported in the literature [55].

3.2.6. rac-2′-Methoxyspiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]
benzothiophene] (rac-10)

A mixture of 7 (0.48 g, 1.5 mmol) and N,N,N′,N′-tetramethylethylenediamine (0.45 mL,
3.0 mmol) in anhydrous THF (12 mL) was placed in a 100-mL Schlenk flask and cooled to
−78 ◦C. To the mixture, BuLi (2.6 M in hexane, 0.59 mL, 1.5 mmol) was added dropwise,
and the resulting mixture was stirred at −78 ◦C for 1 h. Compound 8 (0.27 g, 1.3 mmol)
in anhydrous THF (12 mL) was slowly added to the reaction mixture at −78 ◦C, and the
resulting mixture was stirred at −78 ◦C for 1 h, warmed to ambient temperature, and then
stirred for 18 h, before being quenched with water. The resulting mixture was extracted
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with CH2Cl2 (10 mL × 3), and the combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude residue
was roughly purified by silica-gel column chromatography with hexane/EtOAc (9/1) as an
eluent. The fractions (Rf = 0.16) that contained the tertiary alcohol 9 and some impurities
were concentrated under reduced pressure.

The resulting residue was dissolved in CH2Cl2 (10 mL) and cooled to 0 ◦C. To the
solution, trifluoroacetic acid (0.4 mL) was added at 0 ◦C, and the reaction mixture was
stirred at 0 ◦C for 1 h, before being quenched with aqueous saturated NaHCO3. The
resulting mixture was extracted with CH2Cl2 (10 mL × 3), and the combined organic
layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The resulting crude residue was purified by silica-gel column chromatography
with hexane/EtOAc (9/1, Rf = 0.49) as an eluent to give rac-10 as a colorless solid (0.37 g,
66% yield from 8); mp 216.4–221.6 ◦C; 1H NMR (400 MHz, CDCl3) δ 7.78 (ddd, J = 8.2,
1.8, 0.9 Hz, 1H), 7.73 (ddd, J = 7.3, 1.8, 0.9 Hz, 1H), 7.57 (d, J = 8.2, 1H), 7.55 (d, J = 8.2,
1H), 7.36 (td, J = 7.6, 0.9 Hz, 1H), 7.15 (ddd, J = 8.2, 6.9, 1.4, 1H), 7.10 (ddd, J = 8.2, 6.9,
1.4, 1H), 7.04 (td, J = 7.6, 1.4 Hz, 1H), 6.98–6.94 (m, 2H), 6.89 (dd, J = 8.2, 2.3 Hz, 1H),
6.79–6.77 (m, 2H), 6.69 (ddd, J = 7.8, 1.4, 0.9 Hz, 1H), 6.39 (d, J = 2.3 Hz, 1H), 3.63 (s, 3H); 13C
NMR (101 MHz, CDCl3) δ 162.3, 160.2, 159.4, 150.9, 150.1, 144.4, 143.5, 140.1, 133.7, 133.4,
132.2, 128.2, 127.2, 125.9, 124.8, 124.4, 124.1, 123.9, 123.7, 123.6, 123.5, 120.7, 120.6, 119.4,
118.1, 113.4, 112.4, 109.9, 57.4, 55.6; HRMS–APCI+ (m/z) calcd for C30H19O2S+ ([M + H]+),
443.1100, found 443.1103.

3.2.7. rac-Spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene]-2′-ol
(rac-11)

To a mixture of rac-10 (1.04 g, 2.4 mmol,) and anhydrous CH2Cl2 (24 mL), BBr3 (1 M
in CH2Cl2, 4.7 mL, 4.7 mmol) was added dropwise at 0 ◦C. After stirring at 0 ◦C for 2.5 h,
the reaction was quenched with water. The resulting mixture was extracted with CH2Cl2
(15 mL × 3) and the combined organic layers were dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure. The resulting crude residue was purified by
silica-gel column chromatography with hexane/EtOAc (3/1, Rf = 0.46) as an eluent to give
rac-11 as a colorless solid (0.59 g, 58% yield). rac-11 can be separated into enantiopure
(−)-11 and (+)-11 by HPLC equipped with an analytical DAICEL CHIRALPAK® IA-3
column (Φ4.6 mm × 250 mm) (tR = 12.7 min for (−)-11 and 14.5 min for (+)-11 (flow rate:
1.0 mL/min; eluent: hexane/CHCl3 = 50/50)): [α]D

25 for (+)-11 +175 (c 0.112, CH2Cl2); mp
261.2–265.7 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 7.4 Hz,
1H), 7.58 (d, J = 8.6 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 7.2 Hz, 1H), 7.18 (td, J = 8.0,
1.2 Hz, 1H), 7.12 (td, J = 8.0, 1.2 Hz, 1H), 7.06 (td, J = 7.5, 1.2 Hz, 1H), 7.00–6.96 (m, 2H), 6.84
(dd, J = 8.0, 2.3 Hz, 1H), 6.80–6.79 (m, 2H), 6.70 (d, J = 8.0 Hz, 1H), 6.32 (d, J = 2.6 Hz, 1H),
4.54 (brs, 1H); 13C NMR (101 MHz, CDCl3) δ 162.3, 160.2, 155.1, 151.1, 150.0, 144.4, 143.5,
140.0, 133.6, 133.3, 132.3, 128.2, 127.2, 125.7, 124.8, 124.4, 124.1, 124.0, 123.75, 123.69, 123.5,
120.9, 120.7, 119.3, 118.2, 115.0, 112.4, 111.2, 57.3; HRMS–APCI+ (m/z) calcd for C29H17O2S+

([M + H]+), 429.0944, found 429.0931.

3.2.8. rac-Spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene]-2′-yl
Trifluoromethanesulfonate (rac-12)

A mixture of rac-11 (82 mg, 0.19 mmol) and anhydrous triethylamine (0.14 mL,
1.0 mmol) in anhydrous CH2Cl2 (2 mL) was placed in a 20-mL Schlenk tube and cooled
to –78 ◦C. To the mixture, trifluoromethanesulfonic anhydride (45 µL, 0.27 mmol) was
added dropwise, and the resulting mixture was stirred at –78 ◦C for 30 min. The reaction
was quenched with water, and then the resulting mixture was extracted with CH2Cl2
(5 mL × 3). The combined organic layers were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The resulting crude residue was purified by silica-gel
column chromatography with hexane/EtOAc (9/1, Rf = 0.43) as an eluent to give rac-12 as a
colorless solid (92 mg, 85% yield); 1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 7.8 Hz, 1H), 7.77
(d, J = 7.3 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.42 (dd, J = 7.6, 6.6 Hz,
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1H), 7.32 (dd, J = 8.2, 2.3 Hz, 1H), 7.22–7.18 (m, 2H), 7.09 (td, J = 7.6, 0.9 Hz, 1H), 7.02 (td,
J = 7.3, 0.9 Hz, 1H), 6.99 (t, J = 7.8 Hz, 1H), 6.77–6.72 (m, 4H); 13C NMR (101 MHz, CDCl3)
δ 162.6, 160.2, 151.5, 148.3, 144.4, 143.7, 142.4, 139.5, 133.3, 133.1, 128.7, 127.5, 125.2, 124.9,
124.3, 124.2, 124.0, 123.92, 123.89, 123.7, 121.5, 121.4, 120.8, 119.0, 118.70 (q, JCF = 321 Hz),
118.5, 116.9, 112.6, 57.5 (one missing signal for an aromatic carbon is presumed to overlap
one of the signals that was observed.); 19F NMR (376 MHz, CDCl3) δ − 72.8; HRMS–APCI+

(m/z) calcd for C30H16F3O4S2
+ ([M + H]+), 561.0437, found 561.0443.

The crude product of (+)-12 was also obtained by using (+)-11 (62 mg, 0.14 mmol),
anhydrous triethylamine (0.10 mL, 0.72 mmol), and trifluoromethanesulfonic anhydride
(32 µL, 0.20 mmol), according to the procedure for rac-12. Purification by silica-gel column
chromatography with hexane/EtOAc (9/1, Rf = 0.43) as an eluent gave (+)-12 as a colorless
solid (70 mg, 87% yield): [α]D

25 +128 (c 0.158, CH2Cl2). The 1H and 13C NMR spectra were
identical to those of rac-12.

3.2.9. rac-Spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene] (rac-1)

A mixture of rac-12 (56 mg, 0.10 mmol), Pd(OAc)2 (1.2 mg, 5.3 µmol), PPh3 (2.4 mg,
9.2 µmol), anhydrous triethylamine (85 µL, 0.61 mmol), formic acid (15 µL, 0.39 mmol),
and anhydrous DMF (1.0 mL) was placed in a 20-mL Schlenk tube and degassed by
three freeze–pump–thaw cycles. After stirring at 80 ◦C for 2 h under argon, the reaction
mixture was cooled to room temperature. The reaction was quenched by adding 1 M
aqueous HCl slowly, and the resulting mixture was extracted with CH2Cl2 (5.0 mL × 3).
The combined organic layers were dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with hexane/EtOAc (9/1, Rf = 0.70) as an eluent to give rac-1 as a colorless
solid (40 mg, 96% yield). The 1H and 13C NMR spectra were identical to those of rac-1
described above.

The crude product of (+)-1 was also obtained by using (+)-12 (79 mg, 0.12 mmol),
Pd(Oac)2 (1.4 mg, 6.2 µmol), PPh3 (3.1 mg, 12 µmol), anhydrous trimethylamine (0.12 mL,
0.83 mmol), formic acid (22 µL, 0.53 mmol), and DMF (1.4 mL), according to the procedure
for rac-1. Purification by silica-gel column chromatography with hexane/EtOAc (9/1,
Rf = 0.70) as an eluent gave (+)-1 as a colorless solid (52 mg, 89% yield): [α]D

25 +154 (c
0.298, CH2Cl2). The 1H and 13C NMR spectra were identical to those of rac-1.

3.2.10. rac-Spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b][1]benzothiophene]
5′,5′-Dioxide (rac-2)

To a mixture of rac-1 (0.12 g, 0.30 mmol) and CH2Cl2 (2.0 mL), m-chloroperoxybenzoic
acid (contains ca. 30% water, 0.19 g, 1.1 mmol) was added at 0 ◦C. The resulting mixture
was stirred at 0 ◦C for 24 h. The reaction was quenched with a mixture of an aqueous
saturated Na2S2O3 and NaHCO3, and then the resulting mixture was extracted with
CH2Cl2 (5.0 mL × 3). The combined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The resulting crude residue was purified
by silica-gel column chromatography with CHCl3 (Rf = 0.81) as an eluent to give rac-2 as a
colorless solid (0.13 mg, 96% yield); 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 7.8 Hz, 1H),
7.77 (d, J = 7.3 Hz, 1H), 7.66 (d, J = 7.3 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.46–7.41 (m, 2H),
7.28 (t, J = 7.6 Hz, 1H), 7.24–7.20 (m, 1H), 7.18–7.09 (m, 3H), 7.06 (t, J = 7.6 Hz, 1H), 6.94
(m, 2H), 6.84 (d, J = 7.8 Hz, 1H), 6.35 (d, J = 7.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ
162.8, 160.2, 151.4, 147.7, 146.3, 144.5, 142.9, 134.0, 133.5, 133.3, 130.0, 129.2, 128.9, 128.5,
128.0, 127.8, 124.6, 124.3, 124.0, 123.8, 123.7, 122.9, 121.8, 121.6, 119.2, 118.8, 112.6, 57.7 (one
missing signal for an aromatic carbon is presumed to overlap one of the signals that was
observed.); HRMS–APCI+ (m/z) calcd for C29H17O3S+ ([M + H]+), 445.0893, found 445.0891.

The crude product of (+)-2 was obtained by using (+)-1 (27 mg, 65 µmol), m-chloroperox
ybenzoic acid (41 mg, 0.17 mmol), and CH2Cl2 (0.7 mL), according to the procedure for
rac-2. Purification by silica-gel column chromatography with CHCl3 (Rf = 0.81) as an eluent
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gave (+)-2 as a colorless solid (28 mg, 96% yield): [α]D
25 +151 (c 0.15, CH2Cl2). The 1H and

13C NMR spectra were identical to those of rac-2.

3.2.11. rac-5′-Phenyl-5′H-spiro[indeno[1,2-b][1]benzofuran-10,10′-indeno[1,2-b]indole]
(rac-3)

A solution of KHMDS (0.5 M in toluene, 0.19 mL, 93 µmol) was charged in a 20-mL
Schlenk tube, and toluene was removed under reduced pressure. The resulting residue was
dissolved with anhydrous xylene (0.3 mL) under argon. The resulting xylene solution of
KHMDS was added to a mixture of rac-2 (14 mg, 31 µmol) and aniline (5.7 µL, 62 µmol) in
another 20-mL Schlenk tube under argon at ambient temperature. The resulting solution
was stirred at 140 ◦C for 48 h. The reaction mixture was cooled to an ambient temperature,
and 1 M aqueous HCl was added slowly to the reaction mixture. The resulting mixture
was extracted with CH2Cl2 (5 mL × 4), and the combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was purified
by silica-gel column chromatography with hexane/EtOAc (9/1, Rf = 0.48) as an eluent to
give rac-3 as a colorless solid (9.4 mg, 64% yield); mp 255.1–259.2 ◦C; 1H NMR (400 MHz,
CDCl3) δ 7.75–7.66 (m, 5H), 7.60–7.54 (m, 2H), 7.40–7.34 (m, 2H), 7.18–7.13 (m, 3H), 7.08–7.03
(m, 2H), 7.00–6.94 (m, 2H), 6.89–6.78 (m, 5H); 13C NMR (101 MHz, CDCl3) δ 162.3, 160.2,
151.3, 150.6, 144.6, 142.5, 138.1, 135.4, 133.5, 129.8, 128.0, 127.8, 127.5, 127.1, 127.0, 126.4,
126.2, 124.7, 123.8, 123.69, 123.67, 123.34, 123.29, 122.8, 122.3, 120.9, 119.4, 119.0, 118.9,
117.9, 112.3, 111.1, 54.3; HRMS–APCI+ (m/z) calcd for C35H22NO+ ([M + H]+), 472.1696,
found 472.1687.

The crude product of (+)-3 was obtained by using (+)-2 (16 mg, 36 µmol), aniline (7 µL,
77 µmol), KHMDS (0.5 M in toluene, 0.22 mL), and xylene (0.36 mL), according to the
procedure for rac-3. Purification by silica-gel column chromatography with hexane/EtOAc
(9/1, Rf = 0.48) as an eluent gave (+)-3 as a colorless solid (4.7 mg, 27% yield): [α]D

25 +175
(c 0.094, CH2Cl2). The 1H and 13C NMR spectra were identical to those of rac-3.

3.3. Computational Studies

The DFT and TD-DFT calculations were performed by using the Gaussian 09 pro-
gram [56] at the B3LYP/6-31G(d) level of theory in the gas phase. The starting molecular
models for DFT geometry optimizations were built and optimized with MMFF molecular
mechanics by using the Spartan ’08 package (Wavefunction, Inc., Irvine, CA, USA). Six
singlet states were calculated in the TD-DFT calculations. The visualization of the molecular
orbitals was performed using GaussView 5.

3.4. X-ray Crystallography

For X-ray crystallographic analysis, a suitable single crystal was selected under am-
bient conditions, mounted using a nylon loop filled with paraffin oil, and transferred to
the goniometer of a RIGAKU R-AXIS RAPID diffractometer (Rigaku Corporation, Tokyo,
Japan), with graphite-monochromated Cu–Kα irradiation (λ = 1.54187 Å). The structure
was solved by a direct method (SIR 2008 [57]) and refined by full-matrix least-squares
techniques against F2 (SHELXL-2014 [58,59]). The intensities were corrected for Lorentz
and polarization effects. All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were placed using AFIX instructions.

Crystal data for rac-1: formula: C29H16OS (M = 412.48 g/mol): monoclinic, space
group P21/n (No. 14), a = 14.2753(3) Å, b = 9.8401(2) Å, c = 15.7643(3) Å, β = 114.4630(10)◦,
V = 2015.63(7) Å3, Z = 4, T = 193(2) K, µ(CuKα) = 1.566 mm−1, Dcalc = 1.359 g/cm3, 34,993
reflections measured (3.519◦ ≤ θ ≤ 68.226◦), 3684 unique (Rint = 0.0448; Rsigma = 0.0213),
which were used in all calculations. The final R1 was 0.0688 (I > 2σ(I)) and wR2 was 0.2028
(all data). CCDC 2,191,229 contains the supplementary crystallographic data for this paper.
The data can be obtained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures, accessed on 8 August 2022.
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4. Conclusions

In summary, we have synthesized furan-containing chiral spiro-fused PACs 1–3. Aro-
matic metamorphosis strategy was applied to 1, affording the pyrrole-containing 3, as well
as the S,S-dioxide derivative 2. The hydroxylated derivatives of 1 were found to be sepa-
rated into enantiopure isomers by chiral HPLC, which allowed us to prepare enantiomers of
1–3. Introduction of a furan unit has proven to have a great impact on their photophysical
properties. The observed impact could be attributed to the increased electron-richness of
furan compared to thiophene. The synthesized furan-containing chiral spiro-fused PACs
demonstrated CPL with a glum value of <2.3 × 10−3, which is comparable to those of the
reported chiral small organic molecules.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27165103/s1, Figures S1–S17: 1H, 13C, and 19F NMR spectra
for 1–3, 7, and 10–13; Table S1: Crystallographic data for rac-1; Figure S18: HPLC chart for optical
resolution of 11; Figure S19: UV–vis (1–3) and PL (1) spectra in various solvents; Figures S20–S22:
Molecular orbitals for (R)-1–3; Tables S2–S4: Coordinates and absolute energy of the optimized
structures for (R)-1–3; Table S5: The selected absorption of (R)-1–3 calculated by TD-DFT method.
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Abstract: Pyridine, 1,3,4-thiadiazole, and 1,3-thiazole derivatives have various biological activi-
ties, such as antimicrobial, analgesic, anticonvulsant, and antitubercular, as well as other antici-
pated biological properties, including anticancer activity. The starting 1-(3-cyano-4,6-dimethyl-2-
oxopyridin-1(2H)-yl)-3-phenylthiourea (2) was prepared and reacted with various hydrazonoyl
halides 3a–h, α-haloketones 5a–d, 3-chloropentane-2,4-dione 7a and ethyl 2-chloro-3-oxobutanoate
7b, which afforded the 3-aryl-5-substituted 1,3,4-thiadiazoles 4a–h, 3-phenyl-4-arylthiazoles 6a–d
and the 4-methyl-3- phenyl-5-substituted thiazoles 8a,b, respectively. The structures of the synthe-
sized products were confirmed by spectral data. All of the compounds also showed remarkable
anticancer activity against the cell line of human colon carcinoma (HTC-116) as well as hepato-
cellular carcinoma (HepG-2) compared with the Harmine as a reference under in vitro condition.
1,3,4-Thiadiazole 4h was found to be most promising and an excellent performer against both can-
cer cell lines (IC50 = 2.03 ± 0.72 and 2.17 ± 0.83 µM, respectively), better than the reference drug
(IC50 = 2.40 ± 0.12 and 2.54 ± 0.82 µM, respectively). In order to check the binding modes of the
above thiadiazole derivatives, molecular docking studies were performed that established a binding
site with EGFR TK.

Keywords: pyridines; 1,3,4-thiadiazoles; 1,3-thiazoles; hydrazonoyl halides; molecular docking;
anticancer activity

1. Introduction

Designing new, effective, selective, highly potent, although more tolerant, anticancer
drugs through the identification of novel structures remains a considerable challenge for the
researchers in the field of medicinal chemistry. Hybrid drug design has emerged during the
past few years as a leading technique for the creation of innovative anticancer medicines
that, in theory, can address many of the pharmacokinetic drawbacks of conventional
anticancer medications [1]. Medical researchers have focused on pyridines, 1,3,4-thiadiazole
and 1,3-thiazole systems that have led to somewhat more effective and promising results
in recent years. To name just a few, the following pyridine-based small compounds have
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received approval as anticancer medications: Vismodegib III, Crizotinib IV, Regorafenib II,
and Sorafenib I (Figure 1) [2–4]. Different pyridine derivatives were studied for a variety
of human cancer cell lines as a tool for novel anticancer drugs through the topoisomerase
inhibitory activity. These results show various reports regarding different derivatives, such
as bioisosteres of α-terthiophene as a potent for protein kinase C inhibitor [5], promising
topoisomerase I and/or II inhibitory activity, as well as cytotoxicity against a variety of
human cancer cell lines [6–10].

Among those, 1,3,4-thiadiazoles gained substantial interest due to their widespread
biological activity, including antimicrobial, anti-inflammatory, antithrombotic, antihy-
pertensive, antituberculosis, anesthetic, anticonvulsant and antiulcer activities [11–16].
Furthermore, different researchers also particularly report 1, 3, 4-thiadiazole derivatives for
their excellent anticancer activity, which are confirmed by desirable IG50 and IC50 values in
inhibitory effect, such as Filanesib and compounds I–III (Figure 1) [16–20].

1,3-Thiazoles, which derived from thiosemicarbazone derivatives, is also known
for its various pharmacological applications, as its scaffold is useful for several natural,
non-natural and semi-synthetic drugs, including anti-inflammatory, anti-parasitic and
antineoplastic properties [13,21–31]. Numerous studies suggested that medications such as
Tiazofurin, Dasatinib, and Dabrafenib that contain thiazoles may have anticancer properties
against different cancer types (Figure 1) [32–34].
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Figure 1. Examples of anticancer drugs bearing pyridine, thiazole, and thiadiazole moieties.

Under the influence of the findings mentioned above, continuous efforts were per-
formed to synthesize innovative anticancer compounds [13,35–46]. The present report aims
to elaborate on the new series of thiadiazole-pyridines as well as thiazole-pyridines that
might have cytotoxic effects via the inhibition of protein Epidermal Growth Factor Tyrosine
Kinase receptor (EGFR TK), which plays an essential mediating role in cell proliferation,
angiogenesis, apoptosis, and metastatic spread compared with reference drugs.

2. Results and Discussion

1-(3-Cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)-3-phenylthiourea (2) [47] was syn-
thesized through the reaction of phenyl isothiocyanate with 1-amino-4,6-dimethyl-2-oxo-
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1,2-dihydropyridine-3-carbonitrile (1) under the influence of a catalytic amount of KOH in
absolute ethanol as a solvent, as shown in Scheme 1.

The conduct of compound 2 towards various hydrazonoyl chlorides was explored to
synthesize a novel series of 1,3,4-thiadiazole derivatives. Therefore, when compound 2 was
treated with hydrazonoyl chlorides 3a–h in ethanol as a solvent in the presence of a TEA as a
catalyst, it afforded a series of single product, recognized as 4,6-dimethyl-2-oxo-1-((3-aryl-5-
substituted-1,3,4-thiadiazol-2(3H)-ylidene)amino)-1,2-dihydropyridine-3-carbonitriles 4a–h
(Scheme 1). The 1,3,4-thiadiazole 4 was formed through the alkylation of the thiol group
present in thiosemicarbazone moiety, an intramolecluar cyclization and finally elimination
of aniline molecule.

All the structures of products 4a–h were confirmed by elemental analyses followed
by spectral data. In general, the 1H-NMR spectra of 4a (see Supplementary Materials),
taken as an example, showed a singlet (1H) at δ 6.39 ppm corresponding to the pyridine
proton, three singlets at δ 2.01, 2.33 and 2.46 ppm corresponding to the three CH3 groups
and a multiplet δ 7.09–7.46 ppm corresponding to the five aromatic protons. The 13C-NMR
spectrum of 4a revealed two signals at δ = 25.6, 194.7 ppm, which is characteristic for the
acetyl group (CH3C=O). The disappearance of the two NH absorption bands was also
observed in the IR spectra because of the elimination of amine groups from the starting
material 2. Moreover, the mass spectrum of the products 4a–h revealed a molecular ion
peaks at the expected m/z values.
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Scheme 1. Synthesis of thiadiazoles 4a–h.

In addition to this, the chemical reactivity of compound 2 with several of α-haloketones
was also investigated to synthesize a series of novel thiazole derivatives. Accordingly,
compound 2 reacted with α-haloketones 5a–d in the presence of TEA as a catalyst under
refluxing condition using EtOH as a solvent that resulted a corresponding thiazoles 6a–d
series, as shown in Scheme 2 (see Experimental).

All the structures of the series of products 6a–e were also confirmed through the
analytical followed by spectral data analysis (see Experimental). Compound 6c showed
a typical singlet signal that appeared at δ 3.82, 6.55, and 6.80 ppm due to the OCH3
group, pyridine-H5, and thiazole-H5, respectively, in the 1H-NMR spectra. In addition to
this, a multiplet is observed in the region: 7.01–7.47 ppm assignable to the nine aromatic
hydrogens. On the other hand, the 13C-NMR spectrum of 6c showed four signals at
δ = 17.8, 21.2, 56.7 and 162.4 ppm characteristic for 2 Ar-CH3, Ar-OCH3 and C=O groups,
respectively, in addition to sixteen aromatic carbon signals in the range of 107.3–149.4 ppm.

153



Molecules 2022, 27, 6368Molecules 2022, 27, x FOR PEER REVIEW 4 of 20 
 

 

 
Scheme 2. Synthesis of thiazoles 6a–d and 8a,b. 

All the structures of the series of products 6a–e were also confirmed through the 
analytical followed by spectral data analysis (see Experimental). Compound 6c showed a 
typical singlet signal that appeared at δ 3.82, 6.55, and 6.80 ppm due to the OCH3 group, 
pyridine-H5, and thiazole-H5, respectively, in the 1H-NMR spectra. In addition to this, a 
multiplet is observed in the region: 7.01–7.47 ppm assignable to the nine aromatic hy-
drogens. On the other hand, the 13C-NMR spectrum of 6c showed four signals at δ = 17.8, 
21.2, 56.7 and 162.4 ppm characteristic for 2 Ar-CH3, Ar-OCH3 and C=O groups, respec-
tively, in addition to sixteen aromatic carbon signals in the range of 107.3–149.4ppm. 

Finally, compound 2 reacted with α-chloro compounds 7a,b under refluxing condi-
tion in the presence of EtOH as a solvent and TEA as a catalyst that resulted a single 
product, identified as 
4,6-dimethyl-1-((4-methyl-3-phenyl-5-substitutedthiazol-2(3H)-ylidene) ami-
no)4yridine-2(1H)-ones 8a,b, as outlined in Scheme 2. 

The structure of the isolated product 8 was inferred from its IR and 1H-NMR spectral 
data and elemental analysis (see Experimental). 

2.1. Anti-cancer Activity 
The series of prepared compounds 4a–h and 6a–d were investigated against human 

colon carcinoma (HCT-116) followed by the hepatocellular carcinoma (HepG2) cell lines 
to obtain pharmacological activities using Harmine as a reference drug through colori-
metric MTT assay under in vitro conditions. The survival curve was obtained by plotting 
the relation between the concentrations of the drugs against the surviving cells, resulting 
in the 50% inhibitory concentration (IC50). The anti-proliferative activity is also achieved 
through the expression of the mean IC50 by three independent experiments (µM) ± 
standard deviation calculated from three replicates. 

Table 1 and Figure 2 summarize the structure- and concentration-dependent anti-
cancer activities of the series of compounds against HTC-116 cell lines. An in vitro inhi-
bition activity shows a positive trend along with all tested compounds. Compounds such 
as 4c, 4d, 4f and 4g show comparable activity to that of Harmine (IC50 = 2.40 ± 0.12 µM) as 
a reference, whereas compound 4h demonstrates even better results compared with the 
same reference. A similar trend of results was also observed for the hepatocellular car-
cinoma (HepG2) cell line assay, where 4c, 4d, 4f, 4g and 4h show either comparable or 
improved inhibitory activity, with 6h (IC50 = 2.17 ± 0.83 µM) showing the maximum effect 
in comparison with the reference Harmine (IC50 = 2.54 ± 0.82 µM).  

Scheme 2. Synthesis of thiazoles 6a–d and 8a,b.

Finally, compound 2 reacted with α-chloro compounds 7a,b under refluxing condition
in the presence of EtOH as a solvent and TEA as a catalyst that resulted a single prod-
uct, identified as 4,6-dimethyl-1-((4-methyl-3-phenyl-5-substitutedthiazol-2(3H)-ylidene)
amino)4yridine-2(1H)-ones 8a,b, as outlined in Scheme 2.

The structure of the isolated product 8 was inferred from its IR and 1H-NMR spectral
data and elemental analysis (see Experimental).

2.1. Anti-Cancer Activity

The series of prepared compounds 4a–h and 6a–d were investigated against human
colon carcinoma (HCT-116) followed by the hepatocellular carcinoma (HepG2) cell lines to
obtain pharmacological activities using Harmine as a reference drug through colorimetric
MTT assay under in vitro conditions. The survival curve was obtained by plotting the
relation between the concentrations of the drugs against the surviving cells, resulting in the
50% inhibitory concentration (IC50). The anti-proliferative activity is also achieved through
the expression of the mean IC50 by three independent experiments (µM) ± standard
deviation calculated from three replicates.

Table 1 and Figure 2 summarize the structure- and concentration-dependent anticancer
activities of the series of compounds against HTC-116 cell lines. An in vitro inhibition
activity shows a positive trend along with all tested compounds. Compounds such as
4c, 4d, 4f and 4g show comparable activity to that of Harmine (IC50 = 2.40 ± 0.12 µM)
as a reference, whereas compound 4h demonstrates even better results compared with
the same reference. A similar trend of results was also observed for the hepatocellular
carcinoma (HepG2) cell line assay, where 4c, 4d, 4f, 4g and 4h show either comparable or
improved inhibitory activity, with 6h (IC50 = 2.17 ± 0.83 µM) showing the maximum effect
in comparison with the reference Harmine (IC50 = 2.54 ± 0.82 µM).
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Figure 2. The anticancer activity of series of compounds 4a–h against HCT-116 and HepG2 cell lines.

Table 1. The anticancer activity of the series of compounds 4a–h, and 6a–d towards human colon
carcinoma (HCT-116) and hepatocellular carcinoma (HepG2) cell lines expressed as IC50 values (µM)
± standard deviation from three replicates.
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Tested
Compounds R X (or Y)

IC50 (µM)

HCT-116 HepG2

4a COCH3 H 13.39 ± 1.04 16.44 ± 1.06

4b COCH3 CH3 32.57 ± 2.37 37.56 ± 1.24

4c COCH3 Cl 7.91 ± 0.83 9.18 ± 0.91

4d COCH3 2,4-diCl 5.04 ± 0.59 7.32 ± 0.75

4e COOEt CH3 16.25 ± 1.05 19.35 ± 1.30

4f COOEt Cl 4.37 ± 0.28 6.94 ± 0.69

4g COOEt NO2 3.35 ± 0.46 3.94 ± 0.80

4h CONHPh H 2.03 ± 0.72 2.17 ± 0.83

6a – H 15.57 ± 1.30 19.12 ± 1.36

6b – CH3 36.29 ± 1.32 25.90 ± 0.70

6c – OCH3 21.00 ± 1.28 19.37 ± 1.29

6d – Cl 9.61 ± 0.88 7.36 ± 0.85

Harmine – – 2.40 ± 0.12 2.54 ± 0.82

For thiadiazoles 4a–h: 4h (amidophenyl, has a phenyl ring along with electron with-
drawing amido group resulting strongest activity) > 4g (strong electron withdrawing nitro
group, increases activity) > 4f (with ester group along with one electron withdrawing Cl
atom) > 4d (acetyl group with electron withdrawing 2 Cl atom) > 4c (acetyl group with mild
electron withdrawing one Cl atom) > 4a (with acetyl group with un-substituted phenyl
group) > 4e (ester with methyl group) > 4b (acetyl group with methyl group, electron
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donating group decreases activity). Overall, electron releasing groups decrease the activity,
whereas strong electron withdrawing groups increase the activity. A selective high activity
is observed, particularly with 4h, possibly due to the fact that 4h possess one extra phenyl
ring connected with the pyridine group in the amido side, which significantly enhances its
aromatic π-π interaction with the Phe, Tyr and Trp residues. This is in coherence with the
harmine where one phenyl and one pyridine is fused with an indole group, resulting in
the same kind of interaction with amino acid residues containing an aromatic group. In
addition to this, a noteworthy mention would be, in 4h, the nitrogen in the amido group is
engaged in a tautomeric structure, thereby restricting the electron releasing power of nitro-
gen in the phenyl ring. Such interactions are absent for the rest of thiadiazole derivatives
4a–g, where only electron withdrawing group is present in the lone available phenyl ring.

This is in analogous with the thiazoles derivatives 6a–d, where only electron releasing
groups are present with the single phenyl group available, resulting in less activity com-
pared to thiadiazoles 4a–h with the only exception of 6d (an electron withdrawing Cl atom
is present), where moderate anticancer activity is detected (Figure 3).
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Figure 3. The anticancer activity of series of compounds 6a–d against HCT-116 and HepG2 cell lines.

2.2. Docking Study for Cytotoxicity

The protein Epidermal Growth Factor Receptor Tyrosine Kinase Domain (EGFR TK)
was selected for this study, where the ability to inhibit this receptor ultimately leads to
the blockade of the growth pathway, giving a promising anti-cancer agent [48]. The lower
binding energy resulting from the association of the compound with the targeted protein
is an indication of a higher binding efficiency. The results of the docking protocol were
validated by the re-docking of the co-crystallized ligand (W19) inside the active site of
EGFR TK (Figures 4 and 5). Harmine was used in this study as an EGFR TK inhibitor. By
comparing the binding affinity of different screened synthesized compounds with Harmine
(∆G of –7.1), it was found that compound 4h showed the best binding affinity with ∆G of
−10.8, and 4b, 4c, 4d, 4e, 4f, 6a, 6b, and 6c showed binding activity ∆G −8.1 to −9.2. The
screened compounds showed a possible interaction with EGFR TK active sites as depicted
in Table 2 and Figures 6–13.
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3. Experimental 
Elementar vario LIII CHNS analyzer (Elementar Analysensysteme GmbH, Langen-

selbold, Germany) is used to measure all elemental analysis. Electrothermal IA 9000 se-
ries Digital Melting Point Apparatus (Shanghai Jiahang Instruments Co., Jiading District, 
shanghai, China) was used to obtain melting points data. Shimadzu FTIR 8101 PC infra-
red spectrophotometers (Shimadzu Co., Kyoto, Japan) were used to record IR spectra 
data in KBr discs on Pye Unicam SP 3300. Varian Mercury VX-300 NMR spectrometer  
(Bruker Biospin, Karlsruhe, Germany) was used with the operating frequency of 300 
MHz (1H-NMR) in deuterated dimethylsulfoxide (DMSO-d6) solvent to record NMR 
spectra, where chemical shifts were related to the solvent used. Shimadzu 
GCeMS-QP1000 EX mass spectrometer(Shimadzu Co., Kyoto, Japan) was used to record 
mass spectra at 70 eV. The cytotoxicity of the prepared compounds was measured by the 
Regional Center for Mycology and Biotechnology in Al-Azhar University, Cairo, Egypt.  

Synthesis of 1-(3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)-3-phenylthiourea (2) 
A mixture of 1-amino-4,6-dimethyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (1) 

(1.63 g, 10 mmol), KOH (0.56 g, 10 mmol) in DMF (30 mL), was stirred for 10 min. Then, 
PhNCS (1.35 g, 10 mmol) is added under stirring condition and continued for the next 6 
h. Afterwards, the solution was diluted with 30 mL of distilled water, followed by neu-
tralization by adding aqueous AcOH dropwise, resulting in a solid recrystallized from 
dioxin to obtain yellowish brown crystals (71%) as a pure product of compound 2; mp = 
209–211 °C (Lit mp = 205–207 °C [47]); 1H-NMR (DMSO-d6): δ 2.22 (s, 3H, CH3), 2.30 (s, 
3H, CH3), 6.34 (s, 1H, Pyridine-H5), 7.32–7.69 (m, 5H, Ar-H), 8.55 (s, br, 1H, NH), 8.95 (s, 
br, 1H, NH) ppm; IR (KBr): v 3372, 3241 (2NH), 3033, 2951 (CH), 2218 (CN), 1675 (C=O), 
1599 (C=N), 1335 (C=S) cm−1; MS m/z (%): 298 (M+, 85). Anal Calcd for C15H14N4OS 
(298.36): C, 60.38; H, 4.73; N, 18.78. Found: C, 60.24; H, 4.59; N, 18.58%. 

Synthesis of 4,6-dimethyl-2-oxo-1-((3-aryl-5-substituted-1,3,4-thiadiazol-2(3H)- yli-
dene)amino)-1,2-dihydropyridine-3-carbonitriles (4a–h). 

Figure 13. Mapping surface showing compound 6b occupying the active pocket of EGFR TK.
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Table 2. The binding scores and interactions of the examined compounds and the Harmine inhibitor
inside the binding pocket of receptor of (3W33) for EGFR TK.

Compounds Binding Scores
(kcal/mol)

Hydrogen Bond
Interactions Distance (Å)

Hydrophobic
Interactions Distance (Å)

4a −8.5 MET769 2.08

LEU694
VAL702
LYS721
LEU820
THR830

3.78
3.75

3.46, 3.93
3.24, 3.90

3.77

4b −9.2 MET769 1.96

LEU694
VAL702
ALA719
LYS721
LEU764
LEU820

3.74
3.69
3.89

3.48, 3.71
3.77
3.39

4c −8.9 MET769 2.07

LEU694
VAL702
ALA719
LYS721
LEU820
THR830

3.78
3.69
3.87
3.47

3.21, 3.94
3.75

4d −9.2

GLU738
THR830
ASP831
PHE832

2.71
2.64
2.20
3.17

LEU694
PHE699
VAL702
ALA719
LYS721
LEU764
THR766
LEU820

3.55
3.66
3.04
3.56
3.95
3.59
3.50
3.58

4e −8.7

GLU738
THR830
ASP831
PHE832

2.71
2.64
2.20
3.17

LEU694
PHE699
VAL702
ALA719
LYS721
LEU764
THR766
LEU820

3.55
3.66
3.04
3.56
3.95
3.59
3.50
3.58

4f −8.8 MET769 2.10

LEU694
VAL702
ALA719
LYS721
LEU820
THR830

3.88
3.58
3.87
3.42

3.33, 3.86
3.92

4g −9.1 MET769 2.56

LEU694
VAL702
ALA719
LYS721
LEU820

3.74
3.38
3.68
3.59

3.31, 3.81

4h −10.8

ARG841
ASN842
LYS745
THR854

2.08
2.27
3.48
3.45

LEU718
VAL726
ALA743
LYS745
LEU788
THR790

3.74, 3.50
3.61, 3.30

3.67
3.36, 3.89

3.66
3.80
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Table 2. Cont.

Compounds Binding Scores
(kcal/mol)

Hydrogen Bond
Interactions Distance (Å)

Hydrophobic
Interactions Distance (Å)

6a −8.8

LEU694
VAL702
ALA719
LYS721
LEU820

3.69
3.13, 3.91

3.61
3.73, 3.87
3.41, 3.64

6b −8.9 CYS797 2.29

LEU718
VAL726
ASP855
LEU777
LEU788
THR790
LEU844
PHE997

3.90, 3.39, 3.47
3.64
3.67
3.08
3.48
3.48
3.53
3.29

6c −7.9 THR766 2.38

LEU694
VAL702
LYS721
LEU820

3.39
3.32, 3.51
3.69, 3.73

3.39

6d −8.8 THR766 2.58

PHE699
VAL702
ALA719
MET769
ARG817
LEU820

3.57
3.95
3.50
3.93
3.78

3.91, 3.48

Harmine −7.1

LEU718
VAL726
LYS745
THR790
LEU792

3.61
3.58, 3.64

3.76
3.63
3.72

W19 −10.8 LYS745 2.36

LEU718
VAL726
LYS745
LEU777
LEU788
THR790
THR845

3.67
3.65, 3.94

3.85
3.79
3.97
3.73
3.79

3. Experimental

Elementar vario LIII CHNS analyzer (Elementar Analysensysteme GmbH, Langensel-
bold, Germany) is used to measure all elemental analysis. Electrothermal IA 9000 series Dig-
ital Melting Point Apparatus (Shanghai Jiahang Instruments Co., Jiading District, Shanghai,
China) was used to obtain melting points data. Shimadzu FTIR 8101 PC infrared spec-
trophotometers (Shimadzu Co., Kyoto, Japan) were used to record IR spectra data in KBr
discs on Pye Unicam SP 3300. Varian Mercury VX-300 NMR spectrometer (Bruker Biospin,
Karlsruhe, Germany) was used with the operating frequency of 300 MHz (1H-NMR) in
deuterated dimethylsulfoxide (DMSO-d6) solvent to record NMR spectra, where chemical
shifts were related to the solvent used. Shimadzu GCeMS-QP1000 EX mass spectrometer
(Shimadzu Co., Kyoto, Japan) was used to record mass spectra at 70 eV. The cytotoxicity
of the prepared compounds was measured by the Regional Center for Mycology and
Biotechnology in Al-Azhar University, Cairo, Egypt.
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Synthesis of 1-(3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)-3-phenylthiourea (2)

A mixture of 1-amino-4,6-dimethyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (1) (1.63 g,
10 mmol), KOH (0.56 g, 10 mmol) in DMF (30 mL), was stirred for 10 min. Then, PhNCS
(1.35 g, 10 mmol) is added under stirring condition and continued for the next 6 h. After-
wards, the solution was diluted with 30 mL of distilled water, followed by neutralization
by adding aqueous AcOH dropwise, resulting in a solid recrystallized from dioxin to
obtain yellowish brown crystals (71%) as a pure product of compound 2; mp = 209–211 ◦C
(Lit mp = 205–207 ◦C [47]); 1H-NMR (DMSO-d6): δ 2.22 (s, 3H, CH3), 2.30 (s, 3H, CH3),
6.34 (s, 1H, Pyridine-H5), 7.32–7.69 (m, 5H, Ar-H), 8.55 (s, br, 1H, NH), 8.95 (s, br, 1H, NH)
ppm; IR (KBr): v 3372, 3241 (2NH), 3033, 2951 (CH), 2218 (CN), 1675 (C=O), 1599 (C=N),
1335 (C=S) cm−1; MS m/z (%): 298 (M+, 85). Anal Calcd for C15H14N4OS (298.36): C, 60.38;
H, 4.73; N, 18.78. Found: C, 60.24; H, 4.59; N, 18.58%.

Synthesis of 4,6-dimethyl-2-oxo-1-((3-aryl-5-substituted-1,3,4-thiadiazol-2(3H)-ylidene)
amino)-1,2-dihydropyridine-3-carbonitriles (4a–h).

A mixture of compound 2 (0.298 g, 1 mmol) and appropriate hydrazonoyl halides
3a–h (1 mmol) in DMF (20 mL) containing Et3N (0.1 g, 1 mmol) was heated under reflux
for 3–6 h. The resultant solid product was recrystallized by appropriate solvent to give
thiadiazoles 4a–h. Below is a list of the spectrum information and physical characteristics
of the products 4a–h.

1-((5-Acetyl-3-phenyl-1,3,4-thiadiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carbonitrile (4a).

Yellow solid (79%); m.p. 233–235 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.01 (s, 3H, CH3),
2.33 (s, 3H, CH3), 2.46 (s, 3H, CH3), 6.39 (s, 1H, Pyridine-H5), 7.09–7.46 (m, 5H, Ar-H) ppm;
13C-NMR (DMSO-d6): δ 19.6, 21.2, 25.6 (3CH3), 107.8, 115.9, 116.4, 118.6, 122.7, 123.1, 124.0,
125.8, 138.1, 142.3, 152.3 (Ar-C and C=N), 163.2, 194.7 (2 C=O) ppm; IR (KBr): v 3047,
2933 (CH), 2220 (CN),1704, 1651 (C=O), 1599 (C=N) cm−1; MS m/z (%): 365 (M+, 49). Anal.
Calcd. for C18H15N5O2S (365.41): C, 59.17; H, 4.14; N, 19.17. Found C, 59.30; H, 4.04;
N, 19.11%.

1-((5-Acetyl-3-(p-tolyl)-1,3,4-thiadiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carbonitrile (4b).

Yellow solid (80%); m.p. 243–245 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.01 (s, 3H,
CH3), 2.32 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.45 (s, 3H, CH3), 6.39 (s, 1H, Pyridine-H5),
7.02–7.80 (m, 4H, Ar-H) ppm; 13C-NMR (DMSO-d6): δ 19.1, 20.7, 21.2, 25.4 (4CH3), 107.3, 116.5,
122.9, 127.5, 130.1, 130.6, 133.8, 138.2, 145.2, 154.2 (Ar-C and C=N), 162.1, 194.2 (2 C=O) ppm;
IR (KBr): v 3028, 2940 (CH), 2217 (CN),1703, 1667 (C=O), 1597 (C=N) cm−1; MS m/z (%): 379
(M+, 38). Anal. Calcd. for C19H17N5O2S (379.44): C, 60.14; H, 4.52; N, 18.46. Found C, 60.05;
H, 4.42; N, 18.29%.

1-((5-Acetyl-3-(4-chlorophenyl)-1,3,4-thiadiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-
oxo-1,2-dihydropyridine-3-carbonitrile (4c).

Yellow solid (78%); m.p. 228–230 ◦C (dioxane); 1H-NMR (DMSO-d6): δ 2.03 (s, 3H,
CH3), 2.25 (s, 3H, CH3), 2.41 (s, 3H, CH3), 6.39 (s, 1H, Pyridine-H5), 7.11–7.85 (m, 4H, Ar-H)
ppm; IR (KBr): v 3052, 2944 (CH), 2218 (CN), 1709, 1663 (C=O), 1598 (C=N) cm−1; MS m/z
(%): 401 (M+

+ 2, 31), 399 (M+, 100). Anal. Calcd. for C18H14ClN5O2S (399.85): C, 54.07; H,
3.53; N, 17.52. Found C, 54.01; H, 3.36; N, 17.48%.

1-((5-Acetyl-3-(2,4-dichlorophenyl)-1,3,4-thiadiazol-2(3H)-ylidene)amino)-4,6-dimethyl-
2-oxo-1,2-dihydropyridine-3-carbonitrile (4d).

Brown solid (79%); m.p. 262–264 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.04 (s, 3H, CH3),
2.31 (s, 3H, CH3), 2.43 (s, 3H, CH3), 6.39 (s, 1H, Pyridine-H5), 7.26–7.86 (m, 3H, Ar-H) ppm;
IR (KBr): v 3047, 2937 (CH), 2222 (CN), 1711, 1672 (C=O), 1601 (C=N) cm−1; MS m/z (%):
434 (M+, 81). Anal. Calcd. for C18H13Cl2N5O2S (434.30): C, 49.78; H, 3.02; N, 16.13. Found
C, 49.83; H, 3.00; N, 16.04%.
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Ethyl 5-((3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)imino)-4-(p-tolyl)-4,5-dihydro-
1,3,4-thiadiazole-2-carboxylate (4e).

Yellow solid (77%); m.p. 189–191 ◦C (EtOH\DMF); 1H-NMR (DMSO-d6): δ 1.17–1.21
(t, 3H, CH3), 2.01 (s, 3H, CH3), 2.32 (s, 3H, CH3), 2.42 (s, 3H, CH3), 4.13–4.17 (q, 2H, CH2),
6.45 (s, 1H, Pyridine-H5), 7.12–7.59 (m, 4H, Ar-H) ppm; 13C-NMR (DMSO-d6): δ 12.9, 17.5,
21.1, 21.7 (4CH3), 117.3, 119.0, 121.2, 121.7, 122.4, 124.1, 125.0, 130.1, 139.4, 142.5, 151.2
(Ar-C and C=N), 161.2, 163.5 (2 C=O) ppm; IR (KBr): v 3049, 2930 (CH), 2219 (CN), 1723,
1669 (C=O), 1600 (C=N) cm−1; MS m/z (%): 409 (M+, 14). Anal. Calcd. for C20H19N5O3S
(409.46): C, 58.67; H, 4.68; N, 17.10. Found C, 58.52; H, 4.55; N, 17.02%.

Ethyl 4-(4-chlorophenyl)-5-((3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)imino)-4,5-
dihydro-1,3,4-thiadiazole-2-carboxylate (4f).

Yellow solid (77%); m.p. 185–187 ◦C (EtOH); 1H-NMR (DMSO-d6): δ 1.20–1.27 (t, 3H,
CH3), 2.03 (s, 3H, CH3), 2.38 (s, 3H, CH3), 4.11–4.17 (q, 2H, CH2), 6.46 (s, 1H, Pyridine-
H5), 7.23–7.60 (m, 4H, Ar-H) ppm; IR (KBr): v 3046, 2937 (CH), 2217 (CN),1722, 1660
(C=O), 1601 (C=N) cm−1; MS m/z (%): 431 (M+

+ 2, 20), 429 (M+, 63). Anal. Calcd. for
C19H16ClN5O3S (429.88): C, 53.09; H, 3.75; N, 16.29. Found C, 53.18; H, 3.58; N, 16.14%.

Ethyl 5-((3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)imino)-4-(4-nitrophenyl)-4,5-
dihydro-1,3,4-thiadiazole-2-carboxylate (4g).

Yellow solid (73%); mp = 217–219 ◦C (EtOH\DMF); 1H-NMR (DMSO-d6): δ 1.20–1.27
(t, 3H, CH3), 2.29 (s, 3H, CH3), 2.42 (s, 3H, CH3), 4.18–4.26 (q, 2H, CH2), 6.84 (s, 1H,
Pyridine-H5), 7.27–8.34 (m, 4H, Ar-H) ppm; IR (KBr): v 3039, 2943 (CH), 2218 (CN),1719,
1665 (C=O), 1600 (C=N) cm−1; MS m/z (%): 440 (M+, 70). Anal. Calcd. for C19H16N6O5S
(440.43): C, 51.81; H, 3.66; N, 19.08. Found C, 51.66; H, 3.50; N, 19.03%.

5-((3-Cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)imino)-N,4-diphenyl-4,5-dihydro-1,3,4-
thiadiazole-2-carboxamide (4h).

Yellow solid (86%); mp = 277–279 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.16 (s, 3H, CH3),
2.38 (s, 3H, CH3), 6.42 (s, 1H, Pyridine-H5), 7.03–7.79 (m, 10H, Ar-H), 10.21 (s, 1H, NH) ppm;
13C-NMR (DMSO-d6): δ 17.9, 21.4 (2CH3), 112.4, 115.9, 119.3, 120.5, 121.5, 122.1, 124.3, 124.7,
125.2, 128.6, 132.4, 134.6, 139.4, 141.5, 152.4 (Ar-C and C=N), 161.2, 162.7 (2 C=O) ppm; IR
(KBr): v 3278 (NH), 3061, 2947 (CH), 2219 (CN), 1678, 1663 (C=O), 1597 (C=N) cm−1; MS
m/z (%): 442 (M+, 18). Anal. Calcd. for C23H18N6O2S (442.50): C, 62.43; H, 4.10; N, 18.99.
Found C, 62.52; H, 4.04; N, 18.75%.

Synthesis of thiazoles 6a–d or 8a,b.

A mixture of 2 (0.298 g, 1 mmol) and α-haloketones 5a–d or 3-chloropentane-2,4-dione
(7a) or ethyl 2-chloro-3-oxobutanoate (7b) (1 mmol) in DMF (15 mL) was refluxed for
4–6 h and was continuously monitored in TLC. The separation of the product was clearly
observed during the course of the reaction. The resultant solid product was then filtered,
washed several times with water, dried and recrystallized in the proper solvent to give the
corresponding thiazoles 6a–d or 8a,b, respectively.

1-((3,4-Diphenylthiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-dihydropyridine-
3-carbonitrile (6a).

Yellow solid (74%); mp = 230–232 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.23 (s, 3H, CH3),
2.34 (s, 3H, CH3), 6.37 (s, 1H, Pyridine-H5), 6.67 (s, 1H, Thiazole-H5), 7.19–8.05 (m, 10H,
Ar-H) ppm; IR (KBr): v 3047, 2934 (CH), 2217 (CN), 1667 (C=O), 1599 (C=N) cm−1; MS m/z
(%): 398 (M+, 37). Anal. Calcd. for C23H18N4OS (398.48): C, 69.33; H, 4.55; N, 14.06. Found
C, 69.17; H, 4.42; N, 14.04%.

4,6-Dimethyl-2-oxo-1-((3-phenyl-4-(p-tolyl)thiazol-2(3H)-ylidene)amino)-1,2-
dihydropyridine-3-carbonitrile (6b).

Yellow solid (77%); mp = 213–215 ◦C (EtOH); 1H-NMR (DMSO-d6): δ 2.23 (s, 3H, CH3),
2.24 (s, 3H, CH3), 2.34 (s, 3H, CH3), 6.37 (s, 1H, Pyridine-H5), 7.07 (s, 1H, Thiazole-H5),
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7.33–7.44 (m, 9H, Ar-H) ppm; IR (KBr): v 3042, 2950 (CH), 2219 (CN), 1671 (C=O), 1602
(C=N) cm−1; MS m/z (%): 412 (M+, 18). Anal. Calcd. for C24H20N4OS (412.51): C, 69.88; H,
4.89; N, 13.58. Found C, 69.70; H, 4.83; N, 13.37%.

1-((4-(4-Methoxyphenyl)-3-phenylthiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carbonitrile (6c).

Yellow solid (80%); mp = 221–223 ◦C (EtOH\DMF); 1H-NMR (DMSO-d6): δ 2.23 (s,
3H, CH3), 2.32 (s, 3H, CH3), 3.82 (s, 3H, OCH3), 6.55 (s, 1H, Pyridine-H5), 6.80 (s, 1H,
Thiazole-H5), 7.01–7.47 (m, 9H, Ar-H) ppm; 13C-NMR (DMSO-d6): δ 17.8, 21.2 (2CH3),
56.7 (OCH3), 107.8, 113.9, 115.0, 118.3, 121.9, 122.5, 123.6, 130.0, 131.8, 135.6, 138.9, 140.8,
144.0, 152.0, 152.5, 154.3 (Ar-C and C=N), 162.4 (C=O) ppm; IR (KBr): v 3074, 2928 (CH),
2218 (CN), 1683 (C=O), 1603 (C=N) cm−1; MS m/z (%): 403 (M+, 23). Anal. Calcd. for
C24H20N4O2S (428.51): C, 67.27; H, 4.70; N, 13.08. Found C, 67.36; H, 4.61; N, 13.02%.

1-((4-(4-Chlorophenyl)-3-phenylthiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carbonitrile (6d).

Yellow solid (79%); mp = 217–219 ◦C (DMF); 1H-NMR (DMSO-d6): δ 2.23 (s, 3H, CH3),
2.34 (s, 3H, CH3), 6.76 (s, 1H, Pyridine-H5), 7.01 (s, 1H, Thiazole-H5), 7.12–7.77 (m, 9H,
Ar-H) ppm;IR (KBr): v 3048, 2927 (CH), 2218 (CN), 1669 (C=O), 1602 (C=N) cm−1; MS m/z
(%): 409 (M+

+ 2, 13), 407 (M+, 41). Anal. Calcd. for C23H17ClN4OS (432.93): C, 63.81; H,
3.96; N, 12.94. Found C, 63.62; H, 3.77; N, 12.73%.

1-((5-Acetyl-4-methyl-3-phenylthiazol-2(3H)-ylidene)amino)-4,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carbonitrile (8a).

Yellow solid (83%); mp = 195–197 ◦C (EtOH); 1H-NMR (DMSO-d6): δ 2.18 (s, 3H, CH3),
2.25 (s, 3H, CH3), 2.33 (s, 3H, CH3), 2.43 (s, 3H, CH3), 6.36 (s, 1H, Pyridine-H5), 7.55–7.66
(m, 5H, Ar-H) ppm; IR (KBr): v 3048, 2935 (CH), 2219 (CN),1709, 1671 (C=O), 1601 (C=N)
cm−1; MS m/z (%): 353 (M+, 35). Anal. Calcd. for C20H18N4O2S (378.45): C, 63.47; H, 4.79;
N, 14.80. Found C, 63.35; H, 4.62; N, 14.69%.

Ethyl 2-((3-cyano-4,6-dimethyl-2-oxopyridin-1(2H)-yl)imino)-4-methyl-3-phenyl-2,3-
dihydrothiazole-5-carboxylate (8b).

Yellow solid (85); mp = 190–192 ◦C (EtOH); 1H-NMR (DMSO-d6): δ 1.21–1.25 (t, 3H,
CH3), 2.19 (s, 3H, CH3), 2.22 (s, 3H, CH3), 2.38 (s, 3H, CH3), 4.21–4.25 (q, 2H, CH2), 6.39
(s, 1H, Pyridine-H5), 7.45–7.62 (m, 5H, Ar-H) ppm; 13C-NMR (DMSO-d6): δ 14.5, 17.1,
21.3 (3CH3), 62.5 (CH2), 106.4, 113.3, 115.3, 119.8, 123.7, 124.5, 127.6, 131.5, 133.0, 140.2,
144.1, 148.7 (Ar-C and C=N), 162.5, 164.1 (2 C=O) ppm; IR (KBr): v 3037, 2943 (CH), 2218
(CN), 1724, 1668 (C=O), 1600 (C=N) cm−1; MS m/z (%): 408 (M+, 74). Anal. Calcd. for
C21H20N4O3S (408.48): C, 61.75; H, 4.94; N, 13.72. Found C, 61.63; H, 4.81; N, 13.53%.

3.1. Cytotoxic Activity

The cytotoxicity of the newly synthesized series of compounds was studied against
HCT-116 and HepG2 cells using the MTT assay through an incubation period of 24 h [49,50].

Mammalian cell line: HCT-116 and HepG2 cells were collected from VACSERA Tissue
Culture Unit, Cairo, Egypt.

3.2. Docking Method

The MOE 2019.012 suite (Chemical Computing Group ULC, Montreal, Canada) [51]
was applied in order to carry all docking studies for the newly synthesized compounds
to suggest their plausible mechanism of action as the protein Epidermal Growth Factor
Receptor Tyrosine Kinase Domain (EGFR TK) inhibitors by evaluating their binding grooves
and modes to compare with Harmine as a reference standard.

The newly prepared derivatives were placed into the MOE window, where they
were treated to partial charge addition and energy minimization [52,53]. The produced
compounds also were placed into a single database with the Harmine and saved as an MDB
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file, which was then uploaded to the ligand icon during the docking process. The Protein
Data Bank was used to generate an X-ray of the targeted Epidermal Growth Factor Receptor
Tyrosine Kinase Domain (EGFR TK) 3W33. Available online: https://www.rcsb.org/
structure/3W33 (accessed on 17 July 2022). [48]. Furthermore, it was readied for the docking
process by following the previously detailed stages [54,55]. Additionally, the downloaded
protein was error-corrected, 3D hydrogen-loaded and energy-minimized [56,57].

In a general docking procedure, the newly prepared derivatives were substituted for
the ligand site. After modifying the default program requirements previously stated, the
co-crystallized ligand site was selected as the docking site, and the docking process was
started [58]. In a nutshell, the docking site was chosen using the dummy atoms method [59].
The placement and scoring procedures, respectively, Triangle matcher and London dG,
were chosen. The stiff receptor was used as the scoring method, and the GBVI/WSA dG
was used as the refining method, respectively, to select the top 10 poses out of a total of
100 poses for each docked molecule [60,61]. For further research, the optimal pose for each
ligand with the highest score, binding mode and RMSD value was chosen. It is important
to note that the applied MOE program underwent the first step of program verification by
docking Harmine to its ligand binding of the prepared Target [62,63]. By obtaining a low
RMSD value (1.43) between the newly created compounds with docked Harmine, a valid
performance was demonstrated.

4. Conclusions

In this paper, two new series of aryl substituted novel pyridine-1,3,4-thiadiazoles, and
pyridine-thiazoles were synthesized starting with 1-(3-cyano-4,6-dimethyl-2-oxopyridin-
1(2H)-yl)-3-phenylthiourea and several available reagents. All the structures were con-
firmed through elemental and spectral analysis, where the plausible mechanistic approach
for their formation was discussed. All the prepared derivatives showed effectiveness
towards the inhibition of human colon carcinoma (HCT-116) as well as hepatocellular
carcinoma (HepG2) cell lines through in vitro evaluation and an in silico docking study.
From the obtained results, compound 4h (amidophenyl has a phenyl ring along with the
electron withdrawing amido group resulting in the strongest activity) was found to be the
strongest and most effective with 2.03 ± 0.72 µM against HCT-116, contributing its activity
through a variety of interactions, such as hydrophobic interaction, hydrogen bonding in
addition to aromatic stacking interactions with selected target (EGFR TK) pockets, com-
pared with Harmine as a reference drug. A detailed analysis of all the series confirmed the
electron withdrawing group present in the aryl substitution, resulting in the enhancement
of anticancer activity, which could be promising for the future generation of new efficient
anticancer drugs based on 1,3,5-thiadiazole and 1,3-thiazole derivatives.
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Abstract: A series of novel 4-(aryl)-benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles were obtained
through the Povarov (aza-Diels–Alder) and oxidation reactions, starting from benzimidazole-2-
arylimines. Based on the literature data and X-ray diffraction analysis, it was discovered that
during the Povarov reaction, [1,3] sigmatropic rearrangement leading to dihydrobenzimidazo[1,2-
a]pyrimidines took place. The structures of all the obtained compounds were confirmed based on
the data from 1H- and 13C-NMR spectroscopy, IR spectroscopy, and elemental analysis. For all
the obtained compounds, their photophysical properties were studied. In all the cases, a positive
emission solvatochromism with Stokes shifts from 120 to 180 nm was recorded. Aggregation-
Induced Emission (AIE) has been illustrated for compound 6c using different water fractions (fw) in
THF. The compounds 6c and 6f demonstrated changes in emission maxima or/and intensities after
mechanical stimulation.

Keywords: pyrimidine; benzimidazole; aza-Diels–Alder reaction; Povarov reaction; oxidation;
fluorescence; aggregation-induced emission; mechanochromic properties

1. Introduction

Azolopyrimidines are ubiquitous heterocyclic systems, particularly important in liv-
ing organisms as a core of purine bases, and these heterocycles are widely present among
biologically active compounds, including those with antiviral [1–4], anticancer [5–7], an-
tibacterial [8,9], and antidiabetic activity [10,11]. In addition to a wide range of biological ac-
tivities, azolopyrimidines are considered promising candidates for important fluorescence
applications [12–15]. Furthermore, strongly electron-withdrawing pyrimidine derivatives
have found applications for the synthesis of push-pull molecules and the construction of
functionalized π-conjugated materials such as dye-sensitized solar cells [16], non-doped
OLED and laser dyes [17], and nonlinear optical materials [18]. Among the methods for
the structural modification of azolopyrimidines, the approaches based on the creation of
polycyclic fused analogs of azolopyrimidines such as benzo[4,5]imidazo[1,2-a]pyrimidines
are of growing interest and significance [19–21]. Since polycyclic fused systems with a
conjugated planar structure exhibit relevant photophysical properties, they have found
applications as phosphors in optoelectronics or as fluorescent dyes for textile and polymer
materials [22].

Among the methods for constructing heterocyclic systems is the aza-Diels–Alder [4 + 2]
cycloaddition reaction between various dienophiles and N-aryl-substituted imines, which
yields a wide range of azaheterocycles. This reaction, also known as the Povarov reac-
tion [23–26], is a convenient tool for the construction of six-membered rings with high
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molecular complexity via the direct construction of carbon–carbon and carbon–heteroatom
bonds [27]. In addition, the Povarov reaction is considered an important and efficient ap-
proach for creating large libraries of bioactive compounds in drug discovery programs [28].
From this point of view, the use of such a powerful synthetic methodology can be useful for
the creation of new derivatives of azolopyrimidines, in particular benzo[4,5]imidazo[1,2-
a]pyrimidines.

The use of molecules with aggregation-induced emission (AIE) properties, including
those with reversible mechanochromism properties, is of great research interest due to
their potential applications in biomedical imaging, sensors, and organic light-emitting
diodes [29]. Additionally, fluorophores based on acceptor azaheteroarene domains, such as
triazoles, oxadiazoles, thiadiazoles, benzothiazoles, quinoxalines, s- or as-triazines, and
pyrimidines, are of particular interest [30–34]. Apart from these acceptors, imidazole-
based units have been reported as electron acceptors for blue emission acquisition due
to their low LUMO energy level [35]. However, the imidazole unit has been less studied
for the development of efficient fluorescent materials due to its weak electron-accepting
ability [36,37]. Wang et al. reported the synthesis of TPE-substituted phenanthroimidazole
derivatives [38]. These compounds exhibited AIE properties as well as an intriguing
mechanofluorochromism: after a short-time grinding, the blue emitting in a solid-state
fluorophores (with maxima around 438 nm) changed their emission color to sky blue with
a maxima near 450 nm. The functionalization of the imidazole-containing domain with a
strongly electron-withdrawing cyano-group and a reduced singlet-triplet energy gap, on the
other hand, has received special attention as a universal and appealing strategy for creating
AIE-active fluorophores, including those with thermally activated delayed fluorescence
(TADF) [39]. For instance, the authors of [40] recently developed TADF materials with
C3-functionalized cyano-group 2-phenylimidazopyrazine as an acceptor unit linked to
either acridine or phenoxazine donor units, and for these fluorophores an EQE of about
12.7% was achieved. In addition, the use of 2-phenylimidazo[1,2-a]pyridine containing
cyano-group as an acceptor has been reported as a tool for designing dark blue emitters
with a relatively high fluorescence quantum yield [36,41].

We recently reported the synthesis of asymmetric donor-acceptor azoloazine fluo-
rophors based on 4-heteroaryl-substituted 2-phenyl-2H-benzo[4,5]imidazo[1,2-a][1,2,3]
triazolo[4,5-e]pyrimidine via the reaction of nucleophilic aromatic hydrogen substitution
(SNH) and studied their microenvironmental sensitivity in the PLICT process (Scheme 1) [42].
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Herein, we wish to report a synthetic design of novel benzo[4,5]imidazo[1,2-a]pyrimidines
bearing cyano-group (instead of a 1,2,3-triazole fragment) via the combination of the Po-
varov reaction and oxidative aromatization of the resulting dihydro derivatives, as well
as studies of their aggregation-induced fluorescence behavior and mechanofluorochromic
properties, as well as structure-property correlation studies involving DFT methods.
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2. Results
2.1. Synthesis

Arylimines (the diene component) and various dienophiles are the classical sub-
strates used for the Povarov reaction (the aza-Diels–Alder reaction). For the preparation of
arylimines, Brønsted acid catalysis [43–45] and Lewis acid catalysis [46,47] are traditionally
used, as are various modifications, including those involving microwave radiation [48–50].
Within the frame of current research, we have proposed a new catalyst-free and solvent-free
method for obtaining benzimidazole-2-arylimine 3a–f by heating 2-aminobenzimidazoles
1a,b and aromatic aldehydes 2a–c at 130 ◦C for 3 h. This method afforded desired diene
substrates 3a–f in good to excellent yields (83–90%) (Scheme 2).
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The structure of all intermediates 3a–f was confirmed by means of the data from
1H NMR spectroscopy, as well as 13C NMR spectroscopy, IR spectroscopy, and elemen-
tal analysis. These data were also considered for the identification of previously undescribed
benzimidazole-2-arylimines 3a, 3c–f (Figures S4–S8 and S21–S23, Supplementary Materials).

It is worth mentioning that Chen et al. previously reported an unprecedented in situ [1,3]
sigmatropic rearrangement that resulted in 4,10-dihydropyrimido[1,2-a]benzimidazoles [49].
Additionally, the same rearrangement was observed by us in the case of using N-2-
substituted benzimidazoles (Scheme 3).
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Inspired by this fact, we decided to investigate the possibility of rearrangement in
the case of unsubstituted benzimidazole-2-arylimine. To test this possibility, derivatives
3a–f were used as diene substrates in the Povarov reaction, and 3-morpholinoacrylonitrile
4 was chosen as an EWG-dienophile (Table 1). A careful literature survey revealed that
the most commonly used catalysts for this type of reaction are Brønsted acids [51,52] and
Lewis acids [27,53]. However, there are examples of using basic catalysts [49] as well as
electrochemical methods [23]. To optimize the synthetic procedure for the reaction between
benzimidazole-2-arylimine 3a and 3-morpholinoacrylonitrile 4, leading to the target, 4-(4-
(dimethylamino)phenyl)-1,4-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile 5a
was chosen. Next, the influence of the nature of the solvents and activating agents, their
amounts, as well as the reaction time, on the yields of the target product was assessed
(Table 1). The obtained results clearly demonstrated that BF3·Et2O was the best activating
agent when used at an amount of 1.5 equivalents in n-BuOH for 5 h (Table 1, entry 9).

Table 1. Optimization of the reaction conditions for dihydropyrimidin 5a 1.
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No. Solvent 2
Activating

Agent
(Catalysts)

X, Equiv
Reaction

Condition 3 Yield, % 4

entry 1 EtOH BF3·Et2O 0.5 reflux, 5 h 35
entry 2 i-PrOH BF3·Et2O 0.5 reflux, 5 h 46
entry 3 n-BuOH BF3·Et2O 0.5 reflux, 5 h 50
entry 4 Toluene BF3·Et2O 0.5 reflux, 5 h -
entry 5 n-BuOH BF3·Et2O 0.5 reflux, 6 h 51
entry 6 AcOH - - reflux, 5 h -
entry 7 n-BuOH Et3N 0.5 reflux, 5 h -
entry 8 n-BuOH BF3·Et2O 1.0 reflux, 5 h 63
entry 9 n-BuOH BF3·Et2O 1.5 reflux, 5 h 74

entry 10 n-BuOH BF3·Et2O 2.0 reflux, 5 h 76
1 Reaction conditions: 3a (0.10 mmol) and 4 (0.10 mmol); 2 amount of solvent—5 mL; 3 conventional heating with
an oil bath; and 4 isolated yield.

As a next step, by using the optimized reaction conditions, we have prepared a series
of annulated dihydropyrimidines 5a–f in moderate to good yields (59–74%) (Scheme 4).

The structures of the obtained dihydropyrimidines 5a–f were confirmed by means of
IR-, 1H-, and 13C-NMR spectroscopy as well as elemental analysis data. Due to the very
low solubility of derivatives 5a–f a mixture of CDCl3−CF3COOD (v/v = 10:1) was used
as a solvent for NMR measurements. All the prepared compounds provided satisfactory
analytical data. The signals H-4 are the characteristic ones for the products 5a–f in the
corresponding 1H NMR spectra. It should be noted that in compounds 5a,b and 5d,e the
H-4 signals are located at δ 6.16–6.42 ppm, whereas for the derivatives 5c and 5f, bearing
an anthracene fragment, the H-4 proton shifts downfield to the region of δ 7.60–7.63 ppm.
Apparently, it occurs due to the deshielding effect of the H-4 proton because of the presence
of the anthracene substituent. In the IR spectra, for all the series of dihydropyrimidines 5a–f
the characteristic stretching vibrations of (-C≡N) bonds are observed at ν 2202–2215 cm−1

(see Supplementary Materials).
The Povarov reaction is a versatile and efficient method to access the tetrahydro-

quinoline scaffolds [26], and, as a rule, the research on this reaction is limited only by the
availability of such systems. At the same time, the oxidative aromatization products of the
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Povarov reaction may be of interest from the point of view of studying their properties, in
particular their photophysical ones. Therefore, as a next step, the aromatization of these
novel dihydropyrimidine systems 5a–f was carried out.
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By using compound 5a as a key heterocyclic substrate, the most suitable solvent for the
oxidation reaction was selected (Table 2). Thus, DMF seems to be the most suitable solvent
for the reaction since substrate 5a has good solubility in this solvent. Moreover, the boiling
point of DMF makes it possible to carry out the reaction at high temperatures. As a first
step, the blank experiments without oxidation agents (Table 2 entries 1–4) were carried out.
It was found that heating the substrate 5a in DMF resulted in the formation of the oxidation
product 6a in some amounts (according to TLC data), possibly, due to the oxidation in
the ambient air. However, even after the prolonged heating (12 h) at the evaluated 140 ◦C
temperature, the complete conversion of compound 5a to the target product 6a was not
observed. The use of mild oxidizing agents at 120 ◦C, such as MnO2, reduced the reaction
time to 6 h (Table 2 entries 5-8). Subsequently, the increase in the amount of MnO2 to four
equivalents resulted in the complete conversion of 5a within 1 h (Table 2, entry 8).

This newly developed methodology was then used to synthesize a series of new
4-(aryl)benz[4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles 6b–f with yields in the range of
80–90% (Scheme 5).

All derivatives 6a–f were obtained with comparable yields, which indicates an in-
significant influence of the nature of the substituents on the oxidation process. All the
synthesized compounds were fully characterized by 1H-NMR, 13C-NMR, IR-spectroscopy,
and elemental analysis (Supplementary Materials). In particular, in the 1H-NMR spectra,
the aromatic proton signals were observed at δ 5.00–9.41 ppm, whereas the aliphatic proton
signals were observed at δ 3.11–3.96 ppm. In the 13C-NMR spectra, (hetero)aryl carbon
nuclei are located at δ 94.6–162.2 ppm, while signals corresponding to aliphatic carbon
were observed at δ 39.6–55.6 ppm. It should be emphasized that for the difluoro derivatives
6d–f in both the 1H- and 13C-NMR spectra, a characteristic multiplicity was observed, due
to the spin–spin interaction of the H-F and C-F nuclei. It is also interesting that in the IR
spectra of compounds 6a–f, the characteristic stretching vibrations of (-C≡N) bonds at ν
2227–2230 cm−1 were observed.
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Table 2. Optimization of the oxidation reactions for dihydropyrimidin 5a 1.
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entry 1 DMF - - Heating 100 ◦C, 1 h 10 5
entry 2 DMF - - Heating 140 ◦C, 1 h 15 6
entry 3 DMF - - Heating 140 ◦C, 4 h 30 17
entry 4 DMF - - Heating 140 ◦C, 12 h 40 30
entry 5 DMF MnO2 1.0 Heating 120 ◦C, 6 h 100 83
entry 6 DMF MnO2 2.0 Heating 120 ◦C, 4 h 100 84
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entry 8 DMF MnO2 4.0 Heating 120 ◦C, 1.0 h 100 85

1 Reaction conditions: 5a (0.10 mmol); 2 amount of solvent—5 mL; 3 X equivalent of oxidant; 4 conventional
heating with an oil bath; 5 in accordance with TLC; and 6 isolated yield.
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As previously stated, an unprecedented in situ [1,3] sigmatropic rearrangement was
reported for the related N-10 substituted systems. However, the spectral data obtained for
compounds 5a–f and 6a–f do not allow one to determine the position of the Ar substituent
in the dihydropyrimidine system with certainty. Single crystal X-ray diffraction analysis
was performed on compound 6c to confirm the structure of the obtained compound and to
prove the hypotheses about the possibility of rearrangement in the case of unsubstituted
benzimidazole-2-arylimine (Figure 1).

According to the XRD data, in compound 6c, the (Ar) substituent is located in the
position of C4 of the pyrimidine ring, which indicates the possibility of the rearrangement
in the herein reported systems.
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The proposed mechanism of the interaction between benzimidazole-2-arylimines 3a–f
and 3-morpholinoacrylonitrile (4), based on the reactivity of these substrates and literature
data [23,26,49], is shown in Scheme 6.
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Scheme 6. Plausible reaction mechanisms of dihydropyrimidines 5a–f formation and [1,3] sigmat-
ropic rearrangement.

As a first stage, the benzimidazole-2-arylimines 3a–f are activated via the inter-
action with BF3·Et2O, resulting in the formation of activated complex A. At the next
stage, there is an asynchronous concerted process interaction of the intermediate A with
3-morpholinoacrylonitrile (4) through an ephemeral transition state B resulting in the for-
mation of a tetrahydropyrimide system C. The removal of the morpholine molecule results
in system D, which undergoes [1,3] sigmatropic rearrangement and yields derivatives 5a–f.

In addition, we discovered that all of the 4-(aryl)benzo[4,5]imidazo[1,2-a]pyrimidine-
3-carbonitriles 6a–f obtained are fluorescent in solution and solid form. Therefore, photo-
physical studies of the obtained products 6a–f were carried out.

2.2. Photophysical Studies
2.2.1. Absorption/Fluorescence Studies in Solution and Solvent Effect

All the obtained fluorophores were soluble in concentrations less than 2× 10−5 M both
in nonpolar (cyclohexane and toluene) and in weakly and strongly apolar aprotonic solvents
(THF, acetonitrile, DMSO). Additionally, all the compounds have exhibited an intense
fluorescence in solution. Taking into account the subsequent study of the phenomenon
of aggregation-induced emission (AIE), THF, which is located at the interface between
nonpolar and polar solvents with an average value of orientational polarizability, was
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chosen as the optimal aprotonic solvent (∆f = 0.21). The results of the photophysical studies
are presented below (Table 3).

Table 3. Data of photophysical properties of fluorophores (6a–f) (10−5 M) in THF solvent.

No.
λabs

max, nm
(εM, 104 M−1 cm−1) 1 λem

max, nm 2 Stokes Shift,
nm/cm−1 τav, ns 3 Φf, % 4

6a 268 (4.8)
413 (0.74) 554 141/6162 2.43 7.5

6b

271 (3.53)
312 (0.52)
320 (0.52)
387 (0.11)

540 153/7321 5.12 1.9

6c

254 (14.5)
327 (0.45)
342 (0.45)
371 (0.49)
391 (0.48)

550 159/7394 8.78 <0.1

6d 264 (4.12)
421 (0.76) 567 146/6116 1.59 2.9

6e
266 (5.65)
280 (5.30)
377 (0.14)

520 143/7294 6.24 1.1

6f

255 (13.21)
323 (0.43)
336 (0.47)
372 (0.48)
392 (0.45)

524 132/6426 2.34 4.8

1 Absorption spectra were measured at r.t. in THF in range from 230 to 500 nm; 2 emission spectra were measured
at r.t. in THF; 3 weighted average decay time τav = Σ (τi × αi) in THF (LED 370 nm); and 4 absolute quantum
yields were measured using the Integrating Sphere of the Horiba FluoroMax-4 at r.t. in THF.

Emission spectra for all the compounds were measured at low concentrations of
10−5 M to avoid any concentration-dependent dimerization and fluorescence quenching.
All the graphs were normalized for comparative analysis (Figure 2).
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The absorption spectra of the fluorophores 6a–f are presented by two absorption bands
with different intensities at maximum wavelengths in the 220–300 nm and 350–500 nm ranges,
which correspond to S0→S2 and S0→S1 transitions. In this case, all the compounds show a
dominant absorption band due to the transition S0→ S2 with εM < 14.5 × 104 M−1 cm−1.
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The emission spectra of the fluorophores 6a–f are presented by the solid unstructured
emission bands with maximums from 520 to 567 nm, referring to the excited ICT-state in
a polar aprotic solvent [36]. A significant bathochromic shift was observed for the two
2-dimethylaminophenyl substituted imidazopyrimidine fluorophores 6a,d, which have
some of the most energetically favorable states among the obtained series of fluorophores
(3.39 eV for 6a and 3.24 eV for 6b) (See Section 2.2.5. Theoretical Calculations). The
fluorescence lifetimes of the investigated compounds 6a–f exhibited a two-exponential
decay in THF. The lifetime of the excited state of the fluorophores was measured at r.t.
in THF using a nanosecond LED with an excitation wavelength of 370 nm. The average
lifetime was calculated using the expression τav = Σ (τi × αi) (Table S1). Overall, the
average fluorescence lifetime (τav) ranged from 1.59 ns (lowest for 6d) to 8.78 ns (highest
for 6c) (Table 3). The compounds were characterized by large Stokes shift values (<140 nm),
while the quantum yield values in THF were not higher than 7.5%.

Compounds 6a–f with variation of electron-donating fragments (4-methoxyphenyl,
4-(dimethylamino)phenyl and anthracen-9-yl) based on the 3-cyanosubstituted benzo
[4,5]imidazo [1,2-a]pyrimidine, including those substituted with fluorine atoms in positions
7,8 implies that the solvent polarity may influence the electronic state properties of the
chromophore (See Section 2.2.5. Theoretical Calculations).

We studied the emission characteristics of 6a–f compounds in various solvents
(Tables S2–S7). Indeed, the effect of the solvent polarity was observed for the chromophores
of the entire series with Stokes shifts from 120 to 180 nm. However, only for anthracenyl
substituted fluorophores, upon the increasing solvent polarity in a row from nonpolar
cyclohexane to the polar DMSO and MeCN, the emission bands of the fluorophores 6c,f
became broad and significantly shifted to the red region, which agrees with the character of
strong intramolecular charge transfer (ICT) and is confirmed by the values of theoretically
calculated descriptors. Interestingly, in a study of the AIE effect, fluorophore 6f showed
a solvatochromic shift in the THF—water binary system of 10–90% water content in the
520–610 nm wavelength range (Figure S3).

2.2.2. Solid State Fluorescence Studies

The emission spectra of fluorophores 6a–f in the powder/film as well as the ex-
perimental data are presented in Table 4 and Figures 3 and 4. Interestingly, only the
dimethoxyphenyl-substituted fluorophores 6a and 6d exhibited a redshifted emission in a
powder when compared to the spectra in THF solution, implying specific π-π interactions
in the solid state.

Table 4. Optical properties of the compounds 6a–f in the solid state and in PVA film.

No.
In PVA Film In Powder

λem
max, nm Φf, (%) 1 λem

max, nm Φf, (%) 1

6a 546 4.8 572 20.5
6b 545 49.6 517 17.8
6c 546 25.6 511 3.9
6d 545 13.9 626 8.3
6e 542 12.0 509 19.3
6f 540 34.5 525 3.4

1 Absolute quantum yields were measured using the Integrating Sphere of the Horiba FluoroMax-4 at r.t. in
film/powder form.

In the manufacture of OLED devices, thin films of compounds are applied in layers;
therefore, it is necessary to conduct optical studies with thin films of materials [54]. To
examine the emission in the films, thin films of PVA with integrated fluorophores 6 were de-
posited on quartz plates, and their emission spectra were measured by using the integrating
sphere. In all the spectra, the emission maxima were observed at about 545 nm and were
quite similar to the ones collected in THF solution. Thus, the absence of an anomalous red
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shift in the solid emission demonstrates the useful role of the cyano-group in the phenylim-
idazopyridine chromophore for restraining the formation of heavy J-aggregates in the solid
state [55]. In contrast to the emission in powder, the 6b–f samples in the PVA film showed
a significant improvement in fluorescence along with an up to 50% increase in quantum
yields, which demonstrates the existence of AIE effects similar to those in solutions.
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2.2.3. Aggregation Studies

The phenomenon of aggregation-induced emission (AIE) is usually associated with the
well-known Mie scattering effect and is a signal of nanoaggregate formation [56]. The AIE
properties of the 6a–f dyes were investigated using different water fractions (fw) in THF. As
shown in Table 3, anthracenyl substituted fluorophore 6c almost does not emit in pure THF
with a fluorescence quantum yield of less than 0.1%. However, when the water content
in the THF solution was increased to 60%, a new green emission band with a maximum
at 555 nm was observed for this dye. At the same time, the emission intensity increased
approximately two-fold. In addition, the absorption spectra of 6c with a water fraction of
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60% did not coincide with the spectra of pure THF and contained an additional absorption
peak in the 425–500 nm range, which may be associated with light scattering due to the
formation of nanoaggregates (Figure 5) [57]. In addition, the time-resolved fluorescence
curves of 6c in pure THF and with a water fraction of 60% did not coincide (Table S8,
Figure 5). Apparent changes in the mean fluorescence lifetime (τav) of 6c from 6.9 ns in
THF to 8.8 ns after the addition of water were observed. The experimental results of the
effect of the nature of solvents and the values of the theoretically calculated descriptors
are consistent with the fluorescence enhancement behavior of 6c and indicate that the
AIE process is accompanied by the formation of molecular aggregates. The optimized 6c
geometries for the ground and excited states in the THF were calculated to interpret the
AIE process (See Section 2.2.5. Theoretical Calculations).
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concentration of 10−5 M (b).

2.2.4. Mechanochromic Properties

In general, non-planar push-pull luminophores with AIE properties tend to show
mechanochromic response [58]. As shown above, fluorophores 6c,f turned out to be
AIE-active; their emission maximums were different in the solid state and in aggregate
(Tables 3 and 4); therefore, these two fluorophores were selected as the most suitable
candidates for the study of mechanochromic properties. As crystalline samples, anthracenyl
substituted fluorophores 6c and 6f were obtained with low emission intensities, QYs of
3.9% (6c) and 3.4% (6f), and emission maxima of 511 and 525 nm, respectively (Table 3).

After grinding with a mortar and pestle, the fluorescence emission of compounds 6c
and 6f was measured. As it turned out, the compounds demonstrated different responses
to mechanical (grinding) stimulation. Thus, the grinding of the yellow powder 6c led to a
red-shift of the fluorescence spectra by 31 nm (the red line) and a decrease in fluorescence
intensity (Figures 6a and 7a, Table S9). Additionally, after the resuspension of the sample
from CH2Cl2, yellow crystals were formed (Figure 7a) and a slight shift of the emission
peak to the blue region was recorded.

The 6f derivative was obtained as yellow crystals with poor emission intensity (Table 3).
The grinding of the crystals of 6f resulted in a bright yellow powder (Figure 7b), along
with a low red-shift of the fluorescence by 10 nm (the red line) with the same fluorescence
intensity. (Figure 6b). Interestingly, after resuspension of the sample in CH2Cl2, a mixture of
crystals and powder formed, as well as a slightly blue-shifted emission peak that increased
with fluorescence intensity (Figures 6b and 7b, Table S9).
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Figure 7. Photographs of 6c (a) and 6f (b) taken under 365 nm UV irradiation.

Most probably, the fluorescence response of the samples 6c and 6f during grinding
depends on the molecular stacking structures in the solid state [59].

2.2.5. Theoretical Calculations

The DFT-calculations were performed in order to evaluate the donor-acceptor prop-
erties and the nature of intramolecular charge transfer based on the obtained optimized
model structures of fluorophores 6a–f in the ground and excited states in the solvent phase,
energy levels and electron density distribution in frontier molecular orbitals (FMOs), and
descriptors—charge-transfer indices (CT-indexes).

The electron density distributions of the boundary molecular orbitals of FMO 6a–f are
shown in Figure 8 and in Table 5.

Table 5. HOMO/LUMO based on the functionality B3LYP/6-311G* in the THF phase.

Compound HOMO, eV LUMO, eV ∆E, eV

6a −5.43 −2.04 3.39
6b −5.96 −2.13 3.83
6c −5.56 −2.16 3.40
6d −5.38 −2.14 3.24
6e −6.04 −2.23 3.81
6f −5.59 −2.21 3.38
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The highest occupied molecular orbitals (HOMOs) of the anthracenyl substituted dyes
6c,f delocalized exclusively on the donor group, whereas the acceptor group based on the
3-cyano substituted benzo [4,5]imidazo [1,2-a]pyrimidine domain is responsible for the con-
tribution to the lowest unoccupied molecular orbitals (LUMOs). Charge delocalization was
less pronounced in the electron density distribution in the FMO for dimethylaminophenyl
substituted fluorophores 6a,d. In fact, there was no delocalization of electron density for
methoxyphenyl substituted samples 6b,e.

Thus, based on theoretical calculations and experimental data, one can present a gen-
eral model of the studied fluorophores consisting of a donor methoxyphenyl/dimethylamin-
ophenyl/anthracenyl fragment (Ar, blue) and an acceptor 3-cyano-substituted benzo[4,5]
imidazo[1,2-a]pyrimidine domain (red), including substituted fluorine atoms at positions 7
and 8 (Figure 9).
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To obtain a deeper understanding of the correlation between charge transfer and
fluorophore structures, additional calculations of CT-indices were performed [60]. The
corresponding indices (D, Sr, and t) presented in Table 6 were calculated for all fluorophores
in the Multiwfn program [61].

Table 6. Calculated dipole moments for model structures in ground and excited multiplicity states
and estimated indexes related to hole-electron distribution (CT-indexes).

Compound

Dipole Moment
in Ground

Multiplicity
State (Debye)

Dipole Moment
in Excited

Multiplicity
State (Debye)

D(Å) Sr (a.u.) t (Å)

6b 3.1676 4.3108 0.978 0.62822 −0.326
6e 4.0313 1.9340 0.927 0.62287 −0.550
6a 3.1463 9.2304 3.722 0.50976 0.617
6d 6.5432 13.7974 3.832 0.50975 0.678
6c 3.8859 1.8867 4.406 0.26547 2.599
6f 1.7563 3.5274 4.523 0.24338 2.707

The highest D index values [60], as the distance between the centers of gravity of the
donor and acceptor, were 4.4 and 4.5 Å for anthracenyl substituted 6c and 6f, respectively,
which result from the highest degree of intramolecular charge transfer. The Sr index
introduced by Tozer in 2008 [62] gives a good correlation between the value of the Stokes
shift and the CT junction value; that is, the smaller Sr corresponds to the larger Stokes shifts.
The lowest values of this index correspond to compounds 6c,f, as confirmed by studies of
the solvatochromic effect with the highest values of the 168–181 nm Stokes shift. The index
t > 0 confirms the very fact of charge separation (CD) between the chromophore donor
and acceptor due to charge excitation. Thus, the analysis of CT indices confirmed the ICT
process for the anthracenyl and dimethylaminophenyl substituted chromophores 6a,d and
6c,f, and also made it possible to predict a significant overlap between the centroids of the
positive charge of the donor and the negative charge of the acceptor, representing the zones
of increase and decrease in electron density upon excitation, based on the calculated values
of D at t > 0.

2.3. Crystallography

According to the XRD data, two independent molecules of the compound 6c crystallize
with a molecule of CH2Cl2 in the centrosymmetric space group of the triclinic system. In
the result, the structurally independent unit C51H30Cl2N8 (M = 825.73 g/mol) was used for
all calculations. The molecule CH2Cl2 is disordered and demonstrates the high magnitude
of the anisotropic displacement parameters. The geometry of independent heterocyclic
molecules differs only slightly, primarily in the dihedral angles between the heterocyclic
and anthracene planes. The general geometry of the molecule was shown in Figure 10. The
mean bond distances and angles in the molecules are close to expectations. The heterocyclic
and anthracene parts of the molecule are non-conjugated due to high dihedral angles
between their planes. In the crystal some polar CArH . . . NC- contacts are observed with
participation of the CN-group, in particular, H(9A) . . . N(2) [x − 1, y + 1, z] 2.66 Å (on a
scale of 0.09 Å less than the sum of the VdW radii) and N(2A) . . . H(19A) [−x, 1 − y, 1 − z]
2.71 Å (on the order of 0.04 Å less than the sum of the VdW radii ). The π-π-contacts in the
crystal are presented only as shortened π-π-contact between the heterocycle and anthracene
moiety C(5A) . . . C (17) at a distance of 3.336(4) Å (0.064 Å less than the sum of the VdW
radii, Figure 11).
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3. Materials and Methods
3.1. Chemical Experiment

Commercial reagents were obtained from Sigma-Aldrich, Acros Organics, or Alfa
Aesar and used without any preprocessing. All workup and purification procedures were
carried out using analytical-grade solvents. One-dimensional 1H- and 13C-NMR spectra
were acquired on a Bruker DRX-400 instrument (Karlsruhe, Germany) (400 and 101 MHz,
respectively), utilizing DMSO-d6, CDCl3, and CF3COOD as solvents and an external
reference, respectively. Chemical shifts are expressed in δ (parts per million, ppm) values,
and coupling constants are expressed in hertz (Hz). The following abbreviations are used
for the multiplicity of NMR signals: s, singlet; d, doublet; t, triplet; dd, doublet of doublet;
m, multiplet; and AN, anthracene. IR spectra were recorded on a Bruker α spectrometer
equipped with a ZnSe ATR accessory. Elemental analysis was performed on a PerkinElmer
PE 2400 elemental analyzer (Waltham, MA, USA). Melting points were determined on
a Stuart SMP3 (Staffordshire, UK) and are uncorrected. The monitoring of the reaction
progress was performed using TLC on Sorbfil plates (Imid LTD, Russia, Krasnodar) (the
eluent is EtOAc). The spectral characteristics of the compound 3b correspond to the
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data [63]. The compound 3-Morpholinoacrylonitrile (4) was prepared according to a
literature procedure [64].

General procedure for the synthesis of N-(4-arylidene)-1H-benzo[d]imidazol-2-amine (3a,c
and 3d–f).

Corresponding 1H-benzo[d]imidazol-2-amine 1a,b (0.01 mol) was mixed with cor-
responding aldehydes 2a,c and 2d–f (0.0105 mol) and the mixture was heated at 130 ◦C
for 3 h. The reaction mixture was cooled to room temperature and ground up to give the
expected pure product.

4-Dimethylaminobenzylidene-1H-benzo[d]imidazol-2-amine (3a). Yellow powder (2.37 g,
yield 90%), m.p. 245–247 ◦C. FT-IR (neat) νmax (cm−1): 3051, 1614, 1584, 1443, 1415, 1167.
1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.04 (6H, s, -N(CH3)2), 6.82 (2H, d, J = 8.6 Hz, H-2′,
H-6′), 7.09–7.15 (2H, m, H-5, H-6), 7.29–7.44 (1H, m, H-4), 7.43–7.57 (1H, m, H-7), 7.86 (2H,
d, J = 8.4 Hz, H-3′, H-5′), 9.24 (1H, s, N=CH), 12.36 (1H, s, NH). 13C{1H}-NMR (100 MHz,
DMSO-d6) δ (ppm) 40.1 (2C), 66.8, 111.1, 112.1 (2C), 118.5, 121.8 (2C), 123.0, 132.0, 134.6,
143.1, 153.8, 157.5, 164.9 Calcd for C16H16N4: C 72.70, H 6.10, N 21.20; found: C 72.63, H
6.15, N 21.22.

N-(Anthracen-9-ylidene)-1H-benzo[d]imidazol-2-amine (3c). Orange powder (2.73 g, yield
85%), m.p. 277–279 ◦C. FT-IR (neat) νmax (cm−1): 3046, 1790, 1620, 1553, 1517, 1338. 1H-
NMR (400 MHz, DMSO-d6) δ (ppm) 7.15–7.22 (2H, m, H-5, H-6), 7.44–7.51 (1H, m, H-4),
7.56–7.65 (3H, m, H-7, 2xHAN), 7.67–7.73 (2H, m, 2xHAN), 8.17 (2H, d, J = 8.3 Hz, 2xHAN),
8.80 (1H, s, HAN), 9.13 (2H, d, J = 9.0 Hz, 2xHAN), 10.74 (1H, s, N=CH), 12.73 (1H, s, NH).
13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 111.2, 118.9, 122.1, 124.6, 124.8, 125.8, 128.3,
129.4, 130.9, 131.0, 132.9, 134.4, 142.5, 156.1, 163.9. Calcd for C22H15N3: C 82.22, H 4.70, N
13.08; found: C 82.25, H 4.66, N 13.03.

5,6-Difluoro-N-(4-dimethylaminobenzylidene)-1H-benzo[d]imidazol-2-amine (3d). Yellow
powder (2.61 g, yield 87%), m.p. 294–296 ◦C. FT-IR (neat) νmax (cm−1): 3045, 1636, 1614,
1549, 1353, 1155. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.07 (6H, s, -N(CH3)2), 6.83 (2H
d, J = 8.6 Hz, H-2′, H-6′), 7.31–7.61 (2H, m, H-4, H-7), 7.86 (2H, d, J = 8.5 Hz, H-3′, H-5′),
9.19 (1H, s, N=CH), 12.59 (1H, s, NH). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 31.2
(2C), 99.2, 105.9, 112.1 (2C), 122.7, 129.9 (d, J = 8.9 Hz) 132.2 (2C), 138.7 (d, J = 9.7 Hz),
144.6 (d, J = 249.0 Hz), 145.1 (d, J = 227.2 Hz), 154.0 (2C), 159.2, 165.3. 19F-NMR (376 MHz,
DMSO-d6) δ (ppm) −145.9 (d, J = 22.2 Hz), -145.14 (d, J = 20.8 Hz). Calcd for C16H14F2N4:
C 63.99, H 4.70, N 18.66; found: C 63.81, H 4.73, N 18.53.

5,6-Difluoro-N-(4-methoxybenzylidene)-1H-benzo[d]imidazol-2-amine (3e). Yellow pow-
der (2.58 g, yield 90%), m.p. 254–256 ◦C. FT-IR (neat) νmax (cm−1): 3062, 1593, 1568,
1509, 1453, 1256. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.86 (3H, s, OCH3), 7.12 (2H
d, J = 8.4 Hz, H-2′, H-6′), 7.37–7.62 (2H, m, H-4, H-7), 8.01 (2H, d, J = 8.3 Hz, H-3′, H-
5′), 9.32 (1H, s, N=CH), 12.79 (1H, s, NH). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm)
55.6, 99.0, 105.8, 114.6 (2C), 127.8, 129.7, 137.7 (2C), 138.0, 146.5 (d, J = 237.6 Hz), 146.6 (d,
J = 237.2 Hz), 157.8, 163.2, 165.1. 19F-NMR (376 MHz, DMSO-d6) δ (ppm) -145.3, -144.3.
Calcd for C15H11F2N3O: C 62.72, H 3.86, N 13.23; found: C 62.65, H 3.91, N 13.17.

5,6-Difluoro-N-(Anthracen-9-ylidene)-1H-benzo[d]imidazol-2-amine (3f). Orange powder
(3.00 g, yield 84%), m.p. 282–284 ◦C. FT-IR (neat) νmax (cm−1): 3145, 1666, 1553, 1479,
1452, 1199. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 7.52–7.76 (6H, m, H-4, 5xHAN), 8.20
(2H, d, J = 8.4 Hz, 2xHAN), 8.89 (1H, s, HAN), 8.96–9.09 (2H, m, H-7, HAN), 10.63 (1H, s,
N=CH), 13.15 (1H, s, NH). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 99.9 (d, J = 22.5 Hz),
106.7 (d, J = 19.8 Hz), 124.0, 125.0, 126.3, 128.9, 129.76, 129.83, 129.9, 130.4 (d, J = 11.5 Hz),
131.2, 131.4, 131.6, 131.9, 133.7, 135.7, 138.6 (d, J = 10.9 Hz), 147.2 (d, J = 237.7 Hz), 147.4
(d, J = 238.0 Hz), 158.2, 164.9, 194.7. 19F-NMR (376 MHz, DMSO-d6) δ (ppm) -144.7 (d,
J = 21.8 Hz), -143.54 (d, J = 22.1 Hz). Calcd for C22H13F2N3: C 73.94, H 3.67, N 11.76; found:
C 74.03, H 3.53, N 11.46.

General procedure for the synthesis of 4-(aryl)-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimid-
ine-3-carbonitriles (5a–c).
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To a suspension of the corresponding derivative 3a–c (0.01 mol, 1 equivalent) in 30 mL
of n-BuOH, 1.88 mL (0.015 mol., 1.5 equiv.) of BF3·Et2O was added. To the resulting
solution, 1.38 g (0.01 mol, 1 equivalent) of 3-morpholinoacrylonitrile (4) was added. The
reaction mixture was heated in an oil bath at 130 ◦C for 5 h. The resulting mixture was
cooled to room temperature and stirred for 15 min. The obtained precipitate was filtered
off and washed with i-PrOH, water, and acetone to give the expected pure product.

4-(Dimethylaminophenyl)-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (5a).
White powder (2.33 g, yield 74%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3071, 2805,
2215, 1621, 1578, 1459. 1H-NMR (400 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 3.36 (6H,
s, -N(CH3)2), 6.42 (1H, s, H-4), 6.97 (1H, d, J = 8.3 Hz, H-6), 7.35 (1H, t, J = 7.9 Hz, H-7),
7.50–7.56 (2H, m, H-8, H-2), 7.64–7.73 (5H, m, H-9, H-2′, H-3′, H-5′ H-6′), 11.30 (1H, s, -NH).
13C{1H}-NMR (100 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 47.6 (2C), 57.3, 87.6, 111.5,
114.1, 114.4, 122.4 (2C), 126.7, 127.3, 127.8, 128.6, 129.7 (2C), 135.8, 138.4, 141.6, 143.6. Calcd
for C19H17N5: C 72.36, H 5.43, N 22.21; found: C 72.45, H 5.51, N 22.04.

4-(4-Methoxyphenyl)-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (5b).
White powder (1.90 g, yield 63%), m.p. 270–272 ◦C. FT-IR (neat) νmax (cm−1): 3376, 3109,
2209, 1659, 1624, 1254. 1H-NMR (400 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 3.82 (3H, s,
OCH3), 6.16 (1H, s, H-4), 6.89–7.05 (3H, m, H-6, H-3′, H-5′), 7.25 (1H, t, J = 7.8 Hz, H-7),
7.28–7.36 (3H, m, H-2, H-2′, H-6′), 7.40 (1H, t, J = 7.8 Hz, H-8), 7.62 (1H, d, J = 8.2 Hz, H-9).
13C{1H}-NMR (100 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 55.6 (2C), 58.1, 89.3, 111.9,
114.0, 115.4 (2C), 125.4, 126.5, 127.5, 128.0, 128.6 (2C), 129.4, 133.8, 142.6, 161.3. Analytical
calculated for C18H14N4O: C 71.51, H 4.67, N 18.53; found: C 71.58, H 4.61, N 18.45.

4-(Anthracen-9-yl)-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (5c). White
powder (2.23 g, yield 60%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3062, 2635, 2202,
1666, 1502, 1447. 1H-NMR (400 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 6.11 (1H, d,
J = 8.4 Hz, HAN), 6.86 (1H, t, J = 8.0 Hz, H-6), 7.21– 7.27 (1H, m, H-7), 7.42–7.55 (3H, m, H-2,
2xHAN), 7.60 (1H, s, H-4), 7.64–7.70 (1H, m, H-8), 7.76–7.85 (2H, m, 2xHAN), 7.97 (1H, s,
HAN), 8.05–8.12 (1H m, HAN), 8.21 (1H, d, J = 8.5 Hz, H-9), 8.49 (1H, d, J = 9.1 Hz, HAN),
8.72 (1H, s, HAN). 13C{1H}-NMR (100 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 53.3, 88.8,
112.0, 113.8, 114.1, 120.3, 120.5, 121.5, 125.9, 126.1, 126.3, 127.0, 128.2, 128.3, 129.1, 129.9,
130.3, 130.9, 131.2, 131.3, 131.5, 132.0, 133.4, 135.5, 141.8. Calcd for C25H16N4: C 80.63, H
4.33, N 15.04; found: C 80.53, H 4.42, N 15.05.

4-(4-(Dimethylamino)phenyl)-7,8-difluoro-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-
3-carbonitrile (5d). White powder (2.28 g, yield 65%), m.p. > 300 ◦C. FT-IR (neat) νmax
(cm−1): 3106, 2886, 2216, 1658, 1495, 1463. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 2.88 (6H,
s, -N(CH3)2), 6.25 (1H, s, H-4), 6.69 (2H, d, J = 8.3 Hz, H-3′, H-5′), 6.98 (1H, dd, J = 10.5,
7.3 Hz, H-6), 7.20 (2H, d, J = 8.3 Hz, H-2′, H-6′), 7.42 (1H, dd, J = 11.2, 7.3 Hz, H-9), 7.58
(1H, s, H-2), 11.14 (1H, s, -NH). 13C{1H}-NMR (100 MHz, CDCl3 + 0.1 mL CF3COOD) δ
(ppm) 47.4 (2C), 57.5, 87.7, 101.1 (d, J = 25.4 Hz), 104.2 (d, J = 24.1 Hz), 113.8, 122.7 (2C),
123.1 (d, J = 12.7 Hz), 124.6 (d, J = 13.1 Hz), 129.8 (2C), 135.6, 137.8, 142.9, 143.9, 149.7 (dd,
J = 253.1, 15.0 Hz), 150.5 (dd, J = 251.6, 15.4 Hz). Calcd for C19H15F2N5: C 64.95, H 4.30, N
19.93; found: C 64.78, H 4.47, N 19.87.

7,8-Difluoro-4-(4-methoxyphenyl)-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbo-
nitrile (5e). White powder (1.99 g, yield 59%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3109,
2213, 1586, 1462, 1374, 1252. 1H-NMR (400 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm) 3.84
(3H, s, OCH3), 6.09 (1H, s, H-4), 6.76–6.83 (1H, m, H-6), 6.98 (2H, d, J = 8.6 Hz, H-3′, H-5′),
7.28–7.35 (3H, m, H-2, H-2′, H-6′), 7.48–7.55 (1H, m, H-9). 13C{1H}-NMR (100 MHz, CDCl3
+ 0.1 mL CF3COOD) δ (ppm) 55.6, 58.4, 89.4, 101.4 (d, J = 24.5 Hz), 103.5 (d, J = 24.1 Hz),
114.9, 115.7 (2C), 123.7 (d, J = 10.2 Hz), 125.5 (d, J = 11.8 Hz), 126.7, 128.6 (2C), 133.5, 143.8,
148.7 (dd, J = 249.3, 14.4 Hz), 149.6 (dd, J = 249.4, 13.7 Hz), 161.6. Calcd for C18H12F2N4O:
C 63.90, H 3.58, N 16.56; found: C 63.83, H 3.61, N 16.38.

4-(Anthracen-9-yl)-7,8-difluoro-1,2-dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonit-
rile (5f). White powder (2.57 g, yield 63%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3069,
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2204, 1636, 1465, 1384, 1268. 1H-NMR (400 MHz, CDCl3 + 0.1 mL CF3COOD) δ (ppm)
5.80–5.96 (1H, m, H-6), 7.42–7.56 (3H, m, 3x HAN), 7.63 (1H, s, H-4), 7.70 (1H, t, J = 7.5 Hz,
HAN), 7.77–7.87 (2H, m, H-9, HAN), 7.95 (1H, s, HAN), 8.11–8.18 (1H, m, HAN), 8.26 (1H, d,
J = 8.5 Hz, HAN), 8.46 (1H, d, J = 9.1 Hz, HAN), 8.78 (1H, s, H-2). 13C{1H}-NMR (100 MHz,
CDCl3 + 0.1 mL CF3COOD) δ (ppm) 53.5, 77.4, 89.0, 101.4 (d, J = 24.8 Hz), 103.5 (d,
J = 24.5 Hz), 120.0, 120.2, 120.4, 123.8 (d, J = 10.1 Hz), 124.3 (d, J = 11.1 Hz), 126.0, 126.3,
129.4, 130.2, 130.3, 131.0, 131.3, 131.4, 131.5, 132.0, 133.8, 135.3, 143.0, 149.2 (dd, J = 248.1,
11.8 Hz), 150.0 (dd, J = 256.5, 19.6 Hz). Calcd for C25H14F2N4: C 73.52, H 3.46, N 13.72;
found: C 73.63, H 3.49, N 13.58.

General procedure for the synthesis of 4-(aryl)benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbo-
nitriles (6a–f).

To a stirred solution of the appropriate derivatives 5a–f (0.005 mol, 1 equivalent) in
DMF (30 mL), MnO2 (1.74 g, 0.02 mol, 4 equivalent) was added. The resulting mixture was
stirred for 2 h at 130 ◦C (oil bath temperature) in an open air atmosphere until TLC (EtOAc
as eluent) indicated total consumption of starting dihydropyrimidines 5a–f. The reaction
mixture was filtered through ceolite, the filtrate was poured into 150 mL of water, and the
solid product was collected by filtration to give the expected pure product.

4-(4-(Dimethylamino)phenyl)benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (6a). Or-
ange powder (1.33 g, yield 85%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 2232, 1604, 1538,
1400, 1372, 1189. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.10 (6H, s, -N(CH3)2), 6.84 (1H,
d, J = 8.4 Hz, H-6), 7.00 (2H, d, J = 8.4 Hz, H-3′, H-5′), 7.21 (1H, t, J = 7.9 Hz, H-7), 7.54 (1H,
t, J = 7.8 Hz, H-8), 7.60 (2H, d, J = 8.4 Hz, H-2′, H-6′), 7.90 (1H, d, J = 8.2 Hz, H-9), 9.04
(1H, s, H-2). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 39.6 (2C), 94.6, 111.6 (2C), 114.8,
115.1, 116.1, 119.9, 122.2, 126.8, 127.6, 129.6 (2C), 144.6, 150.1, 152.3, 155.3, 156.7. Calcd for
C19H15N5: C 72.83, H 4.82, N 22.35; found: C 72.71, H 5.06, N 22.23.

4-(4-Methoxyphenyl)benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (6b). Yellow pow-
der (1.25 g, yield 83%), m.p. 233–235 ◦C. FT-IR (neat) νmax (cm−1): 2230, 1667, 1473,
1091, 1058, 1020. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.95 (3H, s, OCH3), 6.54 (1H, d,
J = 8.5 Hz, H-6), 7.20 (1H, t, J = 7.8 Hz, H-7), 7.34 (2H, d, J = 8.7 Hz, H-3′, H-5′), 7.55 (1H, t,
J = 7.7 Hz, H-8), 7.77 (2H, d, J = 8.5 Hz, H-2′, H-6′), 7.92 (1H, d, J = 8.1 Hz, H-9), 9.11 (1H, s,
H-2). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 55.6, 95.0, 114.8, 115.1 (2C), 115.6, 120.0,
121.1, 122.5, 127.0, 127.4, 130.1 (2C), 144.6, 149.8, 155.1, 155.9, 161.9. Calcd for C18H12N4O:
C 71.99, H 4.03, N 18.66; found: C 71.80, H 3.91, N 18.70.

4-(Anthracen-9-yl)benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (6c). Yellow powder
(1.66 g, yield 90%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3051, 2227, 1621, 1483, 1446,
1350. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 5.29 (1H, d, J = 8.4 Hz, H-6), 6.72–6.80 (1H, m,
H-7), 7.39 (1H, t, J = 7.3 Hz, H-8), 7.46–7.53 (2H, m, 2xHAN), 7.62–7.73 (4H, m, 4xHAN), 7.92
(1H, d, J = 8.3 Hz, H-9), 8.38 (2H, d, J = 8.5 Hz, 2xHAN), 9.20 (1H, s, HAN), 9.37 (1H, s, H-2).
13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 97.2, 113.5, 115.0, 120.1, 121.0, 123.0, 123.7
(2C), 126.5 (2C), 126.6, 127.0, 128.6 (2C), 128.8 (2C), 129.3 (2C), 130.6 (2C), 132.1, 144.7, 149.9,
153.0, 155.4. Calcd for C25H14N4: C 81.06, H 3.81, N 15.13; found: C 80.94, H 3.58, N 15.12.

4-(4-(Dimethylamino)phenyl)-7,8-difluorobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile
(6d). Orange powder (1.41 g, yield 81%), m.p. 284–286 ◦C. FT-IR (neat) νmax (cm−1): 3082,
2225, 1603, 1438, 1398, 1377. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 3.11 (6H, s, -N(CH3)2),
6.63 (1H, t, J = 9.3 Hz, H-6), 7.02 (2H, d, J = 8.4 Hz, H-3′, H-5′), 7.61 (2H, d, J = 8.3 Hz, H-2′,
H-6′), 8.02 (1H, t, J = 9.2 Hz, H-9), 9.07 (1H, s, H-2). 13C{1H}-NMR (100 MHz, DMSO-d6)
δ (ppm) 95.0, 103.1 (d, J = 24.4 Hz), 107.1 (d, J = 19.9 Hz), 111.5 (2C), 113.7, 115.4, 122.7
(d, J = 10.7 Hz), 129.5 (2C), 140.8 (d, J = 11.6 Hz), 145.3 (dd, J = 241.7, 15.4 Hz), 149.1 (dd,
J = 245.8, 14.8 Hz), 151.2, 152.5, 155.4, 156.1. Calcd for C19H13F2N4: C 65.32, H 3.75, N 20.05;
found: C 65.53, H 3.89, N 19.92.

7,8-Difluoro-4-(4-methoxyphenyl)benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (6e).
Beige powder (1.34 g, yield 80%), m.p. 246–248 ◦C. FT-IR (neat) νmax (cm−1): 3046, 2229,
1595, 1530, 1490, 1101. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 3.96 (3H, s, OCH3), 6.31
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(1H, dd, J = 10.8, 7.3 Hz, H-6), 7.37 (2H, d, J = 8.3 Hz, H-3′, H-5′), 7.77 (2H, d, J = 8.3 Hz,
H-2′, H-6′), 8.05 (1H, dd, J = 10.8, 7.5 Hz, H-9), 9.15 (1H, s, H-2). 13C{1H}-NMR (100 MHz,
DMSO-d6) δ (ppm) 55.6, 95.6, 103.0 (d, J = 24.4 Hz), 107.5 (d, J = 19.8 Hz), 115.2, 115.3 (2C),
120.3, 122.7 (d, J = 10.9 Hz), 130.2 (2C), 140.9 (d, J = 11.8 Hz), 145.7 (dd, J = 242.2, 15.6 Hz),
149.3 (dd, J = 245.8, 15.0 Hz), 151.0, 155.5, 155.6, 162.2. Calcd for C18H10F2N4O: C 64.29, H
3.00, N 16.66; found: C 64.35, H 3.19, N 16.52.

4-(Anthracen-9-yl)-7,8-difluorobenzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitrile (6f). Yel-
low powder (1.71 g, yield 84%), m.p. > 300 ◦C. FT-IR (neat) νmax (cm−1): 3088, 2230, 1594,
1505, 1465, 1074. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 5.00 (1H, t, J = 8.9 Hz, H-6), 7.52
(2H, t, J = 7.7 Hz, 2xHAN), 7.67 (2H, t, J = 7.5 Hz, 2xHAN), 7.75 (2H, d, J = 8.8 Hz, 2xHAN),
8.07 (1H, t, J = 9.3 Hz, H-9), 8.38 (2H, d, J = 8.6 Hz, 2xHAN), 9.23 (1H, s, H-2), 9.41 (1H,
s, HAN). 13C{1H}-NMR (100 MHz, DMSO-d6) δ (ppm) 98.0, 101.5 (d, J = 24.5 Hz), 107.9
(d, J = 19.9 Hz), 114.7, 119.9, 121.9 (d, J = 10.8 Hz), 123.6 (2C), 126.6 (2C), 128.7 (2C), 129.1
(2C), 129.3 (2C), 130.5 (2C), 132.5, 141.1 (d, J = 11.8 Hz), 145.9 (dd, J = 243.2, 15.6 Hz), 149.3
(dd, J = 246.6, 14.9 Hz), 151.3, 152.6, 155.7. Calcd for C25H12F2N4: C 73.89, H 2.98, N 13.79;
found: C 74.05, H 2.85, N 13.62.

3.2. Crystallography Experiment

The XRD analyses were carried out using equipment of the Center for Joint Use
“Spectroscopy and Analysis of Organic Compounds” at the Postovsky Institute of Organic
Synthesis of the Russian Academy of Sciences (Ural Branch). The experiment was carried
out on a standard procedure (MoKα-irradiation, graphite monochromator, ω-scans with 10

step at T = 295(2) K) on an automated X-ray diffractometer Xcalibur 3 with a CCD detector.
Empirical absorption correction was applied. The solution and refinement of the structures
were accomplished using the Olex program package [65]. The structures were solved by
the method of the intrinsic phases in the ShelXT program and refined by the ShelXL by
full-matrix least-squares method for non-hydrogen atoms [66]. The H atoms were placed
in the calculated positions and refined in isotropic approximation.

Crystal Data for C51H30Cl2N8 (M = 825.73 g/mol): triclinic, space group P-1, a = 8.5135(4) Å,
b = 10.4646(5) Å, c = 22.9053(12) Å,α= 88.784(4)◦,β= 85.741(4)◦,γ= 82.301(4)◦, V = 2016.53(17) Å3,
Z = 2, T = 295(2) K, µ(MoKα) = 0.210 mm−1, Dcalc = 1.360 g/cm3, 20,634 reflections mea-
sured (7.384◦ ≤ 2Θ ≤ 60.982◦), 10,876 unique (Rint = 0.0577, Rsigma = 0.0845), which were
used in all calculations. The final R1 = 0.0767, wR2 = 0.1916 (I > 2σ(I)) and R1 = 0.1463,
wR2 = 0.2616 (all data). Largest peak/hole difference is 0.34/−0.35.

The XRD data were deposited in the Cambridge Structural Database with the number
CCDC 2215090. This data can be requested free of charge via www.ccdc.cam.ac.uk (accessed
on 17 November 2022).

3.3. DFT Calculations

The quantum chemical calculations were performed at the B3LYP/6-31G*//PM6 level
of theory using the Gaussian-09 program package (M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Had DJF. Gaussian 09, Revision C.01. Wallingford, CT 2010).
No symmetry restrictions were applied during the geometry optimization procedure. The
solvent effects were taken into account using the SMD (solvation model based on density)
continuum solvation model suggested by Truhlar et al. [67] for THF. The Hessian matrices
were calculated for all optimized model structures to prove the location of correct minima
on the potential energy surface (no imaginary frequencies were found in all cases). The
Chemcraft program http://www.chemcraftprog.com/ (accessed on 17 November 2022)
was used for visualization. The hole-electron analysis was carried out in Multiwfn program
(version 3.7) [61]. The Cartesian atomic coordinates for all optimized equilibrium model
structures are presented in the attached xyz-files.
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4. Conclusions

In summary, we have designed and synthesized a series of novel 4-(aryl)-benzo
[4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles by successive transformations, including
the preparation of benzimidazole-2-arylimines, the Povarov reaction, and the oxidation
of dihydrobenzo [4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles. Based on the literature
data and X-ray diffraction analysis, it was found that during the Povarov reaction, [1,3]
sigmatropic rearrangement occurred. The structure of the synthesized compounds is
unambiguously confirmed by the set of spectral data. For the derivatives 6a–f, the ordinary
photophysical properties such as absorption, emission, lifetime, and QY in solution, as
well as emission and QY in powder, were studied. For the chromophore 6c, Aggregation-
Induced Emission (AIE) has been illustrated using different water fractions (fw) in THF.
Finally, the mechanofluorochromic properties of derivatives 6c and 6f were investigated,
and the response to mechanical stimulation with changing emission maxima or/and
intensity was recorded. The significant photophysical properties and availability of 4-(aryl)-
benzo[4,5]imidazo[1,2-a]pyrimidine-3-carbonitriles pave the way for future applications in
biology, medicine, ecology, and photonics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27228029/s1, Table S1: Fluorescence lifetime of probes
6a–f (C = 2 × 10−6 M) in THF; Table S2: Orientation polarizability for solvents (∆f), absorption
and fluorescence emission maxima (λabs, λem, nm), and Stokes shift (nm, cm−1) of 6a in different
solvents; Table S3: Orientation polarizability for solvents (∆f), absorption and fluorescence emission
maxima (λabs, λem, nm), and Stokes shift (nm, cm−1) of 6b in different solvents; Table S4: Orientation
polarizability for solvents (∆f), absorption and fluorescence emission maxima (λabs, λem, nm), and
Stokes shift (nm, cm−1) of 6c in different solvents; Table S5: Orientation polarizability for solvents
(∆f), absorption and fluorescence emission maxima (λabs, λem, nm) and Stokes shift (nm, cm−1)
of 6d in different solvents; Table S6: Orientation polarizability for solvents (∆f), absorption and
fluorescence emission maxima (λabs, λem, nm) and Stokes shift (nm, cm−1) of 6e in different solvents;
Table S7: Orientation polarizability for solvents (∆f), absorption and fluorescence emission maxima
(λabs, λem, nm) and Stokes shift (nm, cm−1) of 6f in different solvents; Table S8: Fluorescence lifetime
of probe 6c (C = 2 × 10−6 M) in THF/water mixtures with water fractions 0/60 (vol%); Table S9:
Mechanochromic properties of probes 6a–f; Table S10: Crystal data and structure refinement for 6c;
Table S11: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters
(Å2 × 103) for 6c; Table S12: Anisotropic Displacement Parameters (Å2 × 103) for 6c; Table S13:
Bond Lengths for 6c; Table S14: Bond Angles for 6c; Table S15: Torsion Angles for 6c; Table S16:
Hydrogen Atom Coordinates (Å × 104) and Isotropic Displacement Parameters (Å2 × 103) Table S17:
for 6c; Atomic Occupancy for 6c; Figure S1: Solvent effect of 6c and 6f; Figure S2: UV-Vis absorption
spectra of 6c in THF/water mixtures with water fractions 0/60% (A). Time-resolved emission decay
curves of 6c in THF/water mixtures with water fractions 0/60% (B); Figure S3: Solvent effect for 6f
in THF/water; Figures S4–S20: 1H- and 13C-NMR spectra of compounds 3a,c, 3d–f, 5a–f, and 6a–f;
Figures S21–S29 IR spectra of compounds 3a,c, 3d–f, 5a–f, and 6a–f.
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and Antiproliferative Activity in Vitro of 2-Aminobenzimidazole Derivatives. Il Farmaco 2004, 59, 83–91. [CrossRef]
64. Rene, L.; Poncet, J.; Auzou, G. A One Pot Synthesis of β-Cyanoenamines. Synthesis 1986, 1986, 419–420. [CrossRef]
65. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement

and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339–341. [CrossRef]
66. Sheldrick, G.M. SHELXT–Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr. A Found Adv. 2015,

71, 3–8. [CrossRef] [PubMed]
67. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum

Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396.
[CrossRef]

193
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Abstract: A series of new symmetrical 2,5-dialkyl-1,3,4-oxadiazoles containing substituted alkyl
groups at the terminal positions with substituents, such as bromine, isopropyloxycarbonylmethy-
lamino, and carboxymethylamino, were successfully synthesized. The developed multistep method
employed commercially available acid chlorides differing in alkyl chain length and terminal sub-
stituent, hydrazine hydrate, and phosphorus oxychloride. The intermediate bromine-containing
2,5-dialkyl-1,3,4-oxadiazoles were easily substituted with diisopropyl iminodiacetate, followed by
hydrolysis in aqueous methanol solution giving the corresponding 1,3,4-oxadiazoles bearing car-
boxymethylamino substituents. The structure of all products was confirmed by conventional spectro-
scopic methods including 1H NMR, 13C NMR, and HRMS.

Keywords: 1,3,4-oxadiazoles; organic ligands; heterocycles; substitution; diisopropyl iminodiacetate

1. Introduction

Oxadiazoles are five-membered heterocyclic compounds composed of two nitrogen
atoms and one oxygen atom. Depending on the heteroatom position, oxadiazoles exist in the
form of several isomers [1], including 1,3,4-oxadiazole derivatives that are the most studied
due to their high stability and wide range of biological activity [2]. Additionally, they exhibit
anti-inflammatory, analgesic [3], antiviral [4], antibacterial [5], antifungal [6], anticancer [7],
and blood pressure-lowering effects [8]. Reports have shown that oxadiazoles biological
activity characteristics can be employed in agriculture as herbicides, insecticides, and plant
protection agents against bacteria, viruses, and fungi [9–12]. Furthermore, oxadiazole
compounds possess valuable optical properties. 1,2-Diazole fragment of 1,3,4-oxadiazole
derivatives has an electron-accepting effect and contributes to its application in various
types of conducting systems, such as organic light-emitting diodes, laser dyes, optical
brighteners, and scintillators [13–16]. Certain 2,5-disubstituted 1,3,4-oxadiazole derivatives
have high thermal and chemical stability, which is important in materials science, and such
compounds are used in the production of heat-resistant polymers, blowing agents, optical
brighteners, and anti-corrosion agents [17–20].

One of the most popular methods for 1,3,4-oxadiazole derivatives preparation in-
clude the cyclodehydration reaction. The following reagents are commonly employed in
the cyclization of N,N′-diacylhydrazines: polyphosphoric acid (PPA) [21], sulfuric acid
(H2SO4) [22], phosphorus oxychloride (POCl3) [23], thionyl chloride (SOCl2) [24], trifluo-
romethanesulfonic anhydride ((CF3SO2)2O) [25], phosphorus pentoxide (P2O5) [26], boron
trifluoride etherate (BF3·OEt2) [27], and Burgess reagent [28]. Additionally, it has been
shown that the preparation of 1,3,4-oxadiazole derivatives is possible using oxidative cy-
clization of N-acylhydrazones with oxidizing agents such as cerium ammonium nitrate
(CAN) [29], bromine (Br2) [30], potassium permanganate (KMnO4) [31], lead(IV) oxide
(PbO2) [32], chloramine T [33], 2,3-dichloro-5,6-dicyano-1,4-benzowuinone (DDQ) [34], and
hypervalent iodine reagents [35].

195



Molecules 2022, 27, 7687

1,3,4-Oxadiazoles containing alkyl chains at the 2 and 5 positions and substituted
with carboxymethylamino groups are of particular interest. Generally, the presence of
aminopolycarboxylic functionalities promote complexing properties in such derivatives,
allowing for binding to metal cations. The literature shows a range of organic ligands of this
type, some of which have been approved for use in medicine and agriculture. These include
ethylenediaminetetraacetic acid (EDTA) [36], N-(hydroxyethyl)ethylenediaminetriacetic
acid (HEEDTA) [37], ethylenediamine-N,N′-bis(o-hydroxy-p-methylphenyl)acetic acid
(EDDHMA) [38], diethylenetriaminepentaacetic acid (DTPA) [39], nitrilotriacetic acid
(NTA) [40], glucoheptanoic acid [41], and citric acid [42,43]. Unfortunately, despite the
excellent chelating properties, not all fertilizing chelates show the adequate biodegradation.
Some of the most common coordination compounds based on EDTA and DTPA are charac-
terized by very high stability, but they are resistant to biodegradation. Numerous studies
revealed that they are present in waters of lakes or ponds, as well as in the soil for a long
time, which may result in eutrophication of waters and introduction of metals into the food
chain [44]. On the other hand, there has recently been an emphasis on chelating agents
based on sugar molecules in order to increase the effectiveness of the micronutrients. There
is a possibility that sugar acid derivatives, condensed tannis, and glucohetonates could
effectively replace the traditionally used EDTA for the production of chelated micronutri-
ents [43]. Heterocyclic compounds composed of carbon, oxygen, and nitrogen atoms could
also constitute another alternative scaffold for the construction of new chelating agents.

According to the above data, we assumed that the combination of the 1,3,4-oxadiazole
core containing oxygen and two nitrogen atoms in the ring with aminopolycarboxylic
groups allows for the development of a new family of organic ligands with potential
applications as complexing agents in medicine and agriculture. Herein, we developed an
effective method for the preparation of new symmetrically substituted 1,3,4-oxadiazole
derivatives containing carboxymethylaminoalkyl groups at the 2 and 5 positions. Initially, a
three-step transformation was conducted using commercially available reagents (Scheme 1).
In the first step, the acid chlorides were reacted with hydrazine hydrate to form symmetrical
N,N′-diacylhydrazine derivatives with different alkyl chain lengths. In the second step, they
were cyclized using POCl3, a known cyclodehydration reagent. Finally, the substitution
reaction between bromine-containing 1,3,4-oxadiazole derivatives and iminodiacetic acid
was studied.
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2. Results

The target derivatives containing carboxymethylaminoalkyl groups were obtained in
a multistep transformation reaction. The first step consisted of the synthesis of symmetrical
N,N′-diacylhydrazine derivatives (2a–d) (Scheme 2) using commercially available acid
chloride derivatives (1a–d) (Scheme 2) differing in alkyl chain length and bearing a bromine
atom at the terminal position. The model reaction employed bromoacetyl chloride (1a) as
the starting material. The optimization study consisted of examining the base (triethylamine
(TEA) and sodium carbonate), solvent (chloroform, and diethyl ether), and the influence of
temperature. The best results were obtained at low temperature (0 ◦C) in diethyl ether using
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aqueous sodium carbonate as the base. The products were purified via recrystallization
from either methanol or ethanol. The yields of the obtained hydrazine derivatives (2a–d)
were 65–79% (Table 1, entries 4, 8, 12, and 16).
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(3a–d). Reaction conditions: step 1: acid chloride (1a–d, 0.06 mol), hydrazine hydrate (hydrazine 64%,
4.6 mL, 0.06 mol), sodium carbonate (6.36 g, 0.06 mol), diethyl ether (70 mL), water (40 mL), 0 ◦C,
0.5 h; acid chloride (1a–d, 0.06 mol), diethyl ether (10 mL), 25 ◦C, 2 h; step 2: N,N′-diacylhydrazine
(2a–d, 0.007 mol), POCl3 (22.4 mL, 0.24 mol), 55 ◦C, 6–24 h.

Table 1. N,N′-Diacylhydrazines (2a–d) derived from acid chlorides.

Entry Product n Base Solvent Yield [%]

1 2a 1 TEA Chloroform 26
2 Diethyl ether 11
3 Na2CO3 Chloroform 47
4 Diethyl ether 65
5 2b 2 TEA Chloroform 33
6 Diethyl ether 44
7 Na2CO3 Chloroform 59
8 Diethyl ether 73
9 2c 3 TEA Chloroform 37

10 Diethyl ether 35
11 Na2CO3 Chloroform 66
12 Diethyl ether 76
13 2d 4 TEA Chloroform 28
14 Diethyl ether 20
15 Na2CO3 Chloroform 74
16 Diethyl ether 79

The synthesis of 1,3,4-oxadiazole derivatives (3a–d) (Scheme 2) involved reacting with
POCl3, a cyclodehydration reagent. The reaction was conducted in anhydrous toluene or
solvent-free conditions and monitored by TLC. In toluene, product was formed in lower
yield compared to the solvent-free reaction (Table 2, entries 2, 4, 6, and 8). The final products
(3a–d) were obtained in 40–76% yield and were used for the subsequent reactions without
purification (Table 2).

Table 2. 2,5-Dialkyl-1,3,4-oxadiazole derivatives (3a–d) formed by cyclization of N,N′-diacylhydrazine.

Entry Product n Solvent Yield (%)

1 3a 1 Toluene 36
2 - 51
3 3b 2 Toluene 15
4 - 40
5 3c 3 Toluene 39
6 - 44
7 3d 4 Toluene 59
8 - 76

As part of the synthesis, we planned to use iminodiacetic acid (4), which could directly
react with the formed 2,5-dialkyl-1,3,4-oxadiazole derivatives (3a–d) containing bromine
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substituents (Scheme 1). After testing a series of bases, including TEA, sodium hydroxide,
and sodium carbonate, as well as several organic solvents (chloroform, methanol, acetoni-
trile) and their mixtures [45], the desired products 7 were not generated. Therefore, the
iminodiacetic acid was converted into a more reactive ester, which could be subjected to
a substitution reaction with 2,5-bis(bromoalkyl)-1,3,4-oxadiazoles (3a–d), followed by hy-
drolysis to restore the carboxyl groups. Hence, the esterification reactions were performed
using ethanol (a) and isopropanol (b) as substrates, and in the presence of sulfuric acid as
the catalyst (Scheme 3). The final esters (5a,b) were obtained in good yields (37–52%).
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Scheme 3. Synthesis of diethyl iminodiacetate (5a) and diisopropyl iminodiacetate (5b). Reaction
conditions: iminodiacetic acid (4, 15.0 g, 0.11 mol), alcohol (120 mL), H2SO4 (7.5 mL), reflux, 12 h.

The next step was to perform the substitution reaction involving the appropriate
ester (5a,b), oxadiazole derivative (3a–d), and base in an aprotic solvent (Scheme 4). In
order to determine the optimal conditions, 2,5-bis(bromomethyl)-1,3,4-oxadiazole (3a) and
diethyl iminodiacetate (5a) were first examined. When the reaction was conducted at room
temperature, main product 6a was produced but in a low yield, at 23% (Table 3, entry 11).
The further study revealed that the optimal temperature was in the range of 50–60 ◦C,
giving the product 6a in a 91% yield (Table 3, entry 12).
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Scheme 4. Synthesis of 2,5-dialkyl-1,3,4-oxadiazole (6a–e) ester derivatives. Reaction conditions:
1,3,4-oxadiazole derivative (3a–d, 0.004 mol), iminodiacetic acid ester (5a,b, 0.01 mol), sodium
carbonate (4.24 g, 0.04 mol), acetonitrile (50 mL), 60 ◦C, 12 h.

Among the solvents tested, acetonitrile gave the best result (Table 3, entry 12) owing to
its characteristic aprotic polarity and its relatively low boiling point in relation to dimethyl-
formamide (DMF) or DMSO. The inorganic weak base sodium carbonate enhanced the
removal of inorganic compounds during the extraction process. Additionally, the optimal
reaction time was 8–12 h, which was determined by TLC. Having the optimized conditions
in hand, a series of substitution reactions were conducted using oxadiazoles (3b–d), and
producing products (6a–e) in a 71–91% yield (Table 4, entries 1–5). All products (6a–e) were
purified by column chromatography on silica gel using ethyl acetate as the eluent.
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Table 3. Optimization of the substitution reaction with diethyl iminodiacetate to form derivative 6a.

Entry Solvent Temp. (◦C) Base Yield (%)

1 DMF 25 TEA 18
2 60 22
3 25 Na2CO3 14
4 60 69
5 DMSO 25 TEA 9
6 60 24
7 25 Na2CO3 18
8 60 55
9 Acetonitrile 25 TEA 21
10 60 39
11 25 Na2CO3 23
12 60 91

Table 4. Obtained yields of 2,5-dialkyl-1,3,4-oxadiazole (6a–e) and products of their hydrolysis
containing carboxylic groups (7b,7d).

Entry n R Product Yield (%)

1 1 Ethyl 6a 91
2 1 i-Propyl 6b 84
3 2 i-Propyl 6c 71
4 3 i-Propyl 6d 68
5 4 i-Propyl 6e 73
6 1 i-Propyl 7b 54
7 3 i-Propyl 7d 68

The last step in the synthetic pathways was the restoration of the carboxyl groups
from esters groups (6). Various literature methods were examined, including anhydrous
lithium chloride [46] and the classical method of hydrolysis in an acidic and alkaline
environment [47]. It was found that the alkaline hydrolysis reaction gave desired 1,3,4-
oxadiazole derivatives bearing carboxymethylaminoalkyl groups (7b, 7d) at the side alkyl
chains (Scheme 5). The lithium chloride method was ineffective, and hydrolysis under
acidic conditions gave the desired product, but excessive heating promoted decomposition
of the oxadiazole. Optimization of the hydrolysis reaction involved different amounts
of NaOH and solvents. The obtained results showed that a significant excess of NaOH
and conducting the reaction in a relatively high temperature caused the decomposition.
However, we observed the formation of the intended final product (7b) when the molar
ratio between ester 6 and NaOH was 1:10. Methanol was found to be the best solvent
owing to its ability to dissolve the substrate. The final products (7b, 7d) were purified by
recrystallization from methanol, providing the pure products in a 54–68% yield (Table 4,
entries 6 and 7).
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tives containing carboxymethylaminoalkyl moieties (7b, 7d). Reaction conditions: ester derivative
of 2,5-dialkyl-1,3,4-oxadiazole (6b, 6d, 0.18 mmol), NaOH (0.1 g, 1.8 mmol), MeOH (24 mL), H2O
(6 mL), 50 ◦C, 1 h.
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The structure of all obtained intermediates and final products was confirmed by 1H
and 13C NMR spectroscopy (see Supplementary Materials. Both ester and acid derivatives
were symmetrical molecules; hence, the number of signals was reduced. Among 2,5-dialkyl-
1,3,4-oxadiazole derivatives (6a–e), and not described so far in the literature, characteristic
1H NMR signals included the doublet at 1.25 ppm and septet at 5.00 ppm corresponding
to the isopropyl group. The singlet at 3.50 ppm was related to the iminodiacetate moiety.
The remaining signals at 1.00–3.00 ppm corresponded to the alkyl side chain between the
oxadiazole and diisopropyl ester. In the case of 13C NMR, the characteristic C2 and C5
signals of the heterocyclic 1,3,4-oxadiazole ring were found at 165.0 ppm. The remaining
peaks from carbonyl groups were located at 170.0 ppm, while two signals from isopropy-
loxy group were found at 22.0 ppm (CH3) and 68.0 ppm (-CH-), respectively. Signals
at 50.0–55.0 ppm corresponded to the iminodiacetate part of the molecule (-N(CH2)2<).
Finally, carbons of the alkyl chain were in the range of 22.0–60.0 ppm. 1H and 13C spectra
of the final products, containing carboxyl groups (7b, 7d), showed no visible signals of the
ester residue. High-resolution mass spectra further confirmed the structure of the obtained
intermediates and final products.

3. Experimental Section
3.1. General Information

All reagents were purchased from commercial sources and used without further
purification. Melting points were measured using a Stuart SMP3 melting point apparatus
(Staffordshire, UK). NMR spectra were recorded at 25 ◦C using an Agilent 400-NMR
spectrometer (Agilent Technologies, Waldbronn, Germany) at 400 MHz for 1H and 100
MHz for 13C, with CDCl3 or DMSO as solvent, and TMS as the internal standard. High-
resolution mass spectra were acquired using a Waters ACQUITY UPLC/Xevo G2QT
instrument (Waters Corporation, Milford, MA, USA). Thin-layer chromatography (TLC)
was performed using silica gel 60 F254 (Merck, Merck KGaA, Darmstadt, Germany) thin-
layer chromatography plates, with ethyl acetate, chloroform/ethyl acetate (5:1 v/v), or
methanol/chloroform (4:1 v/v) as the mobile phases.

3.2. Synthesis and Characterization
3.2.1. Synthesis of N,N′-Diacylhydrazine Derivatives (2a–d)

Hydrazine hydrate (4.6 mL, 0.06 mol) was dissolved in diethyl ether (50 mL), and the
mixture was cooled to 0 ◦C. The appropriate amount of acid chloride (1a–d, 0.06 mol) was
dissolved in diethyl ether (20 mL) and added dropwise to the mixture. The temperature was
carefully monitored, keeping it below 35 ◦C. Then, after 30 min, sodium carbonate (6.36 g,
0.06 mol) dissolved in water (40 mL) was added. After the evolution of carbon dioxide
had ceased, acid chloride (1a–d, 0.06 mol) dissolved in diethyl ether (10 mL) was added
dropwise. The reaction mixture was stirred at room temperature for 2 h. The resulting
precipitate was filtered, and dried products was recrystallized from methanol to obtain the
desired pure products.

2-Bromo-N′-(2-bromoacetyl)acetohydrazide (2a)

The product was obtained as white powder (10.69 g, 65%); m.p. 174–176 ◦C. 1H-
NMR (400 MHz, DMSO): δ 3.92 (s, 4H), 10.58 (s, 2H, NH); 13C-NMR (100 MHz, DMSO):
δ 26.9, 164.4.

3-Bromo-N′-(3-bromopropanoyl)propanehydrazide (2b)

The product was obtained as white powder (13.23 g, 73%); m.p. 182–183 ◦C. 1H-NMR
(400 MHz, DMSO): δ 2.78(t, J = 8.0 Hz, 4H), 3.65 (t, J = 8.0 Hz, 4H), 10.08 (s, 2H, NH););
13C-NMR (100 MHz, DMSO): δ 28.7, 36.3, 167.7.

4-Bromo-N′-(4-bromobutanoyl)butanehydrazide (2c)
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The product was obtained as white powder (15.05 g, 76%); m.p. 159–160 ◦C. 1H-NMR
(400 MHz, DMSO): δ 2.04 (tt, J = 6,8 Hz, J = 7.2 Hz, 4H), 2.28 (t, J = 7.2 Hz, 4H), 3.55 (t,
J = 6.8 Hz, 4H), 9.75 (s, 2H, NH);); 13C-NMR (100 MHz, DMSO): δ 28.3, 31.5, 34.2, 170.1.

5-Bromo-N′-(5-bromopentanoyl)pentanehydrazide (2d)

The product was obtained as white powder (16.97 g, 79%); m.p. 149–151 ◦C. 1H-NMR
(400 MHz, DMSO): δ 1.61 (m, 4H), 1.81 (m, 4H), 2.13 (t, J = 8.0 Hz, 4H), 3.52 (t, J = 8.0 Hz,
4H), 9.67 (s, 2H, NH); 13C-NMR (100 MHz, DMSO): δ 23.6, 31.5, 32.1, 34.7, 170.7.

3.2.2. Synthesis of 1,3,4-Oxadiazole Derivatives (3a–d)

Phosphorus oxychloride (22.4 mL, 0.24 mol) was added to N,N′-diacylhydrazine (2a-d,
0.007 mol). The mixture was heated to reflux for 6–24 h. The progress of the reaction
was monitored by TLC using methanol/chloroform (4:1 v/v) as the mobile phase. Excess
phosphorus oxychloride was evaporated, and the residue in the flask was dissolved in
diethyl ether (40 mL) and poured into water (100 mL). The mixture was neutralized using
sodium carbonate, extracted with diethyl ether (40 mL), dried over anhydrous magnesium
sulfate, and evaporated to dryness.

2,5-Bis(bromomethyl)-1,3,4-oxadiazole (3a)

The product was obtained as yellow oil (0.91 g, 51%). 1H-NMR (400 MHz, CDCl3):
δ 4.92 (s, 4H); 13C-NMR (100 MHz, DMSO): δ 17.6, 164.2. HRMS (ESI): m/z calcd for
C4H4N2OBr2 + H+: 256.8748; found 256.8756.

2,5-Bis(2-bromoethyl)-1,3,4-oxadiazole (3b)

The product was obtained as yellow oil (1.99 g, 40%). 1H-NMR (400 MHz, DMSO):
δ 2.96 (t, J = 8.0Hz, 4H), 3.56 (t, J = 8.0 Hz, 4H); 13C-NMR (100 MHz, DMSO): δ 28.7, 36.3,
167.7. HRMS (ESI): m/z calcd for C6H8N2OBr2 + H+: 284.9061; found 284.9064.

2,5-Bis(3-bromopropyl)-1,3,4-oxadiazole (3c)

The product was obtained as yellow oil (0.96 g, 44%). 1H-NMR (400 MHz, CDCl3): δ
2.21 (m, 4H), 2.96 (t, J = 8.0 Hz, 4H), 3.63 (t, J = 8.0 Hz, 4H); 13C-NMR (100 MHz, DMSO):
δ 28.9, 31.5, 33.5, 165.5. HRMS (ESI): m/z calcd for C8H12N2OBr2 + H+: 312.9374; found
312.9386.

2,5-Bis(4-bromobutyl)-1,3,4-oxadiazole (3d)

The product was obtained as yellow oil (1.81 g, 76%). 1H-NMR (400 MHz, DMSO): δ
1.77 (m, 4H), 1.83 (m, 4H), 2.81 (t, J = 8.0 Hz, 4H), 3.53 (t, J = 8.0 Hz, 4H); 13C-NMR (100
MHz, DMSO): δ 23.6, 24.4, 31.4, 34.4, 166.1. HRMS (ESI): m/z calcd for C10H16N2OBr2 + H+:
340.9688; found 340.9692.

3.2.3. Synthesis of Iminodiacetic Acid Ester Derivatives (5a,b)

Ethanol (a) or isopropanol (b) (120 mL) and concentrated H2SO4 (7.5 mL) were added
to iminodiacetic acid (4) (15.0 g, 0.11 mol). The reaction mixture was heated to reflux for
12 h. Excess alcohol was then evaporated using a rotary evaporator, and the mixture was
neutralized with sodium bicarbonate solution. Then, the resulted solution was extracted
with ethyl acetate (30 mL), dried over anhydrous magnesium sulfate, and evaporated
to dryness.

Diethyl iminodiacetate (5a)

The product was obtained as slightly yellow liquid (7.69 g, 37%). 1H-NMR (400 MHz,
CDCl3): δ 1.24 (t, J = 8.0 Hz, 6H), 3.42 (s, 4H), 4.15 (m, 4H); 13C-NMR (100 MHz, DMSO):
δ 14.1, 50.1, 60.8, 171.6. HRMS (ESI): m/z calcd for C8H15NO4 + H+: 190.1079; found
190.1082 [48,49].

Diisopropyl iminodiacetate (5b)
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The product was obtained as slightly yellow liquid (12.41 g, 52%). 1H-NMR (400 MHz,
CDCl3): δ 1.25 (d, J = 6.4 Hz, 12H), 3.42 (s, 4H), 5.07 (m, 2H); 13C-NMR (100 MHz, CDCl3):
δ 21.5, 50.3, 68.4, 171.2. HRMS (ESI): m/z calcd for C10H19NO4 + H+: 218.1392; found
218.1403.

3.2.4. Synthesis of Ester Derivatives of 2,5-Dialkyl-1,3,4-oxadiazole (6a–e)

2,5-Bis(bromoalkyl)-1,3,4-oxadiazole (3a–d, 0.004 mol), iminodiacetic acid ester (5a–b,
0.01 mol), and sodium carbonate (4.24 g, 0.04 mol) were dissolved in acetonitrile (50 mL).
The reaction mixture was heated at 60 ◦C for 12 h. Water (20 mL) was added and extracted
using ethyl acetate (50 mL). The organic phase was separated, dried over anhydrous
magnesium sulfate, and evaporated to dryness. The crude product was purified using
column chromatography with ethyl acetate as the mobile phase.

Tetraethyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(methylene))bis(azanetriyl))tetraacetate
(6a)

The product was obtained as yellow oil (1.72 g, 91%). 1H-NMR (400 MHz, CDCl3): δ
1.26 (t, J = 8.0 Hz, 12H), 3.69 (s, 8H), 4.24 (q, J = 8.0 Hz, 8H); 13C-NMR (100 MHz, CDCl3): δ
14.1, 48.1, 54.5, 60.8, 164.3, 170.5. HRMS (ESI): m/z calcd for C20H32N4O9 + H+: 473.2248;
found 473.2253.

Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole=2,5-diyl)bis(methylene))bis(azanetriyl))tetraa-
cetate (6b)

The product was obtained as yellow oil (1.77 g, 84%). 1H-NMR (400 MHz, CDCl3):
δ 1.24 (d, J = 6.4 Hz, 24H), 3.65 (s, 8H), 4.24 (s, 4H), 5.02 (sept, J = 6.4 Hz, 4H); 13C-
NMR (100 MHz, CDCl3): δ 21.8, 48.1, 54.8, 68.4, 164.4, 170.1. HRMS (ESI): m/z calcd for
C24H40N4O9 + H+: 529.2874; found 529.2870.

Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(ethane-2,1-diyl))bis(azanetriyl))te-
traacete (6c)

The product was obtained as yellow oil (1.58 g, 71%). 1H-NMR (400 MHz, CDCl3): δ
1.25 (d, J = 4.4 Hz, 24H), 3.34 (t, J = 4.4 Hz, 4H), 3.43 (s, 8H), 3.90 (t, J = 4.4 Hz, 4H), 5.07
(sept, J = 4.4 Hz, 4H); 13C-NMR (100 MHz, CDCl3): δ 21.8, 29.0, 39.4, 50.3, 68.4, 164.1, 171.2.
HRMS (ESI): m/z calcd for C26H44N4O9 + H+: 557.3185; found 557.3185.

Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(propane-3,1-diyl))bis(azanetriyl))-
tetraacetate (6d)

The product was obtained as yellow oil (1.59 g, 68%). %). 1H-NMR (400 MHz, CDCl3):
δ 1.24 (d, J = 4.4 Hz, 24H), 1.94 (m, 4H), 2.84 (t, J = 4.4 Hz, 4H), 2.91 (t, J = 4.8 Hz, 4H), 3.50
(s, 8H), 5.03 (m, 4H); 13C-NMR (100 MHz, CDCl3): δ 21.9, 22.8, 24.7, 53.1, 55.2, 68.0, 166.8,
170.6. HRMS (ESI): m/z calcd for C28H48N4O9 + H+: 585.3500; found 585.3491.

Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(butane-4,1-diyl))bis(azanetriyl))te-
traacetate (6e)

The product was obtained as yellow oil (1.79 g, 73%). %). 1H-NMR (400 MHz, CDCl3):
δ 1.26 (d, J = 8.0 Hz, 24H), 1.36 (m, 4H), 1.58 (m, 4H), 2.77 (t, J = 8.0 Hz, 4H), 2.84 (t,
J = 8.0 Hz, 4H), 3.51 (s, 8H), 5.01 (m, 4H); 13C-NMR (100 MHz, CDCl3): δ 21.7, 23.6, 23.9,
25.1, 49.1, 54.8, 68.4, 164.4, 170.1. HRMS (ESI): m/z calcd for C30H52N4O9 + H+: 613.3812;
found 613.3810.

3.2.5. Synthesis of 2,5-Dialkyl-1,3,4-oxadiazole Derivatives Containing
Carboxymethylamino Groups (7b, 7d)

The ester derivatives of 2,5-dialkyl-1,3,4-oxadiazole (6b, 6d) (0.18 mmol) were dis-
solved in methanol (24 mL), water (6 mL), and NaOH (0.1 g, 1.8 mmol). The reaction
mixture was heated at 50 ◦C for 1 h. The solution was then neutralized with 1 M HCl and
evaporated to dryness. The crude product was purified by recrystallization from methanol.

2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(methylene))bis(azanetriyl))tetraacetic acid (7b)
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The product was obtained as white powder (0.04 g, 54%). 1H-NMR (400 MHz, DMSO):
δ 3.38 (s, 8H), 4.04 (s, 4H); 13C-NMR (100 MHz, DMSO): δ 47.4, 57.5, 164.5, 173.9. HRMS
(ESI): m/z calcd for C12H16N4O9 + H+ + Na: 384.0893; found 384.0846.

2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(propane-3,1-diyl))bis(azanetriyl))tetraacetic acid
(7d)

The product was obtained as white powder (0.05 g, 68%). 1H-NMR (400 MHz, DMSO):
δ 1.79 (m, 4H), 2.71 (t, J = 8.0 Hz, 4H), 2.83 (t, J = 8.0 Hz, 4H), 3.42 (s, 8H); 13C-NMR (100 MHz,
DMSO): δ 22.1, 24.1, 52.8, 54.7, 166.3, 172.4. HRMS (ESI): m/z calcd for C16H24N4O9 + H+:
417.1621; found 417.1638.

4. Conclusions

An interesting methodological process was developed for the synthesis of extended
1,3,4-oxadiazole derivatives containing carboxymethylaminoalkyl groups at positions 2
and 5. The initial synthetic pathway, comprised of nucleophilic substitution of bromine-
containing 2,5-dialkyl-1,3,4-oxadiazoles with iminodiacetic acid, was ineffective. However,
the replacement of iminodiacetic acid with more reactive diisopropyl iminodiacetate led to
the formation of the intermediate esters and final acids in satisfactory yields. The obtained
final products constitute a new family of complexing agents with potential applications in
various areas, such as agriculture, medicine, or pharmacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227687/s1, Figure S1: 1H NMR spectra (400 MHz,
dmso) of 2-Bromo-N′-(2-bromoacetyl)acetohydrazide (2a); Figure S2: 13C NMR spectra (100 MHz,
dmso) of 2-Bromo-N′-(2-bromoacetyl)acetohydrazide (2a); Figure S3: 1H NMR spectra (400 MHz,
dmso) of 3-Bromo-N′-(3-bromopropanoyl)propanehydrazide (2b); Figure S4: 13C NMR spectra
(100 MHz, dmso) of 3-Bromo-N′-(3-bromopropanoyl)propanehydrazide (2b); Figure S5: 1H NMR
spectra (400 MHz, dmso) of 4-Bromo-N′-(4-bromobutanoyl)butanehydrazide (2c); Figure S6: 13C
NMR spectra (100 MHz, dmso) of 4-Bromo-N′-(4-bromobutanoyl)butanehydrazide (2c); Figure S7: 1H
NMR spectra (400 MHz, dmso) of 5-Bromo-N′-(5-bromopentanoyl)pentanehydrazide (2d); Figure S8:
13C NMR spectra (100 MHz, dmso) of 5-Bromo-N′-(5-bromopentanoyl)pentanehydrazide (2d); Figure
S9: 1H NMR spectra (400 MHz, CDCl3) of 2,5-Bis(bromomethyl)-1,3,4-oxadiazole (3a); Figure S10:
13C NMR spectra (100 MHz, CDCl3) of 2,5-Bis(bromomethyl)-1,3,4-oxadiazole (3a); Figure S11:
1H NMR spectra (400 MHz, dmso) of 2,5-Bis(2-bromoethyl)-1,3,4-oxadiazole (3b); Figure S12: 13C
NMR spectra (100 MHz, dmso) of 2,5-Bis(2-bromoethyl)-1,3,4-oxadiazole (3b); Figure S13: 1H NMR
spectra (400 MHz, CDCl3) of 2,5-Bis(3-bromopropyl)-1,3,4-oxadiazole (3c); Figure S14: 13C NMR
spectra (100 MHz, CDCl3) of 2,5-Bis(3-bromopropyl)-1,3,4-oxadiazole (3c); Figure S15: 1H NMR
spectra (400 MHz, dmso) of 2,5-Bis(4-bromobutyl)-1,3,4-oxadiazole (3d); Figure S16: 13C NMR spec-
tra (100 MHz, dmso) of 2,5-Bis(4-bromobutyl)-1,3,4-oxadiazole (3d); Figure S17: 1H NMR spectra
(400 MHz, CDCl3) of Diethyl iminodiacetate (5a); Figure S18: 13C NMR spectra (100 MHz, CDCl3)
of Diethyl iminodiacetate (5a); Figure S19: 1H NMR spectra (400 MHz, CDCl3) of Diisopropyl imin-
odiacetate (5b); Figure S20: 13C NMR spectra (100 MHz, CDCl3) of Diisopropyl iminodiacetate
(5b); Figure S21: 1H NMR spectra (400 MHz, CDCl3) of Tetraethyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-
diyl)bis(methylene))bis(azanetriyl))tetraacetate (6a); Figure S22: 13C NMR spectra (100 MHz, CDCl3)
of Tetraethyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(methylene))bis(azanetriyl))tetraacetate (6a);
Figure S23: 1H NMR spectra (400 MHz, CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole=2,5-
diyl)bis(methylene))bis(azanetriyl))tetraacetate (6b); Figure S24: 13C NMR spectra (100 MHz, CDCl3)
of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole=2,5-diyl)bis(methylene))bis(azanetriyl))tetraacetate
(6b); Figure S25: 1H NMR spectra (400 MHz, CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-
2,5-diyl)bis(ethane-2,1-diyl))bis(azanetriyl))tetraacete (6c); Figure S26: 13C NMR spectra (100 MHz,
CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(ethane-2,1-diyl))bis(azanetriyl))te-
traacete (6c); Figure S27: 1H NMR spectra (400 MHz, CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-
oxadiazole-2,5-diyl)bis(propane-3,1-diyl))bis(azanetriyl))tetraacetate (6d); Figure S28: 13C NMR
spectra (100 MHz, CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(propane-3,1-
diyl))bis(azanetriyl))tetraacetate (6d); Figure S29: 1H NMR spectra (400 MHz, CDCl3) of Tetraiso-
propyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(butane-4,1-diyl))bis(azanetriyl))tetraacetate (6e);
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Figure S30: 13C NMR spectra (100 MHz, CDCl3) of Tetraisopropyl 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-
diyl)bis(butane-4,1-diyl))bis(azanetriyl))tetraacetate (6e); Figure S31: 1H NMR spectra (400 MHz,
dmso) of 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(methylene))bis(azanetriyl))tetraacetic acid (7b);
Figure S32: 13C NMR spectra (400 MHz, dmso) of 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(methylen-
e))bis(azanetriyl))tetraacetic acid (7b); Figure S33: 1H NMR spectra (100 MHz, dmso) of 2,2′,2′′,2′′′-
(((1,3,4-oxadiazole-2,5-diyl)bis(propane-3,1-diyl))bis(azanetriyl))tetraacetic acid (7d); Figure S34: 13C
NMR spectra (400 MHz, dmso) of 2,2′,2′′,2′′′-(((1,3,4-oxadiazole-2,5-diyl)bis(propane-3,1-diyl))bis(aza-
netriyl))tetraacetic acid (7d).
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13. Wróblowska, M.; Kudelko, A.; Kuźnik, N.; Łaba, K.; Łapkowski, M. Synthesis of Extended 1,3,4-Oxadiazole and 1,3,4-Thiadiazole
Derivatives in the Suzuki Cross-coupling Reactions. J. Heterocycl. Chem. 2017, 54, 1550–1557. [CrossRef]

14. Bhujabal, Y.B.; Vadagaonkar, K.S.; Kapdi, A.R. Pd/PTABS: Catalyst for Efficient C-H (Hetero_Arylation of 1,3,4-Oxadiazoles
Using Bromo(Hetero)Arenes. Asian J. Org. Chem. 2019, 8, 289–295. [CrossRef]

15. Zhang, M.; Hu, Z.; He, T. Conducting probe atomic force microscopy investigation of anisotropic charge transport in solution cast
PBD single crystals Induced by an external field. J. Phys. Chem. B. 2004, 108, 19198–19204. [CrossRef]

16. Homocianu, M.; Airinei, A. 1,3,4-Oxadiazole Derivatives. Optical Properties in Pure and Mixed Solvents. J. Fluoresc. 2016, 26,
1617–1635. [CrossRef] [PubMed]

204



Molecules 2022, 27, 7687

17. Schulz, B.; Orgzall, I.; Freydank, A.; Xu, C. Self-organization of substituted 1,3,4-oxadiazoles in the solid state and at surfaces.
Adv. Colloid Interface Sci. 2005, 116, 143–164. [CrossRef]

18. Tamoto, N.; Adachi, C.; Nagai, K. Electroluminescence of 1,3,4-Oxadiazole and Triphenylamine-Containing Molecules as an
Emitter in Organic Multilayer Light Emitting Diodes. Chem. Mater. 1997, 9, 1077–1085. [CrossRef]

19. Chen, Z.K.; Meng, H.; Lai, Y.H.; Huang, W. Photoluminescent poly(p-phenylenevinylene)s with an aromatic oxadiazole moiety as
the side chain: Synthesis, electrochemistry, and spectroscopy study. Macromolecules 1999, 32, 4351–4358. [CrossRef]

20. Kedzia, A.; Jasiak, K.; Kudelko, A. An Efficient Synthesis of New 2-Aryl-5-phenylazenyl-1,3,4-oxadiazole Derivatives from
N,N′-Diarylcarbonohydrazides. Syn. Lett. 2018, 29, 1745–1748. [CrossRef]

21. Tully, W.R.; Gardner, C.R.; Gillespie, R.J.; Westwood, R. 2-(Oxadiazolyl)- and 2-(Thiazolyl)imidazo[1,2-a]pyrimidines as Agonists
and Inverse Agonists at Benzodiazepine Receptors. J. Med. Chem. 1991, 34, 2060–2067. [CrossRef] [PubMed]

22. Short, F.W.; Long, L.M. Synthesis of 5-aryl-2-oxazolepropionic acids and analogs. Antiinflammatory agents. J. Heterocycl. Chem.
1969, 6, 707–712. [CrossRef]

23. Theocharis, A.B.; Alexandrou, N.E. Synthesis and spectral data of 4,5-bis[5-aryl-1,3,4-oxadiazol-2-yl]-1-benzyl-1,2,3-triazoles. J.
Heterocycl. Chem. 1990, 27, 1685–1688. [CrossRef]

24. Saeed, A. An expeditious, solvent-free synthesis of some 5-aryl-2-(2-hydroxyphenyl)-1,3,4-oxadiazoles. Chem. Heterocycl. Compd.
2007, 43, 1072–1075. [CrossRef]

25. Liras, S.; Allen, M.P.; Segelstein, B.E. A mild method for the preparation of 1,3,4-oxadiazoles: Traffic anhydride promoted
cyclization of diacylhydrazines. Synth. Commun. 2000, 30, 437–443. [CrossRef]

26. Carlsen, P.H.J.; Jorgensen, K.B. Synthesis of unsymmetrically substituted 4H-1,2,4-triazoles. J. Heterocycl. Chem. 1994, 31, 805–807.
[CrossRef]

27. Tandon, V.K.; Chhor, R.B. An efficient one pot synthesis of 1,3,4-oxadiazoles. Synth. Commun. 2001, 31, 1727–1732. [CrossRef]
28. Brain, C.T.; Paul, J.M.; Loong, Y.; Oakley, P.J. Novel procedure for the synthesis of 1,3,4-oxadiazoles from 1,2-diacylhydrazines

using polymer-supported Burgess reagent under microwave conditions. Tetrahedron Lett. 1999, 40, 3275–3278. [CrossRef]
29. Dabiri, M.; Salehi, P.; Baghbanzadeh, M.; Bahramnejad, M. A facile procedure for the one-pot synthesis of unsymmetrical

2,5-disubstituted 1,3,4-oxadiazoles. Tetrahedron Lett. 2006, 47, 6983–6986. [CrossRef]
30. Majji, G.; Rout, S.K.; Guin, S.; Gogoi, A.; Patel, B.K. Iodine-catalysed oxidative cyclisation of acylhydrazones to 2,5-substituted

1,3,4-oxadiazoles. RSC Adv. 2014, 4, 5357–5362. [CrossRef]
31. Rostamizadeh, S.; Housaini, A.G. Microwave assisted synthesis of 2,5-disubstituted 1,3,4-oxadiazoles. Tetrahedron Lett. 2004, 45,

8753–8756. [CrossRef]
32. Milcent, R.; Barbier, G. Oxidation of hydrazones with lead dioxide: New synthesis of 1,3,4-oxadiazoles and 4-amino-1,2,4-triazol-

5-one derivatives. Chem. Informationsd. 1983, 14, 80–81. [CrossRef]
33. Jedlovska, E.; Lesko, J. A simple one-pot procedure for the synthesis of 1,3,4-oxadiazoles. Synth. Commun. 1994, 24, 1879–1885.

[CrossRef]
34. Jasiak, K.; Kudelko, A. Oxidative cyclization of N-aroylhydrazones to 2-(2-arylthenyl)-1,3,4-oxadiazoles using DDQ as an efficient

oxidant. Tetrahedron Lett. 2015, 56, 5878–5881. [CrossRef]
35. Shang, Z.; Reiner, J.; Chang, J.; Zhao, K. Oxidative cyclization of aldazines with bis(trifuloroacetoxy)iodobenzene. Tetrahedron Lett.

2005, 46, 2701–2704. [CrossRef]
36. Oviedo, C.; Rodriguez, J. EDTA: The chelating agent under environmental scrutiny. Qumica Nova 2003, 26, 901–905. [CrossRef]
37. Shi, Y.; Campbell, J.A. Study of cyclization of chelating compounds using electrospray ionization mass spectrometry. J. Radioanal.

Nucl. Chem. 2000, 245, 293–300. [CrossRef]
38. Yunta, F.; Garcia-Marco, S.; Lucena, J.J.; Gomez-Gallego, M.; Alcazar, R.; Sierra, M.A. Chelating agents related to ethylenediamine

bis(2-hydroxyphenyl)acetic acid (EDDHA): Synthesis, characterization, and equilibrium studies of the free ligands and their
Mg2+, Ca2+, Cu2+, Fe3+ chelates. Inorg. Chem. 2003, 42, 5412–5421. [CrossRef]

39. Surgutskaia, N.S.; Di Martino, A.; Zednik, J.; Ozaltin, K.; Lovecka, L.; Domincova-Bergerova, E.; Kimmer, D.; Svoboda, J.; Sedlarik,
V. Efficient Cu2+, Pb2+ and Ni2+ ion removal from wastewater using electrospun DTPA-moified chitosan/polyethylene oxide
nanofibers. Sep. Purif. Technol. 2020, 247, 116914. [CrossRef]

40. Knecht, S.; Ricklin, D.; Eberle, A.N.; Ernst, B. Oligohis-tags: Mechanisms of binding to Ni2+-NTA surfaces. J. Mol. Recognit. 2009,
22, 270–279. [CrossRef]

41. Shaddox, T.W.; Unruh, J.B.; Kruse, J.K.; Restuccia, N.G. Solubility of Iron, Manganese, and Magnesium Sulfates and Glucohepto-
nates in Two Alkaline Soils. Soil Sci. Soc. Am. J. 2016, 80, 765–770. [CrossRef]

42. Pozdnyakov, I.P.; Tyutereva, Y.E.; Mikheilis, A.V.; Grivin, V.P.; Plyusnin, V.F. Primary photoprocesses for Fe(III) complexes with
citric and hlycolic acids in aqueous solutions. J. Photochem. Photobiol. A Chem. 2022, 434, 114274. [CrossRef]

43. Sekhon, B.S. Chelates for Micronutrient Nutrition among Crops. Resonance 2003, 8, 46–53. [CrossRef]
44. Mrozek-Niecko, A.; Pernak, J. Biodegradacja soli tetrasodowej kwasu N-(1,2-dikarboksyetyleno)-D,L-asparaginowego i jego

chelatów. Przem. Chem. 2006, 85, 635–637.
45. Santos, M.A.; Marques, S.M.; Tuccinardi, T.; Carelli, P.; Panelli, L.; Rossello, A. Design, synthesis and molecular modelling study

of iminodiacetyl monohydroxamic acid derivatives as MMP inhibitors. Bioorganic Med. Chem. 2006, 14, 7539–7550. [CrossRef]
46. Elsinger, F.; Schreiber, J.; Eschenmoser, A. Notiz uber die Selektivitat der Spaltung von Carbonsauremethylestern mit Lithiumjodid.

Chim. Acta 1960, 43, 113–118. [CrossRef]

205



Molecules 2022, 27, 7687

47. Tanemura, K.; Rohand, T. Activated charcoal as an effective additive for alkaline and acidic hydrolysis of esters in water.
Tetrahedron Lett. 2020, 61, 152467. [CrossRef]
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Abstract: Based on the modification of natural products and the active substructure splicing method,
a series of new N-(thiophen-2-yl) nicotinamide derivatives were designed and synthesized by splic-
ing the nitrogen-containing heterocycle natural molecule nicotinic acid and the sulfur-containing
heterocycle thiophene. The structures of the target compounds were identified through 1H NMR, 13C
NMR and HRMS spectra. The in vivo bioassay results of all the compounds against cucumber downy
mildew (CDM, Pseudoperonospora cubensis (Berk.et Curt.) Rostov.) in a greenhouse indicated that
compounds 4a (EC50 = 4.69 mg/L) and 4f (EC50 = 1.96 mg/L) exhibited excellent fungicidal activities
which were higher than both diflumetorim (EC50 = 21.44 mg/L) and flumorph (EC50 = 7.55 mg/L).
The bioassay results of the field trial against CDM demonstrated that the 10% EC formulation of
compound 4f displayed excellent efficacies (70% and 79% control efficacies, respectively, each at
100 mg/L and 200 mg/L) which were superior to those of the two commercial fungicides flumorph
(56% control efficacy at 200 mg/L) and mancozeb (76% control efficacy at 1000 mg/L). N-(thiophen-2-
yl) nicotinamide derivatives are significant lead compounds that can be used for further structural
optimization, and compound 4f is also a promising fungicide candidate against CDM that can be
used for further development.

Keywords: heterocycle; natural product; nicotinic acid; thiophene; fungicidal activity

1. Introduction

The four main classes of fungal phytopathogens, including oomycetes, ascomycetes,
basidiomycetes and deuteromycetes, severely threaten human health, food safety, and
agriculture [1,2]. Fungicides are the main approaches to control plant diseases and play a
critical role in modern agriculture by increasing both crop quality and yield. Nevertheless,
with the widespread application of, especially overused, fungicides, the development of
resistance is inevitable [3,4]. Therefore, there is an urgent demand to develop efficient, safe,
and eco-friendly fungicides with innovative structures.

Natural products bring bioinspiration to laboratories for the discovery of new weeds,
plant pathogens and insect pest control agents, and they play an important role in the
advancement of crop protection research [5–9]. Heterocycles are present in a large propor-
tion of natural molecules and often contribute significantly to their structural and physical
properties as well as to their biological activity [10–13]. Approximately 70% of all the
agrochemicals that have been launched within the last 20 years bear at least one hetero-
cyclic ring [14]. The nitrogen-containing heterocycle in the natural molecule nicotinic acid,
vitamin B3, is the first lipid-lowering drug used for dyslipidemia treatment, and it has
been applied for more than five decades [15]. Nicotinic acid and its derivatives play crucial
roles as multifunctional pharmacophores in governing many biological activities related to
physiological functions and pharmacological activities [16]. In agriculture, nicotinic acid
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derivatives display extensive applications as well. Agrochemicals, such as diflufenican as
a herbicide, flonicamid as an insecticide and boscalid as a fungicide, have already been
widely used for crop protection [17–19]. Currently, a few new nicotinic acid derivatives
have been discovered and are under development as agrochemical candidates, for exam-
ple, aminopyrifen as a fungicide candidate, cyclobutrifluram as a fungicide–nematicide
candidate and nicofluprole as an insecticide candidate (Figure 1) [20–22]. Multidisciplinary
interest has been focused on the study of nicotinic acid and its derivatives.
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Figure 1. The structures of nicotinic acid and its derivatives.

Meanwhile, thiophene, a widely researched five-membered sulfur heterocycle, exists
in commercialized agricultural fungicides, including silthiofam, ethaboxam, penthiopyrad
and isofetamid (Figure 2) [23–26]. The extensive literature on thiophenes is indicative of
the research on and the commercial interest in the heterocycle. Some hundreds of patents
appear each year, many applying thiophene compounds as alternatives to benzenoid prod-
ucts, and, in many cases, the thiophene-containing molecule shows a higher activity than
the benzene-containing one [27]. As an attractive small heterocycle molecule, thiophene
has been widely studied for the development of novel fungicides because of its wide and
satisfactory antifungal activity [28–32].
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Figure 2. The structures of thiophene-containing agricultural fungicides.

Obviously, based on the modification of natural products and the active substruc-
ture splicing method, combinations of the two active substructures of nicotinic acid and
thiophene are significant for the discovery of agricultural fungicides with novel molecu-
lar structures. A series of N-(thiophen-2-yl) nicotinamide derivatives were designed to
generate novel compounds with excellent fungicidal activity (Scheme 1).
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2. Results and Discussion
2.1. Chemistry

The synthetic pathways used to prepare target compounds 4a~4s are shown in
Scheme 2. The substituted nicotinic acid 1 was acyl chlorinated with oxalyl chloride
to obtain acyl chloride 2. The substituted thiophen-2-amine 3 was converted into the de-
sired N-(thiophen-2-yl) nicotinamide derivatives 4a~4s through acylation with the obtained
acyl chloride 2 under basic conditions. Their structures were confirmed with 1H NMR,
13C NMR and HRMS spectra. Meanwhile, compound 4f was confirmed with IR spectra
(supplementary materials).
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Scheme 2. Synthetic routes of target compounds.

Compound 4f (Rn = 5, 6-Cl2; R1 = OC2H5; R2 = CH3; R3 = CN) exhibited excellent
fungicidal activities and was taken as an example to analyze the 1H NMR spectra data
(Figure 3). The chemical shift as triplet was observed at δ 1.31 ppm with J = 7.2 Hz due to
the protons of the CH3 of OC2H5. A singlet at δ 2.54 ppm was observed due to the protons
of the CH3 on the thiophene ring. The chemical shift as quartet was observed at δ 4.29 ppm
with J = 7.2 Hz due to the protons of the CH2 of OC2H5. The chemical shifts as doublet
were observed at δ 8.64 ppm with J = 1.8 Hz and at δ 8.86 ppm with J = 1.8 Hz due to the
protons at the fourth position and second position of pyridine, respectively. The spectrum
showed a broad singlet at δ 12.67 ppm due to the proton of the CONH.
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Figure 3. The 1H NMR spectrum of compound 4f.

2.2. Fungicidal Activities In Vivo in a Greenhouse

The in vivo bioassay results shown in Table 1 indicated that, at 400 mg/L, a few
compounds displayed fungicidal activities against wheat powdery mildew (WPM, Blumeria
graminis (DC.) Speer) and southern corn rust (SCR, Puccinia sorghi); a few compounds had
good fungicidal activities against cucumber anthracnose (CA, Colletotrichum orbiculare);
and most compounds exhibited excellent fungicidal activities against cucumber downy
mildew (CDM, Pseudoperonospora cubensis (Berk.et Curt.) Rostov.), which is one of the most
destructive oomycete diseases. Further bioassay results in a greenhouse (Table 2) indicated
that more than half of these compounds showed moderate to significant fungicidal activity
against CDM, and there were six compounds (4a, 4b, 4c, 4f, 4i and 4r) that displayed higher
activities than diflumetorim (EC50 = 21.44 mg/L). Compounds 4a (EC50 = 4.69 mg/L) and
4f (EC50 = 1.96 mg/L) exhibited especially excellent activities, which were higher than
flumorph (EC50 = 7.55 mg/L). The structure–activity relationships (SAR) were unfolded
as follows.

Initially, the structural modification was mostly around the pyridine ring due to the
use of the substituted nicotinic acids that were available at hand in compounds 4a~4h. The
testing results shown in Table 2 illustrated that compound 4f, with a chloro at both the fifth
position and sixth position of the pyridine ring, significantly indicated the highest fungicidal
activity against CDM with an EC50 value of 1.96 mg/L. The other 5,6-dihalosubstitued pyri-
dine compounds, 4c (EC50 = 19.89 mg/L), 4d (EC50 = 32.44 mg/L), 4e (EC50 = 25.61 mg/L)
and 4g (EC50 = 34.29 mg/L), also showed good fungicidal activities, but they were much
lower than those of 4f. Additionally, 4a (Rn = 2-CH3-5-CN-6-Cl), with a trisubstituted
pyridine, had excellent fungicidal activities next to those of 4f. It was beneficial to the
increase of the fungicidal activity to have a chloro at the sixth position because the two best
compounds, 4a and 4f, had a chloro at the sixth position.
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Table 1. The in vivo fungicidal activities of target compounds 4a~4s in green house at 400 mg/L.

Compd. Rn R1 R2 R3 WPM SCR CA CDM

4a 2-CH3-5-CN-6-Cl OC2H5 CH3 CN 0 0 0 100
4b 2-CH3-5-Cl-6-Br OC2H5 CH3 CN 0 50 0 100
4c 5,6-Br2 OC2H5 CH3 CN 0 0 100 100
4d 5-F-6-Br OC2H5 CH3 CN 0 0 0 100
4e 5-F-6-Cl OC2H5 CH3 CN 0 0 0 100
4f 5,6-Cl2 OC2H5 CH3 CN 0 0 0 100
4g 5-Br-6-Cl OCH3 CH3 CN 0 0 100 100
4h 6-Br OCH3 CH3 CN 0 0 100 100
4i 5,6-Cl2 OCH3 CH3 CN 0 0 0 98
4j 5,6-Cl2 OC3H7-i CH3 CN 0 0 40 100
4k 5,6-Cl2 OC3H7-n CH3 CN 0 0 30 100
4l 5,6-Cl2 OC4H9-n CH3 CN 0 0 0 100

4m 5,6-Cl2 OC2H4OCH3 CH3 CN 0 0 0 50
4n 5,6-Cl2 OCH2C6H5 CH3 CN 0 0 0 85
4o 5,6-Cl2 NHCH3 CH3 CN 0 0 30 0
4p 5,6-Cl2 Cyclopropylamino CH3 CN 0 0 0 0
4q 5,6-Cl2 NHPh CH3 CN 50 100 85 98
4r 5,6-Cl2 OC2H5 C2H5 CN 0 0 0 100
4s 5,6-Cl2 OC2H5 CH3 H 0 0 0 100

Azoxystrobin 100 100 100 / a

Diflumetorim / a / a / a 100
Flumorph / a / a / a 100

a: Not tested.

Table 2. EC50 values of target compounds 4a~4s against cucumber downy mildew in green house.

Compd. Y = ax + b EC50 (mg/L) 95% CI a r

4a y = 4.14x + 1.28 4.69 3.27–6.71 0.98
4b y = 1.71x + 2.92 16.52 13.27–20.58 0.94
4c y = 1.87x + 2.57 19.89 16.10–24.56 0.95
4d y = 1.62x + 2.55 32.44 26.12–40.29 0.95
4e y = 1.58x + 2.78 25.61 20.83–31.48 0.97
4f y = 1.15x + 4.66 1.96 1.17–3.29 0.95
4g y = 1.62x + 2.52 34.29 27.46–42.82 0.94
4h y = 1.62x + 2.72 25.54 20.80–31.35 0.97
4i y = 1.48x + 3.64 8.31 6.37–10.84 0.97
4j y = 1.58x + 2.88 21.94 17.58–27.36 0.93
4k y = 1.58x + 2.66 30.41 24.51–37.73 0.95
4l / b 100–400 / b / b

4m / b >400 / b / b

4n / b 100–400 / b / b

4o / b > 400 / b / b

4p / b >400 / b / b

4q / b 100–400 / b / b

4r y = 1.48x + 3.70 7.53 5.71–9.94 0.98
4s y = 1.26x + 2.72 63.81 47.23–86.22 0.92

Diflumetorim y = 1.43x + 3.10 21.44 17.21–26.70 0.96
Flumorph y = 1.25x + 3.91 7.55 5.57–10.22 0.98

a: Confidence interval. b: The value could not be measured accurately.

Next, the 5,6-dichloro on the pyridine ring of compound 4f was maintained, and the
substitutions on the thiophene ring were changed to generate compounds 4i~4s. Table 2
also showed that the EC50 values of the compounds 4i (R1 = OCH3), 4f (R1 = OC2H5), 4j
(R1 = OC3H7-i), 4k (R1 = OC3H7-n) and 4l (R1 = OC4H9-n) were 8.31 mg/L, 1.96 mg/L,
21.94 mg/L, 30.41 mg/L and 100–400 mg/L, respectively, which meant that the fungicidal
activity first increased and then decreased dramatically with the increase of the carbon chain
length of the alkyloxy in the R1 moiety and that 4f (R1 = OC2H5) had the highest fungicidal
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activity. The fungicidal activity got much worse when R1 had an alkylamine instead of an
alkyloxy; for example, the EC50 value of compound 4o (R1 = NHCH3) was over 400 mg/L,
which was much larger than that of compound 4i (R1 = OCH3). Furthermore, when the
methyl (R2 = CH3) of compound 4f was replaced with an ethyl to generate compound 4r
(EC50 = 7.53 mg/L), the fungicidal activity reduced. When compound 4f (R3 = CN) was
decyanated to obtain compound 4s (R3 = H), the fungicidal activity decreased significantly.
Compound 4f (Rn = 5,6-Cl2; R1 = OC2H5; R2 = CH3; R3 = CN) was still the most active one
in all nineteen compounds.

2.3. Field Trials against CDM

A field trial of compound 4f was conducted to see its fungicidal activity in the field
environment (Table 3), which was a critical assessment indicator for the demonstration of
whether the compound was worth further optimization or even commercial development
as a fungicide candidate. The results of the field trial in 2021 against CDM demonstrated
that compound 4f displayed better control efficacies than the two commercial fungicides
flumorph and mancozeb. Compound 4f exhibited 70% and 79% control efficacies, respec-
tively, each at a concentration of 100 mg/L and 200 mg/L, whereas flumorph at 200 mg/L
and mancozeb at 1000 mg/L showed 56% and 76% control efficacies, respectively. How-
ever, the control efficacy of compound 4f was inferior to that of the commercial fungicide
cyazofamid, with a 91% control efficacy at 100 mg/L. Compared with flumorph, compound
4f, with a much lower EC50 value against CDM in the greenhouse tests, was more active
against CDM in the field trial.

Table 3. The results of compound 4f against CDM in field (2021, Shenyang, open field).

Compd. Concentration
(mg/L)

Control Efficacy (%)
r1 r2 r3 Mean

10% 4f EC
50 55 53 50 53
100 74 66 69 70
200 82 75 79 79

10% Flumorph EC 200 64 52 51 56
80% Mancozeb WP 1000 79 76 72 76

10% Cyazofamid SC 100 91 91 90 91
CK (disease index) 69 61 60 63

3. Materials and Methods
3.1. Chemicals and Target Compounds

All starting materials and reagents were commercially available and used without
further purification except as indicated. (The starting materials 1 and 3 were from Taizhou
Jiakang Chemical Co., Ltd., a custom chemicals supplier in Zhejiang in China, and the
reagents were from Sinopharm Chemical Reagent Co., Ltd., in Shanghai in China.) 1H
nuclear magnetic resonance (NMR) spectra were obtained at 300 MHz using a Varian
Mercury 300 spectrometer (Varian, Palo Alto, CA, USA), at 600 MHz using a Varian
Unity Plus 600 spectrometer (Varian, Palo Alto, CA, USA) or at 600 MHz using a JEOL
JNM-ECZ600R spectrometer (JEOL RESONANCE Inc., Akishima, Tokyo, Japan) with
DMSO-d6 as the solvent and tetramethylsilane (TMS) as the internal standard. 13C nuclear
magnetic resonance (NMR) spectra were obtained at 150 MHz using a Varian Unity Plus
600 spectrometer (Varian, Palo Alto, CA, USA) or at 150 MHz using a JEOL JNM-ECZ600R
spectrometer (JEOL RESONANCE Inc., Akishima, Tokyo, Japan) with DMSO-d6 as the
solvent and tetramethylsilane (TMS) as the internal standard. Chemical-shift values (δ)
were given in parts per million (ppm). Mass spectra were acquired with a Thermo Scientific
Q Exactive Focus mass spectrometer system (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Melting points were determined on an X-4 precision microscope melting point
tester and were uncorrected. Petroleum ether used for column chromatography had a
boiling range of 60~90 ◦C. Chemical names were generated using ChemDraw (Cambridge
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Soft, version 15.0). Yields were not optimized. An overview synthesis of N-(thiophen-2-
yl)nicotinamide derivatives 4a~4s is shown in Scheme 2.

3.1.1. General Synthetic Procedures

General procedure for the preparation of compounds 4a~4s: To a solution of acid
1 (2.3 mmol) in CH2Cl2 (20 mL), oxalyl chloride (6.9 mmol) was added dropwise, and
then a drop of DMF was added. The mixture was stirred at room temperature for 6 h and
concentrated under reduced pressure to obtain acyl chloride 2. To a mixture of amine 3
(2.0 mmol) and triethylamine (2.4 mmol) in CH2Cl2 (20 mL), the solution of acyl chloride 2
in CH2Cl2 (10 mL) was added dropwise in an ice-water bath. The resulting mixture was
stirred at room temperature until TLC indicated that the reaction was complete. To the
mixture, water (10 mL) was added, and then the organic phase was washed with brine,
dried over anhydrous MgSO4 and concentrated under reduced pressure to give a crude
product. The crude product was purified through chromatography on a column of silica
gel with petroleum ether and ethyl acetate to obtain the product amide 4.

3.1.2. Chemical Property of the Compounds

Ethyl 5-(6-chloro-5-cyano-2-methylnicotinamido)-4-cyano-3-methylthiophene-2-
carboxylate (4a): White solid (0.58 g, yield 74%). Decomposition temperature > 175 ◦C.
1H NMR (600 MHz, DMSO-d6): δ 12.78 (bs, 1H, CONH), 8.77 (s, 1H, pyridine-4-H), 4.29
(q, J = 7.2 Hz, 2H, OCH2CH3), 2.63 (s, 3H, CH3), 2.56 (s, 3H, CH3) and 1.31 (t, J = 7.2 Hz,
3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 164.7, 162.3, 161.8, 151.8, 144.2, 144.1,
128.9, 118.1, 118.0, 115.1, 113.8, 106.8, 98.6, 61.4, 23.4, 14.7 and 14.5. HR-MS (m/z): calcd. for
C17H12ClN4O3S [M-H]− 387.0324; found, 387.0327.

Ethyl 5-(6-bromo-5-chloro-2-methylnicotinamido)-4-cyano-3-methylthiophene-2-
carboxylate (4b): White solid (0.66 g, yield 74%). Decomposition temperature > 196 ◦C.
1H NMR (600 MHz, DMSO-d6): δ 12.71 (bs, 1H, CONH), 8.44 (s, 1H, pyridine-4-H), 4.24
(q, J = 7.2 Hz, 2H, OCH2CH3), 2.49 (s, 3H, CH3), 2.45 (s, 3H, CH3) and 1.27 (t, J = 7.2 Hz,
3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 165.0, 162.0, 156.6, 151.4, 150.3, 144.3,
143.2, 130.0, 118.2, 116.2, 113.9, 98.6, 61.5, 22.4, 14.8 and 14.7. HR-MS (m/z): calcd. for
C16H13BrClN3NaO3S [M + Na]+ 465.9422; found, 465.9421.

Ethyl 4-cyano-5-(5,6-dibromonicotinamido)-3-methylthiophene-2-carboxylate (4c):
White solid (0.55g, yield 57%). Decomposition temperature > 231 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.56 (bs, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.69 (d, J = 2.1 Hz,
1H, pyridine-4-H), 4.29 (q, J = 6.9 Hz, 2H, OCH2CH3), 2.54 (s, 3H, CH3) and 1.34 (t,
J = 6.9 Hz, 3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.3, 162.0, 153.2, 151.4,
149.0, 144.3, 143.1, 129.5, 119.1, 118.5, 114.0, 99.0, 61.5, 14.9 and 14.7. HR-MS (m/z): calcd.
for C15H10Br2N3O3S [M-H]− 471.8800; found, 471.8795.

Ethyl 5-(6-bromo-5-fluoronicotinamido)-4-cyano-3-methylthiophene-2-carboxylate
(4d): White solid (0.53 g, yield 64%). Decomposition temperature > 220 ◦C. 1H NMR
(600 MHz, DMSO-d6): δ 12.66 (bs, 1H, CONH), 8.75 (s, 1H, pyridine-2-H), 8.42 (d, J = 9.0 Hz,
1H, pyridine-4-H), 4.24 (q, J = 7.2 Hz, 2H, OCH2CH3), 2.50 (s, 3H, CH3) and 1.27 (t, J = 7.2 Hz,
3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.4, 162.0, 153.9 (d, 1JCF = 258.6 Hz),
151.3, 145.9 (d, 3JCF = 6.3 Hz), 141.4 (d, 2JCF = 19.4 Hz), 144.4, 130.0, 120.2 (d, 2JCF = 20.9 Hz),
118.6, 113.9, 99.1, 61.5, 14.9 and 14.7. HR-MS (m/z): calcd. for C15H10BrFN3O3S [M-H]−

409.9623; found, 409.9616.
Ethyl 5-(6-chloro-5-fluoronicotinamido)-4-cyano-3-methylthiophene-2-carboxylate (4e):

White solid (0.52 g, yield 70%). Decomposition temperature > 275 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.59 (bs, 1H, CONH), 8.80 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.43 (dd, J = 9.0,
2.1 Hz, 1H, pyridine-4-H), 4.30 (q, J = 7.2 Hz, 2H, OCH2CH3), 2.57 (s, 3H, CH3) and 1.34
(t, J = 7.2 Hz, 3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.5, 162.0, 153.9 (d,
1JCF = 258.6 Hz), 151.5, 145.9 (d, 3JCF = 6.6 Hz), 144.4, 141.3 (d, 2JCF = 19.7 Hz), 130.1,
126.2 (d, 2JCF = 21.6 Hz), 118.5, 114.0, 99.1, 61.5, 14.9 and 14.7. HR-MS (m/z): calcd. for
C15H10ClFN3O3S [M-H]− 366.0120; found, 366.0120.
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Ethyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4f):
White solid (0.58 g, yield 75%). Decomposition temperature > 262 ◦C. 1H NMR (600 MHz,
DMSO-d6): δ 12.67 (bs, 1H, CONH), 8.86 (d, J = 1.8 Hz, 1H, pyridine-2-H), 8.64 (d, J = 1.8 Hz,
1H, pyridine-4-H), 4.29 (q, J = 7.2 Hz, 2H, OCH2CH3), 2.54 (s, 3H, CH3) and 1.31 (t,
J = 7.2 Hz, 3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.2, 161.8, 151.3, 151.2,
148.3, 144.2, 139.7, 129.3, 129.2, 118.3, 113.8, 98.9, 61.3, 14.7 and 14.5. HR-MS (m/z): calcd.
for C15H11Cl2N3NaO3S [M + Na]+ 405.9791; found, 405.9793.

Methyl 5-(5-bromo-6-chloronicotinamido)-4-cyano-3-methylthiophene-2-carboxylate
(4g): White solid (0.54 g, yield 64%). Decomposition temperature > 238 ◦C. 1H NMR
(600 MHz, DMSO-d6): δ 12.62 (bs, 1H, CONH), 8.82 (d, J = 1.8 Hz, 1H, pyridine-2-H), 8.68
(d, J = 1.8 Hz, 1H, pyridine-4-H), 3.78 (s, 3H, OCH3) and 2.49 (s, 3H, CH3). 13C NMR
(150 MHz, DMSO-d6): δ 163.3, 162.4, 153.2, 151.5, 149.0, 144.5, 143.1, 129.1, 119.5, 118.2,
113.9, 99.0, 52.7 and 14.9. HR-MS (m/z): calcd. for C14H10BrClN3O3S [M + H]+ 415.9284;
found, 415.9289.

Methyl 5-(6-bromonicotinamido)-4-cyano-3-methylthiophene-2-carboxylate (4h):
White solid (0.55 g, yield 72%). Decomposition temperature > 261 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.60 (bs, 1H, CONH), 8.91 (s, 1H, pyridine-2-H), 8.34 (d, J = 8.1 Hz, 1H,
pyridine-4-H), 7.67 (d, J = 8.1 Hz, 1H, pyridine-5-H), 3.83 (s, 3H, OCH3) and 2.56 (s, 3H,
CH3). 13C NMR (150 MHz, DMSO-d6): δ 164.7, 162.5, 154.2, 150.7, 149.8, 144.6, 140.5, 128.0,
124.6, 117.9, 114.0, 99.0, 52.7 and 14.9. HR-MS (m/z): calcd. for C14H11BrN3O3S [M + H]+

381.9676; found, 381.9679.
Methyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4i):

White solid (0.56 g, yield 75%). Decomposition temperature > 263 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.55 (bs, 1H, CONH), 8.85 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.59 (d, J = 2.1 Hz,
1H, pyridine-4-H), 3.84 (s, 3H, OCH3) and 2.57 (s, 3H, CH3). 13C NMR (150 MHz, DMSO-
d6): δ 163.4, 162.4, 151.6, 151.4, 148.5, 144.6, 139.9, 129.4, 129.3, 118.1, 114.0, 99.0, 52.7 and
14.9. HR-MS (m/z): calcd. for C14H8Cl2N3O3S [M-H]− 367.9668; found, 367.9671.

Isopropyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4j):
White solid (0.57 g, yield 71%). An m.p. of 239~240 ◦C. 1H NMR (300 MHz, DMSO-d6): δ
12.58 (bs, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.61 (d, J = 2.1 Hz, 1H, pyridine-
4-H), 5.11 (hept, J = 6.3 Hz, 1H, OCH(CH3)2), 2.56 (s, 3H, CH3) and 1.34 (d, J = 6.3 Hz,
6H, OCH(CH3)2). 13C NMR (150 MHz, DMSO-d6): δ 163.4, 161.6, 151.3 (2 C), 148.5, 144.2,
139.9, 129.4 (2 C), 118.8, 114.1, 99.4, 69.2, 22.2 (2 C) and 14.9. HR-MS (m/z): calcd. for
C16H12Cl2N3O3S [M-H]− 395.9981; found, 395.9986.

Propyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4k):
White solid (0.56 g, yield 70%). An m.p. of 229~230 ◦C. 1H NMR (300 MHz, DMSO-d6):
δ 12.61 (bs, 1H, CONH), 8.87 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.62 (d, J = 2.1 Hz, 1H,
pyridine-4-H), 4.21 (t, J = 6.6 Hz, 1H, OCH2CH2CH3), 2.57 (s, 3H, CH3), 1.69–1.81 (m, 2H,
OCH2CH2CH3) and 1.01 (t, J = 6.9 Hz, 3H, OCH2CH2CH3). 13C NMR (150 MHz, DMSO-d6):
δ 163.5, 162.1, 151.3 (2 C), 148.5, 144.3, 139.9, 129.4 (2 C), 118.4, 114.1, 99.4, 66.8, 22.1, 14.9
and 10.9. HR-MS (m/z): calcd. for C16H12Cl2N3O3S [M-H]− 395.9981; found, 395.9986.

Butyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4l):
White solid (0.55 g, yield 66%). An m.p. of 215~216 ◦C. 1H NMR (600 MHz, DMSO-
d6): δ 12.66 (bs, 1H, CONH), 8.83 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.62 (d, J = 2.1 Hz, 1H,
pyridine-4-H), 4.21 (t, J = 6.6 Hz, 1H, OCH2CH2CH2CH3), 2.51 (s, 3H, CH3), 1.62–1.64 (m,
2H, OCH2CH2CH2CH3), 1.36–1.39 (m, 2H, OCH2CH2CH2CH3) and 0.89 (t, J = 7.2 Hz, 3H,
OCH2CH2CH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.5, 162.1, 151.3 (2 C), 148.5,
144.4, 139.9, 129.4 (2 C), 120.6, 114.1, 99.1, 65.1, 30.7, 19.3, 14.9 and 14.1. HR-MS (m/z): calcd.
for C17H14Cl2N3O3S [M-H]− 410.0138; found, 410.0145.

2-methoxyethyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-
carboxylate (4m): White solid (0.58 g, yield 69%). An m.p. of 213~214 ◦C. 1H NMR
(300 MHz, DMSO-d6): δ 12.62 (bs, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.62
(d, J = 2.1 Hz, 1H, pyridine-4-H), 4.34–4.38 (m, 2H, OCH2CH2OCH3), 3.62–3.65 (m, 2H,
OCH2CH2OCH3), 3.33 (s, 3H, OCH2CH2OCH3) and 2.57 (s, 3H, CH3). 13C NMR (150 MHz,

214



Molecules 2022, 27, 8700

DMSO-d6): δ 163.4, 161.9, 151.7, 151.4, 148.5, 144.7, 139.9, 129.5, 129.3, 118.2, 114.0, 99.1,
70.2, 64.4, 58.7 and 14.9. HR-MS (m/z): calcd. for C16H12Cl2N3O4S [M-H]− 411.9931;
found, 411.9936.

Benzyl 4-cyano-5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4n):
White solid (0.57 g, yield 63%). Decomposition temperature > 213 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.68 (bs, 1H, CONH), 8.85 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.63 (d, J = 2.1 Hz,
1H, pyridine-4-H), 7.36–7.45 (m, 5H, Ph-2,3,4,5,6-5H), 5.32 (s, 2H, OCH2) and 2.57 (s, 3H,
CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.5, 161.8, 151.7, 151.4, 148.5, 144.9, 139.9, 136.3,
129.5, 129.3, 129.1 (2 C), 128.8, 128.5 (2 C), 118.0, 113.9, 99.1, 66.8 and 14.9. HR-MS (m/z):
calcd. for C20H12Cl2N3O3S [M-H]− 443.9987; found, 443.9981.

5,6-dichloro-N-(3-cyano-4-methyl-5-(methylcarbamoyl)thiophen-2-yl)nicotinamide (4o):
White solid (0.51 g, yield 68%). Decomposition temperature > 265 ◦C. 1H NMR (300 MHz,
DMSO-d6): δ 12.44 (bs, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.64 (d, J = 2.1 Hz,
1H, pyridine-4-H), 8.05 (q, J = 4.5 Hz, 3H, CONHCH3), 2.75 (d, J = 4.5 Hz, 3H, CONHCH3)
and 2.47 (s, 3H, CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.0, 162.4, 151.3, 148.7,
148.4, 139.8, 137.5, 129.5, 129.4, 124.8, 114.3, 98.7, 26.9 and 14.7. HR-MS (m/z): calcd.
for C14H9Cl2N4O2S [M-H]− 366.9828; found, 366.9830.

5,6-dichloro-N-(3-cyano-5-(cyclopropylcarbamoyl)-4-methylthiophen-2-yl)nicotinamide
(4p): White solid (0.55 g, yield 69%). Decomposition temperature > 258 ◦C; 1H NMR
(300 MHz, DMSO-d6): δ 12.41 (bs, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-2-H),
8.63 (d, J = 2.1 Hz, 1H, pyridine-4-H), 8.19 (d, J = 6.9 Hz, 1H, CONHCH), 2.74–2.83 (m,
1H, cyclopropane-H), 2.44 (s, 3H, CH3) and 0.55–0.72 (m, 4H, cyclopropane-H). 13C NMR
(150 MHz, DMSO-d6): δ 163.3, 163.0, 151.3, 148.6, 148.4, 139.8, 137.7, 129.5 (2 C), 124.6,
114.3, 98.6, 23.6, 14.7 and 6.4. HR-MS (m/z): calcd. for C16H13Cl2N4O2S [M + H]+ 395.0131;
found, 395.0123.

5,6-dichloro-N-(3-cyano-4-methyl-5-(phenylcarbamoyl)thiophen-2-yl)nicotinamide (4q):
White solid (0.57 g, yield 65%). Decomposition temperature > 243 ◦C. 1H NMR (600 MHz,
DMSO-d6): δ 12.56 (bs, 1H, CONH), 10.11 (s, 1H, CONH), 8.86 (d, J = 2.1 Hz, 1H, pyridine-
2-H), 8.64 (d, J = 2.1 Hz, 1H, pyridine-4-H), 7.62–7.64 (m, 2H, Ph-H), 7.29–7.32 (m, 2H,
Ph-H), 7.06–7.09 (m, 1H, Ph-H) and 2.47 (s, 3H, CH3). 13C NMR (150 MHz, DMSO-d6): δ
163.1, 160.8, 151.3, 148.5, 139.9, 139.2, 138.7, 129.5, 129.2 (2 C), 129.1, 124.8, 124.5, 121.0 (2
C), 120.8, 114.3, 98.6 and 14.9. HR-MS (m/z): calcd. for C19H11Cl2N4O2S [M-H]− 428.9985;
found, 428.9988.

Ethyl 4-cyano-5-(5,6-dichloronicotinamido)-3-ethylthiophene-2-carboxylate (4r): White
solid (0.55 g, yield 68%). Decomposition temperature > 205 ◦C. 1H NMR (600 MHz, DMSO-
d6): δ 12.63 (bs, 1H, CONH), 8.80 (d, J = 2.1 Hz, 1H, pyridine-2-H), 8.58 (d, J = 2.1 Hz, 1H,
pyridine-4-H), 4.24 (q, J = 7.2 Hz, 2H, OCH2CH3), 2.95 (q, J = 7.2 Hz, 2H, CH2CH3), 1.26
(t, J = 7.2 Hz, 3H, OCH2CH3) and 1.12 (t, J = 7.2 Hz, 3H, CH2CH3). 13C NMR (150 MHz,
DMSO-d6): δ 163.3, 161.6, 151.7, 151.4, 150.5, 148.5, 139.8, 129.5, 129.2, 118.1, 113.8, 98.1,
61.5, 22.0, 14.8 and 14.6. HR-MS (m/z): calcd. for C16H14Cl2N3O3S [M + H]+ 398.0128;
found, 398.0120.

Ethyl 5-(5,6-dichloronicotinamido)-3-methylthiophene-2-carboxylate (4s): White solid
(0.53 g, yield 73%). Decomposition temperature > 211 ◦C. 1H NMR (600 MHz, DMSO-d6):
δ 12.04 (bs, 1H, CONH), 8.85 (d, J = 2.4 Hz, 1H, pyridine-2-H), 8.56 (d, J = 2.4 Hz, 1H,
pyridine-4-H), 6.73 (s, 1H, thiophene-H), 4.18 (q, J = 7.2 Hz, 2H, OCH2CH3), 2.40 (s, 3H,
CH3) and 1.25 (t, J = 7.2 Hz, 3H, OCH2CH3). 13C NMR (150 MHz, DMSO-d6): δ 163.1, 160.9,
151.2, 147.9, 144.5, 143.9, 138.9, 129.9, 129.5, 117.7, 117.5, 60.6, 16.3 and 14.8. HR-MS (m/z):
calcd. for C14H13Cl2N2O3S [M + H]+ 359.0019; found, 359.0012.

3.2. Fungicidal Activities In Vivo in a Greenhouse

Each of the test compounds (4 mg) were first dissolved in 5 mL of dimethyl sulfoxide,
and then 5 mL of water containing 0.1% Tween 80 was added to generate 10 mL stock
solutions at a concentration of 400 mg/L. Serial test solutions were prepared by diluting the
above solution (testing range of 1.5625~400 mg/L). Evaluations of the in vivo fungicidal
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activity of the synthesized compounds against Blumeria graminis (DC.) Speer, Puccinia
sorghi, Colletotrichum orbiculare and Pseudoperonospora cubensis (Berk.et Curt.) Rostov. Were
performed as follows: Seeds (wheat: Triticum aestivum L., maize: Zea mays L., and cucumber:
Cucumis sativus L.) were grown to the one-leaf, two-leaf, and two- to three-leaf stages, and
then the test solutions were sprayed on the host plants with a homemade sprayer. After
24 h, the leaves of the host plants were inoculated with sporangial suspensions of the
fungi which were cultured by Shenyang Sinochem Agrochemicals R&D Company Ltd.
(Shenyang, China), each at a concentration of 5 × 105 spores/mL, using a PS289 Procon Boy
WA double action 0.3 mm airbrush (GSI, Tokyo, Japan), but the fungi Blumeria graminis (DC.)
Speer was inoculated by shaking off the spores directly onto the wheat leaves. The plants
were stored in a humidity chamber (24 ± 1 ◦C, RH > 90%, dark) and then were transferred
to a greenhouse (18~30 ◦C, RH > 50~60%) 24 h after infection. Three replicates were carried
out. The activity of each compound was estimated through visual inspection after 7 d, and
the screening results were reported in the range of 0% (no control of the fungus) to 100%
(complete control of the fungus). The inhibitory activity (%) was estimated as:

Inhibitory activity (%) = [(viability of the blank control − viability of the treated plant)/viability of the blank control] × 100%

The EC50 values were calculated with Duncan’s new multiple-range test (DMRT) using
DPS version 14.5.

3.3. Field Trials against CDM

Field trials were conducted in the open field owned by Shenyang Sinochem Agro-
chemicals R&D Company Ltd. in Shenyang, Liaoning province (25 m2, at the five-leaf
stage). The test solution was sprayed on the host plant (Cucumis sativus L.) with a WS-15D
knapsack electric sprayer (WishSprayer, Shandong, China). Two spays were carried out
with an interval period of 6~7 d. Seven days after the second treatment, the incidence of
disease spots in each plot was investigated by randomly selecting 4 samples per plot and 8
plants per sample. The incidence of the whole plant was recorded by counting the number
of diseased leaves and by determining the incidence grade [33]. The grade scales were
divided into six levels (ratio of leaf-spot area to leaf area): level 0 (no disease), level 1 (<5%),
level 3 (6~10%), level 5 (11~25%), level 7 (26~50%), and level 9 (> 51%). The disease index
(DI, %) was calculated as

DI (%) = [∑ (number of diseased leaves × relative level)/(total number of investigated leaves × the highest level)] × 100%

The inhibitory activity (%) was calculated as

Inhibitory activity (%) = [(DI of the blank control − DI of the treated plot)/DI of the blank control] × 100%

4. Conclusions

In summary, nineteen N-(thiophen-2-yl) nicotinamide derivatives were designed and
synthesized. The in vivo bioassay results of all nineteen compounds against WPM, SCR, CA
and CDM in a greenhouse indicated that over half of these compounds showed moderate
to significant fungicidal activity against CDM, and there were six compounds (4a, 4b,
4c, 4f, 4i and 4r) that displayed higher activities than diflumetorim (EC50 = 21.44 mg/L);
compounds 4a (EC50 = 4.69 mg/L) and 4f (EC50 = 1.96 mg/L) exhibited especially excellent
activities, which were higher than those of flumorph (EC50 = 7.55 mg/L). The bioassay
results of the field trial against CDM demonstrated that compound 4f displayed excellent
control efficacies (70% and 79% control efficacies, respectively, each at 100 mg/L and
200 mg/L), which were superior to those of the two commercial fungicides flumorph (56%
control efficacy at 200 mg/L) and mancozeb (76% control efficacy at 1000 mg/L). However,
the control efficacy of compound 4f was inferior to that of the commercial fungicide
cyazofamid (91% control efficacy at 100 mg/L). This study illustrated that N-(thiophen-2-yl)
nicotinamide derivatives are significant lead compounds that can be used for the further
discovery of new compounds to control the oomycete disease CDM, and it illustrated that
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compound 4f is also a promising fungicide candidate against CDM that can be used for
further development.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules27248700/s1, 1H NMR, 13C NMR, HRMS and IR of the
compound.
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2-(2-(Dimethylamino)vinyl)-4H-pyran-4-ones as Novel and
Convenient Building-Blocks for the Synthesis of Conjugated
4-Pyrone Derivatives
Dmitrii L. Obydennov * , Diana I. Nigamatova, Alexander S. Shirinkin , Oleg E. Melnikov, Vladislav V. Fedin ,
Sergey A. Usachev , Alena E. Simbirtseva, Mikhail Y. Kornev and Vyacheslav Y. Sosnovskikh

Institute of Natural Sciences and Mathematics, Ural Federal University, 620000 Ekaterinburg, Russia
* Correspondence: dobydennov@mail.ru; Tel.: +7-343-3899597

Abstract: A straightforward approach for the construction of the new class of conjugated pyrans based on
enamination of 2-methyl-4-pyrones with DMF-DMA was developed. 2-(2-(Dimethylamino)vinyl)-4-pyrones
are highly reactive substrates that undergo 1,6-conjugate addition/elimination or 1,3-dipolar cycload-
dition/elimination followed by substitution of the dimethylamino group without ring opening. This
strategy includes selective transformations leading to conjugated and isoxazolyl-substituted 4-pyrone
structures. The photophysical properties of the prepared 4-pyrones were determined in view of
further design of novel merocyanine fluorophores. A solvatochromism was found for enamino-
substituted 4-pyrones accompanied by a strong increase in fluorescence intensity in alcohols. The
prepared conjugated structures demonstrated valuable photophysical properties, such as a large
Stokes shift (up to 204 nm) and a good quantum yield (up to 28%).

Keywords: 4-pyrone; DMF-DMA; enamination; cycloaddition; merocyanine; 1,6-conjugate addition;
solvatochromism; fluorophore

1. Introduction

4-Pyrones are an important class of compounds that are widely distributed in nature,
exhibiting various beneficial biological activities (e.g., phenoxan (Figure 1), which is active
against HIV) [1,2] and are also used as multifunctional building blocks for organic syn-
thesis [3–8]. On the other hand, the presence of conjugated double bonds in the pyrone
structure makes it possible to consider these heterocycles in terms of attractive photophysi-
cal properties. Hispidin, as an important styryl pyrone, is responsible for bioluminescence
in basidiomycete fungi in the result of oxidation [9,10], and Cyercene A is a photoactive
protective agent in marine mollusks [11,12]. It has also been shown that styryl-substituted
4-pyrones find applications as fluorophores [13–19], exhibiting mechanochromism and
solvatochromism based on the aggregation-induced emission enhancement (AIEE) phe-
nomenon [16–18] and can act as molecular switches [19].

The introduction of an additional electron-withdrawing substituent into the C-4 po-
sition of the pyrone ring by means of the Knoevenagel reaction leads to one of the most
popular merocyanines, DCM (Figure 1), and other 4-methylene-4H-pyrans, which have
found wide application due to their important photophysical properties [20–24].

The major methods for the preparation of 2-vinyl-substituted 4-pyrones are based
on the functionalization of the active methyl group based on the aldol condensation
with aromatic aldehydes (Scheme 1) [13–19]. In addition, approaches are known that
include the decarboxylative rearrangement of dehydroacetic acid derivatives [15] or the
Horner-Wadsworth–Emmons reaction, which finds particular use in the synthesis of
naturally occurring pyrans [1,12]. To the best of our knowledge, the transformation of
2,6-dimethyl-4-pyrone with DMF-DMA resulted in the monoenamination product with
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poor yield (5%) [24], whereas β-dimethylaminoacrolein aminal acetals led to 6-bis(4-
dimethylaminoalka-l,3-dienyl)-4H-pyran-4-ones [13].

Molecules 2022, 27, 8996 2 of 24 
 

 

Wadsworth–Emmons reaction, which finds particular use in the synthesis of naturally oc-
curring pyrans [1,12]. To the best of our knowledge, the transformation of 2,6-dimethyl-
4-pyrone with DMF-DMA resulted in the monoenamination product with poor yield (5%) 
[24], whereas β-dimethylaminoacrolein aminal acetals led to 6-bis(4-dimethylaminoalka-
l,3-dienyl)-4H-pyran-4-ones [13]. 

 
Figure 1. Some important 4-pyrones and their derivatives. 

 
Scheme 1. General strategy for the synthesis of 2-vinyl-4-pyrones. 

It is important to note that the methods for functionalizing 4-pyrones using nucleo-
philic reagents to create strong push-pull systems are scarcely studied. Typically, such 
reactions proceeded via ring opening transformation to form new cyclic systems [25–27]. 

Figure 1. Some important 4-pyrones and their derivatives.

Molecules 2022, 27, 8996 2 of 24 
 

 

Wadsworth–Emmons reaction, which finds particular use in the synthesis of naturally oc-
curring pyrans [1,12]. To the best of our knowledge, the transformation of 2,6-dimethyl-
4-pyrone with DMF-DMA resulted in the monoenamination product with poor yield (5%) 
[24], whereas β-dimethylaminoacrolein aminal acetals led to 6-bis(4-dimethylaminoalka-
l,3-dienyl)-4H-pyran-4-ones [13]. 

 
Figure 1. Some important 4-pyrones and their derivatives. 

 
Scheme 1. General strategy for the synthesis of 2-vinyl-4-pyrones. 

It is important to note that the methods for functionalizing 4-pyrones using nucleo-
philic reagents to create strong push-pull systems are scarcely studied. Typically, such 
reactions proceeded via ring opening transformation to form new cyclic systems [25–27]. 

Scheme 1. General strategy for the synthesis of 2-vinyl-4-pyrones.

It is important to note that the methods for functionalizing 4-pyrones using nucle-
ophilic reagents to create strong push-pull systems are scarcely studied. Typically, such
reactions proceeded via ring opening transformation to form new cyclic systems [25–27].
The introduction of the enamino moiety [28–34] into 4-pyrone molecules leads to new
highly reactive substrates, which can be used for the creation of valuable dyes via modifica-
tion of 4-pyrone moiety or enamino group. Despite their attractiveness, 4-pyrone-based
fluorophores are severely limited and have been described in just a few papers [13–19] due
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to the modest photophysical properties of the heterocycles and being overshadowed by
derived dyes, 4-methylene-4H-pyrans.

In this paper, we describe a general strategy to 4-pyrone-bearing merocyanines
based on an enamination with DMF-DMA and subsequent transformation of the dimethy-
laminovinyl group via a nucleophilic 1,6-addition or cycloaddition reaction. This approach
opens straightforward access to a wide range of new promising pyran fluorophores.

2. Results and Discussion
2.1. Synthesis of 2-Enamino-substituted 4-Pyrones and Their Chemical Properties

The functionalization of the pyrone ring was carried out via an enamination reaction
at the active methyl group using DMF-DMA as a reagent and a solvent (Scheme 2) [35].
N-Methylimidazole (NMI) was selected as a convenient base for the promotion of the
transformation [36]. Enamination of 2-(tert-butyl)-6-methyl-4H-pyran-4-one (1a) with DMF-
DMA (3 equiv.) and NMI (3 equiv.) at 100 ◦C in an autoclave afforded enamino-substituted
4-pyrone 2a in only 15% yield (Table 1, entry 1). We decided to increase the reaction
temperature to 120 ◦C and study the influence of the base amount on both the reaction
outcome and time (TLC monitoring). When one equivalent of NMI was used, the reaction
was completed in 15 h and the product was prepared in 40% yield (entry 2). We found that
a further decrease in the amount of NMI (0.25–0.5 equivalent) allowed the improvement of
the enamination reaction outcome until 67–72%, but it required longer heating (20–25 h)
(TLC monitoring) (entries 3,4). The best yield (72%) of pyrone 2a was achieved using 0.25
equivalents of N-methylimidazole though it took 25 h (entry 4). The isolation of the pyrone
included simple recrystallization from n-heptane. Interestingly, the reaction also occurred
without promotion of the base and gave the product in a lower yield (57%) under heating
at 120 ◦C for 25 h (entry 5). Increasing temperature to 130 ◦C led to pyrone 2a in 54% yield
(entry 6). The enamination with the use of pyridine as a solvent and DMF-DMA (1.2 equiv.)
at 100 ◦C or 120 ◦C did not produce the desired product.
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The enamination reaction conditions were extended for various 2-methyl-4-pyrones 
(Scheme 3, Table 2), but this transformation turned out to be very sensitive to the nature 
of substituents at the pyrone ring. The enamination of 2-methyl-6-phenyl-4-pyrone (1b) 
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Table 1. Reaction condition optimization for the enamination of 1a.

Entry NMI, equiv. Time, h Temp., ◦C Yield of 2a, %

1 3 8 100 15
2 1 15 120 40
3 0.5 20 120 67
4 0.25 25 120 72
5 – 25 120 57
6 0.25 10 130 54

The enamination reaction conditions were extended for various 2-methyl-4-pyrones
(Scheme 3, Table 2), but this transformation turned out to be very sensitive to the nature of
substituents at the pyrone ring. The enamination of 2-methyl-6-phenyl-4-pyrone (1b) with
DMF-DMA proceeded for 12 h under the optimized conditions; as a result, pyrone 2b was
obtained in 53% yield. However, the reaction of 2-methyl-6-trifluoromethyl-4-pyrone (1c)
was completed in 5 h at 120 ◦C, leading to the desired product in only low yield (12%). This
result can be explained by side processes due to the presence of the trifluoromethyl group
and high CH-acidity). Lowering the temperature to 100 ◦C made it possible to increase the
yield up to 43%.
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Table 2. The scope of enamino-substituted 4-pyrones 2.

Entry R Product Temp., ◦C Equiv. of NMI Time, h Yield, %

1 t-Bu 2a 120 0.25 15 72
2 Ph 2b 120 0.25 12 53
3 CF3 2c 100 0.25 5 43, 12 a

4 CO2Me 2d 120 4 6 27 b, 8 c

5 PhCH = CH 2e 100 0.25 4 22
6 4-Me2NC6H4CH = CH 2f 120 3 3 72
7 4-MeOC6H4CH = CH 2g 120 3 3 51

a The reaction was carried out with 1.2 mmol of 1c at 120 ◦C for 5 h in the presence of NMI (24.6 mg, 0.3 mmol)
and DMF-DMA (429.0 mg, 3.6 mmol). b From ethyl 6-methylcomanate (1d’). c The reaction was carried out with
methyl 6-methylcomanate (1d) at 120 ◦C for 4 h in the presence of NMI (24.6 mg, 0.3 mmol) and DMF-DMA
(429.0 mg, 3.6 mmol).

It was found that the enamination of ethyl 6-methylcomanate (1d’) with DMF-DMA
and an excess of NMI (3 equiv.) at 120 ◦C was accompanied by the transesterification
reaction to produce product 2d in 27% yield (Scheme 3 Table 2). It is interesting to note
that direct enamination of methyl 6-methylcomanate (1d) at 100 ◦C in the presence of NMI
(0.25 equiv.) led to the desired product 2d in only 8% yield.

We tried to extend the enamination on 2-methyl-6-styryl-4-pyrones 1e–g for the synthesis of
unsymmetrical 2,6-divinyl-4-pyrones 2e–g (Table 2). The reaction of 2-methyl-6-styryl-4-pyrone
(1e) at 120 ◦C with a threefold excess of DMF-DMA and different amounts of N-methylimidazole
did not lead to the desired product. Lowering the temperature to 100 ◦C made it possible to ob-
tain product 2e in 22% yield for 4 h (TLC monitoring). For starting 2-methyl-6-styryl-4-pyrones
1f,g, the use of the optimized conditions did not give the desired products because of low
solubility of the starting materials. The enamination of pyrones 1f,g with threefold excess
of N-methylimidazole and heating at 120 ◦C for 3 h led to complete conversion of the
starting 4-pyrone, and products 2f,g were isolated by the treatment with diethyl ether in
72 and 51% yields, respectively. Such a difference in the behavior of styrylpyrones may
be connected with the presence of electron-donating substituents, which deactivated the
double bond of the styryl fragment and reduced the possibility of side reactions.

The reaction of 2,6-dimethyl-4-pyrone 3a with three equivalent DMF-DMA and
0.5 equiv. of NMI was carried out at 120 ◦C for 15 h, resulting in a mixture of prod-
ucts of enamination 4a and 5a (Scheme 4). Recrystallization from n-heptane easily allowed
the separation of pyrones 4a and 5a and isolation them in pure form in 17% and 23% yields,
respectively. All our attempts to carry out more selective monoenamination by lowering
the temperature, variation of reagent amounts, and increasing the reaction time were unsuc-
cessful and accompanied by incomplete conversion and the formation of the bis(enamino)
derivative, which did not allow the preparation of product 4a in pure form directly.

The use of an excess of DMF-DMA (5 equiv.) and heating at 130 ◦C for 15 h made
it possible to increase the yield of bisenamine 5a to 51%. At the same time, the forma-
tion of monoenamino derivative 4a was not observed. Carrying out the reaction without
using NMI or using one equivalent of NMI resulted in product 5a in 41 and 45% yields,
respectively. The transformation of 3-bromo-2,6-dimethyl-4-pyrone (3b) led to a double
enamination product 5b in 53% yield. This result can probably be explained by a higher
CH-acidity of the methyl groups. We also managed to carry out monoenamination se-
lectively at the methyl group located near the electron-withdrawing bromine atom, and
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pyrone 4b was prepared in high yield (80%) (Scheme 4). The structure of the product was
assigned on the basis of the chemical shift of the methyl group in comparison with the
starting 2,6-dimethyl-3-bromo-4-pyrone (3b) and product 4b.
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The 1H NMR spectra of the obtained dimethylamino-substituted pyrones 2,4,5 demon-
strate a characteristic set of two doublets of the enamino group with 3J coupling of
12.6–13.3 Hz, which indicates the E-configuration of the double bond and its partially
double order due to the strong push-pull nature [31,36].

To study the chemical properties of monoenamino-substituted 4-pyrones 2 with vari-
ous nucleophilic reagents, compound 2g was used as an example to obtain conjugated struc-
tures (Scheme 5). We found that heating in AcOH turned out to be convenient conditions
for carrying out the reactions. The transformation of pyrone 2g with aniline or dipheny-
lamine at 90 ◦C led to the substitution of the dimethylamino group and the formation of
products 6a,b in 82–86% yield. The reaction of substance 2g with p-phenylenediamine as a
binucleophile gave product 6c as the result of an attack on both amino groups. It was found
that pyrone 2g reacted with benzylamine under reflux in acetonitrile to form product 6d in
76% yield. The transformation of bis(enamino)pyrone 5a with aniline was found to proceed
at room temperature, leading to product 6e in 55% yield. Thus, it has been shown that the
side chain of γ-pyrone can easily be functionalized with aliphatic and aromatic amines.

Enamino-substituted pyrones 2g and 5a were able to react with 2-methylindole as a
C-nucleophile to form indolyl-substituted 4-pyrones 7a,b in 52–62% yields under reflux in
AcOH for 7–10 h (Scheme 5). The transformation of bisenamine 5a with 2-methylindole
included the substitution at two enamino fragments and led to bis(indolylvinyl)-4-pyrone
7b in 52% yield.

Next, we investigated the cycloaddition of enamino-substituted 4-pyrones with 1,3-dipoles
(Scheme 6). It was observed that organic azides and diphenylnitrilimine did not give
the desired products, which is probably due to the electron-withdrawing properties of
the pyrone ring. The reaction with benzonitrile oxide, which was generated in situ from
N-hydroxybenzimidoyl chloride [25], in dioxane without the use of a base led to the
formation of isoxazolyl-substituted 4-pyrones in 39–80% yields. Although compounds 2f,g
bear two double bonds of different nature, the transformation proceeded chemoselectively
at the enamino fragment. In the case of bis(enamino) derivative 5a, the cycloaddition
occurred at both enamino moieties to give 2,6-bis(isoxazolyl)-4-pyrone 9 in 39% yield.
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2.2. Photophysical Properties of Products

For the series of enamino-substituted 4-pyrones, the photophysical properties were
studied to assess the prospects for their use as fluorophores. We started with the study of
the influence of the nature of the solvent on the absorption and emission spectra of (E)-2-(2-
(dimethylamino)vinyl)-6-methyl-4H-pyran-4-one (4a) and 2,6-bis((E)-2-(dimethylamino)vinyl)-
4H-pyran-4-one (5a).

For the monoenamino-substituted compound 4a, the absorption spectrum includes
one-band at 334–363 nm with an extinction coefficient of 29,200–35,900 M−1cm−1 (Figure 2,
Table 3). In aprotic solvents, the absorption maximum is observed at 334–350 nm. For alco-
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hol solutions of pyrone 4a, the absorption maximum shifts slightly to the long-wavelength
region and appears at 356 (i-PrOH), 361 (EtOH), 363 nm (MeOH) in accordance with the
solvent polarity. The emission spectrum demonstrates a single maximum and depends
strongly on the nature of the solvent. In alcohols as protic solvents, the fluorescence inten-
sity increases many times over in comparison with aprotic polar solvents, such as DMSO.
The highest values of quantum yields are achieved in MeOH (3.6%) and EtOH (1.4%),
where the substance exhibits blue fluorescence. The largest Stokes shifts (67–71 nm) are
also observed in MeOH and EtOH, while it is equal to 26–59 nm in the other solvents.
The peculiarity of fluorescence in protic solvents can be related to the specific solvation
of carbonyl oxygen in the excited state due to intramolecular charge transfer (ICT). The
solvatochromism of 4-pyrones was previously unknown and distinguishes the studied
conjugated 4-pyrones from 4-methylene-4H-pyrans, popular merocyanine dyes whose
fluorescence is related to the solvent polarity and is most pronounced in DMSO.
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Scheme 6. Cycloaddition of enamino-substituted 4-pyrones 2f,g and 5a.

In the case of bis(enamino) derivative 5a, two maxima are observed in the absorp-
tion spectra. The most intense and structured band is in the short wavelength region at
300–304 nm (ε = 41,400–54,400 M−1 cm−1), and at 378–408 nm there is a second maximum
with an extinction coefficient of 17,400–22,300 M−1 cm −1(Figure 3, Table 4). The nature
of the solvent most strongly affects the second maximum, which can be associated with
intramolecular electron transfer. The strongest redshift of the second band is observed in
alcohols (395–408 nm) compared to aprotic solvents (378–381 nm). As in the case of mo-
noenamino derivative 4a, the fluorescence spectra turned out to be highly sensitive to the
nature of the solvent and has one emission maximum located in the range of 455–490 nm.
The fluorescence intensity in polar aprotic solvents is observed to be low (QY = 2.3–4.1%).
The substance exhibits green fluorescence, and the highest quantum yield is found in
methanol (QY = 28%), ethanol (QY = 21%), and isopropanol (QY = 11%). Also, in these
solvents, the largest Stokes shifts are observed, which are equal to 83 nm, 82 nm, and
80 nm, respectively.
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Figure 2. Absorption (a) and emission (b) spectra of compound 4a in various solvents (C = 1.0 × 10−5 
M). 

Table 3. Absorption and fluorescence spectral data of compound 4a in various solvents (C = 1.0 × 
10−5 M). 

Compound Solvent λabs, nm a λem, 
nm b 

ε, M–1cm–1 Stokes 
shift, nm 

QY, % c 

dioxane 334 370 29,900 26 <0.1d 
CH2Cl2 345 399 35,500 54 <0.1 
DMF 348 407 29,500 59 <0.1 

DMSO 350 408 29,200 58 0.2 

Figure 2. Absorption (a) and emission (b) spectra of compound 4a in various solvents (C = 1.0× 10−5 M).

Table 3. Absorption and fluorescence spectral data of compound 4a in various solvents (C = 1.0× 10−5 M).

Compound Solvent λabs, nm a λem, nm b ε, M−1cm−1 Stokes Shift, nm QY, % c
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DMSO 350 408 29,200 58 0.2
i-PrOH 356 415 35,900 59 0.3
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a Absorption maximum wavelength. b Excitation wavelength corresponds to λabs. c The relative fluorescence
quantum yield (QY) was estimated using the solution of rhodamine 6G in ethanol as a standard (QYstd = 94%,
λex = 480 nm) according to the described method [35]. d The relative fluorescence quantum yield (QY) was
estimated using a 0.1 M H2SO4 solution of quinine sulfate solution (QYstd = 54%, λex = 360 nm) according to the
described method [37].
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Figure 3. Absorption (a) and emission (b) spectra of compound 5a in various solvents (C = 1.0 × 10−5 
M). 
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For the design of new fluorophores, we studied a number of functionalized enamino-
substituted 4-pyrones (Figure 4, Table 5). The introduction of the tert-butyl group, com-
pared to the methyl group, has practically no effect on the photophysical properties. The 
absorption and emission spectra of (tert-butyl)-6-(2-(dimethylamino)vinyl)-4H-pyran-4-
one (2a) are very similar for monoenamine derivative 4a. The introduction of the phenyl 
group complicates the absorption spectrum, as a result, several maxima are observed. In 
this case, the major absorption maximum appears at 380 nm with an extinction coefficient 
of 19,700 M–1cm–1. An important feature of fluorescence is the large Stokes shift, which 
amounts to 147 nm (QY = 3.4%). For dimethylenamino derivative 2f bearing the p-
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substituted 4-pyrones (Figure 4, Table 5). The introduction of the tert-butyl group, com-
pared to the methyl group, has practically no effect on the photophysical properties. The 
absorption and emission spectra of (tert-butyl)-6-(2-(dimethylamino)vinyl)-4H-pyran-4-
one (2a) are very similar for monoenamine derivative 4a. The introduction of the phenyl 
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CH2Cl2
300 54,400
378 447 22,300 69 3.0

DMF
300 43,600
378 450 17,400 72 4.1

DMSO
304 41,400
381 455 17,500 74 2.3

i-PrOH
301 43,300
395 475 19,000 80 11

EtOH
303 49,800
403 485 21,200 82 21

MeOH
303 53,200
408 490 21,000 83 28

a Absorption maximum wavelengths. b Excitation wavelength corresponds to λabs. c The relative fluorescence
quantum yield (QY) was estimated using the solution of rhodamine 6G in ethanol as a standard (QYstd = 94%,
λex = 480 nm) according to the described method [37].
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For the design of new fluorophores, we studied a number of functionalized enamino-substituted
4-pyrones (Figure 4, Table 5). The introduction of the tert-butyl group, compared to the
methyl group, has practically no effect on the photophysical properties. The absorption and
emission spectra of (tert-butyl)-6-(2-(dimethylamino)vinyl)-4H-pyran-4-one (2a) are very
similar for monoenamine derivative 4a. The introduction of the phenyl group complicates
the absorption spectrum, as a result, several maxima are observed. In this case, the major
absorption maximum appears at 380 nm with an extinction coefficient of 19,700 M−1cm−1.
An important feature of fluorescence is the large Stokes shift, which amounts to 147 nm
(QY = 3.4%). For dimethylenamino derivative 2f bearing the p-dimethylaminostyryl moiety,
the absorption spectra show several maxima with approximately the same value of the
extinction coefficient. The fluorescence spectrum exhibits one-band emission at 572 nm
(λex = 368 nm), which is characterized by higher quantum yield (18%) and a significant
Stokes shift (204 nm). Similarly, the p-MeO-styryl-substituted compound 2g has several
bands with low intensity in absorption spectra and very weak fluorescence emission.
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Figure 4. Absorption (a) and emission (b) spectra of compounds 2a,b,f; 6b; and 7b in MeOH (C = 
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Table 5. Absorption and fluorescence spectral data of compounds 2a,b,f; 6b; and 7b in MeOH
(C = 1.0 × 10−5 M).

Compd. Structure λabs,
nm a

λem,
nm b ε, M−1 cm−1 Stokes Shift,

nm QY, % c

2a
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λex = 480 nm) according to the described method [37].

Introduction of the diphenylamino substituent allows the improvement of photophys-
ical properties. Thus, for p-MeO-styryl derivative 6b, two intense maxima are found in
the absorption spectrum at 404 nm and 350 nm. This substance shows one maximum in
the emission spectrum at 546 nm (λex = 368 nm) and a quantum yield of 3.4%. Next, the
bis(indolyl) derivative 7b was investigated as a symmetrical compound with an extended
conjugation system. Its absorption spectrum (MeOH) contains a major maximum at 433 nm,
a plateau in the range of 375–348 nm, and a minor maximum at 286 nm. The emission
spectrum contains one band at 571 nm, while the quantum yield reaches 15%.

2.3. Theoretical Calculations of the Absorption and Emission

We performed a DFT/TD-DFT quantum chemical calculations of absorption/emission
maxima for representative compounds 4a and 5a in vacuo and in solvated phase (DMSO,
EtOH, and MeOH) using the conductor-like polar continuum model (C-PCM). In the series
of the ground state (GS), the first singlet excited state (S1) optimizations were made and the
energies of the first seven Franck-Condon singlet states were computed. All calculations
were carried out at the (TD-)DFT (CAM-)B3LYP/6-31++G** level of theory for the most
stable s-trans conformations [13]. Results of this calculations are provided in Table 6; the
optimized geometries of GS and S1 are listed in Supplementary Materials.

The optimizations of the ground state (GS) geometry revealed that both molecules
have a planar structure of D-π-A conjugation chains. Calculated Stokes shift values in a
solvated phase were 27–30 nm for 2-(2-(dimethylamino)vinyl)-6-methyl-4-pyrone (4a) and
92–103 nm for 2,6-bis(2-(dimethylamino)vinyl)-4-pyrone (5a), which are in agreement with
the experimental Stokes shifts. Also, in all solvents the dipole moment values increased
under excitation to S1. On the base of Franck-Condon (FC) excitations and S1 optimized
geometries energies and their oscillator strengths, we plotted theoretical absorption and
emission spectra (See Supplementary Materials Figures S1–S6, absorption/emission max-
ima are also provided in Table S6). Because the DFT usually overestimates long-wavelength
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polymethine transitions, all calculated maxima are notably blue-shifted compared to the
experimental ones [38]. According to TD-DFT calculations of S1

FC–S7
FC states in all sol-

vents, the most intense absorption corresponds to π→ π* transition and S0 → S1 from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) for compound 4a, whereas S0 → S2 (HOMO–1→ LUMO) transition prevails for
compound 5a (Table 6). In the case of compound 5a, the S0 → S1 transition is less intense
(fGS = 0.527 for MeOH) and redshifted (λabs = 376 nm for MeOH), which agrees well with
the experimental absorption spectrum demonstrating double bands.

Table 6. Calculated absorption and emission properties of 4a and 5a in vacuo, DMSO, EtOH,
and MeOH a.

Entry Compd. Solvent λabs, nm fGS λem, nm fS1 µGS, D µS1, D µ(GS->S1), D

1

4a

Vacuum 286 0.718 293 b 0.744 b 8.808 4.246 −4.562
2 DMSO 331 1.070 361 1.092 0.097 3.114 3.017
3 EtOH 340 1.072 367 1.082 1.102 4.372 3.270
4 MeOH 342 1.076 369 1.086 1.246 4.407 3.161

5

5a

Vacuum 252 0.631 315 0.363 10.772 13.084 2.312
6 DMSO 302 1.891 394 0.507 0.190 2.386 2.196
7 EtOH 307 1.903 408 0.529 1.407 3.882 2.475
8 MeOH 308 1.921 411 0.537 1.556 4.033 2.477

a λabs—absorption maximum, fGS—oscillator strength for the absorption maximum, λem—emission maximum,
fS1—oscillator strength for the emission maximum, µGS, µS1—dipole moments of GS and S1 optimized geometries,
µ(GS->S1)—the difference in dipole moments of GS and S1. b Data provided for S2, since S1 (339 nm, 3.662 eV) has
oscillator strength very close to zero.

To explain the strong influence of alcohols on fluorescence, the charges on the carbonyl
oxygen of pyrones 4a and 5a in the ground and excited states were compared. An increase
in the electron density on oxygen can cause its specific solvation due to the formation of
hydrogen bonds, leading to the improvement of the fluorescence properties. The charge
of pyrone 5a bearing two electron-donating substituents is in all cases higher than that of
pyrone 4a in the corresponding solvent, which can be explained by the stronger push-pull
nature of the former. In addition, the maximum negative charge was found in EtOH and
MeOH, both in the ground (−0.731 and −0.746 for 4a; −0.758 and −0.776 for 5a) and
excited (−0.823 and−0.839 for 4a; −0.905 and−0.925 for 5a) states (Table 7). For all excited
states, an increase in the negative charge on carbonyl oxygen is observed (except for 4a in
vacuum), which is in good agreement with the change in dipole moments. The strongest
charge changes during the GS→S1 transition were found in MeOH (0.093 for 4a, 0.149 for
5a). This result is related to the ICT effect in this solvent, which is more pronounced for
pyrone 5a and determines the stabilization of the excited states via the hydrogen bonding
interaction between the carbonyl group and alcohol molecules [39]. Besides, the ICT
phenomena for the pyrones were confirmed with the use of electron density difference
(EDD) maps (See Supplementary Materials Figures S7–S10).

Table 7. Mulliken charges at the carbonyl oxygen atom of pyrones 4a and 5a.

Entry Compd. Charge Vacuum DMSO EtOH MeOH

1
4a

GS −0.537 −0.640 −0.731 −0.746
2 S1 −0.303 −0.711 −0.823 −0.839
3 delta(GS-S1) −0.234 0.071 0.092 0.093

4
5a

GS −0.549 −0.660 −0.758 −0.776
5 S1 −0.634 −0.779 −0.905 −0.925
6 delta(GS-S1) 0.085 0.119 0.147 0.149

The analysis of the frontier MOs for the ground states in the solvents (DMSO, MeOH,
EtOH) and the gas phase showed that both HOMO and LUMO frontier orbitals are localized
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chiefly on the polymethine chain atoms, which is known to be typical for merocyanine
dyes [22] (Table 8, See Supplementary Materials Tables S1–S8). Opposite to mono(enamino)
derivative 4a, bis(enamino) derivative 5a exhibited a complete absence of the electron
density at the carbonyl moiety of the conjugation chain for the HOMO, whereas the LUMO
localization involves the whole π-conjugation, indicating the ICT effect under excitation.
This feature can be connected with a large Stokes shift of bis(enamino) derivative 5a and
the red-shifted emission compared to 4a.

Table 8. Ground state frontier orbitals of compounds 4a and 5a in MeOH a.

Entry Compound HOMO LUMO

1 4a
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Thus, a convenient method of 4-pyrone functionalization is developed via enamina-
tion of 2-methyl-4-pyrones with DMF-DMA. Enamino-substituted 4-pyrones were able
to react with nucleophiles and 1,3-dipoles with the substitution of the dimethylamino
group and the formation of conjugated push-pull and isoxazolyl-substituted 4-pyrones,
respectively. The transformations occured with high chemoselectivity without 4-pyrone
ring opening and provided a convenient platform for the synthesis and design of 4-pyrone-
based fluorophores. For the first time, the solvatochromism of 4-pyrones in protic solvents
due to specific solvation was discovered, leading to a strong increase in the fluorescence
intensity compared to aprotic solvents. 4-Pyrones bearing two enamino fragments show
a higher quantum yield and significant Stokes shift, which can be explained by their
stronger push-pull character. The prepared pyrone merocyanines are of interest due to
attractive photophysical properties and easy modification of the conjugated chain, which
can contribute to the development of the synthesis of new organic fluorophores.

3. Materials and Methods

NMR spectra were recorded on Bruker DRX-400 (Bruker BioSpin GmbH, Ettlingen,
Germany, work frequencies: 1H, 400 MHz; 13C, 101 MHz; 19F, 376 Hz), Bruker Avance-400
(Bruker BioSpin GmbH, Rheinstetten, Germany, work frequencies: 1H, 400 MHz; 13C,
101 MHz), Bruker Avance III-500 (Bruker BioSpin GmbH, Rheinstetten, Germany, work
frequencies: 1H, 500 MHz; 13C, 126 MHz), and Bruker Avance NEO (Bruker BioSpin GmbH,
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work frequencies: 1H, 600 MHz; 13C, 151 MHz) spectrometers in DMSO-d6 or CDCl3. The
chemical shifts (δ) are reported in ppm relative to the internal standard TMS (1H NMR),
C6F6 (19F NMR), and residual signals of the solvents (13C NMR). IR spectra were recorded
on a Shimadzu IRSpirit-T (Shimadzu Corp., Kyoto, Japan) spectrometer using an attenuated
total reflectance (ATR) unit (FTIR mode, diamond prism); the absorbance maxima (ν) are
reported in cm−1. Electron absorption spectra were obtained with a Shimadzu UV-1900
(Shimadzu Corp.) spectrophotometer; fluorescence spectra were obtained with a Shimadzu
RF-6000 (Shimadzu Corp.) fluorescence spectrophotometer.

Mass spectra (ESI-MS) were measured with a Waters Xevo QTof instrument (Waters
Corp., Milford, MA, USA). Elemental analyses were performed on an automatic analyzer
PerkinElmer PE 2400 (Perkin Elmer Instruments, Waltham, MA, USA). Melting points
were determined using a Stuart SMP40 melting point apparatus (Bibby Scientific Ltd.,
Stone, Staffordshire, UK). Column chromatography was performed on silica gel (Merck
60, 70–230 mesh). All solvents used were dried and distilled by standard procedures.
2-Methyl-6-styryl-4-pyrones [15], esters of 6-methyl-4-pyrone-2-carboxylic acid [40,41],
2-tert-butyl-6-methyl-4-pyrone [42], and 2-methyl-6-phenyl-4-pyrone [42] were prepared
according to the literature procedure.

3.1. Quantum Mechanical Calculations

The ground state molecular geometry of the compounds under investigation was fully
optimized at density functional theory (DFT) level, both in vacuo and in the solvated phase
(DMSO, EtOH, MeOH). For all geometry optimizations, the B3LYP hybrid functional [43]
coupled with the 6-31G(d,p)++ basis set was chosen. Solvent effects were taken into account
via the implicit conductor-like polarizable continuum model (C-PCM). For the evaluation
of energetics, Solvation Model Density (SMD) parametrization was employed [44]. The
vibrational frequencies and thermochemicals were computed in harmonic approximation
at T = 298.15 K and p = 1 atm, and no imaginary frequencies were found.

The UV-vis absorption spectra for the equilibrium geometries were calculated at time-
dependent density functional theory (TD-DFT) level, accounting for S0→ Sn (n = 1 to 7).
The nature of the vertical excited electronic state was analyzed both in vacuo and in the
solvated phase.

The first singlet excited state (S1) geometry was optimized using analytical gradients
and the first transitions S1→S0 of the emission. Properties of the excited states were
calculated using the long-range corrected functional CAM-B3LYP [45,46] coupled with
the 6-31G(d,p)++ basis set. The non-equilibrium solvation regime was set for vertical
excited states calculations in the solvent phase, whereas the equilibrium solvation was
used for adiabatic ones. All calculated UV-vis spectra were plotted as Gaussian curves with
wavelengths of absorption/emission maxima as an expected value and σ = 0.4 eV.

The integration grid for the calculations was set to 96 radial shells and 302 angu-
lar points.

The RMS gradient convergence tolerance was set to 10−7 Hartree/Bohr for GS opti-
mizations and to 10−5 Hartree/Bohr for S1 optimizations. The density matrix convergence
threshold for the self-consistent field was set to 10−5 a.u. for all DFT and to 10−6 a.u. for all
TD-DFT optimizations.

All calculations were performed using the US GAMESS (ver. 30 September 2021, R2
Patch 1) software package for Linux x64 [47]. Frontier MOs were plotted with MacMolPlt
software (ver. 7.7) [48]. Electron density difference maps were calculated with the use of
Multiwfn v3.8 [49].

3.2. Synthesis of Compounds 2

Corresponding 4-pyrone 1 (1.2 mmol) was heated with DMF-DMA (429.0 mg, 3.6 mmol),
N-methylimidazole (0.3 mmol for 2a–c,e; 4.8 mmol for 2d; 3.6 mmol for 2f,g) in an autoclave
at 100 ◦C (for 2c,e) or 120 ◦C (for 2a,b,d,f,g) for the needed time. For pyrones 2a–c, the
reaction mixture was treated by boiling n-heptane (40 mL). The solvent was decanted and
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evaporated to 2 mL, and the solid was filtered. For products 2d,f,g, the reaction mixture
was treated with Et2O and the solid that formed was filtered. Pyrone 2e was isolated by
flash-chromatography with the use of CHCl3 as an eluent.

(E)-2-(Tert-butyl)-6-(2-(dimethylamino)vinyl)-4H-pyran-4-one (2a). The reaction was car-
ried out for 15 h. Yield 191.2 mg (72%), yellow powder, mp 128–130 ◦C. IR (ATR) ν 2962,
2907, 2870, 1639, 1564, 1386, 1364, 1104. 1H NMR (500 MHz, DMSO-d6) δ 1.23 (9H, s, t-Bu),
2.90 (6H, br.s, NMe2), 4.82 (1H, d, J = 13.2 Hz, =CH(α)), 5.62 (1H, d, J = 2.1 Hz, CH), 5.77
(1H, d, J = 2.1 Hz, CH), 7.26 (1H, d, J = 13.2 Hz, =CH (β)). 13C NMR (126 MHz, CDCl3) δ
28.1, 35.8, 40.8 (br.s. NMe2), 88.0, 104.8, 108.9, 144.8, 165.8, 172.8, 180.5. Anal. Calculated for
C13H19NO2: C 70.56; H 8.65; N 6.33. Found: C 70.58; H 8.76; N 6.33.

(E)-2-(2-(Dimethylamino)vinyl)-6-phenyl-4H-pyran-4-one (2b). The reaction was carried
out for 12 h. Yield 153.5 mg (53%), yellow powder, mp 200 ◦C (destr.). IR (ATR) ν 3056,
2910, 1627, 1539, 1381, 1349, 1101. 1H NMR (400 MHz, DMSO-d6) δ 2.95 (6H, s, NMe2),
4.92 (1H, d, J = 13.3, =CH(α)), 5.78 (1H, d, J = 2.2 Hz, H-3), 6.61 (1H, d, J = 2.2 Hz, H-5),
7.47 (1H, d, J = 13.3 Hz, =CH(β)), 7.52 (3H, m, Ph), 7.94 (2H, m, H-2, H-6 Ph). 13C NMR
(101 MHz, DMSO-d6) δ 86.9, 104.3, 110.1, 126.1, 129.4, 131.1, 132.0, 146.7, 160.4, 166.3, 178.3
(NMe2 was not observed). HRMS (ESI) m/z [M + H]+. Calculated for C15H16NO2: 242.1189.
Found: 242.1103.

(E)-2-(2-(Dimethylamino)vinyl)-6-(trifluoromethyl)-4H-pyran-4-one (2c). The reaction was
carried out for 5 h. Yield 120.3 mg (43%), grey powder, mp 71–72 ◦C. IR (ATR) ν 3071, 2909,
1669, 1557, 1341, 1267, 1078, 959. 1H NMR (400 MHz, CDCl3) δ 2.99 (6H, s, NMe2), 4.75
(1H, d, J = 12.6 Hz, =CH(α)), 5.84 (1H, s), 6.84 (1H, s), 7.18 (1H, d, J = 12.6 Hz, =CH(β)).
19F NMR (376 MHz, CDCl3) δ 90.2 (s, CF3). 13C NMR (126 MHz, DMSO-d6) δ 36.8 (br.s),
44.0 (br.s), 84.9, 103.5, 113.6 (q, J = 2.2 Hz, C-3), 118.7 (q, J = 273.2 Hz, CF3), 147.6, 148.6 (q,
J = 38.1 Hz, C-2), 166.9, 175.3. HRMS (ESI) m/z [M + H]+. Calculated for C10H11F3NO2:
234.0742. Found: 234.0735.

Methyl (E)-6-(2-(dimethylamino)vinyl)-4-oxo-4H-pyran-2-carboxylate (2d). The reaction
was carried out for 6 h. Yield 72.3 mg (27%), yellow powder, mp 130–132 ◦C. IR (ATR)
ν 3064, 2909, 1745, 1632, 1550, 1351, 1098, 959. 1H NMR (500 MHz, CDCl3) δ 2.97 (6H, s,
NMe2), 4.76 (1H, d, J = 13.0 Hz, =CH(α)), 5.89 (1H, d, J = 2.3 Hz, H-5), 6.88 (1H, d, J = 2.3
Hz, H-3), 7.32 (1H, d, J = 13.0 Hz, =CH(β)). 13C NMR (126 MHz, CDCl3) δ 40.1 (br.s, NMe2),
53.1, 86.9, 106.9, 118.7, 146.9, 150.0, 161.1, 166.8, 178.7. Anal. Calculated for C11H13NO4:
C 59.41; H 5.72; N 5.91. Found: C 59.19; H 5.87; N 6.27.

2-((E)-2-(Dimethylamino)vinyl)-6-((E)-styryl)-4H-pyran-4-one (2e). The reaction was
carried out for 4 h. Yield 70.6 mg (22%), yellow powder, mp 75–77 ◦C. IR (ATR) ν 3055,
1642, 1610, 1524, 1397, 1157, 1103, 749. 1H NMR (500 MHz, CDCl3) δ 2.98 (6H, s, NMe2),
4.79 (1H, d, J = 13.1 Hz, -CH=C-N), 5.84 (1H, d, J = 1.4 Hz, CH), 6.12 (1H, d, J = 1.4 Hz, CH),
6.66 (1H, d, J = 16.1 Hz, -CH=C-Ar), 7.24 (1H, d, J = 13.1 Hz, =CH-N), 7.27 (1H, d, J = 16.1
Hz, =CH-Ar), 7.39 (2H, t, J = 7.3 Hz, H-3, H-5 Ph), 7.51 (2H, d, J = 7.3 Hz, H-2, H-6 Ph).
13C NMR (126 MHz, CDCl3) δ 40.8, 87.9, 105.6, 113.4, 120.6, 127.3, 128.9, 129.3, 134.1, 135.3,
145.5, 159.5, 165.7, 179.9. HRMS (ESI) m/z [M + H]+. Calculated for C17H18NO2: 268.1338.
Found: 268.1342.

2-((E)-4-(Dimethylamino)styryl)-6-((E)-2-(dimethylamino)vinyl)-4H-pyran-4-one (2f). The
reaction was carried out for 3 h. Yield 268.2 mg (72%), brown crystals, mp 205–206 ◦C. IR
(ATR) ν 2802, 1596, 1520, 1386, 1357, 1154, 1100. 1H NMR (400 MHz, DMSO-d6) δ 2.97 (12H,
s, 2NMe2), 4.87 (1H, d, J = 13.2 Hz, -CH=C-N), 5.65 (1H, d, J = 2.1 Hz, CH), 5.93 (1H, d,
J = 2.1 Hz, CH), 6.69 (1H, d, J = 16.2 Hz, -CH=C–Ar), 6.73 (2H, d, J = 8.8 Hz, H-3, H-5 Ar),
7.36 (1H, d, J = 16.2 Hz, =CH–Ar), 7.48 (1H, d, J = 13.2 Hz, =CH–N), 7.53 (2H, d, J = 8.8 Hz,
H-2, H-6 Ar). 13C NMR (101 MHz, DMSO-d6) δ 39.7, 86.6, 103.8, 111.1, 111.9, 115.0, 122.9,
128.9, 134.2, 146.1, 150.9, 160.1, 165.2, 177.9 (NMe2 was not observed). Anal. Calculated for
C19H22N2O2: C 73.52; H 7.14; N 9.03. Found: C 73.47; H 7.27; N 9.10.

2-((E)-2-(Dimethylamino)vinyl)-6-((E)-4-methoxystyryl)-4H-pyran-4-one (2g). The reaction
was carried out for 3 h. Yield 185.5 mg (51%), brown crystals, mp 155–157 ◦C. IR (ATR) ν
3070, 2967, 1637, 1612, 1549, 1383, 1346, 1096, 1020, 937. 1H NMR (400 MHz, DMSO-d6)
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δ 2.96 (6H, s, 2NMe2), 3.80 (3H, s, OMe), 4.88 (1H, d, J = 13.2 Hz, -CH=C-N), 5.67 (1H, d,
J = 2.1 Hz, CH), 6.00 (1H, d, J = 2.1 Hz, CH), 6.85 (1H, d, J = 16.2 Hz, -CH=C–Ar), 6.99 (2H,
d, J = 8.8 Hz, H-3, H-5, Ar), 7.43 (1H, d, J = 16.2 Hz, =CH–Ar), 7.51 (1H, d, J = 13.2 Hz,
=CH–N), 7.65 (2H, d, J = 8.8 Hz, H-2, H-6, Ar). 13C NMR (101 MHz, DMSO-d6) δ 55.2,
86.5, 103.9, 112.2, 114.3, 118.2, 128.1, 129.0, 133.4, 146.3, 159.5, 160.1, 165.4, 177.9 (the NMe2
group was not observed). HRMS (ESI) m/z [M + H]+. Calculated for C18H20NO3: 298.1443.
Found: 298.1450.

3.3. Synthesis of Compounds 4

(E)-2-(2-(Dimethylamino)vinyl)-6-methyl-4H-pyran-4-one (4a). 2,6-Dimethyl-4-pyrone
(3a) (0.202 g, 1.63 mmol), DMF-DMA (0.583 g, 4.89 mmol) and N-methylimidazole (66.9 mg,
0.815 mmol) were heated at 120 ◦C in an autoclave for 15 h. The reaction mixture was
treated with boiling n-heptane (40 mL) to extract product 4a. The residue was diluted with
Et2O to give 0.0876 g (23%) of brown needles of pyrone 5a (mp 203–204 ◦C). The solution
of n-heptane was evaporated to 2 mL, and the precipitate was filtered. Yield 0.0479 g (17%),
yellow powder, mp 109–111 ◦C. IR (ATR) ν 3058, 2912, 1652. 1557, 1394, 1376, 1098. 913.
1H NMR (400 MHz, CDCl3) δ 2.21 (3H, s, Me), 2.91 (6H, s, NMe2), 4.71 (1H, d, J = 13.2 Hz,
=CH(α)), 5.75 (1H, d, J = 2.2 Hz, CH), 5.91 (1H, d, J = 2.2 Hz, CH), 7.12 (1H, d, J = 13.2 Hz,
=CH(β)). 13C NMR (151 MHz, CDCl3) δ 19.5, 86.8, 103.5, 112.5, 146.3, 163.2, 166.4, 178.5
(NMe2 was not observed). The NMR spectra are in accordance with the literature data [13].

(E)-3-Bromo-2-(2-(dimethylamino)vinyl)-6-methyl-4H-pyran-4-one (4b). 2,6-Dimethyl-
3-bromo-4-pyrone (3b) (100 mg, 0.493 mmol), DMF-DMA (70.6 mg, 0.592 mmol), and
N-methylimidazole (60.8 mg, 0.740 mmol) were heated in an autoclave for 8 h at 120 ◦C.
The reaction was monitored by TLC. After completion of the reaction (TLC monitoring),
the product was filtered and washed with Et2O (2 mL). The compound was further purified
by column chromatography (CHCl3:EtOH = 10:0.5). Yield 102 mg (80%), yellow powder,
mp 162–163 ◦C. IR (ATR) ν 3063, 2918, 1661, 1558, 1421, 1270, 1007, 945, 773. 1H NMR
(500 MHz, CDCl3) δ 2.23 (3H, s, Me), 3.01 (6H, s, NMe2), 5.27 (1H, d, J = 13.0 Hz, =CH(α)),
6.00 (1H, s, H-5), 7.24 (1H, d, J = 13.0 Hz, =CH(β)). 13C NMR (126 MHz, CDCl3) δ 19.3, 38.3,
44.0, 87.1, 103.1, 110.7, 147.2, 161.7, 162.8, 173.6. HRMS (ESI) m/z [M + H]+. Calculated for
C15H16NO2: 258.0085. Found: 258.0130.

3.4. General Method for the Synthesis of Bis(enamino)-substituted 4-Pyrones 5a,b

A mixture of 2,6-dimethyl-4-pyrone 3a or 3b (0.806 mmol), DMF-DMA (480 mg,
4.03 mmol), and N-methylimidazole (33.0 mg, 0.403 mmol) was heated in an autoclave for
15 h (for 5a) or 10 h (for 5b) at 130 ◦C. Then the reaction mixture was diluted with Et2O
(5 mL) and the product filtered.

2,6-Bis((E)-2-(dimethylamino)vinyl)-4H-pyran-4-one (5a). Yield 96.3 mg (51%), brown
crystals, mp 203–204 ◦C. IR (ATR) ν 2990, 2810, 1640, 1615, 1542, 1360, 1335, 1095, 947.
1H NMR (400 MHz, DMSO-d6) δ 2.89 (12H, s, 2NMe2), 4.75 (2H, d, J = 13.3 Hz, =CH(α)),
5.43 (2H, s, H-3, H-5), 7.29 (2H, d, J = 13.3 Hz, =CH(β)). 13C NMR (100 MHz, DMSO-d6) δ
40.0–41.0 (br.s), 87.2, 103.2, 144,9, 163.5, 177.9. HRMS (ESI) m/z [M + H]+. Calculated for
C13H19N2O2: 235.1447. Found: 235.1448.

3-Bromo-2,6-bis((E)-2-(dimethylamino)vinyl)-4H-pyran-4-one (5b). The product was addi-
tionally purified by column chromatography (CHCl3:EtOH = 10:0.5). Yield 134 mg (53%),
dark orange powder, mp 185–186 ◦C. IR (ATR) ν 3398, 3020, 2916, 1630, 1487, 1353, 1105,
947, 753. 1H NMR (500 MHz, CDCl3) δ 2.91 (6H, s, NMe2), 2.97 (6H, s, NMe2), 4.79 (1H,
d, J = 13.2 Hz, CH(α)), 5.24 (1H, d, J = 13.0 Hz, =CH(α)), 5.75 (1H, s, H-5), 7.01 (1H, d,
J = 13.2 Hz, CH(β)), 7.14 (1H, d, J = 13.0 Hz, =CH(β)). 13C NMR (126 MHz, CDCl3) δ 40.7
(br.s, NMe2), 87.6, 87.9, 102.1, 102.9, 144.7, 146.2, 160.5, 163.0, 173.6. HRMS (ESI) m/z
[M + H]+. Calculated for C15H16NO2: 313.0507. Found: 313.0550.
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3.5. General Method for the Preparation of
2-((E)-4-Methoxystyryl)-6-((E)-2-aminovinyl)-4H-pyran-4-one 6a–c

Enamino-substituted pyrone 2g (75.7 mg, 0.255 mmol) and N-nucleophile (0.31 mmol)
or p-phenylenediamine (13.7 mg, 0.127 mmol) were stirred at 90 ◦C for 3 h in AcOH (1 mL).
For 6a,c, the precipitate was filtered and washed with EtOH. For 6b, the reaction mixture
was diluted with H2O (5 mL). The solid that formed was recrystallized from EtOH–toluene.

2-((E)-4-Methoxystyryl)-6-((E)-2-(phenylamino)vinyl)-4H-pyran-4-one (6a). Yield 75.6 mg
(86%), yellow powder, mp 229–231 ◦C. IR (ATR) ν 3272, 3078, 2958, 1698, 2637, 1596, 1495,
1278, 1269. 1H NMR (400 MHz, DMSO-d6) δ 3.81 (3H, s, Me), 5.57 (1H, d, J = 13.3 Hz,
=CH(α)), 5.99 (1H, d, J = 1.9 Hz, CH), 6.14 (1H, d, J = 1.9 Hz, CH), 6.92 (1H, d, J = 16.3 Hz,
=CH(α)′), 6.93 (1H, t, J = 7.7 Hz, H-4 Ph), 7.01 (2H, d, J = 7.9 Hz, H-3, H-5 Ar), 7.16 (2H,
d, J = 7.9 Hz, H-2, H-6 Ph), 7.31 (2H, t, J = 7.8 Hz, H-3, H-5 Ph), 7.50 (1H, d, J = 16.3 Hz,
=CH(β)′), 7.66 (2H, d, J = 8.6 Hz, H-2, H-6 Ar), 7.92 (1H, t, J = 12.7 Hz, =CH(β)), 9.58 (1H,
d, J = 12.2 Hz, NH). 13C NMR (100 MHz, DMSO-d6) δ 55.7, 94.8, 107.0, 112.6, 114.9, 115.3,
118.5, 121.5, 128.5, 129.6, 129.9, 134.6, 136.3, 142.0, 160.8, 160.7, 164.4, 178.7. HRMS (ESI)
m/z [M + H]+. Calculated for C22H20NO3: 346.1456. Found: 346.3980.

2-((E)-2-(Diphenylamino)vinyl)-6-((E)-4-methoxystyryl)-4H-pyran-4-one (6b). Yield 88.1
mg (82%), yellow powder, mp 225–226 ◦C. IR (ATR) ν 3046, 3004, 2836, 1644, 1576, 1489,
1237, 1173. 1H NMR (500 MHz, DMSO-d6) δ 3.78 (3H, s, Me), 5.07 (1H, d, J = 13.5 Hz,
=CH(α)), 5.92 (1H, s, CH), 6.14 (1H, s, CH), 6.92 (1H, d, J = 16.0 Hz, =CH(α)′), 7.00 (2H, d,
J = 7.9 Hz, H-3, H-5 Ar), 7.20 (4H, d, J = 7.5 Hz, H-2, H-6 Ph), 7.29 (2H, t, J = 7.1 Hz, H-4
Ph), 7.43 (1H, d, J = 16.0 Hz, =CH(β)′), 7.48 (4H, t, J = 7.2 Hz, H-3, H-5 Ph), 7.60 (2H, d,
J = 8.6, H-2, H-6 Ar), 8.09 (1H, d, J = 13.5 Hz, =CH(β)). 13C NMR (125 MHz, DMSO-d6)
δ 55.3, 97.0, 107.7, 112.0, 114.3, 117.9, 123.8, 125.6, 127.9, 129.0, 129.9, 134.3, 139.5, 145.5,
160.2, 160.3, 163.2, 178.2. HRMS (ESI) m/z [M + H]+. Calculated for C28H24NO3: 422.1756.
Found: 422.1747.

6,6′-((1E,1′E)-(1,4-Phenylenebis(azanediyl))bis(ethene-2,1-diyl))bis(2-((E)-4-methoxystyryl)-
4H-pyran-4-one) (6c). Yield 63.5 mg (82%), burgundy powder, mp 204–205 ◦C. IR (ATR) ν
3040, 2934, 2839, 1637, 1504, 1396, 1253, 1152. 1H NMR (500 MHz, DMSO-d6) δ 3.78 (6H,
s, 2Me), 5.52 (2H, d, J = 13.1 Hz, =CH(α)), 5.95 (2H, d, J = 2.1 Hz, CH), 6.12 (2H, d, J = 2.1
Hz, CH), 6.92 (2H, d, J = 16.2 Hz, =CH(α)’), 6.97 (4H, d, J = 8.6 Hz, H-3, H-5 Ar), 7.15 (4H,
s, Ar), 7.49 (2H, d, J = 16.2 Hz, =CH(β)’), 7.66 (4H, d, J = 8.6 Hz, H-2, H-6 Ar), 7.87 (2H, t,
J = 12.0 Hz, =CH(β)), 9.52 (2H, d, J = 12.0 Hz, NH). 13C NMR (100 MHz, DMSO-d6) δ 55.7,
106.4, 112.6, 114.8, 116.9, 118.6, 128.5, 129.6, 136.3, 160.7, 164.7, 172.4, 178.6. HRMS (ESI)
m/z [M + H]+. Calculated for C38H33N2O6: 613.2339. Found: 613.6820.

2-((E)-2-(Benzylamino)vinyl)-6-((E)-4-methoxystyryl)-4H-pyran-4-one (6d). Enamino-substituted
pyrone 2g (75.7 mg, 0.255 mmol) and benzylamine (32.8 mg, 0.306 mmol) were refluxed
for 7 h in MeCN (1 mL). The reaction mixture was diluted with H2O (5 mL). The solid
that formed was filtered and recrystallized from hexane–toluene. Yield 69.7 mg (76%),
yellow powder, mp 144–145 ◦C. IR (ATR) ν 2900, 1651, 1520, 1394, 1250, 1169, 1027. 1H
NMR (400 MHz, DMSO-d6) δ 3.80 (3H, s, Me), 4.33 (2H, d, J = 5.3 Hz, CH2), 5.04 (1H, d,
J = 13.4 Hz, =CH(α)), 5.66 (1H, s, J = 2.2 Hz, CH), 6.00 (1H, s, J = 2.2 Hz, CH), 6.85 (2H, d,
J = 16.2 Hz, =CH(α)′), 6.99 (2H, d, J = 8.7 Hz, H-3, H-5 Ar), 7.25–7.31 (1H, m, Ph), 7.31–7.40
(6H, m), 7.43 (1H, br.s, NH), 7.61 (2H, d, J = 8.7 Hz, H-2, H-6 Ar). 13C NMR (101 MHz,
DMSO-d6) δ 31.1, 55.7, 87.5, 104.9, 112.7, 114.8, 118.8, 127.6, 127.8, 128.5, 128.9, 129.5, 133.7,
159.9, 160.6, 165.8, 178.5. HRMS (ESI) m/z [M + H]+. Calculated for C22H20NO3: 346.1456.
Found: 346.3980.

2,6-Bis((E)-2-(phenylamino)vinyl)-4H-pyran-4-one (6e). Pyrone 5a (100 mg, 0.427 mmol)
and aniline (99.4 g, 1.07 mmol) were stirred at room temperature for 24 h in AcOH (1.5
mL). The precipitate was filtered and washed with EtOH. Yield 77.5 mg (55%), orange
powder, mp 217–218 ◦C. IR (ATR) ν 3221, 3054, 1657, 1645, 1544, 1493, 1278, 1148, 945. 1H
NMR (500 MHz, DMSO-d6) δ 5.52 (2H, d, J = 13.3 Hz, =CH(α)), 5.77 (2H, s, CH), 6.92 (2H,
t, J = 7.3 Hz, H-2, H-6 Ph), 7.13 (4H, d, J = 7.9 Hz, H-3, H-5 Ph), 7.87 (2H, t, J = 12.8 Hz,
=CH(β)), 9.49 (2H, d, J = 12.3 Hz, NH). 13C NMR (126 MHz, DMSO-d6) δ 94.4, 106.0, 114.6,
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120.8, 129.4, 135.2, 141.9, 162.5, 178.2. Anal. Calculated for C21H18N2O2: C 76.34; H 5.49;
N 8.48. Found: C 76.42; H 5.56; N 8.43.

3.6. Synthesis of Compounds 7a,b

2-((E)-4-Methoxystyryl)-6-((E)-2-(2-methyl-1H-indol-3-yl)vinyl)-4H-pyran-4-one (7a). Styryl-4-
pyrone 2g (105 mg, 0.353 mmol) and 2-methylindole (55.6 mg, 0.424 mmol) were refluxed in
AcOH (1 mL) for 7 h. The precipitate formed was filtered and washed with EtOH. Yield
0.0835 g (62%), yellow powder, mp 284–285 ◦C. IR (ATR) ν 3131, 3035, 2958, 2928, 2834,
1604, 1556, 1394. 1H NMR (400 MHz, DMSO-d6) δ 2.63 (3H, s, Me), 3.82 (3H, s, OMe), 6.25
(1H, d, J = 2.2 Hz, CH), 6.37 (1H, d, J = 2.2 Hz, CH), 6.85 (1H, d, J = 16.2 Hz, =CH(α)), 7.00
(1H, d, J = 16.2 Hz, =CH(α)), 7.03 (2H, d, J = 8.9 Hz, H-3, H-5, Ar), 7.12–7.19 (2H, m, H-5,
H-6 Ind), 7.35–7.42 (1H, m, H-7 Ind), 7.58 (1H, d, J = 16.1 Hz, =CH(β)), 7.68 (2H, d, J = 8.7
Hz, H-2, H-6 Ar), 7.79 (1H, d, J = 16.2 Hz, =CH(β)), 7.98–8.04 (1H, m, H-4 Ind), 11.65 (1H,
s, NH). 13C NMR (151 MHz, DMSO-d6) δ 12.2, 55.8, 109.4, 111.0, 111.8, 113.1, 113.2, 115.0,
118.5, 120.1, 121.0, 122.2, 126.2, 128.4, 129.7, 135.2, 136.5, 141.4, 161.0, 161.3, 163.3, 179.3.
HRMS (ESI) m/z [M + H]+. Calculated for C17H18NO2: 268.1338. Found: 268.1342.

2,6-Bis((E)-2-(2-methyl-1H-indol-3-yl)vinyl)-4H-pyran-4-one (7b). Bis(enamino)-substituted
4-pyrone 5a (100 mg, 0.353 mmol) and 2-methylindole (55.6 mg, 0.424 mmol) was refluxed
in AcOH (1 mL) for 10 h. The precipitate formed was filtered and washed with EtOH. Yield
74.6 mg (52%), orange powder, mp >270 ◦C. IR (ATR) ν 3178, 3056, 1631, 1611, 1539, 1399,
1274, 1153, 936. 1H NMR (500 MHz, DMSO-d6) δ 2.64 (6H, s, 2Me), 6.28 (2H, s, H-3, H-5),
6.87 (2H, d, J = 16.1 Hz, =CH(α)), 7.13–7.19 (4H, m, H-5, H-6 Ind), 7.36–7.41 (2H, m, H-7
Ind), 7.82 (2H, d, J = 16.1 Hz, =CH(β)), 7.98–8.04 (2H, m, H-4 Ind), 11.7 (2H, s, NH). 13C
NMR (126 MHz, DMSO-d6) δ 11.6, 108.8, 110.7, 111.3, 112.8, 119.6, 120.5, 121.7, 125.6, 128.4,
136.0, 140.7, 162.1, 179.0. HRMS (ESI) m/z [M + H]+. Calculated for C25H22NO3: 384.1600.
Found: 384.1608.

3.7. Synthesis of 6-(3-Phenylisoxazol-4-yl)-4H-pyran-4-ones 8a,b

2-((Dimethylamino)vinyl)-6-styryl-4H-pyran-4-one 2f,g (0.32 mmol) and N-hydroxybenzimidoyl
chloride (60.7 mg, 0.390 mmol) were stirred for 4 days in dry 1,4-dioxane at room tempera-
ture. The precipitate that formed was filtered and washed with toluene.

(E)-2-(4-(Dimethylamino)styryl)-6-(3-phenylisoxazol-4-yl)-4H-pyran-4-one (8a). Yield 81.2 mg
(66%), brown crystals, mp 199–200 ◦C. IR (ATR) ν 3078, 2909, 1587, 1523, 1350, 1127, 940.
1H NMR (400 MHz, DMSO-d6) δ 2.97 (6H, s, NMe2), 6.20 (1H, s, CH), 6.33–6.48 (2H, m),
6.65 (1H, d, J = 16.5 Hz, =CH(β)), 6.70 (2H, d, J = 7.6 Hz, Ar), 7.24 (2H, d, J = 7.6, Ar),
7.47–7.71 (5H, m, Ph), 9.82 (1H, s, H-5 Isox). 13C NMR (100 MHz, DMSO-d6) δ 112.3,
113.4, 113.7, 114.0, 122.7, 128.2, 129.2, 129.4, 129.5, 130.8, 136.3, 151.7, 154.7, 159.9, 162.2,
162.9, 178.5 (NMe2 + 1C were not observed). HRMS (ESI) m/z [M + H]+. Calculated for
C24H21N2O3: 388.1522. Found: 388.1524.

((E)-2-(4-Methoxystyryl)-6-(3-phenylisoxazol-4-yl)-4H-pyran-4-one (8b). Yield 95.1 mg
(80%), light yellow crystals, mp 221–222 ◦C. IR (ATR) ν 3048, 2837, 1657, 1626, 1512, 1379,
823. 1H NMR (400 MHz, DMSO-d6) δ 3.80 (3H, s, OMe), 6.27 (1H, s, CH), 6.42 (1H, s, CH),
6.46 (1H, d, J = 15.3 Hz, =CH(α)), 6.83 (1H, d, J = 15.3 Hz, =CH(β)), 6.97 (2H, br.s, Ar), 7.37
(2H, br.s, Ar), 7.45–7.78 (5H, m, Ph), 9.82 (1H, s, H-5 Isox). 13C NMR (126 MHz, DMSO-d6)
δ 54.9, 112.5, 113.0, 113.3, 114.5, 127.3, 128.2, 128.5, 128.9, 129.7, 130.3, 154.8, 157.9, 169.1,
161.1, 166.4, 177.4 (2C were not observed). Anal. Calculated for C27H17NO4: C 74.38; H
4.61; N 3.77. Found: C 74.15; H 4.56; N 3.69.

3.8. Synthesis of compound 9

2,6-Bis(3-phenylisoxazol-4-yl)-4H-pyran-4-one (9). Bis(enamino)-substituted pyrone 5a
(100 mg, 0.427 mmol) and N-hydroxybenzimidoyl chloride (146 mg, 0.938 mmol) were
refluxed in dry dioxane (2 mL) for 4 h. The precipitate formed was filtered and washed with
EtOH. Yield 64.0 mg (39%), beige powder, mp 238–239 ◦C. IR (ATR) ν 3066, 2890, 1657, 1612,
1549, 1445, 1404, 1143, 913. 1H NMR (500 MHz, DMSO-d6) δ 6.19 (2H, s, H-3, H-5), 7.51–7.55
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(m, 8H, Ph); 7.55–7.60 (m, 2H, Ph), 9.13 (s, 2H, Isox). 13C NMR (126 MHz, DMSO-d6) δ 112.5,
113.1, 127.1, 128.6, 128.9, 130.3, 155.1, 159.1, 161.3, 177.0. Anal. Calculated for C23H14N2O4:
C 72.25; H 3.69; N 7.33. Found: C 72.13; H 3.84; N 7.45.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1; Table S1: ground state frontier orbitals for compounds 4a and 5a in
vacuo; Table S2: Ground state frontier orbitals for compounds 4a and 5a in DMSO; Table S3: ground
state frontier orbitals for compounds 4a and 5a in ethanol; Table S4: ground state frontier orbitals
for compounds 4a and 5a in methanol; Table S5: frontier orbitals of the first singlet excited state
for the relaxed geometry of compounds 4a and 5a in vacuo; Table S6: frontier orbitals of the first
singlet excited state for the relaxed geometry of compounds 4a and 5a in DMSO; Table S7: frontier
orbitals of the first singlet-excited state for the relaxed geometry of compounds 4a and 5a in ethanol;
Table S8: frontier orbitals of the first singlet-excited state for the relaxed geometry of compounds
4a and 5a in methanol; calculated normalized UV-vis spectra for compounds 4a and 5a in DMSO,
methanol, and ethanol; electron density difference maps for compounds 4a and 5a; the method
of preparation of 2-methyl-6-trifluoromethyl-4-pyrone; full 1H, 19F, and 13C NMR spectra of all
synthesized compounds; Figure S1: Normalized absorption and emission spectra of 4a in DMSO
at a CAM-B3LYP level; Figure S2: Normalized absorption and emission spectra of 4a in ethanol
at a CAM-B3LYP level; Figure S3: Normalized absorption and emission spectra of 4a in methanol
at a CAM-B3LYP level; Figure S4: Normalized absorption and emission spectra of 5a in DMSO
at a CAM-B3LYP level; Figure S5: Normalized absorption and emission spectra of 5a in ethanol
at a CAM-B3LYP level; Figure S6: Normalized absorption and emission spectra of 5a in methanol
at a CAM-B3LYP level; Figure S7: An electron density difference map for the S0→S1 transition of
compound 4a in vacuo; Figure S8: An electron density difference map for the S0→S1 transition of
compound 4a in methanol; Figure S9: An electron density difference map for the S0→S1 transition of
compound 5a in vacuo; Figure S10: An electron density difference map for the S0→S1 transition of
compound 5a in methanol.
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Abstract: One crucial strategy for the treatment of breast cancer involves focusing on the Vascular En-
dothelial Growth Factor Receptor (VEGFR-2) signaling system. Consequently, the development of new
(VEGFR-2) inhibitors is of the utmost importance. In this study, novel 3-thiazolhydrazinylcoumarins
were designed and synthesized via the reaction of phenylazoacetylcoumarin with various hydrazonoyl
halides and α-bromoketones. By using elemental and spectral analysis data (IR, 1H-NMR, 13C-NMR,
and Mass), the ascribed structures for all newly synthesized compounds were clarified, and the mech-
anisms underlying their formation were delineated. The molecular docking studies of the resulting
6-(phenyldiazenyl)-2H-chromen-2-one (3, 6a–e, 10a–c and 12a–c) derivatives were assessed against
VEGFR-2 and demonstrated comparable activities to that of Sorafenib (approved medicine) with com-
pounds 6d and 6b showing the highest binding scores (−9.900 and −9.819 kcal/mol, respectively). The
cytotoxicity of the most active thiazole derivatives 6d, 6b, 6c, 10c and 10a were investigated for their
human breast cancer (MCF-7) cell line and normal cell line LLC-Mk2 using MTT assay and Sorafenib
as the reference drug. The results revealed that compounds 6d and 6b exhibited greater anticancer
activities (IC50 = 10.5 ± 0.71 and 11.2 ± 0.80 µM, respectively) than the Sorafenib reference drug
(IC50 = 5.10 ± 0.49 µM). Therefore, the present study demonstrated that thiazolyl coumarins are poten-
tial (VEGFR-2) inhibitors and pave the way for the synthesis of additional libraries based on the reported
scaffold, which could eventually lead to the development of efficient treatment for breast cancer.

Keywords: acetylcoumarin; hydrazonoyl halides; thiazoles; molecular docking; VEGFR-2

1. Introduction

According to statistics, among all cancers affecting women, breast cancer accounts
for 33.1 percent, making it the most prevalent disease of either gender [1]. Breast cancer
early detection programs were a valuable resource for the tens of thousands of women
who were diagnosed with cervical cancer or malignant or premalignant breast cancer [2].
The percentages of incidence and fatality, however, remain at historically high levels [3,4].
Invasive breast cancer has been used to express a number of angiogenic factors at all tumor
stages [5]. Additionally, vascular endothelial growth factor receptor-2 (VEGFR-2) has been
discovered to be significantly expressed in both primary and metastatic invasive breast
carcinomas, suggesting a role for the VEGF signaling pathway in the regulation of breast
tumor angiogenesis [6]. The C-terminal and N-terminal lobes each contributed residues to
the region of the VEGFR-2 of protein kinases, which actively bind adenosine triphosphate
(ATP), which is placed in the gap between the two lobes [7]. At the lobe, the C-terminal
is an activation loop that has a conserved aspartate-phenylalanine-glycine (DFG) motif at
the start of it [8]. Type I through III inhibitors are the three classes of VEGFR-2 inhibitors.
Type II inhibitors maintain the DFG motif-containing DFG-out conformation of inactive
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VEGFR2 kinase; Type II inhibitors create a hydrophobic allosteric pocket next to the ATP-
binding site. Improved kinase selectivity and high cellular potency are just two benefits
of type II inhibitors [9]. Through the suppression of the Ras/MAPK pathway, VEGFR-2
inhibitors also delayed the development of selective estrogen receptor modulator (SERM)
resistance in breast cancer [10]. An important field of study in the fight against cancer is
the discovery and creation of novel anticancer drugs with high efficacy and low toxicity.
According to reports in the literature, compounds comprising coumarins, thiazoles, or
thiazolylcoumarins have drawn a lot of attention from drug research due to their potential
anticancer action with good IC50 [11,12] (Figure 1).
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Figure 1. Examples of some reported coumarins, thiazoles and thiazolylcoumarins as anticancer
agents.

Coumarin is a versatile molecule that serves as the pharmacological and biological
building block for a wide range of naturally occurring chemicals [13–15]. It has been
regarded as an intriguing framework for the development of anticancer drugs [16–19].
Furthermore, recent research revealed that a variety of coumarin compounds, both nat-
ural and synthetic, have antiproliferative properties via inhibiting VEGFR-2-mediated
signaling pathways (Figure 2) [20–23]. On the other hand, thiazoles are considered to
be important chemical synthons found in a variety of pharmacologically active com-
pounds [24]. They possess a wide range of biological activities as anticancer, antimicrobial
and anti-inflammatory agents [25–27]. Some thiazole derivatives were reported as type
II VEGFR-2 inhibitors with similar activity compared with the Sorafenib reference drug
(Figure 2) [28–38].

In light of our previous work on the synthesis of novel antitumor heterocycles [39–46]
and with consideration of the aforementioned results, a new sort of VEGFR-2 inhibitors has
been developed as prospective anti-breast cancer agents by hybridizing the coumarin and
1,3-thiazole moieties, which have been found to inhibit kinases and have antiproliferative
properties. In this study, we developed and synthesized new 3-thiazolhydrazinylcoumarins
in an effort to enhance the target compounds’ synergistic pharmacological significance and
assess their anti-breast cancer activity targeting VEGFR-2. Finally, in order to occupy the
hydrophobic back pocket of VEGFR-2, a side phenyl ring was maintained, either mono
or di, substituted with a wide variety consisting of hydrophobic groups, such as chloro,
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methyl, and phenyl. The molecular docking studies of these compounds were performed
to confirm their ability to satisfy the pharmacophoric features. Moreover, it also determines
the binding mode interaction that occurred with the desired VEGFR-2 inhibition.
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2. Results and Discussion
2.1. Chemistry

Our research aims to synthesize a new series of bioactive thiazole derivatives, and this
may be performed by synthesizing the starting derivative 2-(1-(2-oxo-6-(phenyldiazenyl)-
2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide (3) via the reaction of 3-acetyl-6-
(phenyldiazenyl)-2H-chromen-2-one (1) [47] and hydrazinecarbothioamide 2 in EtOH in
the presence of a catalytic amount of HCl under reflux as depicted in Scheme 1. Element
and spectral data techniques (IR, 1H-NMR, mass) were used to determine structure 3 (see
Section 3 experimental section).

The reaction of compound 3 with hydrazonoyl chlorides 4a–e [48] in EtOH containing
Et3N yielded the thiazole derivatives 6a–e via cyclization with the removal of the H2O
molecule from intermediate 5 (Scheme 1). The structure of product 6 was proved by spectral
(IR, mass, 1H-NMR, 13C-NMR) and elemental data. The 1H-NMR spectrum of product 6a
showed a singlet signal at δ = 10.36 ppm assigned to the -NH proton, in addition to the usual
signals of the fourteen aromatic protons and the two CH3 group protons. Furthermore, the
IR spectrum showed two stretching bands at υ = 1725 and 3347 cm−1 due to the C=O and the
NH groups. Its 13C-NMR spectrum showed δ = 8.4, 14.7 (2CH3), 116.3–162.1 (20Ar-C and
C=N) and 163.5 (C=O) ppm. Moreover, the mass spectra of all derivatives of compound 6
showed molecular ion peaks at the right molecular weight for the corresponding molecules
(see the Section 3 experimental section, supporting information).

It is envisioned that the nucleophilic attack of the thiol group of compound 3 at the
electron-deficient carbon of the hydrazone group of compound 4 creates an intermediate
5, which would then undergo a dehydrative cyclization to produce the final products of
compound 6.

Alternative synthetic techniques might be used to create authentic samples of 6a. Prod-
uct 6a was obtained as a result of the reaction of phenyl diazonium chloride and 3-(1-(2-(4-
methyl-5-(phenyldiazenyl)thiazol-2-yl)hydrazineylidene)ethyl)-2H-chromen-2-one (7) [49]
in pyridine (Scheme 1).

On the other hand, the reaction of compound 3 with ethyl 2-chloro-2-(2-arylhydr
azineylidene)acetate 8 [50] in refluxing EtOH containing TEA as a basic catalyst afforded

243



Molecules 2023, 28, 689

products 10 (Scheme 1). The structures of product 10 were confirmed based on spectral (IR,
mass, 1H-NMR, 13C-NMR) and elemental data. The 1H-NMR spectrum of 10a revealed the
expected signals at δ = 2.26, 2.27 (2s, 2CH3), 7.02–7.92 (m, 13 Ar-H), 10.54, 10.79 and (2 br
s, 2 NH) ppm. Also, the 13C-NMR spectrum showed the expected signals at δ = 8.9, 14.2
(2CH3), 117.0–156.7 (19 Ar-C and C=N), and 163.0, 171.3 (2C=O) ppm. In addition, its IR
spectrum showed the expected characteristic stretching bands at υ = 3413, 3289 (2NH) and
1724, 1692 (2C=O) cm−1 (see Section 3 experimental section, supporting information).
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Furthermore, the reaction of compound 3 with α-bromoketones was used to investigate
the potential of compound 3 as a building block for the production of another series
of predicted physiologically active thiazoles. Thus, the reaction of compound 3 with
substituted phenacyl bromides 11a–c in EtOH afforded thiazoles 12a–c (Scheme 2). The 1H-
NMR spectrum of product 12a, considered an example of product 12, revealed the predicted
signals assigned for the CH3, fourteen aromatic protons, and NH at δ = 2.31, 6.94–8.42,
and 11.32 ppm, respectively. In addition, its 13C-NMR spectrum showed δ 10.1(CH3),
106.1–159.6 (20Ar-C and C=N) and 164.5 (C=O) ppm. The mass spectra of compounds
12a–c exhibited a peak that matched their molecular ions in each case. Infrared spectra
showed four bands, each corresponding to the carbonyl and NH groups, at υ = 1722 and
3327 cm−1.
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2.2. Molecular Docking

The molecular docking was performed using MOE (Molecular Operating Environ-
ment) software version 2015.10 and was confirmed by re-docking the native ligand So-
rafenib in the VEGFR-2 active regions giving a docking score of −9.284 kcal/mol. The
modes of Sorafenib’s interactions with VEGFR-2’s active site residues are demonstrated
in Figure 3. It is evident that the urea linker of Sorafenib plays a significant role in its
binding ability for the enzyme VEGFR2 as it fits into the enzyme’s allosteric site to form
four significant hydrogen bonds with four essential residues (one H-bond acceptor between
chloro atom with Ile1025, one H-bond acceptor between the oxygen of urea moiety and
Asp1046, and finally two H-bonds donors between two NH of urea side chain with Glu885).
The hydrophobic 4-chloro-3-trifluoromethylphenyl is directed toward the hydrophobic
back pocket by the urea linker’s binding mechanism. In addition, one H-bond acceptor
between N atom of pyridine with essential amino acid Cys919 (inserted in Figure 3 as a
2D view).

Molecular docking studies demonstrated that the synthesized coumarin-based deriva-
tives (3, 6a–e, 10a–c and 12a–c) interact with the VEGFR-2 enzyme active site in similar
ways to those of Sorafenib with binding energy values between −7.723 to −9.900 kcal/mol.
The energy scores and receptor interactions of type II VEGFR-2 inhibitor for the synthesized
compounds compared to the native ligand (Sorafenib) are summarized in Tables 1 and 2.

For example, compound 6a in type II VEGFR-2 inhibitor showed two H-bond; one
H-bond donor between the carbon phenyl of 2H-chromen-2-one skeleton with Asp814, and
another H-bond acceptor between the nitrogen of thiazole ring with Asp1046, respectively,
but compounds 6a, b in type I VEGFR-2 inhibitor showed H-bond acceptor between the
nitrogen atom with Lys868 (inserted in Figures 4 and 5 as a 2D view).

Table 1. Energy scores and receptor interactions of type II VEGFR-2 inhibitors for the synthesized
compounds (3, 6a–e, 10a–c and 12a–c), compared to Sorafenib.

Compound Energy Score (S)
(kcal/mol) Interacting Residues

3 −7.72 Asp814, Asp1046, Lys868, and Leu889
6a −9.15 Leu1035 and Lys868
6b −9.81 Asp1046, Arg1027 and Lys868
6c −9.58 Lys868
6d −9.90 Asp1046 and Lys868
6e −9.37 Asp1046 and Lys868

10a −9.67 Asp1046
10b −9.42 Asp1046 and Phe1047
10c −9.69 Cys919, Gly922 and Lys868
12a −8.52 Asp814 and Arg1027
12b −8.90 Asp814, Asp1046, Lys868 and Leu889
12c −8.95 Asp814

Sorafenib −8.65 Cys1045, Asp1046, Glu885 and Cys919
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Table 2. Energy scores and receptor interactions of active VEGFR-2 with DFG-in motif for the
synthesized compounds (3, 6a–e, 10a–c and 12a–c), compared to Sorafenib.

Compound Energy Score (S)
(kcal/mol) Receptor Interactions

3 −7.319 Leu840/π-H
Lys868/π-H

6a −9.155
Lys868/H-bond acceptor

Lys868/π-H
Leu1035/π-H

6b −9.089 Lys868/H-bond acceptor
Leu1035/π-H

6c −9.580 -
6d −9.857 -
6e −9.254 Lys868/π-H

10a −9.205 Lys868/π-H
10b −8.728 Asp814/H-bond donor

10c −9.572
Cyss919/H-bond acceptor
Cly922/H-bond acceptor

Lys868/π-H
12a −8.135 -
12b −8.363 Lys868/π-H
12c −8.735 Asp814/H-bond donor

Sorafenib −8.214 Asp814
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Compound 6b in type II VEGFR-2 inhibitor form two H-bond acceptors; one between
the nitrogen atom of thiazole moiety and Asp1046 and another with Arg1027. In addition,
π-H bond interaction with Lys868. Compound 6c forms an H-bond acceptor with the
Lys868. As depicted in Figure 4, compounds 6d and 6e form one H-bond acceptor between
the nitrogen atom of the azo moiety and the side chain of Asp1046. Moreover, there was
π-H interaction between the phenyl scaffold and Lys868. Moreover, compound 6e showed
an additional H- bond donor between the sulfur atom of the thiazole ring and Asp1046.

On the other hand, compounds 10a and b form an H-bond acceptor with the Asp1046
via the nitrogen atom of the thiazole ring. Moreover, compound 10b in type II VEGFR-2
inhibitor showed an additional H-bond acceptor between the carbonyl group of the thiazole
ring and Phe1047. However, this compound in type I VEGFR-2 inhibitor showed two H-
bond donors between the nitrogen atom and the sulfur atom of the thiazole ring with
Asp814 (inserted in Figure 5 as a 2D view). Compound 10c exhibits two H-bond acceptors
between the two oxygen atoms of the nitro group with the side chain of Cys919 and Gly922,
respectively. Moreover, there was one π-H interaction between the thiazole ring and Lys868
(inserted in Figures 4 and 5 as a 3D view).

Compounds 12a and b form two H-bond donors with Asp814 via NH and the sulfur
atom of thiazole moiety. Moreover, compound 12a exhibits an additional π-H interaction
between the thiazole ring and Arg1027. Compound 12b shows an additional H-bond
acceptor between the nitrogen atom of the azo group and Asp1046. In addition, two π-H
interactions, one between the phenyl ring and Lys868, and another π-H interaction between
the phenyl of 2H-chromen-2-one skeleton and Leu889. These latter π-H interactions of
12b are present in compound 3 in addition to two H-bond donors with Asp814 and one
H-bond acceptor with Asp1046. Compound 12c in type II VEGFR-2 inhibitor showed three
H-bonds; one H-bond donor between the sulfur atom of the thiazole ring and Ser884, and
two H-bond acceptors between the oxygen atom of the nitro group between Lys868 with
Leu1049, respectively. In addition, three π-H interactions; one between the phenyl ring with
Lys868, another π-H interaction between the phenyl of 2H-chromen-2-one skeleton with
Leu889, and finally, π-H interaction between the phenyl of the 4-nitrophenyl skeleton with
Glu885. However, this compound in type I VEGFR-2 inhibitor exhibits two H-bond donors
between the nitrogen atom and the sulfur atom of the thiazole ring with the side chain
of Asp814 (inserted in Figure 5 as a 3D view). The results implied that the ligands under
investigation occupy similar positions and orientations within Sorafenib’s hypothesized
binding sites.

2.3. Cytotoxic Potential

Using the MTT test and Sorafenib as a reference medication, the cytotoxicity of the
most active synthesized thiazole derivatives 6b, 6c, 6d, 10a, and 10c for their human breast
cancer (MCF-7) cell line and normal cell line LLC-Mk2 was examined. Afterward, the
determination of the tested sample concentrations that were sufficient to kill 50 percent
of the cell population (IC50) was done by using the cytotoxicity results in plotting a dose-
response curve.

In addition, cytotoxic activities were reported as the average IC50 from three separate
tests. Table 3 and Figure 6 demonstrate that most of the evaluated compounds had very
varied activity when compared to the reference drug.

Examination of the SAR leads to the following conclusions:
The 1,3-thiazoles 6d and 6b (IC50 = 10.5 ± 0.71 and 11.2 ± 0.80 µM, respectively)

demonstrated promising anticancer activity against MCF-7 and outperformed the reference
drug (IC50 = 5.10 ± 0.69 µM).

For 1,3-thiazoles 6: Substitution of the phenyl group at position 5 in the 1,3-thiazole ring
with Cl atom (electron-withdrawing atom) enhances the anticancer activity (6d > 6b, 6c).
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Table 3. In vitro cytotoxic activity of thiazoles 6b, 6c, 6d, 10a and 10c against MCF-7 and LLC-MK2.

Tested Compounds MCF-7IC50 (µM) * LLC-MK2 *
CC50 (µM)

6b 11.2 ± 0.80 152.3 ± 9.30

6c 14.1 ± 0.63 141.0 ± 5.15

6d 10.5 ± 0.71 132.2 ± 8.26

10a 28.6 ± 0.64 140.3 ± 10.29

10c 15.7 ± 0.67 163.1 ± 9.12

Sorafenib 5.10 ± 0.49 135.3 ± 4.08
* The data are presented as mean, standard error (SE).
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It was observed that the chloro 6d derivative is more active than its methyl 6b coun-
terpart, which may be owing to the influence of substituent lipophilicity and the atomic
size; hence, 6d is the most potent derivative. Thus, the orientation of compound 6d in
the pocket allowed effective hydrophobic interactions as compared to compound 6b (see
the 3D models of both compounds, Figure 3). Additionally, the electron-withdrawing
effect of the chloro substituent of 6d has a greater stimulatory effect on activity than the
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electron-donating methyl substituent of 6b. On the other hand, 2,4-dichloro derivative 6e
was more active than the unsubstituted one 6a.

For 1,3-thiazolones 10: The introduction of an electron-withdrawing group (e.g., NO2)
at the para-position of the phenyl group at position 5 in the 1,3-thiazole ring enhances the
antitumor activity (10c > 10a).

The introduction of the p-substitution of the electron-withdrawing group at deriva-
tive 12 has a similar activity enhancement effect. Thus, compound 12c was the most
reactive in this series, and the unsubstituted derivative 12a exhibited the lowest activity.
In addition, derivatives with thiazole moiety exhibited higher activity as compared to
compound 3, thus highlighting the positive effect of the thiazole ring on the activity of the
reported compounds.

The 1,3-thiazole derivatives 6 have higher anticancer activity towards MCF-7 cell lines
as compared to thiazolone derivatives 10.

The cytotoxic activity of the Sorafenib standard drug and most active compounds 6b,
6c, 6d, 10a and 10c were also estimated on LLC-Mk2 (rhesus monkey kidney epithelial
normal cells). The outcomes of these measurements demonstrated the non-toxic effect of
the tested derivatives because their CC50 toward normal cell lines is higher than 100 µM, as
shown in Table 3.

3. Experimental Section

See the supporting information file S1.
Synthesis of 2-(1-(2-oxo-6-(phenyldiazenyl)-2H-chromen-3-yl)ethylidene) hydrazine-1-car

bothioamide (3).
A mixture of 3-acetyl-6-(phenyldiazenyl)-2H-chromen-2-one (1) (10 mmol, 2.92 g)

and hydrazinecarbothioamide (2) (10 mmol, 0.91 g) in EtOH (40 mL) containing a few
drops of concentrated HCl was heated under reflux for 4 h. The formed precipitate was
recrystallized from EtOH to give product 3 as a yellowish-white solid in 73% yield; m.p.
177–179 ◦C; 1H-NMR (DMSO-d6) δ: 2.41 (s, 3H, CH3), 7.15–8.32 (m, 11H, Ar-H and NH2),
10.39 (s, br, 1H, NH) ppm; IR (KBr) ν cm−1: 3419, 3372, 3284 (NH2 and NH), 1725 (C=O),
1606 (C=N); MS m/z (%): 365 (M+, 37). Anal. Calcd: for C18H15N5O2S (365.41): C, 59.17; H,
4.14; N, 19.17. Found: C, 59.04; H, 4.05; N, 19.00%.

General procedure for the synthesis of 1,3-thiazole derivatives 6a–e, 10a–c and 12a–c.
Catalytic amounts of TEA were added into a solution of compound 3 (1 mmol, 0.365 g)

and the appropriate hydrazonoyl chlorides 4a–e or 8a–c or α-bromoketones 11a–c (1 mmol
for each) in EtOH (20 mL), and the reaction mixture was refluxed for 4–6 h (monitored by
TLC). Finally, the formed precipitate was recrystallized to give thiazoles 6a–e or 10a–c, or
12a–c, respectively.

Alternate synthesis of 6a.
A cold aqueous solution of benzenediazonium salt was added portion wise to a cold

solution of compound 7 (1 mmol, 0.403 g) in pyridine (15 mL) under stirring then the
precipitated product was recrystallized from DMF to give compound 6a in 72% yield.

The physical properties and spectral data of the isolated products are listed in the
supporting information file S1.

3.1. Molecular Docking

The most active compounds were sketched using Chemdraw 12.0, and their molecular
modeling was performed using molecular operating environment software. The results
were refined using the London DG force and force field energy. All minimizations were
performed until a root mean square deviation (RMSD) gradient 0.1 kcal·mol−1Å−1 using
MMFF 94× (Merck molecular force field 94×), and the partial charges were determined
automatically. The binding affinity of the ligand was evaluated using the scoring function
and dock function (S, Kcal/mol) created by the MOE software. The enzyme’s X-ray crystal
structure (PDB ID: 4ASD, resolution: 2.03 Å) was downloaded in PDB format according
to the protein data bank [51,52]. The enzyme was ready for studies using docking: (i) the
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water was eliminated from the protein; (ii) hydrogen atoms were added to the structure in
their characteristic geometries, then reconnected the bonds broken and fixing the potential;
(iii) as the large site, dummy atoms were used to execute a site search using MOE Alpha
Site Finder upon this enzyme structure [53]; (iv) analyzing the ligand’s interaction with the
active site’s amino acids. The best docking score is obtained as the most negative value
for the active ligands. All docking procedures and scoring were recorded according to
established protocols [54–56]. Triangle Matcher placement method and London dG score
tool were used for docking.

3.2. Cytotoxic Assay

The cytotoxicity of the investigated substances was assessed and determined by MTT
assay, and the detailed cytotoxicity assay is included in the Supplementary File S1 [57,58].

4. Conclusions

This study disclosed the design and synthesis of novel 3-thiazolhydrazinyl coumarins
utilizing 3-acetyl-6-methyl-2H-chromen-2-one. Spectroscopy and elemental analyses were
utilized to confirm the hypothesized product’s structures. Moreover, a molecular docking
study of synthesized 2H-chromen-2-one derivatives was performed to investigate their
interactions with VEGFR-2’s active region. In addition, the most active derivatives of the
designed compounds were tested in vitro against the MCF-7 and LLC-Mk2 cell lines using
MTT assay and Sorafenib as a reference drug. The results demonstrated the potential anti-
tumor activities of compounds 6d and 6b (IC50 = 10.5 ± 0.71 and 11.2 ± 0.80 µM, respec-
tively). Therefore, the present study demonstrated that the reported thiazolyl coumarins
are potential (VEGFR-2) inhibitors and pave the way for the synthesis of additional libraries
based on the reported scaffold, which could eventually lead to the development of efficient
treatment for breast cancer

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28020689/s1. Supplementary File S1: Physical and spectral
data of the synthesized compounds and their 1H- and 13C-NMR spectra.
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Abstract: The possibility of functionalization of 2-(polyfluorophenyl)-4H-chromen-4-ones, with them
having different numbers of fluorine atoms, with 1,2,4-triazole or imidazole under conditions of
base-promoted nucleophilic aromatic substitution has been shown. A high selectivity of mono-
substitution was found with the use of an azole (1.5 equiv.)/NaOBut (1.5 equiv.)/MeCN system.
The structural features of fluorinated mono(azolyl)-substituted flavones in crystals were established
using XRD analysis. The ability of penta- and tetrafluoroflavones to form persubstituted products
with triazole under azole (6 equiv.)/NaOBut (6 equiv.)/DMF conditions was found in contrast to
similar transformations with imidazole. On the basis of mono(azolyl)-containing polyfluoroflavones
in reactions with triazole and pyrazole, polynuclear hybrid compounds containing various azole
fragments were obtained. For poly(pyrazolyl)-substituted flavones, green emission in the solid state
under UV-irradiation was found, and for some derivatives, weak fungistatic activity was found.

Keywords: polyfluoroflavones; 1H-1,2,4-triazole; imidazole; nucleophilic aromatic substitution;
regioselectivity; azolyl-substituted flavones; photoluminescence

1. Introduction

Flavones based on a 2-phenylchromen-4-one backbone are important heteroaromatic
scaffolds in organic chemistry due to their availability and significant synthetic and bi-
ological potential [1–5]. The uniqueness of this heterocyclic backbone is also due to the
fact that its derivatives are widely represented in the plant world, which often determines
their diverse biological action [6–11]. Isolation, identification, and chemical modification
of flavones of plant origin is one of the rapidly developing areas in drug design [12,13].
Another equally important area of progress in the chemistry of flavones is the development
of synthetic strategies for their modification. In addition, here, certain successes have
recently been achieved, for example, its modification has been proposed by the Buchwald–
Hartwig reaction [14], metal-catalyzed cascade rearrangements [15,16], electrochemical
dimerization [17], CH-functionalization [18], etc. However, all of these transformations
most often require expensive catalysts or complex installations.

In turn, fluorinated flavones offer extra possibilities for their functionalization in
reactions with nucleophilic reagents. Fluoroaromatic compounds are well known to be
perspective frameworks for their modification by different methods for formation of new
C–C and C–heteroatom bonds [19–21], including C–N bond formation in reactions with
azole-type heterocycles [22–24]. There are known approaches to the synthesis of chromone–
azole dyads [25]; however, data on direct functionalization of fluorine-containing flavones
with azoles under SNAr reaction conditions have only been only in publications from
our research team [26,27], although the reaction of nucleophilic aromatic substitution of
fluorine atoms is a quite simple, economically and environmentally friendly process, which
offers the possibility of substitution for fluorinated substrates with advantages over re-
actions that use expensive catalysts [28]. To date, we have considerable practice in the
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synthesis and modification of polyfluoroflavones [26,27,29–32]. Previously, we proposed
a convenient and efficient method for the synthesis of B-ring polyfluorinated flavones
(2-(polyfluorophenyl)chromen-4-ones) [29], which can be involved in SNAr reactions to ob-
tain polynuclear heterocyclic compounds based on flavones and azoles. We have shown the
possibility of controlling the fluorine atoms substitution of 2-(polyfluorophenyl)chromen-4-
ones by pyrazole and assumed the mechanism for sequential fluorine substitution on an
example of 2-pentafluorophenyl-4H-chromen-4-one [26].

Within this work in continuation of our research in this area, the features of the func-
tionalization of 2-(polyfluoroaryl)-4H-chromen-4-ones 1–3, with them having different
numbers of fluorine atoms in the aryl substituent (Figure 1), by 1H-1,2,4-triazole and imida-
zole under conditions of base-promoted nucleophilic aromatic substitution were studied.
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Figure 1. Polyfluorinated flavones in the SNAr reaction with the 1H-1,2,4-triazole and imidazole
under study in this work.

The introduction of azole fragments has a wide perspective due to their ability to
form various noncovalent interactions with different therapeutic targets, which is valu-
able for drug design. Different azole derivatives have significant potential for medicinal
chemistry [33–40]. Of particular interest are 1H-1,2,4-triazole and imidazole derivatives,
which are known to possess therapeutic effect against drug-resistant pathogens [40–42].
The way to more effective medicines is through the synthesis of azole hybrids with other
pharmacophores [27,43–45], which might be flavones, with them having a pyran framework
that determines their great potential as antiviral antibacterial agents. Polyazole hybrid
derivatives are also given special attention due to their potential applications as electron-
transporting materials, emitters, and host materials in OLEDs, the most attractive products
of organic electronics [46–48]. In this regard, the synthesis of hybrid compounds based on
the flavone and azole cycles seems to be a prominent problem, which can be solved by the
SNAr reaction of polyfluorinated flavones with azoles.

2. Results

The study of the reaction of polyfluoroflavones 1–3 with 1H-1,2,4-triazole and imida-
zole under base-promoted nucleophilic aromatic substitution was carried out according
to three synthetic protocols developed during the research of transformations with pyra-
zole [26]. The application of the Cs2CO3-promoted conditions will allow for observation
of the spectrum of possible substituted products, while the application of the NaOBut-
promoted conditions should facilitate for selective mono- and persubstitution of fluorine,
which depends on variation of the nucleophile and base loading. The most convenient
method for identifying fluorine-containing compounds in their mixtures is 19F NMR spec-
troscopy data.
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The reaction of flavone 1 with 3 equiv. of triazole and Cs2CO3 in MeCN led to a mono-,
tri-, tetra-, and penta(1H-1,2,4-triazol-1-yl)-substituted products mixture, from which only
mono- and penta-substituted flavones 4 and 7 were isolated by column chromatography
(Scheme 1). The 19F NMR data of fluorine-containing products 4–7 and their ratio in the
reaction mixture are shown in Table 1. Under optimized conditions, selective synthe-
sis of mono- and penta(1H-1,2,4-triazol-1-yl)-substituted products 4 and 7 with a good
preparative yield was achieved (Scheme 1).
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Scheme 1. Reaction of 2-(pentafluorophenyl)-4H-chromen-4-one 1 with 1H-1,2,4-triazole.

Table 1. 19F NMR data of mixture of Cs2CO3-promoted reaction of flavone 1 with 1H-1,2,4-triazole.

Compound
19F NMR Data

δ, ppm Products Ratio, %

4 16.66, m; 24.82, m 97

5 15.95, m; 26.03, m; 26.86, m 1

6 31.53, m 2

In contrast to the transformations with triazole, the reaction of flavone 1 with 3 equiv.
of imidazole under the same conditions resulted in the formation of mono-, di-, and
tri(1H-imidazol-1-yl)-substituted products 8–10, which were isolated with a poor prepar-
ative yield. The 19F NMR data of fluorine-containing products 8–10 and their ratio in
the mixture are shown in Table 2. Under conditions preferable to monosubstitution, 2-
[2,3,5,6-tetrafluoro-4-(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one 8 was synthesized with
a good yield (Scheme 2). In addition, under conditions conducive to the formation of a
persubstituted product, the reaction of these reagents is extremely nonselective.

Table 2. 19F NMR data of a mixture of Cs2CO3-promoted reaction of flavone 1 with imidazole.

Compound
19F NMR Data

δ, ppm, J, Hz Products Ratio, %

8 14.88, m; 24.52, m 63

9 23.57, m; 26.31, m; 30.56, m 6

10 31.46, dm, J = 14.2 Hz;
41.17, dd, J = 14.9, 1.1 Hz 31
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It should be noted that for 2-[2,5-difluoro-3,4,6-tri(1H-imidazol-1-yl)phenyl]-4H-chromen-
4-one 10, an isomeric structure—2-[3,5-difluoro-2,4,6-tri(1H-imidazol-1-yl)phenyl]-substituted
product can be proposed. The structures of 9 and 10 were solved on the basis of a comparative
analysis of 1H, 19F NMR data of these compounds 9 and 10, and NMR data of formerly
synthesized [26] tri(1H-pyrazol-1-yl)-substituted analogue A (Appendix A, Table A1).

The crystal structures of 2-[2,3,5,6-tetrafluoro-4-(1H-azol-1-yl)phenyl]-4H-chromen-4-
ones flavones 4 and 8 were confirmed by XRD analysis (Figures 2 and 3). Both homologues
4 and 8 have similar structural characteristics, in contrast to the pyrazolyl-substituted
analogue [26], which does not have intramolecular interactions coordinating both pyrone
and aryl moieties, which are therefore aplanar. In addition, the introduction of triazole and
imidazole fragments has a critical effect on the structure of their unit cell in the crystal. Thus,
a cell of compound 4 has a rhombic syngony and compound 8 has a monoclinic syngony.
It is important to note that for two systems of atoms C16C11C2C3 and C17N1C14C15
of product 4 and similar systems C3C2C11C12 and C13C14N1C17 of analogue 8, the
torsion angles have values close in absolute value, but pairwise opposite in sign, equal to
42.70(0.76), −47.50(0.85), and−58.89(0.31), 56.50(0.34) degrees for 4 and 8, respectively. The
unit cell of the crystal 4 consists of four molecules due to the formation of O . . . H, F . . . F,
and C . . . C sp2 short intermolecular contacts (O3 . . . H17 2.373, O3 . . . H18 2.634, C5 . . . C14
3.331(8), C9 . . . C12 3.303(7), F2 . . . F4 2.889(5) Å) (Figure 2). The unit cell of crystal 8 also
consists of four molecules stabilized by C . . . H, C . . . F, and C . . . C sp2 short intermolecular
contacts (C18 . . . H5 2.80(2), C7 . . . F3 3.117(3), C9 . . . C16 3.396(3) Å) (Figure 3).
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represented as thermal ellipsoids of thermal vibrations with a 50% probability.

Furthermore, we introduced flavone 2, with it having 2,3,4,5-tetrafluorophenyl sub-
stituent, in the SNAr reaction with triazole and imidazole. The reaction of compound 2
with 3 equiv. of triazole (Scheme 3) and imidazole (Scheme 4) in the presence of Cs2CO3 in
MeCN led to mono-, di-, and tri(azol-1-yl)-substituted products mixture 11–13 and 15–17,
respectively. The 19F NMR data of fluorine-containing flavones 11–13 and 15–17 and their
ratio in the mixture are shown in Table 3. Under optimized conditions, selective synthesis
of mono- 11 and tetra(triazol-1-yl)-substituted products 14 was conducted with a good
preparative yield (Scheme 3). However, under similar conditions, only mono(imidazolyl)-
substituted flavone 15 was obtained in a good yield from the reaction with imidazole, and
it was not possible to isolate the persubstituted product (Scheme 4) as in the reaction of
flavone 1 (Scheme 2). This may indicate a lower reactivity of imidazole compared to triazole
and the previously studied pyrazole under the conditions used [26].
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Table 3. 19F NMR data of mixtures of Cs2CO3-promoted reactions of flavone 2 with 1H-1,2,4-triazole
and imidazole.

Compound
19F NMR Data

δ, ppm Products Ratio, %

11
23.72, d, J = 19.9 Hz;

24.92, ddd, J = 20.1, 14.7, 5.6 Hz;
39.24, dd, J = 14.1, 10.7 Hz

56

12 39.54, dd, J = 15.2, 9.8 Hz;
39.86, dd, J = 16.0, 5.7 Hz 34

13 49.03, d, J = 9.2 Hz 10

15
21.76, dd, J = 20.0, 1.9 Hz;

24.80, ddd, J = 20.1, 14.4, 6.1 Hz,
38.16, m

35

16 39.41, m; 39.71, m 20

17 47.34, d, J = 9.1 Hz 45

The structure of 2-[2,3,5-trifluoro-4-(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one 15
was confirmed by XRD analysis (Figure 4). As well as products 4 and 8, compound
15 has no intramolecular interactions, which coordinated both pyrone and aryl moieties.
However, the replacement of fluorine at the C6′ site by hydrogen allows the mutual position
of these two moieties of flavone 15 in crystal close to coplanar. Torsions C3C2C11C12
and C1N1C14C13 are −7.10(0.30) and −48.14(0.27) degrees. The unit cell of the crystal
15 is monoclinic, consists of four molecules, stabilized by pairs of O . . . H, C . . . O short
intermolecular contacts (O4 . . . H17 2.33(3), C17 . . . O4 3.148(3), and C2 . . . O4 3.127(2) Å).

The reaction of 2-(3,4,5-trifluoro-2-methoxy-phenyl)-4H-chromen-4-one 3 with 3 equiv.
of triazole in the presence of Cs2CO3 in MeCN led to the formation of mono- and di(1H-1,2,4-
triazol-1-yl)-substituted products 18, 19, which were isolated from the mixture (Scheme 5).
In the 19F NMR spectrum of the mixture, in addition to the signals corresponding to
products 18 and 19, two pairs of signals were recorded, presumably assigned by us to
compounds 20 and 21 (Table 4). Due to the low intensity and insufficient resolution of
these signals, the possibility of their detection is difficult. We believe that the formation of
product 20 is possible due to the demethylation of flavone 18 under the reaction conditions
used. The formed phenolic group in compound 20 can be in equilibrium between keto
and enol forms, and keto form may undergo a nucleophilic addition reaction with triazole
followed by aromatization to provide flavone 21.
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Figure 4. Molecular structure and selected torsions (a), and unit cell (b) of compound 15 with atoms
represented as thermal ellipsoids of thermal vibrations with a 50% probability.
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Scheme 5. Reaction of 2-(3,4,5-trifluoro-2-methoxyphenyl)-4H-chromen-4-one 3 with 1H-1,2,4-triazole.

Table 4. 19F NMR data of mixture of Cs2CO3-promoted reaction of flavone 3 and 1H-1,2,4-triazole.

Compound
19F NMR Data

δ, ppm Products Ratio, %

18 29.29, m; 37.18, m 31

19 38.83, dd, J = 9.9, 1.9 Hz 64

20 38.77, m; 39.82, m 2

21 37.13, m; 39.63, m 3

Under NaOBut-promoted conditions for selective monosubstitution corresponding 2-
[2,3,5,6-tetrafluoro-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one 18 was synthesized
with a good preparative yield. The reaction with four-fold excess of triazole and NaOBut

led to flavone 19 and 2-[2-hydroxy-3,4-di(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-
one 22, which was obtained by demethylation of 2-methoxy-3,4-di(1H-1,2,4-triazol-1-yl)-
substituted precursor 19, with poor yields, similar to pyrazolyl-substituted analogues [26].
The use of six-fold excess of triazole and NaOBut gave the same result as above with
four-fold excess.
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From the reaction of flavone 3 with 3 equiv. of imidazole in the presence of Cs2CO3
in MeCN, only mono-substituted product 23 was isolated individually. The 19F NMR
spectrum of the mixture (Table 5) also contained signals assigned to flavones 24 and 25
based on the conclusions given above for similar transformations with triazole. Under
optimized conditions, 2-[3,5-difluoro-2-methoxy-4-(1H-imidazol-1-yl)phenyl]-4H-chromen-
4-one 23 was synthesized (Scheme 6). Using an excess of this azole has not been successful
in isolating any individual products.

Table 5. 19F NMR data of mixture of Cs2CO3-promoted reaction of flavone 3 and imidazole.

Compound
19F NMR Data

δ, ppm Products Ratio, %

23 27.60, m; 36.46, m 31

24 38.70, m 67

25 28.22, m; 38.63, m 2
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Scheme 6. Reaction of 2-(3,4,5-trifluoro-2-methoxyphenyl)-4H-chromen-4-one 3 with imidazole.

The structures of 2-[5-fluoro-2-methoxy-3,4-di(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-
4-one 19 and 2-[4,5-difluoro-2-methoxy-4-(1H-1,2,4-imidazol-1-yl)phenyl]-4H-chromen-4-one
23 were confirmed by XRD analysis (Figures 5 and 6). Compounds 19 and 23 also do not
have any intramolecular interactions. It was found that the introduction of one or two
azole fragments affects the geometric parameters of crystals 19 and 23. The unit cell of
compound 19 has a triclinic syngony and consists of two molecules stabilized by a pair of
short intramolecular contacts C . . . F (C10 . . . F1 3.159(6) Å). The cell of compound 23 of the
monoclinic system consists of four molecules forming short intermolecular contacts O . . . H,
C . . . F (O3 . . . H8 2.568, O3 . . . H16 2.32(3), C3 . . . F001 3.148(3) Å). It should be noted that the
torsion angles of two similar systems of atoms C16C11C2C3 and C3C2C11C12 of di(triazolyl)-
and mono(imidazolyl)-substituted flavones 19 and 23 have a significant difference both in
absolute value and in sign and are equal to −22.81(0.72) and 8.64(0.33) degrees, respectively.
The geometry of the azole fragments of molecules 19 and 23 does not reveal fundamental
differences. The torsion angles of the atomic systems C18N1C15C16, C20N4C14C15, and
C17N1C14C13 are 56.12(0.58), 56.96(3.50), and 49.82(0.37) degrees, respectively.

It should be noted that a common characteristic of the crystals of both mono(1H-imidazol-
1-yl)-substituted products 15 and 23 is the formation of a unit cell of the monoclinic system.
However, the torsion angles of the systems of atoms C3C2C11C12, C1N1C14C13 of trifluo-
roflavone 15 and C3C2C11C12 and C17N1C14C13 of difluoroflavone 23 have practically
equal absolute values and opposite values (Figures 4 and 6).
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In this work, we also studied the possibility of the synthesis of 2-[poly(1H-azol-1-
yl)phenyl]-4H-chromen-4-ones, involving two different azole-type heterocycles in their
structure by the NaOBut-promoted SNAr reaction of mono(1H-azol-1-yl)-substituted flavones
with azoles.

Thus, the reaction of mono(triazolyl)-substituted flavone 4 with four-fold excess of pyra-
zole and NaOBut led to 2-[2,5-difluoro-3,6-di(1H-pyrazol-1-yl)-4-(1H-1,2,4-triazol-1-yl)phenyl]-
and 2-[2,3,5,6-tetra(1H-pyrazol-1-yl)-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-ones 26
and 27. Flavone 26 was shown to react with two-fold excess of pyrazole and NaOBut to form
product of complete substitution 27 (Scheme 7). Under conditions preferable for persubstitu-
tion, flavone 8 reacts with pyrazole and triazole, leading to the formation of compounds 28
and 29. Similarly, 2-(2,3,5,6-tetrafluoro-4-(1H-pyrazol-1-yl)phenyl)-4H-chromen-4-one 30
obtained earlier [26] forms product 31 with triazole (Scheme 8). Unfortunately, we have
not yet succeeded in growing a suitable single crystal for XRD due to the limited solubility
of polynuclear products 27–29 and 31 in organic solvents.
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As is known, aryl-azole scaffolds are considered as promising materials for
OLEDs [46–49]; therefore, we recorded the photoluminescence spectra for poly(azolyl)-
substituted flavones 28–31 and formerly synthesized penta(pyrazolyl)-substituted analogue
32 [26]. It was found that 2-[4-(imidazolyl)-2,3,5,6-tetra(pyrazolyl)- and penta(pyrazolyl)-
substituted flavones 28 and 32 exhibit emission in the solid state under UV-irradiation, in
contrast to poly(triazolyl)-containing derivatives 29 and 31. The emission spectra of these
compounds were recorded, and the data are presented in Table 6 and Figure 7. Flavones
28 and 32 possess green emission with maxima 504 nm. The commission international de
L’Eclairage (CIE) coordinates were (0.255; 0.528) and (0.255; 0.526) for 28 and 32, respec-
tively. Substitution of pyrazole fragment at C4′ by imidazole results in a 1.6-fold increase
in quantum yield (0.18 and 0.29 for 28 and 32, correspondingly). Detailed data of the
fluorescence lifetime measurements of flavones 28 and 32 are given in Appendix B.

Table 6. Photoluminescent data for compounds 28 and 32 in powder at r.t.

Compound Emission, λem, nm τavg, [ns]/χ2 ΦF

28 504 7.72/ 1.109 0.29

32 504 6.81/ 1.206 0.18
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Azolyl-substituted flavones are of great interest in the search for the bioactive com-
pounds among them, and, in particular, for antimycotic agents [50]; therefore, we screened
the fungistatic activity of a number of compounds (Appendix C) obtained in this work and
earlier [29] in relation to four control strains of clinically significant species of pathogenic
fungi Trichophyton rubrum, Epidermophyton floccosum, Microsporum canis, and Candida parap-
silosis. It was found that flavones 8 and 14 have a weak inhibitory effect against T. rubrum
and M. canis (MIC 100 mg/mL), and derivatives 23 and 33, combined methoxy and azole
substituents, in the absence of fungistatic activity (MIC > 100 µg/mL) showed high and
moderate activity in inhibiting the growth of 50% fungal culture (MIC50 1.56–12.5 µg/mL).

3. Materials and Methods
3.1. Chemistry: General Information and Synthetic Techniques

Solvents and reagents except fluorine-containing flavones are commercially available
and were used without purification. The NMR spectra of the synthesized compounds
(see Supplementary Materials) were recorded on Bruker DRX-400 and Bruker AVANCE III
500 spectrometers (1H, 400.13 (DRX400) and 500.13 (AV500) MHz, 13C, 125.76 MHz, Me4Si
as an internal standard, 19F, 376.44 (DRX400) and 470.52 (AV500) MHz, C6F6 as an internal
standard, chemical shifts were not converted to CCl3F)). IR spectra were recorded on a
Perkin Elmer Spectrum Two FT-IR spectrometer (UATR) in the range of 4000–400 cm–1.
Elemental (C, H, N) analysis was performed on a Perkin Elmer PE 2400 Series II CHNS-O
EA 1108 elemental analyzer. The melting points were measured on a Stuart SMP3 in open
capillaries. The reaction progress was monitored by TLC on ALUGRAM Xtra SIL G/UV254
sheets. The starting flavones (1–3) were synthesized by a procedure [29].

Synthetic technique A for the synthesis of azolyl-substituted flavones using Cs2CO3.
flavone (0.5 or 1 mmol), azole (3 equiv.), and Cs2CO3 (3 equiv.) were suspended in 10 mL
of MeCN. The reaction mixture was heated to 80 ◦C. The reaction progress was monitored
by TLC. At the end of the reaction, the mixture was diluted with water (10 mL) and
extracted with CHCl3 or DCM (2 × 10 mL). Organic layers were combined, and the
solvent was removed. The residue was immobilized on silica gel and purified by column
chromatography using an appropriate eluent mixture (2:1 v/v).

Synthetic technique B for the synthesis of azolyl-substituted flavones using NaOBut.
flavone (0.5 or 1 mmol) was dissolved in dry DMF (5 mL), placed in a sealed vial and cooled
to 0 ◦C. Azole (from 1.5 to 6 equiv.) and NaOBut (from 1.5 to 6 equiv.) were suspended in
dry DMF (5 mL) and stirred at room temperature for 5 min. The mixture was cooled to
0 ◦C and was added to a flavone solution in DMF while stirring. After 10 min. in a cooling
bath (0 ◦C), the vialwas removed and the reaction continued at room temperature. The
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reaction progress was monitored by TLC. At the end, the reaction mixture was diluted with
water (10 mL), stirred, and cooled. The formed precipitate was filtered off and washed with
water. The water solution was neutralized with 0.1M HCl and extracted with CHCl3 or
DCM. The organic layer was separated, and the solvent was removed. Organic residues
were combined, immobilized on silica gel and purified by column chromatography using
an appropriate eluent mixture (2:1 v/v).

3.2. Spectral and Elemental Analysis Data of Synthesized Compounds

2-[2,3,5,6-Tetrafluoro-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (4). Yield
202 mg (56% according to technique A), 256 mg (71% according to technique B); white
powder; mp 192–194 ◦C; IR ν 3108, 3043 (C–HAr), 1639 (C=O), 1528, 1485, 1381 (C=CAr, C–
HAr, C–N), 1139, 1110 (C–F) cm−1; 1H NMR (500.13 MHz, CDCl3) δ 6.68 (s, 1H, CHPyranone),
7.50 (m, 1H, CHAr), 7.53 (d, J = 8.6 Hz, 1H, CHAr), 7.76 (ddd, J = 8.6, 7.1, 1.7 Hz, 1H, CHAr),
8.26 (dd, J = 8.0, 1.5 Hz, 1H, CHAr), 8.29 (s, 1H, CHTriazole), 8.52 (s, 1H, CHTriazole) ppm;
13C NMR (125.76 MHz, CDCl3) δ 113.7 (t, J = 15 Hz, CAr), 116.1 (t, J = 3 Hz, CAr), 118.2 (s,
CAr), 118.8 (s, CAr), 123.9 (s, CPyranone), 125.9 (s, CAr), 126.0 (s, CAr), 134.5 (s, CAr), 141.7
(m, 2CArF), 144.7 (ddt, J = 257, 14, 5 Hz, 2CArF), 145.3 (t, J = 3 Hz, CTriazole), 151.7 (s, CAr),
153.5 (s, CTriazole), 156.6 (s, CPyranone), 177.0 (s, CPyranone) ppm; 19F NMR (470.52 MHz,
CDCl3) δ 16.66 (m, 2F), 24.83 (m, 2F) ppm; Anal. calcd. for C17H7F4N3O2: C 56.52, H 1.95,
N 11.63, found: C 56.26, H 1.84, N 11.38.

2-[2,3,4,5,6-Penta(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (7). Yield 39 mg (7%
according to technique A), 335 mg (60% according to technique B); light-yellow powder;
mp 322–323 ◦C; IR ν 3118, 3086 (C–HAr), 1651 (C=O), 1514, 1459, 1379, 1272 (C=CAr, C–HAr,
C–N) cm−1; 1H NMR (500.13 MHz, CDCl3) δ 6.20 (s, 1H, CHPyranone), 7.16 (d, J = 8.4 Hz,
1H, CHAr), 7.42 (m, 1H, CHAr), 7.65 (ddd, J = 8.5, 7.2, 1.7 Hz, 1H, CHAr), 7.87 (s, 1H,
CHTriazole), 7.88 (s, 2H, CHTriazole), 7.90 (s, 2H, CHTriazole), 8.08 (dd, J = 8, 1.6 Hz, 1H,
CHAr), 8.10 (s, 1H, CHTriazole), 8.15 (s, 2H, CHTriazole), 8.22 (s, 2H, CHTriazole) ppm; 13C
NMR (125.76 MHz, CDCl3) δ 114.9, 117.4 (s, 2CAr), 123.2, 126.1, 126.5, 133.1, 134.3 (s, 2CAr),
134.9, 135.3, 136.1, 145.3 (s, 2CTriazole), 145.7, 146.0 (s, 2CTriazole), 153.4, 153.7 (s, 2CTriazole),
153.7 (s, 2CTriazole), 155.7, 175.8 ppm; Anal. Calcd. For C25H15N15O2: C 53.86, 2.71, N 37.69,
found: C 53.60, H 2.68, N 37.69.

2-[2,3,5,6-Tetrafluoro-4-(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one (8). Yield 137 mg
(38% according to technique A), 263 mg (73% according to technique B); white powder,
mp 172–174 ◦C; IR ν 3110 (C–HAr), 1653 (C=O), 1489, 1459, 1376 (C=CAr, C–HAr, C–N),
1224 (C–F) cm−1; 1H NMR (400.13 MHz, CDCl3) δ 6.67 (s, 1H, CHPyranone), 7.31 (br.s., 1H,
CHImidazole), 7.33 (br.s., 1H, CHImidazole), 7.48–7.53 (m, 2H, 2CHAr), 7.76 (ddd, J = 8.6, 7.3,
1.5 Hz, 1H, CHAr), 7.88 (br.s., 1H, CHImidazole), 8.27 (dd, J = 7.9, 1.5 Hz, 1H, CHAr) ppm;
13C NMR (125.76 MHz, CDCl3) δ 112.0 (t, J = 15 Hz, CAr), 115.9 (t, J = 3 Hz, CAr), 118.2,
119.3 (t, J = 13 Hz, CAr), 119.7 (t, J = 2 Hz, CImidazole), 123.9, 125.9, 126.0, 130.6, 134.5, 137.5
(t, J = 4 Hz, CImidazole), 140.1–142.3 (m, 2CArF), 144.9 (ddt, J = 257, 14, 5 Hz, 2CArF), 152.0,
156.6, 177.1 ppm; 19F NMR (376.44 MHz, CDCl3) δ 14.88 (dqd, J = 6.0, 4.4, 2.4 Hz, 2F), 24.51
(dq, J = 7.3, 4.2 Hz, 2F) ppm; Anal. calcd. for C18H8F4N2O2: C 60.01, H 2.24, N 7.78, found:
C 59.89, H 2.30, N 7.96.

2-[2,3,5-Trifluoro-4,6-di(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one (9). Yield 20 mg
(5%); light-yellow powder, mp 200–203 ◦C; 1H NMR (400.13 MHz, CDCl3) δ 6.52 (d, J = 1.5 Hz,
1H, CHPyranone), 7.05 (br.s., 1H, CHImidazole), 7.13 (br.s., 1H, CHImidazole), 7.18 (d, J = 8.4 Hz,
1H, CHAr), 7.33 (br.s., 1H, CHImidazole), 7.35 (br.s., 1H, CHImidazole), 7.41–7.45 (m, 1H,
CHAr), 7.65 (br.s., 1H, CHImidazole), 7.65 (dd, J = 15.7, 1.7 Hz, 1H, CHAr), 7.90 (br.s., 1H,
CHImidazole), 8.17 (dd, J = 7.9, 1.5 Hz, 1H, CHAr) ppm; 19F NMR (376.44 MHz, CDCl3) δ
23.60 (d, J = 22.2 Hz, 1F), 26.33 (ddd, J = 22.6, 13.0, 1.3 Hz, 1F), 30.57 (d, J = 13.0 Hz, 1F) ppm.
Anal. calcd. for C21H11F3N4O2: C 61.77, H 2.72, N 13.72, found: C 61.89, H 2.79, N 13.66.

2-[2,5-Difluoro-3,4,6-tri(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one (10). Yield 95 mg
(17%); light-yellow powder; mp 227–228 ◦C; 1H NMR (400.13 MHz, CDCl3) δ 6.51 (d,
J = 1.3 Hz, 1H, CHPyranone), 6.81 (d, J = 1.3 Hz, 1H, CHImidazole), 6.83 (d, J = 1.2 Hz, 1H,
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CHImidazole), 7.10 (d, J = 1.2 Hz, 1H, CHImidazole), 7.15–7.20 (m, 1H, CHAr), 7.21–7.23 (m,
3H, 3CHImidazole), 7.43–7.47 (m, 1H, CHAr), 7.50 (br.s, 2H, 2CHImidazole), 7.65–7.69 (m, 1H,
CHAr), 7.70 (br.s, 1H, 1CHImidazole), 8.18 (dd, J = 8.0, 1.6 Hz, 1H, CHAr) ppm; 13C NMR
(125.76 MHz, CDCl3) δ 115.8 (d, J = 3 Hz, CHPyranone), 117.8, 119.0, 119.2, 120.0, 120.5 (d,
J = 17 Hz, CArF), 123.3 (d, J = 16 Hz, CArF), 123.6, 125.6 (dd, J = 15, 2 Hz, CArF), 125.8–126.0
(m, CArF), 125.9, 126.2, 131.0, 131.46, 131.47, 134.7, 136.9 (d, J = 3 Hz, CArF), 137.0 (d,
J = 2 Hz, CImidazole), 137.5 (d, J = 2 Hz, CImidazole), 148.3 (dd, J = 256, 4 Hz, CArF), 150.9 (dd,
J = 257, 4 Hz, CArF), 152.7 (d, J = 2 Hz, CImidazole), 156.2, 176.6 ppm; 19F NMR (376.44 MHz,
CDCl3) δ 31.47 (dm, J = 14.4 Hz, 1F), 41.18 (dd, J = 14.7, 1.2 Hz, 1F) ppm. Anal. calcd. for
C24H14F2N6O2: C 63.16, H 3.09, N 18.41, found: C 62.90, H 2.82, N 18.24.

2-[2,3,5-Trifluoro-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (11). Yield 257 mg
(75%); white powder; mp 210–211 ◦C; IR ν 3138, 3118, 3070 (C–HAr), 1634 (C=O), 1531,
1462, 1369 (C=CAr, C–HAr, C–N), 1040 (C–F) cm−1; 1H NMR (500.13 MHz, CDCl3) δ 7.02
(s, 1H, CHPyranone), 7.49 (t, J = 7.5 Hz, 1H, CHAr), 7.58 (d, J = 8.4 Hz, 1H, CHAr), 7.74–7.79
(m, 2H, 2CHAr), 8.25 (dd, J = 8.0, 1.6 Hz, 1H, CHAr), 8.27 (s, 1H, CHTriazole), 8.49 (s, 1H,
CHTriazole) ppm; 13C NMR (125.76 MHz, CDCl3) δ 110.6 (dd, J = 24, 4 Hz, CAr), 113.9, 114.0,
118.0 (m, CAr, CTriazole), 122.7 (t, J = 9 Hz, CAr), 123.8, 125.9, 134.5, 144.8–145.1 (m, CArF),
145.3 (t, J = 3 Hz, CTriazole), 146.9–147.2 (m, CArF), 151.7 (ddd, J = 254, 3, 2 Hz, CArF), 153.3,
154.9 (td, J = 4, 2 Hz, CPyranone), 156.1, 177.6 ppm; 19F NMR (470.52 MHz, CDCl3) δ 23.72 (d,
J = 20.1 Hz, 1F), 24.92 (ddd, J = 20.3, 14.5, 5.9 Hz, 1F), 39.24 (dd, J = 14.6, 10.8 Hz, 1F) ppm;
Anal. calcd. for C17H8F3N3O2: C 59.48, H 2.35, N 12.24, found: C 54.40, H 2.32, N 12.29.

2-[2,3,4,5-Tetra(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (14). Yield 333 mg
(68%); light-yellow powder; mp 295–296 ◦C; ; IR ν 3134, 3108 (C–HAr), 1644 (C=O),
1508, 1467 (C=CAr, C–HAr, C–N) cm−1; 1H NMR (500.13 MHz, (CD3)2SO) δ 6.87 (s, 1H,
CHPyranone), 7.22 (d, J = 8.3 Hz, 1H, CHAr), 7.49–7.53 (m, 1H, CHAr), 7.80 (ddd, J = 8.7, 7.4,
1.6 Hz, 1H, CHAr), 8.00 (s, 1H, CHTriazole), 8.03 (dd, J = 7.9, 1.5 Hz, 1H, CHAr), 8.05 (s, 1H,
CHTriazole), 8.10 (s, 1H, CHTriazole), 8.17 (s, 1H, CHTriazole), 8.61 (s, 1H, CHTriazole), 8.68 (s,
1H, CHTriazole), 8.86 (s, 1H, CHTriazole), 8.87 (s, 1H, CHTriazole), 9.04 (s, 1H, CHTriazole) ppm;
13C NMR (125.76 MHz, CDCl3) δ 112.8, 118.1 (s, 2CAr), 122.9, 124.9, 126.1, 129.3, 131.1, 132.9
(d, J = 2 Hz, CAr), 133.6, 134.9, 135.2, 146.0, 146.8, 146.9, 147.2, 152.6, 152.7, 152.8, 153.1,
155.4, 158.6, 176.5 ppm; Anal. calcd. for C23H14N12O2: C 56.33, H 2.88, N 34.27, found: C
56.11, H 2.90, N 34.22.

2-[2,3,5-Trifluoro-4-(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one (15). Yield 277 mg
(81%); white powder; mp 204–206 ◦C; IR ν 3160, 3133, 3077 (C–HAr), 1625, 1606 (C=O),
1515, 1465, 1351 (C=CAr, C–HAr, C–N), 1007 (C–F) cm−1; 1H NMR (500.13 MHz, CDCl3)
δ 7.00 (s, 1H, CHPyranone), 7.31 (br.s., 2H, 2CHImidazole), 7.47–7.50 (m, 1H, 1CHAr), 7.58 (d,
J = 8.2 Hz, 1H, CHAr), 7.71–7.74 (m, 1H, 1CHAr), 7.75–7.78 (m, 1H, 1CHAr), 7.88 (br.s., 1H,
CHImidazole), 8.25 (dd, J = 8.0, 1.6 Hz, 1H, CHAr) ppm; 13C NMR (125.76 MHz, CDCl3) δ
110.6 (dd, J = 25, 4 Hz, CAr), 113.5, 113.6, 118.0, 118.5 (dd, J = 17, 12 Hz, CArF), 119.8 (t,
J = 2 Hz, CImidazole), 120.7 (t, J = 9 Hz, CArF), 123.7, 125.9, 130.2, 134.4, 137.6 (t, J = 4 Hz,
CImidazole), 145.3 (ddd, J = 256, 17, 4 Hz, CArF), 146.2 (ddd, J = 258, 14, 4 Hz, CArF), 151.2
(dt, J = 251, 3 Hz, CArF), 155.1 (m, CArF), 156.1, 177.7 ppm; 19F NMR (470.52 MHz, CDCl3)
δ 21.78 (dd, J = 19.8, 1.2 Hz, 1F), 24.83 (ddd, J = 20.1, 14.3, 1.2 Hz, 1F), 38.13–38.18 (m, 1F)
ppm; Anal. calcd. for C18H9F3N2O2: C 63.16, H 2.65, N 8.18, found: C 63.16, H 2.81, N 8.29.

2-[5-Fluoro-2,3,4-tri(1H-imidazol-1-yl)phenyl]-4H-chromen-4-one (17). Yield 31 mg
(14%); yellow powder; mp 168–170 ◦C; 1H NMR (400.13 MHz, CDCl3) δ 6.40 (s, 1H,
CHPyranone), 6.57 (t, J = 1.3 Hz, 1H, CHImidazole), 6.73 (d, J = 1.1 Hz, 1H, CHAr), 6.78 (t,
J = 1.3 Hz, 1H, CHImidazole), 7.03–7.04 (m, 2H, CHImidazole), 7.13 (br.s, 1H, CHImidazole),
7.15–7.17 (m, 2H, CHImidazole), 7.39 (br.s, 1H, CHImidazole), 7.40–7.44 (m, 1H, CHAr), 7.47
(br.s, 1H, CHImidazole), 7.65 (ddd, J = 8.7, 7.3, 1.6 Hz, 1H, CHAr), 7.85 (d, J = 9.1 Hz, 1H,
CHAr), 8.15 (dd, J = 8.0, 1.5 Hz, 1H, CHAr) ppm; 13C NMR (125.76 MHz, CDCl3) δ 112.8,
117.9, 118.5 (d, J = 23 Hz, CArF), 119.0, 119.1, 120.0, 123.4, 125.7–125.8 (m, CArF, CAr), 126.1,
129.6 (d, J = 4 Hz, CArF), 131.0, 131.1, 131.5, 132.8 (d, J = 2 Hz, CArF), 132.9 (d, J = 9 Hz, CArF),
134.7, 136.5, 137.0 (d, J = 2 Hz, CImidazole), 137.4, 155.9, 156.2 (d, J = 259 Hz, CArF), 158.6
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(d, J = 2Hz, CPyranone), 177.1 ppm; 19F NMR (376.44 MHz, CDCl3) δ 47.37 (d, J = 9.2 Hz,
1F) ppm; Anal. calcd. for C24H15FN6O2: C 65.75, H 3.45, N 19.17, found: C 65.95, H 3.32,
N 18.84.

2-[3,5-Difluoro-4-(1H-1,2,4-triazol-1-yl)-2-methoxyphenyl]-4H-chromen-4-one (18). Yield
35 mg (20% according to technique A), 123 mg (69% according to technique B); white
powder; mp 172–174 ◦C; IR ν 3143, 3108, 3063 (C–HAr, C–HAlk), 1665 (C=O), 1523, 1464,
1377 (C=CAr, C–HAr, C–N), 1034 (C–F) cm−1; 1H NMR (400.13 MHz, CDCl3) δ 4.06 (d,
J = 1.9 Hz, 3H, OCH3), 7.15 (s, 1H, CHPyranone), 7.45–7.49 (m, 1H, CHAr), 7.56 (dd, J = 8.4,
0.5 Hz, CHAr), 7.66 (dd, J = 10.4, 2.3 Hz, CHAr), 7.75 (ddd, J = 8.7, 7.2, 1.7 Hz, CHAr),
8.25 (s, 1H, CHTriazole), 8.26 (dd, J = 7.9, 1.6 Hz, CHAr), 8.45 (br.s, 1H, CHTriazole) ppm;
13C NMR (125.76 MHz, CDCl3) δ 62.1 (d, J = 6 Hz, COMe), 111.2 (dd, J = 23, 4 Hz, CArF),
113.6, 117.6 (dd, J = 16, 14 Hz, CArF), 118.0, 123.8, 125.6, 125.8, 127.3 (dd, J = 9, 4 Hz, CArF),
134.2, 144.0 (dd, J = 12, 4 Hz, CArF), 145.4 (br.s, CTriazole), 150.5 (dd, J = 257, 4 Hz, CArF),
151.4 (dd, J = 252, 3 Hz, CArF), 153.1, 156.2, 157.2 (dd, J = 4, 2 Hz, CPyranone), 178.2 ppm; 19F
NMR (376.44 MHz, CDCl3) δ 29.29–29.30 (m, 1F), 37.19 (dd, J = 10.5, 1.3 Hz, 1F) ppm; Anal.
calcd. for C18H11F2N3O3: C 60.85, H 3.12, N 11.83, found: C 60.92, H 3.26, N 11.72.

2-[5-Fluoro-2-methoxy-3,4-di(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (19). Yield
24 mg (12%); white powder; mp 203–204 ◦C; IR ν 3113, 3100, 2953, 2924 (C–HAr, C–HAlk),
1640 (C=O), 1510, 1467, 1374 (C=CAr, C–HAr, C–N), 1008 (C–F) cm−1; 1H NMR (400.13 MHz,
CDCl3) δ 3.49 (s, 3H, OCH3), 7.16 (s, 1H, CHPyranone), 7.48–7.52 (m, 1H, CHAr), 7.59 (d,
J = 8.4 Hz, 1H, CHAr), 7.76–7.80 (m, 1H, CHAr), 7.96–8.01 (m, 3H, CHTriazole), 8.27 (dd,
J = 8.0, 1.4 Hz, 1H, CHAr), 8.37 (d, J = 1.5 Hz, 1H, CHAr), 8.42 (s, 1H, CHTriazole) ppm; 13C
NMR (125.76 MHz, CDCl3) δ 62.4 (s, COMe), 113.4, 118.0 (d, J = 24 Hz, CArF), 118.0, 123.8,
124.9 (d, J = 15 Hz, CArF), 125.9, 126.0, 129.0 (d, J = 8 Hz, CArF), 129.6 (d, J = 2 Hz, CTriazole),
134.5, 145.7 (d, J = 2 Hz, CTriazole), 146.3, 151.0 (d, J = 4 Hz, CArF), 152.6 (d, J = 253 Hz, CArF),
152.8, 152.9, 156.3, 157.1 (d, J = 2 Hz, CPyranone), 177.9 ppm; 19F NMR (376.44 MHz, CDCl3)
δ 38.81 (dd, J = 9.9, 1.6 Hz, 1F) ppm; Anal. calcd. for C20H13FN6O3: C 59.41, H 3.24, N 20.78,
found: C 59.51, H 3.23, N 20.79.

2-[5-Fluoro-2-hydroxy-3,4-di(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (22). Yield
22 mg (11%); yellow powder; mp 313–316 ◦C; 1H NMR (400.13 MHz, (CD3)2SO) δ 7.04 (s,
1H, CHPyranone), 7.52–7.56 (m, 1H, CHAr), 7.78–7.80 (m, 1H, CHAr), 7.88 (ddd, J = 8.6, 7.2,
1.6 Hz, 1H, CHAr), 8.07 (s, 1H, CHTriazole), 8.09 (dd, J = 8.1, 1.5 Hz, 1H, CHAr), 8.11 (s, 1H,
CHTriazole), 8.26 (d, J = 10.4 Hz, 1H, CHAr), 8.76 (s, 1H, CHTriazole), 8.79 (s, 1H, CHTriazole),
10.98 (s, 1H, OH) ppm; 13C NMR (125.76 MHz, (CD3)2SO) δ 112.6, 118.3 (d, J = 23 Hz, CArF),
118.7, 123.3 (d, J = 9 Hz, CArF), 124.0, 124. 7, 124.8 (d, J = 15 Hz, CArF), 125.7, 134.5, 146.6,
147.3, 148.7 (d, J = 2 Hz, CTriazole), 149.1 (d, J = 244 Hz, CArF), 152.3, 152.5, 156.0, 159.0,
177.1 ppm; 19F NMR (376.44 MHz, (CD3)SO) δ 30.74 (d, J = 9.6 Hz, 1F) ppm.

2-[3,5-Difluoro-4-(1H-imidazol-1-yl)-2-methoxyphenyl]-4H-chromen-4-one (23). Yield
39 mg (23% according to technique A), 94 mg (53% according to technique B); white powder;
mp 176–177 ◦C; IR ν 3108, 3043, 2999, 2950 (OMe, C–HAr), 1630 (C=O), 1524, 1480, 1370
(C=CAr, C–HAr, C–O, C–N), 1112 (C–F) cm−1; ◦C; 1H NMR (400.13 MHz, CDCl3) δ 4.04 (d,
J = 1.7 Hz, 3H, OMe), 7.14 (s, 1H, CHPyranone), 7.27–7.29 (m, 2H, 2CHImidazole), 7.45–7.49
(m, 1H, 1CHAr), 7.55–7.57 (m, 1H, 1CHAr), 7.64 (dd, J = 10.8, 2.2 Hz, 1H, CHAr), 7.75 (ddd,
J = 8.6, 7.2, 1.7 Hz, 1H, CHAr), 7.83 (br.s., 1H, CHImidazole), 8.25 (dd, J = 8.0, 1.5 Hz, 1H,
CHAr) ppm; 13C NMR (125.76 MHz, CDCl3) δ 62.1 (d, J = 6 Hz, COMe), 111.2 (dd, J = 24,
4 Hz, CAr), 113.3, 118.0, 118.2 (dd, J = 14, 2 Hz, CAr), 120.0 (t, J = 2 Hz, CImidazole), 123.8,
125.5–125.6 (m, CAr,CImidazole), 125.8, 129.9, 134.2, 137.7 (t, J = 3 Hz, CImidazole), 144.2 (dd,
J = 12, 4 Hz, CAr), 150.1 (dd, J = 254, 4 Hz, CArF), 151.1 (dd, J = 249, 4 Hz, CArF), 156.2, 157.4
(dd, J = 4, 2 Hz, CPyranone), 178.2 ppm; 19F NMR (376.44 MHz, CDCl3) δ 27.59–27.60 (m, 1F),
36.45–36.48 (m, 1F)ppm; Anal. calcd. for C19H12F2N2O3: C 64.41, H 3.41, N 7.91, found: C
64.37, H 3.40, N 8.02.

2-[2,5-Difluoro-3,6-di(1H-pyrazol-1-yl)-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-
one (26). Yield 39 mg (17%); white powder; mp 256–258 ◦C; IR ν 3130, 3106, 3071 (C–HAr),
1642 (C=O), 1529, 1483, 1390 (C=CAr, C–HAr, C–N), 1139, 1127 (C–F) cm−1; 1H NMR
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(400.13 MHz, CDCl3) δ 6.44 (d, J = 1.2 Hz, 1H, CPyranone), 6.45–6.46 (m, 1H, CHImidazole),
6.48–6.49 (m, 1H, CHImidazole), 7.19–7.21 (m, 1H, CHAr), 7.40–7.44 (m, 1H, CHAr), 7.58 (d,
J = 1.6 Hz, 1H, CAr), 7.63–7.66 (m, 3H, CHImidazole), 7.84 (t, J = 2.6 Hz, 1H, CImidazole), 8.05
(s, 1H, CHTriazole), 8.19 (dd, J = 8.0, 1.5 Hz, 1H, CAr), 8.24 (s, 1H, CHTriazole) ppm; 13C NMR
(125.76 MHz, CDCl3) δ 108.4, 108.6, 115.0 (d, J = 3 Hz, CPyrazole), 118.0, 121.4 (d, J = 17 Hz,
CArF), 123.7, 125.5 (dd, J = 14, 3 Hz, CArF), 125.6, 125.8, 126.3 (d, J = 17 Hz, CArF), 128.7 (dd,
J = 14, 3 Hz, CArF), 132.0 (d, J = 4 Hz, CPyrazole), 132.3 (d, J = 2 Hz, CPyrazole), 134.1, 142.7,
142.9, 145.7 (d, J = 1 Hz, CPyranone), 148.0 (dd, J = 258, 4 Hz, CArF), 151.1 (dd, J = 257, 4 Hz,
CArF), 153.1, 154.3 (d, J = 2 Hz, CPyranone), 177.2 ppm; 19F NMR (376.44 MHz, CDCl3) δ
30.62 (dd, J = 14.4, 1.8 Hz, 1F), 30.75–39.80 (m, 1F) ppm; Anal. calcd. for C23H13F2N7O2: C
60.40, 2.86, N 21.44, found: C 60.15, H 2.68, N 21.54.

2-[2,3,5,6-Tetra(1H-pyrazol-1-yl)-4-(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (27).
Yield 136 mg (49%); yellow powder; mp 299–301 ◦C; IR ν 3126, 3092 (C–HAr), 1646 (C=O),
1525, 1468, 1389 (C=CAr, C–HAr, C–N) cm−1; 1H NMR (400.13 MHz, CDCl3) δ 5.30 (s,
1H, CHPyrazole), 6.08 (s, 1H, CHPyrazole), 6.16–6.18 (m, 5H, CHPyranone, CHPyrazole), 7.11
(d, J = 8.4 Hz, 1H, CHAr), 7.24 (d, J = 2.5 Hz, 1H, CHPyrazole), 7.29 (d, J = 2.5 Hz, 1H,
CHPyrazole), 7.32–7.36 (m, 1H, CHAr), 7.43 (d, J = 1.6 Hz, 2H, CHPyrazole), 7.49 (d, J = 1.6 Hz,
2H, CHPyrazole), 7.54–7.59 (m, 1H, CHAr), 7.74 (s, 1H, CHTriazole), 8.05 (s, 1H, CHTriazole),
8.06–8.08 (m, 1H, CHAr) ppm; 13C NMR (125.76 MHz, CDCl3) δ 108.0 (s, 2CPyrazole), 108.2 (s,
2CPyrazole), 113.3, 117.8, 123.3, 125.4, 125.7 (s, 2CAr), 131.8 (s, 2CPyrazole), 132.1 (s, 2CPyrazole),
132.7, 133.8 (s, 2CAr), 135.2, 135.9, 138.2, 142.2 (s, 2CPyrazole), 142.3 (s, 2CPyrazole), 145.9, 152.3,
156.0, 156.6, 177.0 ppm; Anal. calcd. for C29H19N11O2: C 62.92, 3.46, N 27.83, found: C
63.15, H 3.68, N 27.69.

2-[4-(1H-Imidazol-1-yl)-2,3,5,6-tetra(1H-pyrazol-1-yl)phenyl]-4H-chromen-4-one (28).
Yield 31 mg (11%); yellow powder; mp 320–321 ◦C; IR ν 3127 (C–HAr), 1649 (C=O), 1525,
1467, 1388 (C=CAr, C–HAr, C–N) cm−1; 1H NMR (400.13 MHz, CDCl3) δ 6.03 (s, 1H,
CHPyranone), 6.12–6.13 (m, 1H, CHPyrazole), 6.15 (dd, J = 4.3, 2.2 Hz, 4H, CHPyrazole), 7.11
(d, J = 8.3 Hz, 1H, CHAr), 7.20–7.23 (m, 3H, CHPyrazole, CHImidazole), 7.31–7.34 (m, 3H,
CHAr, CHPyrazole, CHImidazole), 7.39 (d, J = 1.6 Hz, 2H, CHPyrazole), 7.41 (d, J = 1.6 Hz, 1H,
CHImidazole), 7.47 (d, J = 1.5 Hz, 2H, CHPyrazole), 7.55 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H, CHAr),
8.06 (dd, J = 7.9, 1.5 Hz, 1H, CHAr) ppm; 13C NMR (125.76 MHz, CDCl3) δ 107.3, 107.5
(s, 2CPyrazole), 107.8 (s, 2CPyrazole), 113.2, 117.9, 123.3, 125.3, 125.6, 131.5, 131.9 (s, 2CAr),
132.0 (s, 2CPyrazole), 132.2 (s, 2CPyrazole), 133.7, 135.8, 138.3, 138.4, 141.7 (s, 2CAr), 141.7 (s,
2CPyrazole), 141.9 (s, 2CPyrazole), 156.0, 157.1, 177.1 ppm; Anal. calcd. for C30H20N10O2: C
65.21, 3.65, N 25.35, found: C 65.15, H 3.57, N 25.55.

2-[4-(1H-Imidazol-1-yl)-2,3,5,6-tetra(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (29).
Yield 92 mg (33%); pale pink powder; mp 299–301 ◦C; IR ν 3123, 3105 (C–HAr), 1647 (C=O),
1510, 1464, 1378 (C=CAr, C–HAr, C–N) cm−1; 1H NMR (500.13 MHz, (CD3)2SO) δ 6.30
(s, 1H, CHPyranone), 6.84 (s, 1H, CHImidazole), 7.01 (t, J = 1.3 Hz, 1H, CHImidazole), 7.34 (d,
J = 8.2 Hz, 1H, CHAr), 7.47–7.49 (m, 1H, CHAr), 7.52 (s, 1H, CHImidazole), 7.80 (ddd, J = 8.7,
7.2, 1.7 Hz, 1H, CHAr), 7.92 (dd, J = 8.0, 1.6 Hz, 1H, CHAr), 8.08 (s, 2H, CHTriazole), 8.11 (s,
2H, CHTriazole), 8.63 (s, 2H, CHTriazole), 8.82 (s, 2H, CHTriazole) ppm; 13C NMR (125.76 MHz,
CDCl3) δ 113.7, 117.9, 121.0, 122.4, 124.9, 126.3, 129.3, 130.6, 134.0 (s, 2CAr), 135.0, 135.5
(s, 2CAr), 136.0, 137.9, 146.7 (s, 2CTriazole), 146.8 (s, 2CTriazole), 152.9 (s, 2CTriazole), 152.9 (s,
2CTriazole), 154.8, 155.4, 175.4 ppm; Anal. calcd. for C26H16N14O2: C 56.11, 2.90, N 35.24,
found: C 56.30, H 2.98, N 35.04.

2-[4-(1H-Pyrazol-1-yl)-2,3,5,6-tetra(1H-1,2,4-triazol-1-yl)phenyl]-4H-chromen-4-one (31).
Yield 159 mg (59%); pale pink powder; mp 309–310 ◦C; IR ν 3113 (C–HAr), 1651 (C=O),
1511, 1466, 1386 (C=CAr, C–HAr, C–N) cm−1; 1H NMR (500.13 MHz, (CD3)2SO) δ 6.31–6.32
(m, 1H, CHPyrazole), 6.32 (s, 1H, CHPyranone), 7.34 (d, J = 8.2 Hz, 1H, CHAr), 7.46–7.49 (m,
1H, CHAr), 7.56 (d, J = 1.7 Hz, 1H, CHPyrazole), 7.67 (d, J = 2.5 Hz, 1H, CHPyrazole), 7.79 (ddd,
J = 8.7, 7.2, 1.7 Hz, 1H, CHAr), 7.92 (dd, J = 8.0, 1.6 Hz, 1H, CHAr), 8.04 (s, 2H, CHTriazole),
8.05 (s, 2H, CHTriazole), 8.53 (s, 2H, CHTriazole), 8.82 (s, 2H, CHTriazole) ppm; 13C NMR (125.76
MHz, (CD3)2SO) δ 107.9, 113.7, 118.0, 122.4, 124.9, 126.3, 130.8, 133.1, 133.9 (s, 2CAr), 135.1,
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135.4 (s, 2CAr), 137.6, 142.5, 146.8 (s, 2CTriazole), 146.9 (s, 2CTriazole), 152.7 (s, 2CTriazole), 152.9
(s, 2CTriazole), 155.0, 155.4, 175.5 ppm; Anal. calcd. for C26H16N14O2: C 56.11, 2.90, N 35.24,
found: C 56.26, H 2.99, N 35.11.

3.3. XRD Experiments

The X-ray studies were performed on an Xcalibur 3 CCD (Oxford Diffraction Ltd.,
Abingdon, UK) diffractometer with a graphite monochromator, λ(MoKα) 0.71073 Å radi-
ation and T 295(2) K. An empirical absorption correction was applied. Using Olex2 [51],
the structure was solved with the Superflip [52] structure solution program using charge
flipping and refined with the ShelXL [53] refinement package using Least Squares mini-
mization. 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 param-
eters. An empirical absorption correction was carried out through spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm by the program “CrysAlisPro”
(Rigaku Oxford Diffraction).

The main crystallographic data for 4: C17H7F4N3O2, M 361.26, orthorhombic, a
15.8944(12), b 12.7694(11), c 7.3245(6) Å, V 1486.6(2) Å3, space group Pna21, Z 4, µ(Mo
Kα) 0.125 mm–1, 256 refinement parameters, 3609 reflections measured, and 2493 unique
(Rint = 0.0617), which were used in all calculations. CCDC 2225826 contains the supplemen-
tary crystallographic data for this compound.

The main crystallographic data for 8: C18H8F4N2O2, M 360.26, monoclinic, a 15.0164(11),
b 7.9494(7), c 12.8592(10) Å, β 99.256(7)◦, V 1515.0(2) Å3, space group P21/c, Z 4, µ(Mo Kα)
0.125 mm–1, 268 refinement parameters, 4162 reflections measured, and 2246 unique (Rint =
0.0633), which were used in all calculations. CCDC 2,225,827 contains the supplementary
crystallographic data for this compound.

The main crystallographic data for 15: C18H9F3N2O2, M 342.27, monoclinic, a 13.3565(10),
b 7.8477(5), c 14.7075(12) Å, β 113.251(9)◦, V 1416.4(2) Å3, space group P21/n, Z 4, µ(Mo
Kα) 0.125 mm–1, 262 refinement parameters, 3865 reflections measured, and 2692 unique
(Rint = 0.0597), which were used in all calculations. CCDC 2,225,828 contains the supple-
mentary crystallographic data for this compound.

The main crystallographic data for 19: C20H13FN6O3, M 404.36, triclinic, a 13.3565(10),
b 7.8477(5), c 14.7075(12) Å, α 111.535(14), β 94.311(13), γ 101.586(12)◦, V 1416.4(2) Å3, space
group P1, Z 2, µ(Mo Kα) 0.125 mm–1, 288 refinement parameters, 3662 reflections measured,
1504 unique (Rint = 0.0711) which were used in all calculations. CCDC 2,225,829 contains
the supplementary crystallographic data for this compound.

The main crystallographic data for 23: C19H12F2N2O3, M 354,31, monoclinic, a 14.0716(10),
b 7.7151(5), c 14.5964(12) Å, β 100.453(7)◦, V 1553.0(2) Å3, space group P21/c, Z 4, µ(Mo
Kα) 0.125 mm–1, 257 refinement parameters, 4236 reflections measured, and 2349 unique
(Rint = 0.0568) which were used in all calculations. CCDC 2,225,830 contains the supple-
mentary crystallographic data for this compound.

3.4. Fungistatic Activity Evaluation

The following dermatophyte fungal strains were used: Trichophyton rubrum (RCPF
F 1408), Epidermophyton floccosum (RCPF F 1659/17), and Microsporum canis (RCPF F
1643/1585), as well as yeast-like fungus Candida parapsilosis (RCPF 1245/ ATCC 22019). The
fungi cultures were obtained from the Russian Collection of Pathogenic Fungi (Kashkin
Research Institute of Medical Mycology; Mechnikov Northwest State Medical University,
St.-Petersburg). Saburo agar and Saburo broth were used for the fungi. The microorganisms
were identified as matrix-extracted bacterial proteins with an accuracy of 99.9% using a
BioMerieux VITEK MS MALDI-TOF analyzer. The test cultures were prepared to an optical
density of 0.5 according to McFarland (1.5 × 108 CFU/ mL) using a BioMerieux Den-
siCHEK densimeter. The suspensions of C. parapsilosis were prepared from 24 h cultures,
and dermatophyte inocula were prepared after incubation for 2 weeks and preliminary ho-
mogenization in sterile saline. The fungi were inoculated at a concentration of 105 CFU/mL.
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The antimycotic activity was evaluated by a micro method [54]. The agar nutrient medium
was maintained in liquid by heating to 52 ◦C. The chemical compounds to be tested were
dissolved in DMSO to a concentration of 1000 µg/ mL, and the stock solutions were di-
luted with distilled sterilized water; serial dilutions (from 250–200 µg/ mL) were made
using nutrient media. Dermatophytes were incubated at 27 ◦C for up to 7–10 days and
C. parapsilosis for 24 h in a moist 5.0% CO2 chamber. In each case, positive and negative
controls were used. The minimum inhibitory concentration was determined visually as the
lowest concentration at which a test culture no longer grows. Chemically pure fluconazole
was used as a reference drug.

4. Conclusions

The data obtained in this work and earlier in the study of transformations with pyra-
zole [29] thus indicate that base-promoted reactions of nucleophilic aromatic substitution
are a convenient method for the functionalization of polyfluoroflavones 1–3 with azoles
with different numbers of nitrogen atoms. At the same time, it was found that monosubsti-
tution of the para-fluorine atom successfully and selectively occurs while using the system
(azole (1.5 equiv.)/NaOBut (1.5 equiv.)/MeCN) regardless of the structure and proper-
ties of the used polyfluorinated substrates and nucleophilic reagents, since in all cases,
mono(azolyl)-substituted flavones were obtained in good yields. Under the conditions
(azole (6 equiv.)/NaOBut (6 equiv.)/DMF), which promote the formation of persubstituted
products, the interactions of polyfluoroflavones 1–3 with pyrazole are distinguished by
high selectivity [26], while similar reactions with triazole produced productively only for
penta- and tetrafluoroflavones 1 and 2, and the same transformations with imidazole in
general are extremely non-selective.

Comparing the conversion of polyfluoroflavones 1–3 in reactions with azoles under
conditions that do not provide selective substitution (azole (3 equiv.)/Cs2CO3
(3 equiv.)/MeCN)), it can be noted that transformations with pyrazole [26] are charac-
terized by easier formation of polysubstituted products, and under conditions conducive to
persubstitution, it is possible to build the following series of azoles according to reactivity:
pyrazole ≥ triazole > imidazole. Obviously, in both cases, the reactivity of azoles does not
correspond to their basicity, and therefore to some extent, nucleophilicity, since imidazole
is known to be the strongest base among them [55]. According to the literature data [56,57],
polyfluoroaromatic compounds generally react with nucleophiles via Meisenheimer com-
plexes. For flavones 1–3, we assume an analogous mechanism [26]; first nucleophile attack
occurs on the activated C4′ site of flavones 1–3 with the generation of an intermediate of
a stable quinoid structure, followed by formation of a mono(azolyl)-substituted product.
Sequential substitution is coordinated by the joint activating effect of the substituents, and
the resulting intermediate complexes are stabilized both by O,N-bidentate coordination
between the azole and the pyrone fragment of the molecule with Na+ and by the coor-
dination of neighboring azole moieties with Na+. It is likely that the higher reactivity
of pyrazole, triazole, and their intermediates compared to imidazole and its derivatives
in SNAr poly- and per-substitution reactions is due to the possibility of participation of
their imine nitrogen atoms in the N–N=C function in coordination during the formation of
transitional complexes.

In addition, it was shown that the per-substitution conditions can be successfully
used for the synthesis of polynuclear hybrid compounds containing two different azole
fragments by the reaction of mono(azolyl)-substituted flavones with pyrazole and triazole.

Using XRD data, the structural features of triazolyl- and imidazolyl-substituted
flavones in crystal form were established. For example, in contrast to previously syn-
thesized pyrazole analogues [26], new azole derivatives do not contain an intramolecu-
lar H-bond.

In terms of possible practical applications, it has been established that the resulting
poly(pyrazolyl)-substituted flavones have luminescent properties, which makes further
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development of research in this area promising. In addition, weak antimycotic activity was
found for some azolyl-containing flavones.

Supplementary Materials: NMR data of the synthesized compounds can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28020869/s1. Figure S1. 1H NMR spectrum of compound
4; Figure S2. 13C NMR spectrum of compound 4; Figure S3. 19F NMR spectrum of compound 4;
Figure S4. 1H NMR spectrum of compound 7; Figure S5. 13C NMR spectrum of compound 7; Figure
S6. 1H NMR spectrum of compound 8; Figure S7. 13C NMR spectrum of compound 8; Figure S8. 19F
NMR spectrum of compound 8; Figure S9. 1H NMR spectrum of compound 9; Figure S10. 19F NMR
spectrum of compound 9; Figure S11. 1H NMR spectrum of compound 10; Figure S12. 13C NMR
spectrum of compound 10; Figure S13. 19F NMR spectrum of compound 10; Figure S14. 1H NMR
spectrum of compound 11; Figure S15. 13C NMR spectrum of compound 11; Figure S16. 19F NMR
spectrum of compound 11; Figure S17. 1H NMR spectrum of compound 14; Figure S18. 13C NMR
spectrum of compound 14; Figure S19. 1H NMR spectrum of compound 15; Figure S20. 13C NMR
spectrum of compound 15; Figure S21. 19F NMR spectrum of compound 15; Figure S22. 1H NMR
spectrum of compound 17; Figure S23. 13C NMR spectrum of compound 17; Figure S24. 19F NMR
spectrum of compound 17; Figure S25. 1H NMR spectrum of compound 18; Figure S26. 13C NMR
spectrum of compound 18; Figure S27. 19F NMR spectrum of compound 18; Figure S28. 1H NMR
spectrum of compound 19; Figure S29. 13C NMR spectrum of compound 19; Figure S30. 19F NMR
spectrum of compound 19; Figure S31. 1H NMR spectrum of compound 22; Figure S32. 13C NMR
spectrum of compound 22; Figure S33. 19F NMR spectrum of compound 22; Figure S34. 1H NMR
spectrum of compound 23; Figure S35. 13C NMR spectrum of compound 23; Figure S36. 19F NMR
spectrum of compound 23; Figure S37. 1H NMR spectrum of compound 26; Figure S38. 13C NMR
spectrum of compound 26; Figure S39. 19F NMR spectrum of compound 26; Figure S40. 1H NMR
spectrum of compound 27; Figure S41. 13C NMR spectrum of compound 27; Figure S42. 1H NMR
spectrum of compound 28; Figure S43. 13C NMR spectrum of compound 28; Figure S44. 1H NMR
spectrum of compound 29; Figure S45. 13C NMR spectrum of compound 29; Figure S46. 1H NMR
spectrum of compound 31; Figure S47. 13C NMR spectrum of compound 31.
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Table A1. NMR data of characteristic F and H nuclei of flavones 9, 10, and A.
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Compound
H3 F2 F3 F5

δ J δ J δ J δ J

9 6.52, d 5JHF 1.4 26.33 ddd

3JFF 22.6
5JFF 13.0
5JFH 1.4

23.60 d 3JFF 22.4 30.57 d 5JFF 13.1

10 6.51, d 5JHF 1.3 41.18 dd
5JFF 14.7
5JFH 1.3

– – 31.47 d 5JFF 14.7

A 6.44, d 5JHF 1.1 29.51 dd
5JFF 14.4
5JFH 1.1

– – 39.83 d 5JFF 14.3

Appendix B

Table A2. Detailed data of the fluorescence lifetime measurements of 28 and 32: τ—lifetime,
f —fractional contribution, τ avg—average lifetime, and χ2—chi-squared distribution.

Compound
Solid

τ1, ns f1, % τ2, ns f2, % τ avg, ns χ2

28 3.57 16.5 8.53 83.5 7.72 1.109

32 2.84 21.3 7.88 78.7 6.81 1.206
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The Construction of Polycyclic Pyridones via Ring-Opening
Transformations of 3-hydroxy-3,4-dihydropyrido[2,1-c]
[1,4]oxazine-1,8-diones
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Institute of Natural Sciences and Mathematics, Ural Federal University, 51 Lenina Ave.,
620000 Ekaterinburg, Russia
* Correspondence: dobydennov@mail.ru (D.L.O.); vy.sosnovskikh@urfu.ru (V.Y.S.)

Abstract: This work describes the synthesis of 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-
diones, their tautomerism, and reactivity towards binucleophiles. These molecules are novel and
convenient building-blocks for the direct construction of biologically important polycyclic pyridones
via an oxazinone ring-opening transformation promoted with ammonium acetate or acetic acid. In
the case of o-phenylenediamine, partial aromatization of the obtained heterocycles proceeded to form
polycyclic benzimidazole-fused pyridones (33–91%).

Keywords: 4-pyridone; oxazinone; ring-opening; benzimidazole; aldehyde-lactol tautomerism;
ammonium acetate

1. Introduction

4-Pyridones are important nitrogen-containing heterocycles, which have recently at-
tracted much attention as biologically active [1–4] and natural compounds [5,6]. Polycyclic
structures, such as dolutegravir, bictegravir, and cabotegravir, are used as modern inhibitors
of HIV integrase for antiretroviral therapy [1,3] (Figure 1). Baloxavir marboxil also belongs
to this class of these compounds and is applied as the first cap-dependent endonuclease
inhibitor for the treatment of influenza [2].
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The chemistry of these heterocycles is actively developed not only for the design of biologi-
cally important compounds [7–9], but also for effective preparation in the industry [1–3,10–15].
At the same time, there is a need to search for new multifarious pyridone building blocks [16–25]
and convenient synthetic tools for the construction of polycyclic pyridones [1–3,15], including
CH functionalization [26].

The general approach is well known in the literature based on the reaction of alkyl
1-(2,2-dimethoxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylates with binucleophiles to
obtain the fused heterocycles [1,3,10–14] (Scheme 1). In this case, the acid-catalyzed depro-
tection of the dimethyl acetal group led to 2-(4-oxopyridin-1(4H)-yl)acetaldehydes, which
are usually considered as intermediates of polycyclic pyridone formation. Substituted
3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione was also detected as the result of
hydrolysis of the carboethoxy and dimethylacetal groups as a by-product in the synthesis
of dolutegravir [10]. Such structure also can be suggested as a possible intermediate for this
heterocyclization [1,10]. To the best of our knowledge, only unsubstituted 3-hydroxy-3,4-
dihydropyrido[2,1-c][1,4]oxazine-1,8-dione was prepared from comanic acid in pure form
and used for the transformation with (R)-3-aminobutan-1-ol [3,11]. Moreover, there are
data on the Ugi reaction of a pyridone-bearing aldoacid with isonitriles for the synthesis of
various piperazinone-fused pyridones [27].

1 
 

 

N
O

O
R2

OR1

MeO

MeO

H2N
N

O
R2

N

O

X n

XH
n

Previous work:

This work:

N

O

Ar

O

H2N

N

O

Ar

O

N

O

X n

XH
n

O

O

OH

N

O

Ar

O

N

O

N

or

R

R

H+

AcONH4
or AcOH

R1 = Alk; R2 = H, CO2R4, CONHR4;
R3 = OAlk, Hal

R3 R3

N
O

O
R2

OR1

O

R3

or

Scheme 1. General strategy for the synthesis of polycyclic pyridones.

We decided to study 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones in
more detail in order to find new directions for the construction of polycyclic pyridones
through morpholinone ring-opening reactions. These molecules bear the hidden aldehyde
moiety, which can determine their high reactivity towards nucleophiles via the tautomeric
equilibrium. This strategy based on the transformation with diamines can open access
to new cyclic fused pyridones, which are of interest for the further design of biologically
active compounds.

2. Results and Discussion
Synthesis of 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones 3 and Their
Chemical Properties

We started with the ANRORC reaction of 5-acyl-4-pyrone-2-carboxylate 1 with 2,2-
dimethoxyethylamine as the effective method for the preparation of 4-pyridones [3,17,28,29]
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(Scheme 2, Table 1). The ring-opening transformations proceeded under reflux in toluene
for 4 h to produce pyridones 2a–d,f in 30–90% yields. Pivaloyl-substituted pyrone 1e did
not provide the desired product, and the reaction was carried in more polar MeCN, leading
to pyridone 2e in 42% yield. Compounds 2a–e underwent the deprotection of the dimethyl
acetal moiety in aqueous HCl to form 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-
diones 3a–e. For 2,5-dicarbethoxy-4-pyridone 2f, the heating in formic acid was used for
the selective hydrolysis of the COOEt group at the C-2 position as a result of the promotion
by the presence of the adjacent aldehyde fragment.
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Scheme 2. Synthesis of 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones 3.

Table 1. The scope of products 2 and 3.

Entry Compound 2,3 R Yield of 2, % Yield of 3, %

1 a Ph 90 53
2 b 4-MeOC6H4 63 85
3 c 4-ClC6H4 73 59
4 d 2-Th 72 84
5 e t-Bu 42 41
6 f OEt 30 74

Pyridones 3 can undergo aldehyde-lactol tautomerism [30] and exist as acyclic al-
doacid or a cyclic lactol form (3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones)
(Scheme 2). It is interesting to note that this type of the ring-chain tautomerism for mor-
pholinones has not been studied before.

The 1H NMR spectra of products 3 in DMSO-d6 demonstrates the existence of only
the lactol form. The spectral feature of the tautomer is the presence of a downfield signal of
the OH group at δ 8.13–8.72 ppm and an ABX system of the morpholinone moiety. For the
pivaloyl-substituted compound 3e, a singlet of the methylene group and a strongly broad-
ened singlet of the CH proton were observed probably due to the rapid interconversion
between different forms.

Pyridones 3 bear the carbonyl group at the C-5 position, which can be used for fur-
ther modifications of the heterocyclic fragment. Therefore, the important task included
the search for selective transformations on the morpholinone fragment. We have stud-
ied the detailed influence of conditions on the ring-opening reaction of 3-hydroxy-3,4-
dihydropyrido[2,1-c][1,4]oxazine-1,8-diones (3b) with 3-aminopropan-1-ol (Table 2). A
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mixture of methanol–toluene was used as a solvent to increase the solubility of pyridone 3b.
The reaction did not proceed without the use of catalysts even under the prolonged reflux.
It was found that the transformation in the presence of acetic acid as an additive led to
product 4a in 48% yield. We suggested that the formation of 3-hydroxypropylammonium
acetate occurred, which acts as a nucleophile and activator of the morpholinone moiety.
However, this transformation did not proceed at room temperature, as well as with the use
of the 0.2 equiv. of acetic acid.

Table 2. The optimization of reactions conditions for the synthesis of 4a from 3b and 3-aminopropan-1-ol a.
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a Pyridone 3b (99.9 mg, 0.317 mmol) and 3-aminopropan-1-ol (28.6 mg, 0.381 mmol) were stirred in a mixture of
toluene and methanol (1:1, 2 mL).

Taking into account the effect of AcOH, we tried to use AcONH4 as a bifunctional
catalyst [31,32] for this process. To our delight, the product was obtained in a good yield
(69%) under reflux for 12 h (TLC monitoring) (Table 2). The variation of the nature of the
ammonium salt or temperature did not allow for the improvement of the reaction yield.

We tried to extend the optimized conditions with the use of ammonium acetate
(Method A) for other 5-acylpyridones 3 and binucleophiles for the synthesis of polycyclic
4-pyridones (Table 3). In most cases, the acyl fragment strongly influenced the reaction
selectivity, and an alternative method included the use of acetic acid (Method B). Pyridones
3b,c bearing para-substituted benzoyl fragments underwent the transformation in the
presence of ammonium acetate and led to the formation of products 4a,b in 69–75% yields.
Benzoyl- and thienoyl-substituted compounds 3a,d reacted more effectively in the condi-
tions of method B and provided products 4c,d in 31–52% yields. When propane-1,3-diamine
was used as a binucleophile, we were not able to isolate the desired polycyclic products in
a pure form directly. The precipitates that formed always contained the starting diamine in
significant amounts. Next, binucleophiles bearing two carbon atoms in the linker was used
for the heterocyclization. The reaction with ethylenediamine proceeded in good yields
and led to the formation of imidazo[1,2-a]pyrido[1,2-d]pyrazine-5,7-diones 5a,b in 78–84%
yields (Method A). Thienoyl-substituted pyridone 3d underwent the ring-opening process
in the presence of acetic acid (Method B) to produce compound 5c in 48% yield. At the same
time, we failed to isolate any products in the pure form in the reaction with ethanolamine.
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Table 3. Reactions of compounds 3 with binucleophiles a.
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a Method A. Compound 3 (0.317 mmol) was stirred with amine (0.381 mmol) and ammonium acetate (0.0245 g,
0.317 mmol) in a mixture of toluene (1 mL) and methanol (1 mL) at 90 ◦C for 8–12 h. Method B. Compound
3 (0.317 mmol) was stirred with amine (0.381 mmol) and acetic acid (22.8 mg, 0.380 mmol) in a mixture of toluene
(1 mL) and methanol (1 mL) at 90 ◦C for 7–12 h. b 2 equiv. of the amine was used.

The peculiarity of ammonium acetate is probably associated with its solubility in
a methanol–toluene mixture and the ability to promote the ring-opening process of the
morpholinone ring, which leads to the formation of the aldoacid (Scheme 3). Subsequent
stages, including intermolecular attack of a binucleophile and intramolecular cyclization,
can be catalyzed by both the ammonium cation and acetic acid. An experiment was carried
out to study the reaction of ammonium acetate with pyridone 3b under reflux. According
to the 1H NMR spectrum of the obtained precipitate, it was found that the formation of an
open-chain structure occurred (see Supplementary Materials). Although we did not detect
the aldehyde group, a singlet of the methylene group and absence of the 3-CH proton of
the lactol form were observed in the 1H NMR spectrum.

The reaction of pyridone 3 with o-phenylenediamine proceeded in the presence of
ammonium acetate at room temperature or under reflux and was accompanied by aromati-
zation under the action of atmospheric oxygen (Scheme 4, Table 4). The intermediate C was
not isolated in pure form, but was detected as by-products in all cases. Carrying out the
reaction under argon did not allow the selective formation of compound C. This result can
indicate that the oxidation additionally promotes the reaction leading to the most stable
product 6.
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Table 4. The scope of products 6.

Entry Compound 6 Ar Yield of 6, %

1 a Ph 71
2 b 4-MeOC6H4 91
3 c 4-ClC6H4 33
4 d 2-Th 42

To obtain compounds 6 in a pure form directly, the reaction was carried out at room
temperature for 12 h and subsequent reflux for 2 h. In these conditions, the aromatization
proceeded completely and pyridones 6 bearing the benzimidazole fragment were isolated
in 33–91% yields. The reaction turned out to be sensitive to the nature of the acyl moiety,
which probably determined the occurrence of side reactions. Pivaloyl pyridone 3e led
to degradation products, which did not bear the t-Bu group. In the 1H NMR spectra of
compounds 6, the downfield singlet of methylene group was observed at δ 5.81–5.84 ppm
due to the presence of two adjacent aromatic systems.

Thus, 3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-diones have been synthe-
sized and demonstrated to exist predominantly in the lactol tautomeric form. The new and
convenient approach has been developed for the preparation of polycyclic pyridones based
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on the pyridomorpholinones via ring-opening reactions. The binucleophile linker and the
nature of nucleophile centers strongly influence the reaction outcome. The most active
binucleophiles in this heterocyclization process are ethylenediamine and 3-aminopropan-
1-ol. It has been demonstrated that the reaction with o-phenylenediamine is followed by
oxidation and the formation of benzimidazole-fused 4-pyridones.

3. Materials and Methods

NMR spectra were recorded on Bruker DRX-400 (Bruker BioSpin GmbH, Ettlingen,
Germany, work frequencies: 1H, 400 MHz; 13C, 101 MHz), Bruker Avance-400 (Bruker
BioSpin GmbH, Rheinstetten, Germany, work frequencies: 1H, 400 MHz; 13C, 101 MHz),
Bruker Avance III-500 (Bruker BioSpin GmbH, Rheinstetten, Germany, work frequencies:
1H, 500 MHz; 13C, 126 MHz), and Bruker Avance NEO (Bruker BioSpin GmbH, Rheinstetten,
Germany, work frequencies: 1H, 600 MHz; 13C, 151 MHz) spectrometers in DMSO-d6 or
CDCl3. The chemical shifts (δ) are reported in ppm relative to the internal standard TMS
(1H NMR) and residual signals of the solvents (13C NMR). IR spectra were recorded on a
Shimadzu IRSpirit-T (Shimadzu Corp., Kyoto, Japan) spectrometer using an attenuated
total reflectance (ATR) unit (FTIR mode, diamond prism); the absorbance maxima (ν)
are reported in cm–1. Mass spectra (ESI-MS) were measured with a Waters Xevo QTof
instrument (Waters Corp., Milford, MA, USA). Elemental analyses were performed on
an automatic analyzer PerkinElmer PE 2400 (Perkin Elmer Instruments, Waltham, MA,
USA). Melting points were determined using a Stuart SMP40 melting point apparatus (Bibby
Scientific Ltd., Stone, Staffordshire, UK). Column chromatography was performed on silica
gel (Merck 60, 70–230 mesh). All solvents that were used were dried and distilled by standard
procedures. 4-Pyrones 1 were prepared according to the literature methods [28,33,34].

3.1. General Procedure for the Preparation of 1-(2,2-dimethoxyethyl)-4-pyridones 2

Ethyl 5-acyl-4-oxo-4H-pyran-2-carboxylate 1 (0.330 mmol) was added to a cooled
solution of 2,2-dimethoxyethanamine (0.0380 g, 0.361 mmol) in toluene (1 mL). The resulting
mixture was stirred for 20 min at room temperature (the precipitation was observed) and
heated under reflux for 4 h. The solvent was evaporated under reduced pressure, and
the product was isolated by flash chromatography using ethyl acetate as an eluent. For
pyridone 2e, acetonitrile was used instead of toluene (reflux for 3 h).

Ethyl 5-benzoyl-1-(2,2-dimethoxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylate (2a). Yield
0.1067 g (90%), yellow crystals. IR (ATR) ν 3053, 2932, 2836, 1720, 1652, 1630, 1475, 1294,
829, 701. 1H NMR (400 MHz, CDCl3) δ 1.41 (t, J = 7.1 Hz, 3H, Me), 3.42 (s, 6H, 2MeO), 4.34
(d, J = 4.5 Hz, 2H, CH2N), 4.40 (q, J = 7.1 Hz, 2H, CH2), 4.53 (t, J = 4.5 Hz, 1H, CH), 7.07
(s, 1H, H-3 Py), 7.43 (t, J = 7.6 Hz, 2H, H-3, H-5 Ph), 7.55 (t, J = 8.0 Hz, 2H, H-4 Ph), 7.79
(s, 1H, H-6 Py), 7.86 (dd, J = 8.0 Hz, J = 1.4 Hz, 2H, H-2, H-6 Ph). 13C NMR (126 MHz,
DMSO-d6) δ 13.7, 54.2, 55.4, 62.5, 102.7, 122.3, 127.9, 128.4 (2C), 129.1 (2C), 133.2, 136.9, 141.6,
147.2, 162.0, 174.4, 193.2. HRMS (ESI) m/z [M + H]+. Calculated for C19H22NO6: 360.1453.
Found: 360.1447.

Ethyl 1-(2,2-dimethoxyethyl)-5-(4-methoxybenzoyl)-4-oxo-1,4-dihydropyridine-2-carboxylate
(2b). Yield 0.0828 g (63%), light yellow oil. 1H NMR (500 MHz, CDCl3) δ 1.41 (t, J = 7.1 Hz,
3H, Me), 3.42 (s, 6H, 2MeO), 4.36 (d, J = 4.5 Hz, 2H, CH2N), 4.40 (q, J = 7.1 Hz, 2H, CH2),
4.53 (t, J = 4.5 Hz, 1H, CH), 7.06 (s, 1H, H-3 Py), 7.40 (d, J = 8.7 Hz, 2H, H-3, H-5 Ar), 7.79
(d, J = 8.7 Hz, 2H, H-2, H-6 Ar), 7.82 (s, 1H, H-6 Py). 13C NMR (151 MHz, CDCl3) δ 14.0,
55.5, 55.7, 55.9, 62.8, 103.3, 113.6, 124.8, 129.4, 129.8, 132.3, 140.2, 147.3, 162.4, 163.8, 175.7,
191.6. Anal. Calculated for C20H23NO7·0.5H2O: C 60.29; H 6.07; N 3.52. Found: C 59.98; H
6.20; N 3.47.

Ethyl 5-(4-chlorobenzoyl)-1-(2,2-dimethoxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylate
(2c). Yield 0.0949 g (73%), brown viscous liquid. IR (ATR) ν 3033, 2978, 2862, 1729, 1660,
1630, 1481, 1246, 851, 767. 1H NMR (400 MHz, CDCl3) δ 1.41 (t, J = 7.1 Hz, 3H, Me), 3.42 (s,
6H, 2MeO), 4.36 (d, J = 4.5 Hz, 2H, CH2N), 4.40 (q, J = 7.1 Hz, 2H, CH2), 4.53 (t, J = 4.5 Hz,
1H, CH), 7.06 (s, 1H, H-3 Py), 7.40 (d, J = 8.7 Hz, 2H, H-3, H-5 Ar), 7.79 (d, J = 8.7 Hz,
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2H, H-2, H-6 Ar), 7.82 (s, 1H, H-6 Py). 13C NMR (126 MHz, CDCl3) δ 14.0, 55.7, 55.8, 62.8,
103.2, 125.3, 128.2, 128.5 (2C), 131.0 (2C), 135.4, 139.4, 140.3, 148.1, 162.2, 175.6, 192.1. Anal.
Calculated for C19H20ClNO6: C 57.95; H 5.12; N 3.56. Found: C 58.35; H 5.42; N 3.48.

Ethyl 1-(2,2-dimethoxyethyl)-4-oxo-5-(thiophene-2-carbonyl)-1,4-dihydropyridine-2-carboxylate
(2d). Yield 0.0868 g (72%), dark yellow viscous liquid. IR (ATR) ν 3066, 2985, 2933, 2841, 1637,
1620, 1478, 1250, 849, 719. 1H NMR (400 MHz, CDCl3) δ 1.41 (t, J = 7.1 Hz, 3H, Me), 3.42 (s,
6H, 2MeO), 4.34 (d, J = 4.5 Hz, 1H, CH2N), 4.40 (q, J = 7.1 Hz, 2H, CH2), 4.53 (t, J = 4.5 Hz,
1H, CH), 7.09 (s, 1H, H-3 Py), 7.12 (dd, J = 4.9 Hz, J = 3.9 Hz, 1H, H-4 Th), 7.68 (dd, J = 4.9, J
= 1.1 Hz, 1H, H-5 Th), 7.81 (s, 1H, H-6 Py), 7.85 (dd, J = 3.9, J = 1.1 Hz, 1H, H-3 Th). 13C
NMR (126 MHz, CDCl3) δ 13.9, 55.7, 55.8, 62.8, 103.2, 125.1, 128.1, 128.8, 134.7, 135.1, 140.0,
143.7, 147.4, 162.2, 175.3, 184.2. Anal. Calculated for C17H19NO5S: C 55.88; H 5.24; N 3.83.
Found: C 56.09; H 5.15; N 3.90.

Ethyl 1-(2,2-dimethoxyethyl)-4-oxo-5-pivaloyl-1,4-dihydropyridine-2-carboxylate (2e). Yield
0.0470 g (42%), brown viscous liquid. IR (ATR) ν 2960, 2837, 1731, 1628, 1480, 1247, 952,
805. 1H NMR (400 MHz, CDCl3) δ 1.28 (s, 9H, t-Bu), 1.40 (t, J = 7.1 Hz, 3H, Me), 3.41 (s, 6H,
2MeO), 4.26 (d, J = 4.7 Hz, 2H, CH2N), 4.38 (q, J = 7.1 Hz, 2H, CH2), 4.50 (t, J = 4.7 Hz, 1H,
CH), 6.97 (s, 1H, H-3 Py), 7.41 (s, 1H, H-6). 13C NMR (126 MHz, CDCl3) δ 13.9, 26.2, 44.7,
55.6, 55.8, 62.7, 103.4, 123.9, 132.1, 139.7, 144.1, 162.4, 175.4, 209.8. HRMS (ESI) m/z [M +
H]+. Calculated for C17H26NO6: 340.1766. Found: 340.1760.

Diethyl 1-(2,2-dimethoxyethyl)-4-oxo-1,4-dihydropyridine-2,5-dicarboxylate (2f). Yield 0.0324 g
(30%), brown viscous liquid. IR (ATR) ν 2978, 2839, 1725, 1664, 1631, 1474, 1299, 867, 776.
1H NMR (400 MHz, CDCl3) δ 1.38 (t, J = 7.1 Hz, 3H, Me), 1.39 (t, J = 7.1 Hz, 3H, Me), 3.41 (s,
6H, 2MeO), 4.33 (d, J = 4.7 Hz, 2H, CH2N), 4.37 (q, J = 7.1 Hz, 2H, CH2), 4.38 (q, J = 7.1 Hz,
2H, CH2), 4.49 (t, J = 4.7 Hz, 1H, CH), 7.07 (s, 1H, H-3 Py), 8.18 (s, 1H, H-6 Py). HRMS (ESI)
m/z [M + H]+. Calculated for C15H22NO7: 328.1406. Found: 328.1396. The spectral data
are in accordance with the patent literature [11].

3.2. General Method for the Preparation of dihydropyrido[2,1-c][1,4]oxazine-1,8-diones 3

1-(2,2-Dimethoxyethyl)-4-pyridone 2 (0.332 mmol) was stirred in hydrochloric acid
(1: 1, 2 mL) for 24 h or, for 2b, in concentrated hydrochloric acid (2 mL) for 3 h at room
temperature and for 3 h under reflux. The precipitate formed was filtered. For compound
2f, formic acid (85%, 2 mL) was used. The reaction mixture was stirred at room temperature
for 3 h and heated at 85 ◦C for 4 h. After evaporation of the solvent, the product was
isolated by flash chromatography using ethyl acetate as an eluent.

7-Benzoyl-3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione (3a). Yield 0.0506 g
(53%), white powder, mp 187–188 ◦C. IR (ATR) ν 3228, 3078, 2489, 1665, 1637, 1470, 1213,
854, 748. 1H NMR (400 MHz, DMSO-d6) δ 4.29 (dd, J = 13.5 Hz, J = 3.3 Hz, 1H, CHH), 4.47
(dd, J = 13.5 Hz, J = 1.6 Hz, 1H, CHH), 6.08 (unresolved m, 1H, H-3), 6.99 (s, 1H, H-9), 7.50
(d, J = 7.7 Hz, 2H, H-3, H-5 Ph), 7.64 (t, J = 7.4 Hz, J = 1.0 Hz, 1H, H-4 Ph), 7.76 (dd, J = 8.4
Hz, J = 1.3 Hz, 2H, H-2, H-6 Ph), 8.28 (br.s, 1H, H-6), 8.72 (br.s, 1H, OH). 13C NMR (126
MHz, DMSO-d6) δ 52.4, 93.7, 121.1, 128.6 (2C), 129.3 (2C), 133.6, 136.5, 144.4, 158.1, 174.0,
192.9. HRMS (ESI) m/z [M + H]+. Calculated for C15H12NO5: 286.0714. Found: 286.0715.

3-Hydroxy-7-(4-methoxybenzoyl)-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione (3b). Yield
0.0902 g (85%), beige powder, mp 205–206 ◦C. IR (ATR) ν 3060, 2934, 1684, 1599, 1268, 1153,
1021, 912, 843. 1H NMR (500 MHz, DMSO-d6) δ 3.84 (s, 3H, OMe), 4.25 (dd, J = 13.5 Hz,
J = 3.6 Hz, 1H, CHH), 4.44 (dd, J = 13.5 Hz, J = 1.5 Hz, 1H, CHH), 6.07 (unresolved m, 1H,
H-3), 6.94 (s, 1H, H-9), 7.03 (d, J = 8.9 Hz, 2H, H-3, H-5 Ar), 7.75 (d, J = 8.8 Hz, 2H, H-2,
H-6 Ar), 8.18 (s, 1H, H-6), 8.66 (br.s, 1H, OH). 13C NMR (126 MHz, DMSO-d6) δ 52.1, 55.6,
93.6, 113.8 (2C), 121.2, 129.3, 129.9, 131.8 (2C), 135.9, 143.5, 158.2, 163.5, 174.2, 191.3. Anal.
Calculated for C16H13NO6·0.25H2O: C 60.10; H 4.26; N 4.38. Found: C 60.17; H 3.98; 4.42.

7-(4-Chlorobenzoyl)-3-hydroxy-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione (3c). Yield
0.0626 g (59%), white powder, mp 209–210 ◦C. IR (ATR) ν 3077, 1728, 1645, 1635, 1557, 1533,
1404, 1216, 1047, 732. 1H NMR (500 MHz, DMSO-d6) δ 4.32 (br.s, 1H, CHH), 4.45 (br.s, 1H,
CHH), 6.10 (unresolved m, 1H, H-3), 6.90 (br.s, 1H, H-9), 7.57 (d, J = 8.9 Hz, 2H, H-3, H-5
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Ar), 7.75 (d, J = 8.9 Hz, 2H, H-2, H-6 Ar), 8.28 (s, 1H, H-6), 8.67 (s, 1H, OH). 13C NMR (126
MHz, DMSO-d6) δ 52.0, 122.5, 128.6 (2C),128.7, 130.9 (2C), 135.5, 138.0, 144.6, 163.0, 174.8,
192.5 (2C were not observed). HRMS (ESI) m/z [M + H]+. Calculated for C15H11ClNO5:
320.0330. Found: 320.0326.

3-Hydroxy-7-(thiophene-2-carbonyl)-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione (3d). Yield
0.0812 g (84%), beige powder, mp 206–207 ◦C. IR (ATR) ν 3071, 2904, 1730, 1638, 1407, 1209,
852, 749. 1H NMR (500 MHz, DMSO-d6) δ 4.26 (dd, J = 13.3 Hz, J =2.7 Hz, 1H, CHH), 4.46
(d, J = 13.3 Hz, 1H, CHH), 6.06 (s, 1H, H-3), 6.95 (s, 1H, H-9), 7.23 (dd, J = 4.9 Hz, J = 3.9 Hz,
1H, H-4 Th), 7.72 (dd, J = 3.9 Hz, J = 0.9 Hz, 1H, H-3 Th), 8.08 (dd, J = 4.9 Hz, J = 0.9 Hz,
1H, H-5 Th), 8.25 (s, 1H, H-6), 8.65 (d, J = 4.5 Hz, 1H, OH). 13C NMR (126 MHz, DMSO-d6)
δ 51.8, 93.5, 122.1, 128.7, 129.3, 135.5, 135.7, 143.2, 143.3, 158.4, 174.4, 184.7 (1C was not
observed). Anal. Calculated for C13H9NO5S: C 53.61; H 3.11; N 4.81. Found: C 53.64; H
3.39; N 4.90.

3-Hydroxy-7-pivaloyl-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione (3e). Yield 0.0361 g
(41%), brown liquid product. IR (ATR) ν 2972, 2935, 2909, 1697, 1479, 1364, 1216, 1060. 1H
NMR (500 MHz, DMSO-d6) δ 1.18 (s, 9H, t-Bu), 4.33 (s, 2H, 4-CH2), 6.13 (br.s, 1H, H-3),
6.83 (s, 1H, H-9), 7.90 (s, 1H, H-6), 8.13 (s, 1H, OH). 13C NMR (126 MHz, DMSO-d6) δ 26.0,
44.0, 54.6, 88.4, 120.1, 131.9, 140.9, 159.7, 163.1, 174.9, 210.1. HRMS (ESI) m/z [M + H]+.
Calculated for C13H16NO5: 266.1033. Found: 266.1028.

Ethyl 3-hydroxy-1,8-dioxo-1,3,4,8-tetrahydropyrido[2,1-c][1,4]oxazine-7-carboxylate (3f). Yield
0.0622 g (74%), brown powder, mp 193–194 ◦C. IR (ATR) ν 2985, 1734, 1695, 1575, 1450, 1306,
1200, 1112, 1012, 876, 797. 1H NMR (500 MHz, DMSO-d6) δ 1.26 (t, J = 7.1 Hz, 2H, Me), 4.21
(q, J = 7.1 Hz, 2H, CH2), 4.31 (br.s, 1H, CH), 4.41 (s, 1H, CH), 6.03 (s, 1H, H-3), 6.87 (s, 1H,
H-9), 8.47 (s, 1H, H-6), 8.61 (s, 1H, OH). 13C NMR (126 MHz, DMSO-d6) δ 14.2, 52.0, 60.2,
93.6, 119.8, 123.1, 135.4, 146.5, 158.6, 163.8, 173.7. HRMS (ESI) m/z [M + H]+. Calculated
for C11H12NO6: 254.0669. Found: 254.0665.

3.3. General Method for the Preparation of Compounds 4 and 5

Method A. 3-Hydroxy-7-acyl-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione 3
(0.317 mmol) was stirred with amine (0.381 mmol) and ammonium acetate (0.0245 g,
0.317 mmol) in a mixture of toluene (1 mL) and methanol (1 mL) at 90 ◦C of an oil bath
for 7–12 h. The precipitate obtained was filtered and recrystallized in a mixture of toluene
and ethanol.

Method B. 3-Hydroxy-7-acyl-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione 3
(0.317 mmol) was stirred with amine (0.381 mmol) and acetic acid (22.8 mg, 0.380 mmol) in
a mixture of toluene (1 mL) and methanol (1 mL) at 90 ◦C of an oil bath for 7–12 h. The
precipitate obtained was filtered and recrystallized in a mixture of toluene and ethanol.

9-(4-Methoxybenzoyl)-3,4,12,12a-tetrahydro-2H-pyrido[1’,2’:4,5]pyrazino[2,1-b][1,3]oxazine-
6,8-dion (4a). The reaction was carried out for 12 h. Method A. Yield 0.0775 g (69%), yellow
powder, mp 222–223 ◦C. IR (ATR) ν 2956, 2875, 1673, 1640, 1573, 1467, 1384, 783. 1H NMR
(400 MHz, DMSO-d6) δ 1.61 (dm, J = 13.2 Hz, 1H, H-3’), 1.64–1.84 (m, 1H, H-3), 3.22 (td,
J = 12.9 Hz, J = 3.2 Hz, 1H, CH), 3.84 (s, 3H, OMe), 3.90 (td, J = 11.8 Hz, J = 2.7 Hz, 1H, CH),
4.07 (dd, J = 11.3 Hz, J = 4.7 Hz, 1H, CH), 4.28 (dd, J = 14.1 Hz, J = 3.5 Hz, 1H, CH), 4.46
(dd, J = 14.0 Hz, J = 4.2 Hz, 2H, CH), 5.28 (t, J = 3.6 Hz, 1H, H-12a), 6.94 (s, 1H, H-7), 7.02 (d,
J = 8.9 Hz, 2H, H-3, H-5 Ar), 7.75 (d, J = 8.9 Hz, 2H, H-2, H-6 Ar), 8.11 (s, 1H, H-10). 13C
NMR (126 MHz, DMSO-d6) δ 25.0, 43.0, 50.2, 55.5, 67.1, 81.5, 113.7 (2C), 120.1, 129.6, 129.7,
131.7, 137.9 (2C), 142.9, 157.0, 163.3, 175.0, 192.0. HRMS (ESI) m/z [M + H]+. Calculated for
C19H19N2O5: 355.1288. Found: 355.1294.

9-(4-Chlorobenzoyl)-3,4,12,12a-tetrahydro-2H-pyrido[1′,2′:4,5]pyrazino[2,1-b][1,3]oxazine-6,8-
dione (4b). Method A. The reaction was carried out for 12 h. 3-Aminopropan-1-ol (47.6 mg,
0.634 mmol) was used. Yield 0.0853 g (75%), yellow powder, mp 259–261 ◦C. IR (ATR) ν
3020, 2950, 1674, 1627, 1572, 1452, 1357, 789. 1H NMR (500 MHz, DMSO-d6) δ 1.61 (dm,
J = 12.5 Hz, 1H, H-3’), 1.70–1.82 (m, 1H, H-3), 3.22 (td, J = 13.0 Hz, J = 3.2 Hz, 1H, CH), 3.90
(td, J = 12.0 Hz, J = 2.4 Hz, 1H, CH), 4.07 (dd, J = 11.4 Hz, J = 4.8 Hz, 1H, CH), 4.32 (dd,
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J = 14.1 Hz, J = 3.5 Hz, 1H, CH), 4.43–4.50 (m, 2H, CH), 5.29 (t, J = 3.6 Hz, 1H, H-12a), 6.96
(s, 1H, H-7), 7.55 (d, J = 8.5 Hz, 2H, H-3, H-5 Ar), 7.75 (d, J = 8.5 Hz, 2H, H-2, H-6 Ar), 8.22
(s, 1H, H-10). 13C NMR (126 MHz, DMSO-d6) δ 25.0, 43.0, 50.3, 67.1, 81.4, 120.7, 128.4, 128.5
(2C), 131.0 (2C), 135.6, 137.9, 138.1, 144.2, 156.9, 175.0, 192.7. HRMS (ESI) m/z [M + H]+.
Calculated for C18H15ClN2O4: 359.0789. Found: 359.0799.

9-(Thiophene-2-carbonyl)-3,4,12,12a-tetrahydro-2H-pyrido[1’,2’:4,5]pyrazino[2,1-b][1,3]oxazine-
6,8-dione (4c). Method B. The reaction was carried out for 8h. Yield 0.0545 g (52%), yellow
powder, mp 210–211 ◦C. IR (ATR) ν 2953, 1634, 1581, 1468, 1373, 1047, 714. 1H NMR
(500 MHz, DMSO-d6) δ 1.61 (dm, J = 13.5 Hz, 1H, H-3’), 1.70–1.82 (m, 1H, H-3), 3.22
(td, J = 12.8 Hz, J = 3.2 Hz, 1H, CH), 3.89 (td, J = 11.9 Hz, J = 2.3 Hz, 1H, CH), 4.05 (dd,
J = 11.3 Hz, J = 4.7 Hz, 1H, CH), 4.28 (dd, J = 14.2 Hz, J = 3.2 Hz, 1H, CH), 4.43–4.50 (m, 2H,
CH), 5.27 (t, J = 3.6 Hz, 1H, H-12a), 6.97 (s, 1H, H-7), 7.22 (dd, J = 4.9 Hz, J = 4.0 Hz, 1H, H-4
Th), 7.74 (dd, J = 4.0 Hz, J = 0.7 Hz, 1H, H-3 Th), 8.05 (dd, J = 4.9 Hz, J = 0.7 Hz, 1H, H-5
Th), 8.19 (s, 1H, H-10). 13C NMR (126 MHz, DMSO-d6) δ 25.0, 43.0, 52.0, 67.1, 81.5, 120.4,
128.6, 128.9, 135.6, 137.9, 143.1, 143.4, 156.9, 174.6, 184.9 (1C was not observed). HRMS (ESI)
m/z [M + H]+. Calculated for C16H15N2O4S: 331.0745. Found: 331.0753.

9-Benzoyl-3,4,12,12a-tetrahydro-2H-pyrido[1’,2’:4,5]pyrazino[2,1-b][1,3]oxazine-6,8-dione (4d).
Method B. The reaction was carried out for 10 h. Yield 0.0319 g (31%), yellow powder, mp
245–246 ◦C. 1H NMR (400 MHz, DMSO-d6) δ 1.61 (dm, J = 14.6 Hz, 1H, H-3’), 1.67–1.84 (m,
1H, H-3), 3.22 (td, J = 13.0 Hz, J = 3.7 Hz, 1H, CH), 3.90 (td, J = 11.3 Hz, J = 2.5 Hz, 1H, CH),
4.07 (dd, J = 11.3 Hz, J = 4.5 Hz, 1H, CH), 4.31 (dd, J = 14.5 Hz, J = 3.5 Hz, 1H, CH), 4.42–4.51
(m, 2H, CH), 5.29 (t, J = 3.5 Hz, 1H, H-12a), 6.95 (s, 1H, H-7), 7.49 (t, J = 7.8 Hz, 2H, H-3,
H-5 Ph), 7.62 (t, J = 7.8 Hz, 1H, H-4 Ph), 7.75 (d, J = 8.0 Hz, 2H, H-2, H-6 Ph), 8.18 (s, 1H,
H-10). 13C NMR (126 MHz, DMSO-d6) δ 25.0, 50.2, 67.1, 81.5, 120.4, 128.4 (2C), 129.0, 129.1
(2C), 133.1, 136.8, 138.1, 143.6, 156.9, 175.0, 193.8. HRMS (ESI) m/z [M + H]+. Calculated
for C18H17N2O4: 325.1188. Found: 325.1177.

8-(4-Methoxybenzoyl)-2,3,11,11a-tetrahydro-1H-imidazo[1,2-a]pyrido[1,2-d]pyrazine-5,7-dione
(5a). Method A. The reaction was carried out for 12 h. Yield 0.0904 g (84%), brown pow-
der, mp 249–250 ◦C;. IR (ATR) ν 2996, 2837, 1650, 1629, 1577, 1454, 1250, 786. 1H NMR
(500 MHz, DMSO-d6) δ 2.99 (dt, J = 11.5 Hz, J = 7.4 Hz, 1H, CH), 3.20 (ddd, J = 11.2 Hz,
J = 7.0 Hz, J = 3.9 Hz, 1H, CH), 3.39 (ddd, J = 11.1 Hz, J = 7.2 Hz, J = 3.8 Hz, 1H, CH), 3.54
(dt, J = 11.2 Hz, J = 7.3 Hz, 1H, CH), 3.84 (s, 3H, OMe), 3.92 (t, J = 11.8 Hz, 1H, CH), 4.52
(dd, J = 12.4 Hz, J = 3.7 Hz, 1H, CH), 4.75 (dd, J = 11.1 Hz, J = 3.6 Hz, 1H, CH), 6.79 (s, 1H,
H-6), 7.01 (d, J = 8.8 Hz, 2H, H-3, H-5 Ar), 7.75 (d, J = 8.8 Hz, 2H, H-2, H-6 Ar), 8.09 (s, 1H,
H-9) (NH was not observed). 13C NMR (126 MHz, DMSO-d6) δ 44.3, 44.8, 53.0, 55.5, 69.2,
113.6 (2C), 119.3, 129.0, 129.7, 131.7 (2C), 139.3, 143.3, 154.9, 163.2, 175.2, 192.2. HRMS (ESI)
m/z [M + H]+. Calculated for C18H18N3O4: 340.1285. Found: 340.1297.

8-(4-Chlorobenzoyl)-2,3,11,11a-tetrahydro-1H-imidazo[1,2-a]pyrido[1,2-d]pyrazine-5,7-dione
(5b). The reaction was carried out for 12 h. Method A. Yield 0.0850 g (78%), beige powder,
mp 264–265 ◦C. IR (ATR) ν 2901, 1657, 1630, 1562, 1456, 1251, 769. 1H NMR (500 MHz,
DMSO-d6) δ 2.95–3.03 (m, 1H, CH), 3.21 (ddd, J = 11.5 Hz, J = 7.1 Hz, J = 3.8 Hz, 1H, CH),
3.40 (ddd, J = 11.2 Hz, J = 7.1 Hz, J = 3.9 Hz, 1H, CH), 3.54 (dt, J = 11.4 Hz, J = 7.3 Hz,
1H, CH), 3.94 (t, J = 11.8 Hz, 1H, CH), 4.57 (dd, J = 12.4 Hz, J = 3.7 Hz, 1H, CH), 4.76 (dd,
J = 11.1 Hz, J = 3.3 Hz, 1H, CH), 6.80 (s, 1H, H-6), 7.56 (d, J = 8.5 Hz, 2H, H-2, H-6 Ar),
7.75 (d, J = 8.5 Hz, 2H, H-2, H-6 Ar), 8.22 (s, 1H, H-9) (NH was not observed). 13C NMR
(126 MHz, DMSO-d6) δ 44.3, 44.8, 53.1, 69.2, 119.9, 127.6, 128.5 (2C), 131.0 (2C), 135.8, 137.8,
139.5, 144.6, 154.7, 175.2, 192.8. HRMS (ESI) m/z [M + H]+. Calculated for C17H15ClN3O3:
344.0813. Found: 344.0802.

8-(Thiophene-2-carbonyl)-2,3,11,11a-tetrahydro-1H-imidazo[1,2-a]pyrido[1,2-d]pyrazine-5,7-
dione (5c). Method B. The reaction was carried out for 7h. Yield 0.0480 g (48%), beige powder,
mp 267–268 ◦C. 1H NMR (500 MHz, DMSO-d6) δ 2.99 (dt, J = 11.5 Hz, J = 7.4 Hz, 1H, CH),
3.20 (ddd, J = 11.1 Hz, J = 6.9 Hz, J = 3.9 Hz, 1H, CH), 3.39 (ddd, J = 11.2 Hz, J = 7.2 Hz,
J = 3.8 Hz, 1H, CH), 3.54 (dt, J = 11.2 Hz, J = 7.3 Hz, 1H, CH), 3.92 (t, J = 11.8 Hz, 1H, CH),
4.51 (dd, J = 12.4 Hz, J = 3.7 Hz, 1H, CH), 4.75 (dd, J = 11.0 Hz, J = 3.6 Hz, 1H, CH), 6.81 (s,
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1H, H-6), 7.22 (dd, J = 5.1 Hz, J = 3.9 Hz, 1H, H-4 Th), 7.76 (dd, J = 3.9 Hz, J = 0.8 Hz, 1H,
H-3 Th), 7.76 (dd, J = 5.1 Hz, J = 0.8 Hz, 1H, H-5 Th), 8.18 (s, 1H, H-9). 13C NMR (126 MHz,
DMSO-d6) δ 44.3, 44.8, 53.1, 69.2, 119.5, 128.2, 128.6, 135.5, 135.6, 139.3, 143.5, 154.8, 174.8,
185.0 (1C was not observed). HRMS (ESI) m/z [M + H]+. Calculated for C15H14N3O3S:
316.0756. Found: 316.0761.

3.4. General Method for the Preparation of Compound 6

3-Hydroxy-7-acyl-3,4-dihydropyrido[2,1-c][1,4]oxazine-1,8-dione 3 (0.317 mmol) was
stirred with benzene-1,2-diamine (41.2 mg, 0.381 mmol) and ammonium acetate (0.0245 g,
0.317 mmol) in a mixture of toluene (1 mL) and methanol (1 mL) at room temperature for
12 h. Then, the reaction mixture was refluxed for 2 h. The precipitate obtained was filtered
and washed with H2O and EtOH. The product was recrystallized in a mixture of toluene
and ethanol.

3-Benzoyl-6H-benzo[4,5]imidazo[1,2-a]pyrido[1,2-d]pyrazine-2,13-dione (6a). Yield 0.0800 g
(71%), beige powder, mp 252–253 ◦C. IR (ATR) ν 3037, 2808, 1685, 1443, 1211, 1114, 1027, 807.
1H NMR (500 MHz, DMSO-d6) δ 5.84 (s, 2H, CH2), 6.80 (s, 1H, H-1), 7.18 (dd, J = 6.0 Hz,
J = 3.2 Hz, 2H, Ar), 7.50 (t, J = 7.7 Hz, 2H, H-3, H-5 Ph), 7.55 (dd, J = 6.0 Hz, J = 3.2 Hz, 2H,
Ar), 7.63 (t, J = 7.4 Hz, 1H, H-4 Ph), 7.81 (d, J = 7.4 Hz, 2H, H-2, H-6 Ph), 8.33 (s, 1H, H-4).
13C NMR (126 MHz, DMSO-d6) δ 51.7, 114.9, 122.0 (2C), 122.6, 128.2, 128.3 (2C), 129.2 (2C),
133.0, 137.0, 138.2, 142.4, 147.0, 150.2, 168.1, 175.1, 193.5 (2C were not observed). HRMS
(ESI) m/z [M + H]+. Calculated for C21H14N3O3: 356.1035. Found: 356.1048.

3-(4-Methoxybenzoyl)-6a,7-dihydro-6H-benzo[4,5]imidazo[1,2-a]pyrido[1,2-d]pyrazine-2,13-
dione (6b). Yield 0.1112 g (91%), yellow powder, mp 234–235 ◦C. IR (ATR) ν 2970, 2751,
1632, 1556, 1466, 1329, 1214, 1028, 840. 1H NMR (500 MHz; DMSO-d6) δ 3.84 (s, 3H, OMe),
5.82 (s, 2H, CH2), 6.82 (s, 1H, H-1), 7.02 (d, J = 8.8 Hz, 2H, H-3, H-5 Ar), 7.18 (dd, J = 6.1 Hz,
J = 3.1 Hz, 2H, Ar’), 7.54 (dd, J = 6.1 Hz, J = 3.1 Hz, Ar’), 7.80 (d, J = 8.8 Hz, 2H, H-2, H-6
Ar), 8.26 (s, 1H, H-4). 13C NMR (126 MHz, DMSO-d6) δ 51.5, 55.5, 113.6 (2C), 115.0, 121.9
(2C), 125.2, 128.1, 128.7, 128.8, 129.7, 131.7 (2C), 137.3, 138.3, 146.1, 150.2, 163.1, 163.2, 175.1,
191.8. HRMS (ESI) m/z [M + H]+. Calculated for C22H16N3O4: 386.1141. Found: 386.1141.

3-(4-Chlorobenzoyl)-6H-benzo[4,5]imidazo[1,2-a]pyrido[1,2-d]pyrazine-2,13-dione (6c). Yield
0.0408 g (33%), beige powder, mp 251–252 ◦C. IR (ATR) ν 2971, 2756, 1633, 1597, 1466,
1256, 779. 1H NMR (500 MHz, DMSO-d6) δ 5.84 (s, 2H, CH2), 6.82 (s, 1H, H-1), 7.18 (dd,
J = 6.0 Hz, J = 3.2 Hz, 2H, Ar’), 7.54 (dd, J = 6.0 Hz, J = 3.2 Hz, 2H, Ar’), 7.57 (d, J = 8.5 Hz,
2H, H-3, H-5 Ar), 7.80 (d, J = 8.5 Hz, 2H, H-2, H-6 Ar), 8.37 (s, 1H, H-4). 13C NMR (126 MHz,
DMSO-d6) δ 55.5, 113.5, 115.0, 122.1 (2C), 123.1, 125.2, 127.7, 128.5 (2C), 131.1 (2C), 135.8,
137.9, 138.0, 142.0, 147.9, 150.2, 163.0, 175.1, 192.5. Anal. Calculated for C21H12ClN3O3: C
64.71; H 3.10; N 10.78. Found: C 64.64; H 3.73; N 10.60.

3-(Thiophene-2-carbonyl)-6H-benzo[4,5]imidazo[1,2-a]pyrido[1,2-d]pyrazine-2,13-dione (6d).
Yield 0.0481 g (42%), orange powder, mp 243–244 ◦C. IR (ATR) ν 2875, 2760, 1635, 1557,
1464, 1326, 1211, 1061, 878. 1H NMR (500 MHz, DMSO-d6) δ 5.81 (s, 2H, CH2), 6.81 (s, 1H,
H-1), 7.18 (dd, J = 6.0 Hz, J = 3.2 Hz, 2H, Ar), 7.23 (dd, J = 4.9 Hz, J = 3.9 Hz, 1H, H-4 Th),
7.54 (dd, J = 6.0 Hz, J = 3.2 Hz, 2H, Ar), 7.84 (dd, J = 3.9 Hz, J = 1.1 Hz, 1H, H-3 Th), 8.05
(dd, J = 4.9 Hz, J = 1.1 Hz, 1H, H-5 Th), 8.35 (s, 1H, H-4). 13C NMR (126 MHz, DMSO-d6) δ
51.7, 115.0, 122.1 (2C), 122.8, 128.1, 128.6 (2C), 135.7 (2C), 138.0, 141.9, 143.6, 146.8, 150.3,
163.1, 174.7, 184.6 (1C was not observed). Anal. Calculated for C19H11N3O3S: C 63.15; H
3.07; N 11.63. Found: C 62.83; H 3.33; N 11.25.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28031285/s1, Full 1H, and 13C NMR spectra of all
synthesized compounds; HRMS spectra of compounds 2a,e, 3a,c,e,f, 4a–d, 5a–c, 6a,b.
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Abstract: In materials (polymer) science and medicinal chemistry, heteroaromatic derivatives play
the role of the central skeleton in development of novel devices and discovery of new drugs. On the
other hand, (3-trifluoromethyl)phenyldiazirine (TPD) is a crucial chemical method for understanding
biological processes such as ligand–receptor, nucleic acid–protein, lipid–protein, and protein–protein
interactions. In particular, use of TPD has increased in recent materials science to create novel
electric and polymer devices with comparative ease and reduced costs. Therefore, a combination of
heteroaromatics and (3-trifluoromethyl)diazirine is a promising option for creating better materials
and elucidating the unknown mechanisms of action of bioactive heteroaromatic compounds. In
this review, a comprehensive synthesis of (3-trifluoromethyl)diazirine-substituted heteroaromatics
is described.

Keywords: diazirine; heteroaromatics; medicinal chemistry; photoaffinity labeling

1. Introduction

Heteroaromatic compounds are essential building blocks in a wide variety of func-
tional molecules, including organic materials [1], electric devices [2], pharmaceuticals [3],
and natural products [4]. For example, installation of crosslinks in (heteroaromatic) poly-
mers can improve mechanical strength and corrosion resistance. However, it is difficult
to install crosslinks into ingredients of a functional polymer in a well-controlled manner
due to the lack of functional groups required for coupling. In recent materials science,
photocrosslinking has been one of the essential chemical techniques used to make polymer
networks into functional materials in order to increase thermal stability, shock resistance,
corrosion resistance, and tensile strength without the particular functional groups required
for coupling [5,6]. On the other hand, photoaffinity labeling (PAL) has also been demon-
strated to identify ligand-binding biomolecules in a variety of drug-discovery fields. Its
site mapping and protein–protein interaction are visualized through live-cell imaging of
photoinduced crosslinkage [7–10]. Especially in PAL experiments, selection of photophores
is an important factor for the performance of an efficient photolabeling reaction. Three com-
mon photophores, arylazide [11,12], benzophenone [13], and trifluoromethyldiazirine [14],
have been used and contributed to PAL. To the best of our knowledge, trifluoromethyl-
diazirine is a useful photophore because it has advantages such as its relatively small
size, stability, and low rate of rearrangement and generates a highly reactive carbene
with a longer wavelength (≈365 nm), which reduces damage to polymer materials and
biomolecules. Therefore, a combination of heteroaromatics and trifluoromethyldiazirine is
a rational strategy for preparation of functional polymer materials and for revealing the
unexplained mechanisms and target biomolecules of bioactive heteroaromatic compounds.
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In this review, a comprehensive synthesis of (3-trifluoromethyl)diazirine-substituted het-
eroaromatics and their applications are described.

2. Diazirinyl-Substituted Pyridines and Pyrimidines

Recently, use of (3-trifluoromethyl)phenyldiazirine (TPD) has been widely increasing
in materials science for creation of crosslinking of component parts of organic light-emitting
diodes [15,16], for primers for fiber-reinforced polymer composites [17], and for patterning
of wearable elastic circuits [18]. Despite the success of TPD as a photocross-coupling
agent, in order to establish functional materials more efficiently and easily with versatile
photocrosslinking, there is a need to improve the photolabeling performance of TPD. This
includes factors such as stability against ambient light and water solubility to enable
reactions in aqueous solutions. Kumar et al. designed and synthesized novel 3-pyridyl
and 3-pyrimidyl-substituted 3-trifluoromethyl-diazirines 11 and 12, which possess stability
under ambient light and have aqueous solubility [19]. As shown in Scheme 1, 5-bromo
pyridyl compound 1 and pyrimidyl compound 2 were subjected to the protection of primary
alcohol with silyl groups (tert-butyldimethylsilyl, TBS; tert-butyldiphenylsilyl, TBDPS);
subsequently, trifluoroacetylation of compounds 3 and 4 was conducted with n-BuLi and
methyl trifluoroacetate to obtain 5 and 6 with a moderate yield. Next, the trifluoroacetyl
groups were converted to oximes, followed by tosylation in an appropriate manner for
each compound. Tosyl oximes 7 and 8 underwent the addition of ammonia (liquid) to
give diaziridines 9 and 10 with a good yield. Finally, the desired products, diazirines 11
and 12, were obtained through oxidation of the diaziridinyl moiety with silver oxide and
deprotection of the silyl group with tetrabutylammonium fluoride (TBAF).

Scheme 1. The synthesis of 3-trifluoromethyl-diazirinyl pyridine 11 and pyrimidine 12.

The photoactivation and the ambient light stability of synthesized diazirinyl com-
pounds 11 and 12 were tested and compared to those of (4-(3-(trifluoromethyl)-3H-diazirin-
3-yl)phenyl)methanol 13. The photoreactive kinetics of these three compounds were
calculated through photoactivation of a solution of the photolabel in methanol-d4 with
UV light and measurement of the compound change using 19F NMR over time. Neither
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electron-withdrawing pyridine nor pyrimidine rings affected the ratio of generation of car-
bene from a diazirine, and they indicated the same photoreactive efficiency as in compound
13. Moreover, the ambient light stability of 11 and 12 was investigated. Compound 13 had
already demonstrated significant photodecomposition after seven days with ambient light
exposure. In contrast, compounds 11 and 12 were negligibly photodecomposed. After
exposure of the probes to ambient light for a period of one month, only 27% of compound
13 remained, whereas 79% of compound 11 and 90% of compound 12 remained (Table 1).

Table 1. Comparison of the ambient light stability of 11 and 12 versus that of (4-(3-(trifluoromethyl)-
3H-diazirin-3-yl)phenyl)methanol 13.

Duration of Ambient Light
Exposure (Days)

Amounts of Unreacted Compound Yield (%)

11 12 13

0 100 100 100

4 97.1 99 87.7

7 95.2 98 78.1

14 90.1 95.2 58.1

18 87.7 94.3 49

26 82.6 92.6 35

31 79.4 90.1 26.8

Green chemistry in materials science is one of the most vital challenges: for example,
replacement of organic solvents, success of organic reactions in aqueous solutions, etc. The
aqueous-solubility enhancements of compounds 11 and 12 were demonstrated, and it was
confirmed, using a HPLC-based assay, that the 11 and 12 derivatives were 100–7500 times
more soluble than the 13 derivatives at pH = 7.4 and 5.0 [20] (Table 2).

Table 2. Comparison of aqueous solubility of photoaffinity probes derivatized with modified com-
pounds 11 and 12 with that of compound 13.

Compound
Aqueous Solubility (mM)

pH 7.4 pH 5.0

<0.02 <0.02

4.09 ± 0.19 4.29 ± 0.14
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Table 2. Cont.

Compound
Aqueous Solubility (mM)

pH 7.4 pH 5.0

133 ± 0.5 131 ± 1.7

11.3 ± 0.55 14.1 ± 0.43

374 ± 2.7 422 ± 4.9

≥1000 ≥1000

Therefore, 3-pyridyl and 3-pyrimidyl-substituted 3-trifluoromethyl-diazirines 11 and 12
demonstrated significant ambient-light-stability and aqueous-solubility improvements over
the conventional 3-trifluoromethyl-3-aryldiazirines. These physicochemical properties could
contribute huge advantages, and not only for photolabeling experiments in materials science.

3. Diazirinyl-Substituted Benzimidazoles

Benzimidazole and imidazole derivatives are medicinally used as anticancer [21–25],
antioxidant [26,27], anti-inflammatory [28,29], anticoagulant [30,31], anthelmintic, or opioid
products, and for analgesic activity [32]. Therefore, in order to discover better medicinal
reagents or drugs, it is important to identify the target biomolecules of benzimidazole and
imidazole derivatives and understand the mechanism of action of their pharmacological
effects. Diazirinyl-substituted benzimidazole was reported by Raimer et al., and its chem-
ical properties, thermal stability, and photoreactivity have been demonstrated [33]. The
starting material, 14, was prepared following a previous report [34], then converted to
oxime, tosyloxime, diaziridine 15, and diazirine 16 in four steps according to standard
protocol (Scheme 2). Moreover, the synthesis of diazirinyl-substituted imidazoles was also
attempted, but only diaziridines were able to be reached due to the violent decomposition
of the diazirinyl imidazoles with self-ignition.

Next, the physical properties of diazirinyl-substituted benzimidazole 16 were investi-
gated. The photoreaction of 16 in EtOH was slow, and ethoxy adduct 17 was formed, with
a moderate yield (46%). Interestingly, in the case of decreasing the ethanol ratio to one
equivalent of 16 in the presence of CH2Cl2, the reaction proceeded more quickly and gave
a higher yield (60%; Scheme 3). This observation was already reported, identifying which
solvent effect on the carbene reaction explained its different reactivity [35–38]. Furthermore,
compound 16 was proved to have thermal stability at up to 88 ◦C in differential-scanning
calorimetry measurement. Therefore, diazirinyl-substituted benzimidazole 16 could be
the backbone of a reliable PAL probe and contribute to new drug discovery through
identification of target molecules of benzimidazole-containing bioactive substances.
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Scheme 2. The synthesis of diazirinyl benzimidazole 16.

Scheme 3. Photoreaction of diazirinyl-substituted benzimidazole 16 (10 mM) in the presence of EtOH
and EtOH/CH2Cl2.

4. Diazirinyl-Substituted Pyrazoles

Pyrazoles, five-membered heterocyclic compounds including two nitrogen atoms,
are an important class of compounds for drug development, with a wide application in
medicinal chemistry [39–41]. Pyrazole derivatives exhibit diverse targets and resistance:
for example, to cancer [42,43], acquired immunodeficiency syndrome [44,45], tubercu-
lar [46], insects [47], etc. Furthermore, 5-Amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-
3-cyano-4-(trifluoromethyl)sulfinylpyrazole (fipronil, Scheme 4), a chemical pesticide, is a
widely used broad-spectrum insecticide. Fipronil, as a noncompetitive blocker, inhibits the
γ-aminobutyric acid (GABA)-gated chloride-ion channel receptor. Furthermore, within
the GABA receptor family, dysfunction of the Type A GABA receptor leads to neurolog-
ical disorders and mental illnesses in humans; therefore, the GABA receptor is a drug-
discovery target for these disorders [48–50]. Moreover, understanding fipronil’s noncom-
petitive binding site in the GABA-gated chloride channel might be a fascinating matter for
medicinal chemistry.
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Scheme 4. The synthesis of diazirinyl fipronil based on benzimidazole skeleton 18.

For this purpose, fipronil-based photoaffinity probe 18 (Scheme 4) was prepared by the
Casida J.E. group [51,52]. Its synthesis was started from commercially available pyrazole 19,
reacted with iodine and ceric ammonium nitrate to produce 4-iodopyrazole 20. Compound
21 was obtained via the nucleophilic aromatic substitution of 20 with potassium carbonate in
DMF at 100 ◦C with a quantitative yield. Subsequently, an iodine–magnesium exchange of
21 was performed with i-propylmagnesium chloride, followed by nucleophilic substitution
with N-(trifluoroacetyl)piperidine to obtain 4-trifluoroacetylpyrazole 22. Finally, compound
18 was prepared according to a previous synthetic method [53–55] (Scheme 4).

The use of radioisotopes incorporated in a PAL probe is an efficient method for
detection of labeled molecules because of the radioisotopes high sensitivity. Thus, the
incorporation of tritium into fipronil-based photoaffinity probe 18 was also attempted. Ini-
tially, iodine incorporation into compound 18 or 22 was attempted several times via ortho
lithiation; however, the desired products could not be obtained. Conversely, compound 25,
which was prepared through the reduction of 22 with NaBH4, was smoothly subjected to
iodination under standard lithiation conditions [56]. Compound 24 was reoxidized back to
trifluoroacetyl 25, with the Dess–Martin reagent [57,58], which was followed by conversion
to diazirine 26. Next, reduction of diiodoarene 26 with tritium gas, 10% Pd/C, and triethy-
lamine in ethyl acetate was conducted to obtain tritium-labeled, fipronil-based photoaffinity
probe 27 (Scheme 5). The binding potency of 18 for the GABA receptor was also evaluated
through competitive inhibition with 4′-ethynyl-4-[2,3-3H2]propylbicycloorthobenzoate, and
the molar concentrations for 50% inhibition via 18 indicated approximately 2 nM. Therefore,
compounds 18 and 27 could be suitable mimics of fipronil for use in photoaffinity labeling.

302



Molecules 2023, 28, 1408

Scheme 5. The synthesis of tritium-labeled, fipronil-based photoaffinity probe 27.

5. Diazirinyl-Substituted Benzoxazolinone

Benzoxazolinones 28, 29, and 30 (Table 3), isolated from light-grown maize (Zea
mays L.) shoots, have the potential to interfere with auxin behavior or inhibit the auxin
receptor [59]. Kosemura, S. et al. reported that the structure–activity relationships of
benzoxazolinones 31 and 32 (Table 3) were related to auxin-induced growth and auxin-
binding protein [60]. The precise mechanism through which this bioactivity is triggered via
benzoxazolinones has remained unknown. To address this subject, Kosemura, S. et al. tried
synthesizing two photolabile benzoxazolinone analogues, 33 and 34, and evaluated their
photoreactivities [61].

Table 3. Structure–activity relationship study of benzoxazolinones regarding auxin-induced growth
and membrane-bound auxin-binding proteins.

Compound R1 R2 R3

28 H OMe H

29 OMe OMe H

30 OMe OMe Cl

31 H OCH2CHMe2 H

32 H Ac H

Photoreactive compound 42 was prepared from starting material 3-bromoanisole
35 according to a previous method [62,63]. Briefly, compound 35 was converted to the
Grignard reagent treated with magnesium, followed by nucleophilic substitution with
N-(trifluoroacetyl)piperidine to obtain 3-trifluoroacetylanisole 36. Compound 40 was
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prepared from 36, following the general diazirine synthetic method. Subsequently, nitration
of 40 with fuming nitric acid and demethylation of 41 with BBr3 were conducted to obtain
compound 42 with a moderate yield, 42%, in two steps. The reduction of the nitro group in
42 was carried out with Na2S2O4 while diazirine reduction was avoided as much as possible.
Finally, Compound 43 was subjected to phenyl carbamation 44, followed by intramolecular
cyclization to obtain the desired product, 33, with 14% in three steps (Scheme 6).

Scheme 6. The synthesis of diazirinyl benzoxazolinone analogue 33.

Moreover, photoreactive compound 34 was synthesized with the following procedure:
Phenolic alcohol 45 was protected with chloromethyl methyl ether (MOMCl), followed by
bromination with N-bromosuccinimide (NBS), to obtain compound 46. Trifluoroacetylation
of 46 was carried out through a bromine–lithium exchange with n-BuLi, followed by
nucleophilic substitution with ethyl trifluoroacetate, to obtain compound 47. Diazirine 48
was prepared according to the same procedure to construct 40 from 36. Nitration of 48 with
fuming nitric acid was conducted at −72 ◦C to avoid the decomposition of the diazirine
moiety. Compound 49 was deprotected with acidic hydrolysis 50 and then protected again
with acetic anhydride to obtain compound 51. The nitro group of 51 was subjected to
reduction with Na2S2O4 within 5 min, followed by carbamation with phenyl chloroformate,
then treated with sodium hydroxide to obtain the desired diazirine, 34 (32% in three steps)
(Scheme 7).

304



Molecules 2023, 28, 1408

Scheme 7. The synthesis of diazirinyl-substituted benzoxazolinone analogue 34.

Next, diazirinyl benzoxazolinones 33 and 34 were evaluated as to whether they
had suitable characteristics for photoaffinity-labeling reagents. The photoirradiation of
compound 33 (1 mM in methanol) was smoothly carried out with a black light (12 W)
to produce methanol adduct 53 with a moderate yield. The half-life (t1/2) of 33 was
calculated to be approximately 16 min, whereas the photoreactive kinetics of 34 with the
black light (12 W) were much slower than those of 33. Using a 500 W high-pressure mercury
lamp for photolysis of 34, compound 54 was produced, and the half-life (t1/2) of 34 was
6 min (Scheme 8). Therefore, both of the compounds have suitable characteristics for
photoaffinity-labeling reagents.

Scheme 8. Photoreaction of diazirinyl-substituted benzoxazolinones 33 and 34 (1 mM) in the presence
of MeOH.

6. Diazirinyl-Substituted Benzoxazole

Duchenne muscular dystrophy (DMD), caused by loss-of-function mutations in the
dystrophin gene, leads to progressive muscle degeneration and results in heart and res-
piratory failure [64,65]. Although quality of life and longevity have been improved with
developments in the clinical standard of care [66–68], there is no complete treatment avail-
able for DMD. Recently, ezutromid (55) has been developed as a utrophin modulator and
demonstrated reduced muscle-fiber damage and increased levels of utrophin after 24 trial
weeks [69]. However, due to an administration effect, ezutromid could not retain this effect
for a long period, and the mechanism of action of ezutromid is unknown. The develop-
ment of ezutromid was discontinued. Therefore, to elucidate the mechanism of action
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of ezutromid for these effects and discover new drugs for DMD, Wilkinson, I.V.L. et al.
synthesized photoreactive ezutromid derivatives 56 and 57 [70] for use in affinity-based
protein profiling (ABPP) [71–73]. As a photophore of 56 and 57, 3-trifluoromethyldiazirine
was chosen to replace the ethylsulfonyl group of ezutromid because of the similarity in the
electronics of the diazirine and sulfonyl groups. The naphthyl moiety was replaced with
alkynyl-phenyl substituents for installation of detection tags with click chemistry. The syn-
thetic scheme of photoreactive compounds 56 and 57 is shown in Scheme 9, beginning with
microwave-assisted benzoxazole cyclization 60 from 3-amino-4-hydroxybenzoic acid 58,
and the corresponding acid chloride, 59, without purification [74]. The carboxylic acid
was subjected to conversion of Weinreb amides 61 and 62, followed by trifluoroacetylation
with the Ruppert–Prakash reagent to obtain 63 [75]. Diazirine derivatives 64 and 65 were
introduced according to the general method [76]. Finally, Sonogashira couplings with
TMS-acetylene were followed by TMS deprotection to obtain the desired products, 56 and
57, with a moderate yield (50–70%).

Scheme 9. The synthesis of diazirinyl-substituted benzoxazole analogues 56 and 57.

Furthermore, compounds 56 and 57 were applied to ABPP and found to bind the aryl
hydrocarbon receptor (AhR). As a result, ezutromid was revealed as a novel AhR antagonist,
inhibiting nuclear translocation and downregulating AhR-responsive genes such as AhRR
and Cyp1b1. Therefore, this study could pave the way for the first target-based drug
discovery in DMD treatment as well as provide a biomarker for future clinical trials.

7. Diazirinyl-Substituted (Benzo)thiophene

Thiophene is a five-membered, sulfur-containing heteroaromatic ring commonly used
as a building block in the field of medicinal chemistry. In particular, thiophene derivatives
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are expected to possess a wide range of therapeutic properties, such as antitumor [77], anti-
inflammatory [78], antiarrhythmic, antianxiety [79], and antifungal [80] effects and kinase
inhibition [81,82]. Thus, evaluation and mechanism elucidation of novel thiophene moieties
with wider therapeutic activity are a topic of interest for the medicinal chemist to synthesize
and investigate new structural prototypes with more effective pharmacological activity.
Oncodazole (methyl [5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl]carbamate) 66, composed
of a thiophen skeleton, is a tubulin-binding agent that has potent anthelmintic [83] and
antifungal [84] activities. In particular, tubulin binding via drugs that cause disruption
or hyperstabilization of the mitotic apparatus is presently an area of great interest. Thus,
in order to characterize the interaction of 66 with tubulin, Ladd, D.L. et al. evaluated
diazirinyl oncodazole (methyl [5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl]carbamate)
67 [85]. They placed the diazirine function in the 4′-position on the basis of a systematic
study of oncodazole derivatives because the position could be substituted without loss of
biological activity.

Firstly, compound 68 was converted to acid chloride 69 with thionyl chloride, followed
by a Friedel-Crafts reaction with anisole and without purification to obtain compound 70
with a quantitative yield. After protection of the carbonyl group of 70 with ethylene
glycol, nucleophilic substitution was carried out with N-(trifluoroacetyl)piperidine through
a lithium–bromo exchange on 71 to obtain trifluoroacetyl derivative 72. Subsequently,
compound 73 was produced via acid hydrolysis of ethylene ketal; then, a reaction of 73
with nitric and sulfuric acids produced the appropriately substituted nitro derivative 74.

Next, compound 74 was converted into diazirinyl derivative 75 through the general
TPD synthetic procedure. The methoxy group of 75 was substituted to an amine group
with ammonia (liquid) with a good yield; then, the nitro group of 76 was reduced with
sodium hydrosulfite, with diazirine moiety degradation avoided as much as possible.
Finally, both diamine groups were subjected to condensation with bis(methoxycarbonyl)-S-
methylisothiourea catalyzed with p-toluenesulfonic acid to obtain the desired compound,
67 (Scheme 10). Furthermore, the photoreactivity and affinity of diazirinyl derivative 67 to
tubulin were evaluated. The photolysis of compound 67 (0.5 mM in methanol) was carried
out with a black light under 45 ◦C for 20 min. The half-life (t1/2) of 67 was calculated to
be approximately 21 s. In addition, the relative affinity of 67 to tubulin was determined
through competitive-equilibrium binding-assay displacement of 3H-labeled oncodazole.
In the result, IC50 values of 5.7 ± 1.9 µM for 66 and 8.3 ± 3.0 µM for 67 were obtained;
therefore, compound 67 has potential as a photoaffinity-labeling reagent.

Furthermore, the benzothiophene scaffold is a capable moiety in drug discovery because
it exhibits various biological activities such as antimicrobial [86], anticancer [87,88], and anti-
inflammatory [89] effects and many more. Therefore, diazirinyl benzothiophene (81) was synthe-
sized, according to a general TPD synthetic method, by Wang, J. and Sheridan, R.S. [90]. Briefly,
benzothiophene-2-trifluoromethyl ketone 77 was oximated with hydroxylamine hydrochloride
in pyridine 78, followed by tosylation with tosyl chloride in CH2Cl2 with triethylamine 79.
Subsequently, the tosyl oxime moiety was subjected to diaziridinylation with liquid ammonia
under −65 ◦C. Finally, diaziridine 80 was oxidized to the desired diazirine, 81, with iodine,
which resulted in a total yield of 26% for proceeding (Scheme 11).
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Scheme 10. The synthesis of diazirinyl-substituted thiophene analogue 67.

Scheme 11. The synthesis of diazirinyl-substituted thiophene analogue 81.
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8. Diazirinyl-Substituted Coumarin

Coumarin (1,2-benzopyrone) and its derivatives are widely available in nature and
exhibit various biological activities such as antitumor [91], anti-HIV [92–95], and anti-
inflammatory effects [96,97] as well as resistance to triglyceride accumulation [98] and
central-nervous-system stimulant effects [99]. In addition to this, coumarin–metal com-
plexes have also attracted attention due to their interesting fluorescent properties as sensors
or probes [100,101]. Therefore, there are broad possible uses of coumarin derivatives in
materials and medicinal-chemistry scientific research.

In PAL, generally, there are some problems while identification of the cross-linked
target molecules due to involves complexity of reaction mixtures and resulting in small
quantity of the photo-labelled molecules. Therefore, photolabeled molecules require enrich-
ment with detection tags such as the biotin–avidin system, fluorous tagging [102,103], or
clickable groups [104]. However, these PAL probes are each composed of a photophore,
a ligand, and a detection tag via a branching structure, and the affinity of the PAL probe
towards target molecules tends to reduce because of bulky and unstable fluorophores.
Recently, to overcome these problems, Tomohiro, T. et al. have developed a diazirinyl
coumarin as a photocrosslinker with a masked fluorogenic beacon [105]. In this sec-
tion, synthesis of diazirinyl coumarin derivatives and applications for PAL are presented.
The synthetic schemes of diazirinyl coumarin derivatives 90a and 90b are described in
Scheme 12. Initially, 1-chloro-3,5-dimethoxyphenylbenzene was converted to the Grignard
reagent through treatment with magnesium and 1,2-dibromoethane, followed by nucle-
ophilic substitution with 2,2,2-trifluoro-1-(piperidin-1-yl)ethanone to obtain compound 83
with a good yield. Diazirinyl compound 87 was prepared according to the general diazirine
synthetic method. Subsequently, compound 87 was subjected to formylation with TiCl4 and
dichloromethyl methyl ether to obtain two regioisomers, 88a and 88b, which were able to
be separated with silica column chromatography. The methoxy group of each compound 88
was removed with BBr3; then, compounds 89a and 89b were treated with Meldrum’s acid
(2,2-dimethyl-1,3-dioxane-4,6-dione) to obtain the desired diazirinyl coumarin derivatives,
90a and 90b (Scheme 12).

Next, derivatives of both compounds 90a and 90b (20 mM in CD3OD) were subjected
to photoreaction with a 250 W black-light lamp at room temperature for 1 h, monitored,
with 1H and 19F-NMR. The compound-90a derivative was smoothly photolyzed to generate
a CD3OD adduct without production of a diazo compound, whereas the compound-90b
derivative exhibited different phenomena. The rate constant of photolysis of the 90b
derivative was calculated as less than one twentieth of the value of the compound-90a
derivative. In addition to this, the coumarin fluorescence of the photolyzed 90b derivative
was weaker than that of the 90a derivative. On the basis of these data, compound 90a was
determined to be suitable as a crosslinker unit for further fluorogenic labeling of proteins.

Furthermore, the versatility of compound 90a as a photoaffinity probe with gel-
danamycin (GA), which is a potent inhibitor of heat-shock protein 90 (Hsp90), was demon-
strated. A photoactivatable GA probe 91 (Figure 1) was prepared according to the synthetic
method in a previous report [106] and demonstrated an inhibitory effect on ATPase activity
through competition for ATP binding (dissociation constant (Kd) = 1.2 µM) [107]. As a result
of Hsp90 PAL with probe 91, photolabeled Hsp90 was detected through measurement of
coumarin fluorescence, which increased in an irradiation-time- or probe-concentration-
dependent manner. Therefore, compound 90a can be expected to be a an essential pho-
tophore for photolabeling and fluorescent imaging of target molecules without the necessity
of preinstalling a large, unstable fluorophore in the probe.
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Scheme 12. The synthesis of diazirinyl-substituted diazirinyl coumarin derivatives 90a and 90b.

Figure 1. Diazirinyl coumarin-substituted GA probe 91.

Hotta, Y. et al. developed a novel diazirinyl-(coumarin-4-yl)methyl ester that possesses
multiple photochemical properties in a single molecule: crosslinking, fluorogenicity, and
cleavage functions regulated through photoinduced electron transfer (PeT) [108]. The
cleavage system especially has a large advantage for higher-resolution mass spectroscopic
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analysis of labeled peptides because a ligand and a purification tag in the PAL probe often
complicate analysis (Figure 2).

Figure 2. Concept of PAL with novel diazirinyl-coumarin based on (coumarin-4-yl)methyl esters.

Therefore, to evaluate the potential of diazirinyl-(coumarin-4-yl)methyl esters for PAL
using carbonic anhydrase II (CA-II), PAL probe 97 was synthesized, and benzenesulfon-
amide was incorporated as a potent inhibitor of CA-II enzyme activity [109] and biotin.
Firstly, compound 92 was subjected to cyclization with ethyl-4-chloroacetoacetate to form
coumarin 93, followed by installation of Fmoc-Lys(Boc)-OH with ester linkage to give 94.
Next, the Fmoc group of 94 was removed using acidic conditions; then, the amino group
of 95 was coupled with NHS-biotin to generate 96 with a moderate yield. Finally, the Boc
group in the side chain of 96 was deprotected with TFA/CHCl3, followed by the incorpo-
ration of 4-sulfamoylbenzoic acid with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCl) and 1-hydroxybenzotriazole (HOBt) to yield the desired 97
(Scheme 13). The inhibitory activity of 97 towards CA-II was calculated with a p-nitrophenyl
acetate (4-NPA) esterase assay [110], and the IC50 value was 3.0 µM. The PAL probe 97
was furthermore applied for PAL experiments with CA-II. The photocrosslinked CA-II
with a 365 nm wavelength was subjected to purification with the avidin–biotin system,
followed by photocleavage with a 313 nm wavelength, and the captured protein was ob-
served at approximately 29 kDa, as was detected with coumarin fluorescence. Therefore,
diazirinyl-(coumarin-4-yl)methyl esters succeeded in protein identification with controlled
photocrosslinking and photocleavage using different photoirradiation wavelengths.
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Scheme 13. The synthesis of PAL probe 97, including diazirinyl-(coumarin-4-yl)methyl esters (pho-
tophore), 4-sulfamoylbenzoic acid (ligand) and biotin (detection tag).

9. Diazirinyl-Substituted Indoles

Indole, an electron-rich heteroaromatic compound, exhibits a wide range of phar-
macological activities and is a versatile pharmacophore. In particular, indole derivatives
occur broadly in nature; for example, indole-3-acetic acid (auxin) is a cell-growth hormone
essential for cellular division and expansion in plants [111], and 2-amino-3-(1H-indol-
3-yl)propanoic acid (tryptophan) is an essential amino acid used as a building block
in biomolecules. Furthermore, natural indole alkaloids are crucial molecules for drug
discovery, and their actions include muscle-contraction, migraine-relief [112], cytotoxic,
antibacterial, antimicrobial and antineoplastic activity [113]. Moreover, synthetic indole
alkaloids exhibit anti-HIV [114], anti-Alzheimer’s-disease [115], anti-inflammatory, and
analgesic effects. Indole and its derivatives are essential; therefore, using them with PAL
will contribute more to medicinal chemistry and drug discovery. We have succeeded for
the first time in synthesis and postfunctional synthesis of diazirine indoles, especially
for diazirinyl indole-3-acetic acid, and we have also evaluated their bioactivity experi-
ments [116]. Subsequently, 5- and 6- bromoindoles 98a and 98b were deprotonated with
KH, followed by a lithium–bromide exchange with t-BuLi, and nucleophilic substitution
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with trifluoroacetyl donors afforded trifluoroacetyl indole derivatives 99a and 99b with
an approximately 80% yield. The trifluoroacetyl group was converted to oximes 100a and
100b with hydroxylamine hydrochloride in pyridine, followed by tosylation with tosyl
chloride in triethylamine and acetone at 0 ◦C. However, tosyl oximes 101a and 101b were
too unstable under silica-gel conditions to be hydrolyzed to the ketone moiety. In order to
avoid a decrease in yield, these tosyl oximes were directly converted to diaziridines 102a
and 102b without purification. The isolated yield for 102a and 102b was maintained at over
85%. Finally, oxidation of the diaziridine moiety with iodine in triethylamine occurred
simultaneously with iodination at the 3-position of the indole skeleton (103a and 103b).
Moreover, oxidation with activated MnO2 was able to proceed without any side reactions
to obtain 104a and 104b with a good yield (80–92%) (Scheme 14). Soon after, 6-diazirinyl
indole was reported, with a similar synthetic scheme, by Wartmann, T. and Lindel, T. [117].

Scheme 14. The synthesis of diazirinyl-substituted indoles 103a, 103b, 104a, and 104b.

Furthermore, we developed the postfunctional derivatization of diazirinyl indole for
expansion of the use of its derivatives in PAL. Tryptophan is one of the most biologically
significant metabolites synthesized from indole. Once, we tried to synthesize diazirinyl
tryptophan from TPD according to reported information [118–120]; however, the diazirinyl
tryptophan could not be obtained due to decomposition of the diazirinyl moiety under the
harsh conditions required for its construction. Moreover, tryptophan has been prepared
through condensation of indole and serine in acetic acid and acetic anhydride under
reflux conditions [121]. However, this reaction was conducted under reflux conditions
in the presence of all reagents, which the diazirinyl moiety cannot tolerate. Thus, we
modified the reaction conditions; initially, active varieties were generated from serine,
acetic anhydride, and acetic acid in reflux conditions without indole, followed by the
addition of diazirinyl indoles 104a and 104b to the mixture at a low temperature to yield
N-acetyl tryptophan derivatives 105a and 105b without decomposition of the diazirinyl
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moiety. Subsequently, racemates of diazirinyl N-acetyltryptophans 105a and 105b were
subjected to enzymatic resolution with L-acylase to afford optically pure diazirinyl L-
tryptophans 106a and 106b without decomposition of the diazirinyl moiety (Scheme 15A).
In addition to tryptophan, diazirinyl carbinols 108a and 108b have shown anticarcinogenic,
antioxidant, and antiatherogenic effects, and diazirinyl gramines 109a and 109b, which
play a defensive role in plants, were able to be synthesized (Scheme 15B,C).

Scheme 15. Postfunctional synthesis of diazirinyl indole derivatives (A) tryptophan, (B) carbinol and
(C) gramine from diazirinyl indoles.

Indole-3-acetic acid (IAA), well-known as the plant hormone auxin, is essential
throughout cellular division and expansion in plants. However, deeper understanding of
the biological mechanism of IAA is required. Thus, diazirinyl IAA is a promising chemical
tool for understanding those veiled mechanisms in PAL. Diazirinyl indoles 104a and 104b
were reacted with oxalyl chloride, followed by methanolysis, to obtain methyl indole
3-oxoacetates 110a and 110b. Reduction with triethylsilane in trifluoroacetic acid [122]
occurred not only on the aromatic α-keto moiety of 110 but between the 2- and 3-positions
of the indole skeleton, producing 111a and 111b. Next, dehydrogenation at the 2,3-positions
of 111a and 111b with MnO2 produced only 113b because 111a was unstable under these
conditions. Therefore, to construct 5-diazirinyl IAA methyl ester 113a, compound 110a was
subjected to reduction with sodium borohydride to obtain α-hydroxy ester 112a, followed
by dehydration with P2I4 [123] to obtain 5-diazirinyl IAA methyl ester 113a with a moder-
ate yield. This method was also able to be applied to the 6-diazirinyl indoles (from 112b to
113b). Finally, hydrolysis of the methyl ester under alkaline conditions produced the desired
5- and 6-diazirinyl IAA derivatives, 114a and 114b (Scheme 16). We also performed oat
coleoptile segment growth bioassays using 114a and 114b and compared them to IAA [124].
Typical auxin responses were observed in the presence of 114a and of 114b. Especially,
photoreactive IAA-substituted diazirin at the 5-position (114a) exhibited a higher effect
than did IAA. Therefore, both photoreactive IAA 114a and 114b will contribute to future
elucidation of the role of IAA and its target proteins via PAL.
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Scheme 16. The synthesis of diazirinyl indole-3-acetic acid derivatives from diazirinyl indole.

10. Conclusions

Heterocyclic aromatics are very important mother skeletons in the fields of materials
science and medicinal chemistry. In synthetic chemistry, for heteroaromatic polymers,
diazirines have the potential to overcome previous challenges. In particular, application
of heteroaromatic diazirines to materials science requires a thorough understanding of
their physical properties and characteristics, such as thermal properties and photostability.
Although the application of TPD to materials science is known to some extent, there are
few reports on heteroaromatic diazirines, and a review regarding the total synthesis and
applications of heteroaromatic diazirines has not been published thus far. As shown in
this review, heteroaromatic diazirines exhibit different physical properties to those of
TPD, which may lead to breakthroughs in novel-polymer-material creation and other
challenges. Therefore, it is suggested that the heteroaromatic diazirines presented here
could also contribute to development of sustainable new materials. Furthermore, over the
past decades, advances in heteroaromatic medicinal chemistry have stimulated progress in
the fields of chemical biology and led to significant improvement in quality of life and an
increase in the length of human life. However, there are still many unmet medical needs that
cannot be addressed with existing therapeutics. In particular, current drug discovery is a
search for hit compounds from huge compound libraries and repositioning of existing drugs.
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Heteroaromatic compounds are often included in these hit compounds, and understanding
their mechanisms of action is a crucial issue in drug discovery. Therefore, heteroaromatic
diazirines can make a significant contribution to elucidation of such functional mechanisms
in medicinal chemistry. This review provides a comprehensive overview of them. Diazirine-
substituted heterocyclic aromatics are expected to be one of the most powerful tools to
solve these issues, and various studies that will investigate them are expected and will
expand greatly in the future. Therefore, this review will greatly contribute to academia as
well as the industry.
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* Correspondence: cezary.pietraszuk@amu.edu.pl

Abstract: The olefin metathesis reaction has found numerous applications in organic synthesis. This
is due to a number of advantages, such as the tolerance of most functional groups and sterically
demanding olefins. This article reviews recent advances in the application of the metathesis reac-
tion, particularly the metathetic cyclization of dienes and enynes, in synthesis protocols leading to
(hetero)aromatic compounds.

Keywords: metathesis; heteroaromatics; carboaromatics

1. Introduction

Olefin metathesis is currently an invaluable tool for advanced organic and polymer
synthesis [1–3]. The reaction is frequently used as a step in a sequence of processes leading
to complex multifunctional molecules, such as natural products, and biologically active
compounds [4]. The great importance of (hetero)arenes in nature, scientific research and
the chemical industry does not require justification. Aromatic compounds are essential for
the industry and vital to biochemistry [5,6]. More recent applications of aromatics include
the synthesis of functional materials. The greatest interest among research groups in
using various types of metathetic transformations of olefins, dienes, and enynes in organic
synthesis, including the synthesis of aromatic compounds, followed by an explosion
of development in the design and synthesis of well-defined alkylidene complexes of
molybdenum and ruthenium catalysts of olefin metathesis. The application of olefin
metathesis in the synthesis of carbo- and heteroaromatic compounds has been described
in numerous reviews. The most comprehensive overview of the literature up to 2009 was
provided by Otterlo and Koning [7]. The state-of-the-art of synthetic routes to carbocyclic
aromatic compounds via ring-closing alkene and ene metathesis up to 2014 was reviewed
by de Koning and van Otterlo [8]. In 2013, a monograph Transition-Metal-Mediated Aromatic
Ring Construction was published with a chapter by Yoshida on olefin metathesis [9]. The
work of Donohoe et al. [10] is an earlier review in this area. Race and Bower [11] described
the state-of-the-art in the synthesis of heteroaromatic compounds by alkene and enyne
metathesis up to and including 2014. An earlier review describing the possibilities offered
by RCM in the synthesis of aromatic heterocycles was written by Donohoe, Fishlock,
and Procopiou [12]. Moreover, in 2016, Potukuchi, Colomer, and Donohoe reviewed the
synthesis of heteroaromatic compounds, with a focus on the achievements of their own
group [13]. Reviews describing the synthesis of specific groups of compounds using
metathetic transformations are indicated in the relevant sections of this review. The aim of
this review is to highlight new developments in the use of olefin metathesis in the synthesis
of aromatic compounds that were reported between the years 2015 and 2022. Procedures
involving the de novo formation of aromatic rings, rather than the modification of aromatic
starting compounds, are described.
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2. Olefin Metathesis

Olefin metathesis is a catalytic transformation of olefins which involves the exchange
of double bonds between carbon atoms. The reaction is catalyzed by alkylidene complexes,
and its mechanism consists of a sequence of cycloaddition and productive cycloreversion
steps proceeding via metallacyclobutane intermediates (Scheme 1) [14].
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Of the many types of olefin metathesis, the most useful in organic synthesis are
the cross-metathesis of olefins (CM) and the metathetic cyclization of dienes (RCM)
(Schemes 2 and 3).
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The mechanism of olefin metathesis also allows for transformations involving triple
bonds, i.e., ene-yne cross-metathesis (EYCM) and enyne ring-closing metathesis (RCEM)
(Schemes 4 and 5, respectively).
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Metathetic transformations of the triple bond can lead to a mixture of regio- and
stereoisomers [15]. Fortunately, in the case of RCEM, the synthesis of small and medium
rings in the presence of ruthenium catalysts selectively leads to the formation of an exo-
cyclic product, as shown in Scheme 5 [16]. RCEM should not be confused with skeletal
reorganization, which is catalyzed by late-transition metals, such as Pd, Pt, Ru, Au, Ir,
and Rh, and can lead to similar products but does not follow the metallacarbene mecha-
nism [17,18]. EYCM may also be used for the synthesis of 1,3-dienes. Although the reaction
can lead to the formation of stereo- and regioisomers, a number of examples of the selective
course of the reaction have been described [19–21]. Cross-metathesis between a 1-alkene
and a 1-alkyne leads to 1,3-substituted 1,3-dienes, as shown in Scheme 4. Moreover, the
CM of internal alkynes with ethene selectively leads to the formation of 2,3-substituted
1,3-butadienes. Metathetic transformations involving triple bonds are characterized by
total atom efficiency.
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The olefin metathesis has become an important tool in the synthesis of organic com-
pounds. This is a consequence of the dynamic progress in the synthesis and design of
well-defined catalysts such as the alkylidene complexes of tungsten, molybdenum and
ruthenium. Especially the family of ruthenium-based catalysts tolerant of normal organic
and polymer processing conditions and preserving their catalytic properties in water and in
the presence of the majority of functional groups has enabled a great number of applications
in organic (and polymer) synthesis (see [22], for example). Tungsten and molybdenum
complexes, including the most commonly used, commercially available, highly active
molybdenum complex, [(NAr){OC(CH3)(CF3)2}2M=CH(2,6-i-Pr2C6H3)] (Mo-1) [23], suffer
from the high oxophilicity of the metal centers, making them extremely sensitive to oxygen,
moisture, and numerous functional groups [22]. Although many well-defined ruthenium
olefin metathesis catalysts have been described, most of the literature procedures use only
a few commercially available complexes (Ru-1–Ru-3, Figure 1).
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Olefin metathesis has gained a number of applications in advanced organic synthesis,
chemical biology, medicinal chemistry, the synthesis of simple molecules, and the total
synthesis of natural products [1–4].

3. Synthesis of Aromatic Heterocycles

Olefin metathesis, especially ring-closing metathesis (RCM), has been extensively used
in the synthesis of heteroaromatic compounds of divergent types. It has been exploited
efficiently as a key step for the preparation of the pyrroles, furans, pyridines, imidazoles,
and related systems. All of these compounds are largely important as structural units
in natural products and are used as synthons in further transformations. In this section,
different approaches to the synthesis of heteroaromatic compounds using olefin metathesis
as a key step are reviewed. The syntheses of heteroaromatics involving olefin metathesis as
one of the key steps has been summarized in several reviews [24–27].

This section presents various strategies for the synthesis of heteroaromatic compounds
by using olefin metathesis as a key step. Knowledge on the synthesis of heteroaromatic
compounds involving olefin metathesis as one of the key steps has been summarized
in several review papers [24–27]. In the synthesis of (hetero)aromatic compounds, the
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metathesis step is used in a sequence of reactions involving the formation of a heterocyclic
ring by RCM of a diene or enyne and its subsequent aromatization.

3.1. Synthesis of Five-Membered Rings

Since pyrrole and furan synthons are commonly present in many pharmaceuticals
and biologically active molecules, the efficient synthesis of these compounds continues
to be of interest to organic chemists. In 2015, Castagnolo and co-workers described an
elegant methodology that represents the first example of one-pot synthesis of substituted
pyrroles via enyne cross-metathesis (CM) cyclization reaction, using propargylamines
and ethyl vinyl ether as reagents. The described CM/cyclization protocol is performed
in the presence of Ru-2, is microwave-assisted, and offers a convenient approach to the
synthetically challenging 1,2,3-substituted pyrroles (Scheme 6) [28].
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In 2015, Spring reported the development of a new strategy for the synthesis of
biologically interesting indolizin-5(3H)-ones [29]. Performed experiments showed that
indolizin-5(3H)-ones are a relatively unstable class of compounds and have a tendency to
tautomerize to indolizin-5-ols. This observation was further exploited to prepare other
useful compounds based on 6,5-azabicyclic scaffolds, which are difficult to obtain with
the use of typical methods. The authors developed a procedure based on the ring-closing
metathesis reaction effectively applied to construct the azabicyclic heteroaromatic ring
system present in indolizin-5-ols (Scheme 7).
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The proposed strategy represents an unprecedented approach toward this type of scaf-
fold. Several heteroaromatic derivatives were obtained with good-to-high yields (50–84%).
The procedure is step-efficient, and a number of novel analogues could be readily accessed
through the adaptation of the substituents around the heterocyclic core in the starting
pyridine molecule.

Obtained indolizin-5(3H)-ones and indolizin-5-ols are relatively rare; therefore, they
can potentially be of interest as new synthons in drug and agrochemical synthesis.

Another route to pyrroles substituted in the β-position was developed by Samec and
co-workers, using four high-yielding catalytic steps in the presence of Pd, Ru, and Fe
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catalysts [30]. The authors described a Pd-catalyzed effective method for the synthesis of
unsymmetrical diallylated aromatic amines. In the final key step of the procedure, Ru-
Catalyzed RCM, followed by aromatization in the presence of Fe complexes, was employed
(Scheme 8).
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The method is atom-efficient, with the formation of water and ethene as side-products.
The procedure is general and gives pyrroles substituted in the β-position with alkyl, benzyl,
or aryl groups with good overall yields.

An efficient and selective approach for the synthesis of polyfunctionalized 3-fluoropyrroles
starting from commercial aldehydes was described by Marquez and co-workers [31]. The
key step of the described methodology is RCM of diene in the presence of Ru-2, followed
by an aromatization process based on the alkylation of the obtained fluorolactams with
methyllithium. The procedure proceeded smoothly to generate the desired pyrrole units
in excellent yield (73–92%). The authors proposed that the aromatization process in the
presence of MeLi proceeded through the formation of a hemiaminal, followed by the
elimination of water and the isomerization of double bonds (Scheme 9).
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Scheme 9. Synthesis of fluorinated polysubstituted pyrroles.

N-sulfonyl pyrroles were synthesized via the combination of ring-closing, or enyne
metathesis, with oxidation [32]. A range of different N-substituted diallyl amines were
subjected to RCM with Grubbs catalyst. After the first metathetical step, heterogeneous
MnO2 was used as an effective oxidant (Scheme 10). Reasonable-to-good yields were
obtained for a variety of substituted amines even when the process was performed in
one-pot procedure.
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Lamaty and co-workers described an easily scalable pyrrole synthesis strategy in-
volving RCM in the first step and subsequent aromatization by base-induced nitrogen
deprotection (Scheme 11) [33].
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Scheme 11. RCM/deprotection–aromatization sequence for the preparation of pyrroles.

The authors developed the procedure of synthesis of 2-aryl-1H-pyrrole-3-carboxylates,
using ring-closing metathesis of the corresponding β-amino esters as a key step. In a
two-step procedure, the described methodology allowed for an efficient formation of
2-aryl substituted pyrroles, especially unprecedented 2-aryl-1H-pyrrole-3-carboxylates.
The products were obtained in good yields, ranging from 63 to 70%, in the presence of the
relatively low loading (1 mol%) of Ru-4 (Figure 1) in green solvent, such as ethyl acetate,
except for DCM.

In 2017, the Castagnolo group reported the first chemoenzymatic cascade process for
the sustainable preparation of substituted pyrroles in which the ring-closing metathesis
reaction was applied for the preparation of 3-pyrrolines [34]. The protocol used, for the
first time, the unexplored aromatizing activity of monoamine oxidase enzymes (MAO-N
and 6-HDNO), which are able to convert a wide range of N-aryl- and N-alkyl-3-pyrrolines
into pyrroles under mild conditions and in high yields (Scheme 12). The authors showed
that MAO-N can work in combination with Ru-2, leading to the formation of a series
of substituted pyrroles derived from diallylamines, as well as anilines, in a one-pot
metathesis−aromatization sequence.
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Kotha and co-workers demonstrated three divergent synthetic strategies to construct
pyrrole-based C3-symmetric molecule [35]. One of the synthetic protocols involved ring-
closing metathesis as a key step in the presence of Ru-1. The star-shaped pyrrole derivative
with C3-symmetry was prepared in good yield (84%), without the involvement of addi-
tional reagents, in one-pot RCM and a subsequent aromatization protocol, starting from
hexa-allyl derivative. The hexa-allyl substituted compound could be synthesized from
the corresponding di-allyl ketone by trimerization, starting from the readily available
4-aminoacetophenone (Scheme 13).
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tocol to prepare various isoindolo[2,1-a]quinoline derivatives from substituted 
N-allyl-N-benzylanilines (Scheme 15 and Figure 2). They proposed that the key interme-
diate in this reaction is the azomethine ylide derived from 1,2-dihydroquinoline. 

The first RCM step was performed effectively in the presence of Ru-2 during 10 min, 
with relatively low catalyst loading (1 mol%) giving the intermediates nearly quantitative 
yields. Unfortunately, the electronic effects of substituents on the aromatic ring were re-
sponsible for the low substrate reactivity during the 1,3-dipolar cycloaddition step. It was 
observed that substrates bearing an electron-withdrawing group in the aromatic ring 
afforded higher yields in the 1,3-dipolar cycloaddition, thus giving the target molecules 
overall yields ranging from 22 to 55%. 

Scheme 13. Synthesis of star-shaped pyrrole derivative via RCM key step.

The described facile RCM/dehydrogenation (aromatization) sequence was preceded
by the non-metathetic behavior of the Grubbs catalyst previously reported by the authors.
An earlier approach to pyrroles involving RCM required a separate step for aromatization.
Thus, the approach reported by Kotha, which does not require additional aromatization
step, is more sustainable.

Wu and Li proposed another convenient method for preparation of N-sulfonyl- and
N-acylpyrroles via the olefin ring-closing metathesis of diallylamines in the presence of
Ru-2 combined with in situ oxidative aromatization with atmospheric O2 and suitable
copper catalyst such as Cu(OTf)2 or CuBr2 (Scheme 14) [36]. The reaction was performed
via a one-pot tandem RCM/dehydrogenation procedure and afforded N-sulfonyl- and
N-acylpyrroles with moderate-to-good yields (45–93%).
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Arisawa and co-workers synthesized 5-methylisoindolo[2,1-a]quinoline derivatives
as novel near-infrared absorption dyes [37]. The authors applied a previously devel-
oped one-pot ring-closing metathesis (RCM)/oxidation/1,3-dipolar cycloaddition cas-
cade protocol to prepare various isoindolo[2,1-a]quinoline derivatives from substituted
N-allyl-N-benzylanilines (Scheme 15 and Figure 2). They proposed that the key intermedi-
ate in this reaction is the azomethine ylide derived from 1,2-dihydroquinoline.
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(TD-DFT).  
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Figure 2. Scope of products obtained by one-pot RCM/oxidation/1,3-dipolar cycloaddition protocol.

The first RCM step was performed effectively in the presence of Ru-2 during 10 min,
with relatively low catalyst loading (1 mol%) giving the intermediates nearly quantitative
yields. Unfortunately, the electronic effects of substituents on the aromatic ring were
responsible for the low substrate reactivity during the 1,3-dipolar cycloaddition step. It
was observed that substrates bearing an electron-withdrawing group in the aromatic ring
afforded higher yields in the 1,3-dipolar cycloaddition, thus giving the target molecules
overall yields ranging from 22 to 55%.

In order to understand a structure and absorption−wavelength relationships, the authors
performed calculations by using a time-dependent density functional theory (TD-DFT).

Whiting and Carboni showed a different approach to the synthesis of pyrroles [38]. In
the first step, they performed ring-closing enyne metathesis (RCEM), followed by cross-
metathesis (CM) with vinylboronic esters to form a large spectrum of cyclic dienyl boronic
esters (Scheme 16).

Molecules 2023, 28, 1680 8 of 29 
 

 

 
Scheme 15. One-pot RCM/oxidation/1,3-dipolar cycloaddition protocol. 

 
Figure 2. Scope of products obtained by one-pot RCM/oxidation/1,3-dipolar cycloaddition proto-
col. 

In order to understand a structure and absorption−wavelength relationships, the 
authors performed calculations by using a time-dependent density functional theory 
(TD-DFT).  

Whiting and Carboni showed a different approach to the synthesis of pyrroles [38]. 
In the first step, they performed ring-closing enyne metathesis (RCEM), followed by 
cross-metathesis (CM) with vinylboronic esters to form a large spectrum of cyclic dienyl 
boronic esters (Scheme 16).  

 
Scheme 16. Synthesis of cyclic dienyl boronic esters via an RCEM/CM sequence. Scheme 16. Synthesis of cyclic dienyl boronic esters via an RCEM/CM sequence.

Second step involved a nitroso-Diels–Alder reaction between a series of previously
obtained dienyl boronic esters and nitrosoarenes with the formation of a heteroaromatic
ring (Scheme 17).
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toluene at 80 °C. The reaction resulted in the formation of a double-bond isomerized 
product with 91% yield as a mixture of diastereomers. The obtained compounds were 
subjected to metathesis with a second-generation Grubbs catalyst in methylene chloride 
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Scheme 17. Synthesis of fused pyrroles from cyclic dienyl boronic esters.

The authors developed a new and efficient route to a series of cyclic 1,3-dienyl boronic
esters via diene or enyne metathesis that were further transformed with good yields to
fused pyrroles, using a one-pot nitroso-Diels−Alder/ring contraction sequence.

The unprecedented cascade procedure based on the Grubbs-catalyzed ring-closing
metathesis of diallyl ethers, followed by laccase/TEMPO-catalyzed aromatization, was suc-
cessfully developed by Castagnolo (Scheme 18) [39]. The catalytic activity of the Trametes
versicolor laccase/TEMPO system was demonstrated for the first time in the aromatization
of 2,5-dihydrofurans to the corresponding furans. The synthesis of furans from diallylethers
was performed in moderate-to-high yields (31–76%), using a two-step RCM process in the
presence of Ru-2 and subsequent laccase/TEMPO-catalyzed chemo-enzymatic aromatization.
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Scheme 18. One-pot chemoenzymatic cascade for the synthesis of furans from diallyl ethers.

Kotha reported a new synthetic strategy leading to C3-symmetric star-shaped phenyl
and triazine central cores bearing oxepine and benzofuran ring systems [40]. The authors
exploited a three-step procedure to construct C3-symmetric molecules, starting with the
commercially available p-hydroxyacetophenone and p-hydroxybenzonitrile, through cy-
clotrimerization, double-bond isomerization, and ring-closing metathesis sequence as key
steps. A series of star-shaped allyl-ether derivatives were obtained through the sequence:
cyclotrimerization, Claisen rearrangement and allylation. Then allyl substituted ethers
were subjected to Ru-hydride-catalyzed double-bond isomerization performed in toluene
at 80 ◦C. The reaction resulted in the formation of a double-bond isomerized product
with 91% yield as a mixture of diastereomers. The obtained compounds were subjected
to metathesis with a second-generation Grubbs catalyst in methylene chloride at 40 ◦C to
give C3-symmetric star-shaped phenyl and triazine core derivatives bearing benzofuran
moieties with yields of the metathesis step reaching 80% (Scheme 19).
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All the compounds obtained therein showed moderate-to-strong fluorescence, with a
strong emission band around 325–350 nm. The described methodology is the first successful
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attempt to introduce oxepine ring systems into C3-symmetric star-shaped derivatives of a
phenyl or triazine core by means of an olefin metathesis reaction.

A multistep strategy involving the synthesis of benzofurans, 2H-chromenes, and
benzoxepines from various phenols was recently proposed by Kotha (Scheme 20) [41].
The described procedure employed Claisen rearrangement and followed by RCM as key
steps. At first, a number of substituted allyl aryl ethers were synthesized by alkylation of
corresponding phenols with allyl bromide in the presence of potassium carbonate. The
resulting allyl aryl ethers were then subjected to a Claisen rearrangement in the absence
of a solvent to produce allylphenols, which were then converted to diallyl compounds by
O-allylation in 97–98% yield.
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Another interesting example of a multistep synthesis of 7-methoxywutaifural using 
olefin metathesis was recently reported by Schmidt and co-workers [42]. The authors 

Scheme 20. Synthesis of benzofurans from variously substituted phenols.

The authors then carried out a standard isomerization reaction catalyzed by [RuHCl(CO)
(PPh3)3] and investigated an alternative method of double-bond migration, using potassium
tert-butoxide (KOt-Bu) in THF. Isomerization products were obtained as a mixture of
isomers in 89–94% yields. The final step in the construction of the heteroaromatic ring
involved an RCM step, providing the corresponding benzofurans, with a yield of 84–85%.
Using the proposed procedure, a wide range of products differing in the substituents on
the 6-membered ring was obtained. In addition, naturally occurring benzofurans, such as
7-methoxywutaifuranate, were also synthesized with good yields (80%), using the described
protocol (Scheme 21).
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Another interesting example of a multistep synthesis of 7-methoxywutaifural using
olefin metathesis was recently reported by Schmidt and co-workers [42]. The authors
showed that isoeugenol can undergo efficient cross-metathesis with acrolein and croton-
aldehyde in the presence of Hoveyda–Grubbs catalyst (Ru-3). This observation was used in
the multistep synthesis of the natural product-7-methoxywutaifuranal (Scheme 22).
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subjected to RCM, affording the expected product. The subsequent deprotection of the RCM
product gave the corresponding 1,2-dihydro-1-azaquinolizinium triflate, which was further
dehydrogenated by heating at 200 ◦C in the presence of Pd/C (10%) without solvent to give
the 1-azaquinolizinium triflate.

Molecules 2023, 28, 1680 11 of 29 
 

 

showed that isoeugenol can undergo efficient cross-metathesis with acrolein and cro-
tonaldehyde in the presence of Hoveyda–Grubbs catalyst (Ru-3). This observation was 
used in the multistep synthesis of the natural product-7-methoxywutaifuranal (Scheme 
22). 

 
Scheme 22. Key isomerization and metathesis steps in the synthesis of 7-methoxywutaifuranal. 

3.2. Synthesis of Six-Membered Rings 
Six-membered ring heteroaromatics, such as pyridines and pyridazines, are useful 

scaffolds that are present in various drugs and natural products. This section reviews 
strategies for the synthesis of six-membered heteroaromatics that use RCM as a key step. 
Progress in the synthesis of azonic aromatic heterocycles was summarized by Vaquero 
[43]. 

In 2015, Cuadro and Vaquero reported new approach to synthesize the 
1-azaquinolizinium (pyrido[1,2-a]pyrimidin-5-ium) and its derivatives based on a 
ring-closing metathesis reaction of pyridinium azadienes in the presence of the sec-
ond-generation Grubbs catalyst (Ru-2) or Hoveyda–Grubbs catalyst (Ru-3) (Scheme 23) 
[44]. The described strategy was also successfully applied to the unprecedented synthesis 
of benzo-1-azaquinolizinium (pyrimido[2,1-a]isoquinolinium) cation by RCM (Scheme 
24). The proposed synthetic route involved the formation of the new C3–C4 bond to give 
the pyrimidinium ring. The authors prepared protected pyridinium azadienes derivative 
with the use of protection/allylation/dehydrohalogenation cascade, starting from com-
mercially available 2-aminopyridine. Then obtained diene was subjected to RCM, af-
fording the expected product. The subsequent deprotection of the RCM product gave the 
corresponding 1,2-dihydro-1-azaquinolizinium triflate, which was further dehydrogen-
ated by heating at 200 °C in the presence of Pd/C (10%) without solvent to give the 
1-azaquinolizinium triflate. 

 
Scheme 23. Application of RCM for the construction of the pyrimidinium ring. Scheme 23. Application of RCM for the construction of the pyrimidinium ring.

A simple three-step synthesis of substituted pyridines based on an alkylation/ring-
closing metathesis/aromatization sequence was described by Opatz and colleagues [45].
The synthetic strategy involved the preparation of diallylic α-aminonitrile in a two-step
approach. At first Strecker reaction starting from benzaldehyde, allylamine, and potassium
cyanide was performed to afford 2-(allylamino)-2-phenylacetonitrile. Then deprotonation
with the use of KHMDS, followed by alkylation with allyl bromide, was applied to give
corresponding diallyl-substituted α-aminonitrile. Finally, the RCM of unprotected allylic
amine and subsequent spontaneous dehydrocyanation and oxidation were employed as
the key steps of the developed sequence (Scheme 25). The desired substituted pyridines
were obtained with moderate yields ranging from 24 to 48%.
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Suresh studied [2+2+2] cyclotrimerization of diynes and nitriles leading to efficient
synthesis of pyridine and its derivatives by DFT calculations. It was shown that two mech-
anisms of the reaction are plausible—metallacarbene mechanism of metathesis and non-
metallacarbene route. The strategy can be potentially used in the total synthesis of natural
products [46].

Dash and co-workers reported the addition of Grignard reagent to oxindoles. This pre-
viously unexplored strategy represented a regiospecific approach to 2- and 2,3-disubstituted
indole derivatives obtained via a one-pot aromatization driven dehydration pathway [47].
The described method allowed for the convenient preparation of diallylindoles, which
can be used as ring-closing-metathesis (RCM) precursors for the orthogonal synthesis of
pyridyl[1,2-a]indoles (Scheme 26).
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The authors synthesized a variety of N-allyl 2-oxindoles and effectively transformed
them to N-substituted 2-allyl indole derivatives by treatment with allylmagnesium bromide
in yields up to 86%. Then the diallylindoles were used for the orthogonal synthesis of
conjugated nitrogen-containing heterocycles, using RCM. In this approach, a series of
1,2-diallyl indolyl derivatives were subjected to metathesis cyclization and yielded the
desired substituted dihydropyridylindoles in good yields (72–86%). Finally, dihydropy-
ridoindoles were effectively transformed into aromatic derivatives via a DDQ-mediated
oxidative aromatization protocol (Scheme 27 and Figure 3).
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4. Synthesis of Aromatic Carbocycles

Dienes or enynes RCM can lead directly to the formation of new aromatic ring systems.
Such a strategy has been used in the synthesis of phenanthrenes (Scheme 29) [48,49].

Metathesis cyclization, however, does not usually lead to the formation of an aromatic
ring. Thus, the synthesis of (hetero)aromatic compounds uses a metathesis step in a
sequence of reactions involving the formation of a carbo- or heterocyclic ring and its
subsequent aromatization. The sequence using the diene RCM step is shown in Scheme 30.
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4.1. Synthesis of Aromatic Carbocycles Fused to Heterocyclic Rings

Recently, Dash overviewed applications of RCM for the synthesis of carbazoles and
indole-fused heterocycles [50].

A new method for the synthesis of carbazoles via ring-closing metathesis of 2,2-diallyl-
3-oxindoles, followed by ring-rearrangement aromatization of the resulting spirocyclic
indoles, was proposed by Dash and co-workers (Scheme 32) [51]. The method is based on
the novel ring-rearrangement aromatization that was observed when spirocyclic indoles
were treated with Bronsted acids (TsOH, TfOH, and TFA) in hot toluene (80 ◦C).

Key substrates were prepared by addition of an excess of allylmagnesium bromide to
N-substituted isatins (Schemes 33 and 34).
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The procedure enables the convenient synthesis of carbazole from isatin derivatives
and can be successfully used for the synthesis of carbazole natural products. Continued
research on the addition of the allylic Grignard reagent to oxindoles resulted in the devel-
opment of a procedure to obtain 2-substituted and 2,3-disubstituted indoles via a one-pot
dehydrative aromatization protocol [47]. The synthesized 2,3-diallyl indoles were used to
synthesize carbazole derivatives via RCM and aromatization sequence (Scheme 35).
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The addition of Grignard reagents to substituted 2-oxoindoles was proven to be a tool
for generating nitrogen-containing heterocycles by using simple organic transformations.
This strategy was used in the synthesis of various substituted carbazoles, as well as several
naturally occurring carbazole alkaloids.

The ring-closing metathesis reaction and aromatization were proposed as key steps
in the formation of the tricyclic backbone of cyclopenta[b]benzofuran, a key intermedi-
ate of Beraprost (a prostacyclin analog) (Figure 4a), starting with (-)-Corey lactone diol
(Figure 4b) [52].
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RCM proceeded efficiently in the presence of a second-generation Grubbs catalyst
under mild conditions and was followed by dehydration step performed in the presence of
pyridine hydrochloride (Scheme 36).
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The benzofuran core was obtained by dehydrogenative aromatization of diene ring,
using 2,3-dicyano-5,6-dichlorobenzoquinone (DDQ) (Scheme 37).

Molecules 2023, 28, 1680 16 of 29 
 

 

The addition of Grignard reagents to substituted 2-oxoindoles was proven to be a 
tool for generating nitrogen-containing heterocycles by using simple organic transfor-
mations. This strategy was used in the synthesis of various substituted carbazoles, as well 
as several naturally occurring carbazole alkaloids. 

The ring-closing metathesis reaction and aromatization were proposed as key steps 
in the formation of the tricyclic backbone of cyclopenta[b]benzofuran, a key intermediate 
of Beraprost (a prostacyclin analog) (Figure 4a), starting with (-)-Corey lactone diol (Fig-
ure 4b) [52]. 

 
Figure 4. Structures of Beraprost (a) and (-)-Corey lactone diol (b). 

RCM proceeded efficiently in the presence of a second-generation Grubbs catalyst 
under mild conditions and was followed by dehydration step performed in the presence 
of pyridine hydrochloride (Scheme 36).  

 
Scheme 36. RCM of diene lactol, followed by spontaneous formation of cyclic diene. 

The benzofuran core was obtained by dehydrogenative aromatization of diene ring, 
using 2,3-dicyano-5,6-dichlorobenzoquinone (DDQ) (Scheme 37). 

 
Scheme 37. Synthesis of benzofuran skeleton via oxidative aromatization. 

Tokuyama and co-workers reported the catalytic activity of ruthenium alkylidene 
complexes in the aerobic catalytic dehydrogenation of nitrogen-containing heterocycles 
with dioxygen as an oxidant [53]. The reaction can be used for the dehydrogenative 
aromatization of various nitrogen-containing heterocycles. Moreover, using the catalytic 
activity of alkylidene ruthenium complexes in the RCM of dienes, the authors developed 
the novel assisted tandem catalysis, using the ring-closing metathesis and dehydrogena-
tive aromatization sequence (Scheme 38). Molecular oxygen was used as a trigger and an 
oxidation agent. Conditions to enable the highly efficient course of the process were 
proposed. The procedure involves the use of a ruthenium alkylidene complex Ru-5 
(Figure 1), which is a modified version of the Ru-2 that bears less steric substituents at the 

Scheme 37. Synthesis of benzofuran skeleton via oxidative aromatization.

Tokuyama and co-workers reported the catalytic activity of ruthenium alkylidene
complexes in the aerobic catalytic dehydrogenation of nitrogen-containing heterocycles
with dioxygen as an oxidant [53]. The reaction can be used for the dehydrogenative aroma-
tization of various nitrogen-containing heterocycles. Moreover, using the catalytic activity
of alkylidene ruthenium complexes in the RCM of dienes, the authors developed the novel
assisted tandem catalysis, using the ring-closing metathesis and dehydrogenative aromati-
zation sequence (Scheme 38). Molecular oxygen was used as a trigger and an oxidation
agent. Conditions to enable the highly efficient course of the process were proposed. The
procedure involves the use of a ruthenium alkylidene complex Ru-5 (Figure 1), which is
a modified version of the Ru-2 that bears less steric substituents at the nitrogen atoms of
the imidazol-2-ylidene ligand. This catalyst was found to be optimal for the RCM/aerobic
oxidation sequence.

The usefulness of the Tokuyama procedure was demonstrated by its application to the
synthesis of the natural antibiotic pyocyanin.
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4.2. Synthesis of Benzene Derivatives

Most of synthetic effort in the synthesis of simple hetero- and carboarenes via metathe-
sis was performed during the huge development of olefin metathesis applications in organic
synthesis and is described in previous reviews [7,8,10]. Currently, the research intensity, as
measured by the number of publications, is much lower, and research groups are focusing
on using metathesis to obtain more complex systems.

Lobo and co-workers reported a procedure for obtaining terephthalates, which in-
cludes the use of the CM, Diels–Alder cycloaddition and dehydrogenative aromatization
sequence (Scheme 39) [54]. The proposed procedure is eco-friendly in nature due to the use
of fully biodegradable reagents (sorbate and acrylic esters).

The highest activity of the cross-metathesis step was achieved in the presence of
modified Hoveyda–Grubbs catalyst Ru-6 (Figure 1).

Ward described a procedure of the generation of monosubstituted aromatic rings that
uses a ring-closing metathesis and spontaneous 1,2-elimination sequence (Scheme 40) [55].
The method enables the synthesis of benzene derivatives with moderate-to-high yields.
The advantage of the procedure is that there is no need to use strong oxidants in the
aromatization step.
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Scheme 40. Synthesis of monosubstituted aromatic ring via ring-closing metathesis, followed by
spontaneous 1,2-elimination.

The sequence ene-yne cross-metathesis, Diels−Alder cycloaddition, and aromatization
were applied to synthesize a series of biaryls, starting from alkynes [56]. In the ene-yne
cross-metathesis step, monosubstituted phenylacetylenes were treated with 1,5-hexadiene
(Scheme 41) or ethylene (Scheme 42) in the presence of a Grubbs first- or a second-generation
catalyst. Cycloaddition and subsequent aromatization afforded the desired biphenyls in
good yields. Two exemplary ethynylated amino acid derivatives were also shown to
undergo the proposed sequence.
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Dash and co-workers demonstrated that o-terphenyls can be synthesized from easily
accessible substituted benzils. The proposed synthetic pathway involves RCM for the
synthesis of a tricyclic skeleton and subsequent aromatization step. It enables the synthesis
of symmetrical and unsymmetrical o-terphenyls containing both electron-rich and electron-
deficient groups (Scheme 43) [57].
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4.3. Synthesis of Aromatic Ring in Complex Molecules

Kaliappan reported the synthesis of a new class of sugar–oxasteroid–quinone hybrid
molecules via a sequential enyne-metathesis/Diels–Alder cycloaddition/aromatization
(Scheme 45) [58].
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Scheme 45. Sequence RCEM/cycloaddition/oxidation in the synthesis of sugar–oxasteroid–
quinone hybrids.

The obtained Diels–Alder cycloadducts were unstable, and their tendency to undergo
aromatization (aerobic oxidation on silica gel) was observed. For maximum aromatization
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efficiency, the crude cycloaddition product was immediately treated with trimethylamine
and silica gel. The method yielded a library of sugar–oxasteroid–quinone hybrids.

De Koning and co-workers proposed novel methods for the assembly of benz[a]anthracenes
and related compounds [59]. Their strategy involves the Suzuki–Miyaura cross-coupling,
isomerization, and ring-closing metathesis. The RCM step in this case results in the
formation of an aromatic ring, which can be easily oxidized to the corresponding quinone
(Scheme 46).
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The solid-phase synthesis of numerous polycyclic tetrahydroisoquinolines and tetrahydro-
benzo[d]azepines starting from Wang resin-immobilized allylglycine was reported by
Soural [60]. Subsequent Fmoc cleavage, sulfonylation with nitrobenzenesulfonyl chlorides,
and Mitsunobu alkylation with phenylalkynols afforded corresponding enynes. Further
ring-closing metathesis, cycloaddition with functionalized 1,4-naphthoquinones, and finally
spontaneous aromatization enables the formation of a variety of tetrahydroisoquinolines
and tetrahydrobenzo[d]azepines (Scheme 47). The proposed further functionalization
of the obtained derivatives by heterocyclization enables the rapid synthesis of relevant
bioactive scaffolds.

Recently, Sparr and co-workers reported on the great potential of metathesis in the
atroposelective formation of arenes [61]. The authors demonstrated that, in the presence of
enantiopure molybdenum metathesis catalysts, stereodynamic trienes were enantioselec-
tively converted into the corresponding binaphthalene atropisomers (Scheme 48).
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In the presence of commercially available molybdenum catalysts (Figure 6), enantiose-
lectivity, e.r. = 83:17, was observed for the model triene.
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Figure 6. Commercially available chiral molybdenum alkylidene complexes tested in atroposelective
synthesis of binaphthalenes.

In order to optimize the yield and enantioselectivity, tests were carried out in the
presence of a series of catalysts obtained in situ by reacting a dipyrrolyl molybdenum
precursor with binaphthol ligands differing in stereoelectronic properties (Scheme 49).
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It was shown that the most enantioselective catalyst was the binaphthyl complex
containing pentafluorophenyl substituents. Under optimized conditions, a variety of con-
formationally dynamic triene substrates were efficiently and enantioselectively converted
into binaphthyl atropisomers (Figure 7).
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macrocycle as a precursor to a strained 1,4-arene-bridged (bent para-phenylene) macro-
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cyclization was observed only for the syn diastereomer.  
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Finally, Tanaka and co-workers discussed the possibility of using RCM for the in vivo
synthesis of cytostatic agents [62]. Thus, cytostatic agents, naphthyl analogues of combre-
tastatin, can be synthesized by the sequential ring-closing metathesis and aromatization
of relevant prodrugs (Scheme 50). It was shown that, in the presence of glycosylated
Hoveyda–Grubbs-type artificial metalloenzyme Alb-Ru (Figure 8) and in biologically rele-
vant concentrations of prodrugs (dienes), the proposed reaction sequence proceeds readily
for all ester-based prodrugs, with pivalate being the most active. Therapy against cancer-cell
growth was studied in cellulo and in vivo in mice.
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Figure 8. Glycosylated Hoveyda–Grubbs-type artificial metalloenzyme (Alb-Ru).

The promising results show new possibilities for the use of artificial metalloenzymes
and metathesis cyclization in pro-drug therapy.

4.4. Synthesis of Polyarenes

Cycloparaphenylenes have gained the interest of many research groups in the hope
that these systems can be used for the bottom-up chemical synthesis of carbon nan-
otubes [63,64]. A series of papers on the synthetic strategy that employs 1,4-diketo-bridged
macrocycle as a precursor to a strained 1,4-arene-bridged (bent para-phenylene) macrocy-
cle were reported by Merner and co-workers [65–68]. The described strategy involves a
metathesis cyclization step, followed by aromatization (Scheme 51). Efficient metathesis
cyclization was observed only for the syn diastereomer.
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The aromatization reaction may be accompanied by a rearrangement of the desired
p-terphenylophane to m-terphenylophane, which was observed for the arene-bridged
macrocycle (Scheme 52) [66,67]. Such a strain-relief-driven rearrangement is not observed
for n = 2 (Scheme 51). The selectivity of the aromatization process strongly depends on the
reaction conditions and the reagents used. It was found that, in the presence of the Burgess
reagent, the reaction selectively leads to the expected product.
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Scheme 52. Strain-relief-driven rearrangement of p-terphenylophane to m-terphenylophane.

Merner’s strategy enabled the synthesis of a p-terphenyl-based macrocycle containing
a p-phenylene unit with 42.6 kcal/mol of strain energy [64]. The sequence uses metathesis
cyclization (Scheme 53), but aromatization is crucial to obtain a stretched ring. It involves
the use of iterative elimination reactions of the two hydroxyl groups present in the macro-
cyclic precursor [66,67].
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The synthesis of double-stranded aromatic macrocycles remains a challenge. Jasti and
co-workers developed a reductive aromatization/ring-closing metathesis sequence for the
synthesis of aromatic belt fragments (Scheme 54) [69].

Molecules 2023, 28, 1680 25 of 29 
 

 

The synthesis of double-stranded aromatic macrocycles remains a challenge. Jasti 
and co-workers developed a reductive aromatization/ring-closing metathesis sequence 
for the synthesis of aromatic belt fragments (Scheme 54) [69]. 

 
Scheme 54. Synthesis of macrocycles via Suzuki cross-coupling. 

For the macrocycle presented in Scheme 55, the sequence starting from RCM was 
used in order to avoid potential problems of interaction of strong reductant (sodium 
naphthalenide) with styrene functionality. RCM proceeded readily in the presence of 
Ru-2 in dichloromethane at 40 °C. No side-products were observed. As shown in Scheme 
55, the RCM strategy used leads to the formation of aromatic rings. A final aromatization 
step was made by subjecting macrocycle to sodium naphthalenide at −78 °C. 

 
Scheme 55. RCM/reductive aromatization sequence. 

The proposed strategy, which is a combination of reductive aromatization and 
ring-closing metathesis, was tested for the synthesis of smaller, more strained belts. In 
this case, the order of steps was changed, and the reductive aromatization was carried 
out prior to the RCM (Scheme 56). Deprotection of hydroxy groups, followed by reduc-
tive aromatization under mild conditions, yields strained ring. In the last step, the RCM 
enabled the formation of a strongly strained fragment of aromatic belt. Jasti demon-
strated that the RCM reaction leading to the formation of aromatic rings can be carried 
out in highly strained systems, without undesirable side-processes [69]. 

 
Scheme 56. Reductive aromatization/RCM sequence in the synthesis of highly strained aromatic 
belt fragment. 

Fang and co-workers proposed efficient synthesis of donor–acceptor ladder polymer 
by the sequence of Suzuki polycondensation and ring-closing olefin metathesis (Scheme 

Scheme 54. Synthesis of macrocycles via Suzuki cross-coupling.

346



Molecules 2023, 28, 1680

For the macrocycle presented in Scheme 55, the sequence starting from RCM was
used in order to avoid potential problems of interaction of strong reductant (sodium
naphthalenide) with styrene functionality. RCM proceeded readily in the presence of Ru-2
in dichloromethane at 40 ◦C. No side-products were observed. As shown in Scheme 55, the
RCM strategy used leads to the formation of aromatic rings. A final aromatization step was
made by subjecting macrocycle to sodium naphthalenide at −78 ◦C.
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Scheme 55. RCM/reductive aromatization sequence.

The proposed strategy, which is a combination of reductive aromatization and ring-
closing metathesis, was tested for the synthesis of smaller, more strained belts. In this case,
the order of steps was changed, and the reductive aromatization was carried out prior to the
RCM (Scheme 56). Deprotection of hydroxy groups, followed by reductive aromatization
under mild conditions, yields strained ring. In the last step, the RCM enabled the formation
of a strongly strained fragment of aromatic belt. Jasti demonstrated that the RCM reaction
leading to the formation of aromatic rings can be carried out in highly strained systems,
without undesirable side-processes [69].
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Scheme 56. Reductive aromatization/RCM sequence in the synthesis of highly strained aromatic
belt fragment.

Fang and co-workers proposed efficient synthesis of donor–acceptor ladder poly-
mer by the sequence of Suzuki polycondensation and ring-closing olefin metathesis
(Scheme 57) [70]. The authors assumed that the use of RCM as a ladderization step,
which, in this case, is also an aromatization step, will afford the desired ladder polymer in
good yield and without structural defects.

Preliminary tests of polymer properties were performed. As expected, the rigid
coplanar nature of the ladder polymer was found to exhibit improved physicochemical
properties that were not observed with non-ladder type analogs.
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5. Summary and Outlook

The synthesis of aromatic compounds using olefins and enyne metathesis employs
several previously described strategies. The synthesis of fused aromatic compounds can be
accomplished directly through diene or enyne RCM. Other strategies include a cyclization
step via RCM, followed by aromatization, which can be implemented by oxidation or
elimination of suitable leaving groups. Finally, enyne RCM or ene-yne CM allows the
formation of conjugated dienes that can undergo successive cyclization, mainly through
Diels–Alder cycloaddition, and aromatization. Based on the results described and previous
reports, it seems that further progress is possible, particularly in the aromatization step.
The use of (spontaneous) aromatization through aerobic oxidation eliminates the need for
strong oxidants, which can expand the reaction scope and/or improve the yields achieved.
A fascinating idea is to use RCM for the synthesis of atropisomers, using metathetic
cyclization of conformationally dynamic trienes. The development of the method may
open up a new area of application of metathetic cyclization in the asymmetric synthesis of
aromatic compounds. Exciting reports have been made on the syntheses of macrocyclic
aromatic strips with high ring strain. The efficient synthesis of linear ladder polymers
with a stiff coplanar structure has been achieved using the strong thermodynamic driving
force of aromatization. Due to the stiffened structure, such polymers exhibit improved
physicochemical properties compared to non-ladder analogues. Finally, the possibility of
using metathesis/aromatization sequences in the synthesis of prodrugs is described. This
opens up a new and poorly explored area of research.

The survey clearly shows that the field of research will continue to develop in the
coming years. In particular, material and medicinal chemistry, in the broadest sense, remain
an important and underexplored area of research.
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Abstract: The isosteric replacement of the benzene with thiophene ring is a chemical modification
widely applied in medicinal chemistry. Several drugs containing the thiophene ring are marketed
for treating various pathologies (osteoporosis, peripheral artery disorder, psychosis, anxiety and
convulsion). Taking into account this evidence and as a continuation of our study in the GABAA

receptor modulators field, we designed and synthesized new compounds containing the thiophene
ring with 4,5-dihydro-5-oxo-pyrazolo[1,5-a]thieno[2,3-c]pyrimidine and pyrazolo[1,5-a]thieno[2,3-
c] pyrimidine scaffold. Moreover, these cores, never reported in the literature, are isosteres of
pyrazolo[1,5-a]quinazolines (PQ), previously published by us as GABAAR subtype ligands. We
introduced in the new scaffold those functions and groups (esters, ketones, alpha/beta-thiophene)
that in our PQ derivatives were responsible for the activity, and at the same time, we have extensively
investigated the reactivity of the new nucleus regarding the alkylation, reduction, halogenation and
hydrolyses. On the six final designed compounds (12c–f, 22a,b) molecular docking and dynamic
simulation studies have been performed. The analysis of dynamic simulation, applying our reported
model ‘Proximity Frequencies’, collocates with high probability 12c, 22b, in the agonist class towards
α1β2γ2-GABAAR.

Keywords: 4,5-dihydro-5-oxo-pyrazolo[1,5-a]thieno[2,3-c]pyrimidines; novel scaffold; thiophene;
molecular dynamic studies; proximity frequencies (PF); GABAA receptor subtype; GABAA recep-
tor ligands

1. Introduction

Thiophene is known to be an isostere of the benzene ring, thus representing a good
tool in the field of medicinal chemistry to develop new drugs. The concept of isosterism
applied to the thiophene ring was established in 1932 by Erlenmeyer, which proposed
the equivalence between -CH = CH- and -S- (in benzene and thiophene, respectively) in
terms of size, mass and capacity to provide an aromatic lone pair. Over time, compounds
containing thiophene have been extensively investigated in medicinal chemistry, since
they show a variety of pharmacological activities, such as anti-inflammatory, antioxidant,
antimicrobial, antitumor, and antidepressant action [1–4]. Moreover, several thiophene-
heterocycles-fused compounds have been approved by FDA as therapeutic agents for the
treatment of osteoporosis (Raloxifene), peripheral artery disorder (Ticlopidine), psychosis
(Olanzapine), anxiety and convulsion (Etizolam); see Figure 1.
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Figure 1. Thiophene-heterocycles-fused compounds known in literature.

Starting from these evidences, we addressed our research towards the synthesis of
heterocyclic compounds containing the thiophene ring. We applied this strategy to the
synthesis of potential GABAAR subtypes ligands, which represent a field of research
extensively investigated by us for many years, by obtaining some interesting derivatives
with pyrazolobenzotriazine, pyrazolopyrimidine and pirazoloquinazoline scaffold [5–8].
This choice is also supported by the fact that in the literature are present some GABAAR
ligands (Ro 19-4603, TB21007, Comp. 4, Comp. 16), in which the thiophene ring is fused
or bonded to other cycles (Figure 2) [9–11]. In particular, we report here the synthesis
of new compounds with 4,5-dihydro-5-oxo-pyrazolo[1,5-a]thieno[2,3-c]pyrimidine and
pyrazolo[1,5-a]thieno[2,3-c]pyrimidine scaffold as result of the isosteric replacement of
the benzene with thiophene ring in our pyrazolo[1,5-a]quinazolines previously published
as GABAAR subtype ligands [8,12] (Figure 3). Moreover, these new compounds can be
considered as analogues of the abovementioned GABAAR ligand Ro 19-4603, in which we
formally operated a contraction of the central diazepine ring. As a first approach, in this
new scaffold, we tried to introduce at position 3 those functions and groups (esters, ketons,
alpha/beta-thiophene) responsible for activity in our pyrazolo[1,5-a]quinazolines and in
compounds of the literature (i.e., Ro 19-4603 and Comp 16) (Figure 2).

The pyrazolo[1,5-a]thieno[2,3-c]pyrimidine core is not found in the literature (SciFinder,
Reaxys), with the exception of the ethyl 4,5-dihydro-5-oxo-pyrazolo [1,5-a]thieno[2,3-
c]pyrimidine-3-carboxylate (RN 942034-93-7), of which neither the synthesis nor the char-
acterization is reported, however. In addition, this single compound is not mentioned in
any published work. Thus, it was very intriguing to investigate the feasibility and the
reactivity of this nucleus toward the most common reactions, such as alkylation, reduction,
halogenation, and hydrolysis. Finally, molecular docking studies and evaluation of the
‘Proximity Frequencies’ (exploiting our reported model) [8,13] were performed on all the
final compounds to predict their profile on the α1β2γ2-GABAAR subtype.
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Figure 2. GABAAR ligands with a thiophene ring reported in the literature (numbering is that of the
original manuscript).

Figure 3. Aim of the work.

2. Results
2.1. Chemistry

The synthetic pathways for obtaining derivatives with pyrazolo[1,5-a]thieno[2,3-
e]pyrimidine scaffold are depicted in Schemes 1–6. In this synthetic section, we report
not only the procedures for obtaining the final designed products mentioned in Figure 3,
but also some reactivity studies on this new scaffold which, furthermore, have produced
interesting results. NMR spectra, elemental analysis and other structural information are
reported in Supplementary Materials, Table S1.

The first step in building the pyrazolo[1,5-a]thieno[2,3-c]pyrimidine core is a diazotiza-
tion reaction in the usual manner followed by reduction with SnCl2, on the commercial ma-
terial methyl 3-aminothiophene-2-carboxylate 1, obtaining the corresponding 3-hydrazino
hydrochloride derivative 2 [14]. This latter was then reacted with ethoxymethylenmalononi-
trile and ethyl 2-cyano-3-ethoxyacrylate, affording the pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-
5(4H)-ones 3-carbonitrile and 3-ethoxycarbonyl derivative 3 and 4, respectively; further
hydrolysis of 3 with H2SO4 conc. gave the 3-carboxamide derivative 5. Compounds
6–8 were instead obtained by treatment of the same 3-hydrazino hydrochloride deriva-
tive 2 with 3-(dimethylamino)-2- (thien-2-carbonyl)acrylonitrile (compound 6), 3-oxo-2-
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(thien-3-yl)propionitrile (compound 7), and 3-oxo-2-(thien-2-yl)propionitrile (compound 8),
respectively, following the procedure reported in our references [15,16] (Scheme 1).

Scheme 1. Reagent and conditions: (a) NaNO2/H2O, HCl, SnCl2, 0 ◦C; (b) ethoxymethylenmalonon-
itrile for 3 and ethyl 2-cyanoethoxyacrylate for 5, DMF/AcONa, refluxing temperature; (c) H2SO4,
80 ◦C; (d) 3-(dimethylamino)-2-(thien-2-ylcarbonyl)acrylonitrile, DMF/AcONa, refluxing temper-
ature; (e) 3-oxo-2-(thien-3-yl)propionitrile for 7 and 3-oxo-2-(thien-2-yl)propionitrile for 8, AcOH,
refluxing temperature.

All the 3–8 pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-ones intermediates synthe-
sized in Scheme 1 were then subjected to halogenation, reduction and alkylation reactions
(Scheme 2) and the results differed depending on the function/group bound at position
3 (3, R3 = CN; 4, R3 = COOEt; 5, R3 = CONH2; 6, R3 = thien-2-yl carbonyl; 7, R3 = 3-thienyl;
8, R3 = 2-thienyl). Starting from the halogenation reaction, the treatment with POCl3/PCl5
only for compounds 5 and 6 gave the corresponding 5-chloro derivatives 9c and 9d, which
were effortlessly isolated and purified. From compound 7, the intermediate 5-chloro deriva-
tive results as one spot in TLC but was not isolated (9e) and used as such for the subsequent
reduction reaction. Differently, for compounds bearing a cyano group (3) or a thienyl ring
at the 3-position (7 and 8), the 5-chloro derivatives were not obtained or were not easily
isolable. In particular, from compounds 3 and 8 dark tares resulted in TLC many spots of
complex purification. For the next step, involving the C-Cl bond cleavage and the resulting
reduction to the 4,5-dihydro derivative 10c,d, we choose NaBH4 in the EtOH/CH2Cl2
mixture. The ethyl 5-chloropyrazolo[1,5-a]thieno [2,3-e]pyrimidine-3-carboxylate 9c and
the 3-(thien-2-ylcarbonyl)-5-chloropyrazolo [1,5-a]thieno[2,3-e]pyrimidine 9d were rapidly
transformed into the final compounds 10c,d, which were easily recovered and purified; the
(hetero) aromatization was then realized by treating 10c and 10d in toluene with Pd/C at
refluxing temperature, obtaining the final products 11c and 11d.

A particular reactivity was evidenced for not isolated intermediate 9e, the 3-(thien-
3-yl)-5-chloropyrazolo[1,5-a]thieno[2,3-e]pyrimidine. In fact, when the reduction is per-
formed with NaBH4, starting and final products mixture was anyway recovered, also
largely changing the reaction conditions. On the other hand, performing a catalytic transfer
hydrogenation (CTH) with HCOONH4 and Pd/C in EtOH [17], it was possible to highlight
in TLC a spot that could be the 4,5-dihydro derivate, which rapidly and spontaneously con-
verts into the 3-(thien-3-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidine 11e. Moving to the alky-
lation reactions, which afforded the final desired compounds 12c–f, the lactam derivatives
(3–8) were all treated following the classical method (DMF/K2CO3/CH3I), but depending
on the substituent at the 3-position, different reactivity was evidenced, specifically:
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• Compounds 3, 4 and 6 gave in good yield the 4-methyl derivatives 12a,c,d (4-methyl-
5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carbonitrile 12a, 3-ethyl
carboxylate 12c and 3-(thien-2-ylcarbonyl) 12d).

• The 3-carboxamide derivative 5 gave different reaction products depending on the
reaction conditions, in particular on the temperature. In fact, at 80 ◦C (standard
condition), only the O-methyl derivative 13b (5-methoxypyrazolo[1,5-a]thieno[2,3-e]
pyrimidine-3-carboxamide) was obtained, while when maintaining the reaction at
reflux temperature, the N-methyl isomer 12b was obtained as a single product. The
3-carboxyamide derivative 12b was also obtained by treatment of 4-methyl-5-oxo-4,5-
dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carbonitrile 12a with conc. H2SO4,
and thus, confirming the N-alkylation.

• Finally, the alkylation of 7 and 8 in the usual manner afforded a mixture of the N-
methyl and O-methyl derivatives (12e and 13e; 12f and 13f), which were separated by
flash chromatography. The assignment of the exact structure was carried out with the
use of 1H-NMR technique, whose results are in agreement with our previous data [8]:
when methyl is bound to N-4, the peak falls between 3.33 and 4.00 ppm, depending
on the substituent at 3-position, while the O-methyl is unchanged for all compounds
at 4.20 ppm.

Scheme 2. Reagent and conditions: (a) POCl3/PCl5 refluxing temperature; (b) NaBH4/EtOH/CH2Cl2,
RT◦, 40 min; (c) Toluene, Pd/C, refluxing temperature for 10c,d; (d) HCOONH4/EtOH, Pd/C,
refluxing temperature for 9e; (e) DMF/K2CO3/CH3I, 80 ◦C for 12a,c,d–f and 13b,e,f; at reflux
temperature for 12b; (f) H2SO4 conc.
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The regioselective O-alkylation observed for compound 5 could be due to a prevalence
of the tautomeric form −N = C-OH with respect −NH-C = O; the predominance of the first
one could indeed be associated with the amide function at position 3, since the CONH2
group could form H-bonds with N-4, thus favoring the tricyclic heteroaromatic structure
(see Figure 4). On the other hand, the rising temperature (reflux) can promote a free
rotation of the C3-CO bond of the amide group, no longer involved in an H-bond, and thus,
allowing alkylation at N-4 (compound 12b).

Figure 4. A possible explanation for O-alkylation.

Scheme 3 describes the different reactivity of the 3-ethyl carboxylate derivatives 4 and
12c towards the alkaline or acid hydrolysis. The starting ethyl 5-oxo-4,5-dihydropyrazolo
[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate 4 behaves in the usual manner to alkaline
or acid hydrolysis, giving the corresponding 3-carboxylic acid 14, which in turn under-
goes decarboxylation in HCl 12M, at reflux temperature, yielding compound 15. Instead,
starting from the ester 12c, also using different reaction conditions (NaOH 10% or LiOH
in THF/water or AcOH/HCl or conc. HCl), it has never been possible to obtain the
3-carboxylic acid, but only the 3-decarboxylate derivative 16 is recovered.

Scheme 3. Reagent and conditions: (a) for 4 NaOH 10% solution or HCl conc.; for 12c NaOH 10%
solution or LiOH or HCl conc.; (b) HCl conc. reflux temperature.

Thus, to get the 4-methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e] pyrimidine- -3-
carboxylic acid, as a key intermediate for obtaining the final designed esters, we followed a
reported procedure [18], which involves diazotization of the 3-carboxamide 12b (Scheme 4);
the reaction did not afford the desired 3-carboxylic acid, but a mixture of two compounds,
one identified as the 3-decarboxylate 16 and a possible mechanism of decarboxylation
process is reported. The second compound, colored green, was assumed to be a 3-nitroso
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derivative 17; this hypothesis could be supported by the fact that, after decarboxylation, a
high concentration of nitrosonium ion (NO+) in the chemical environment could be able to
make an electrophilic attach at position 3 of the pyrazolothienoquinazoline scaffold. The
1H-NMR spectrum of the supposed compound 17, in addition to the absence of the proton
at position 3, shows a shift of the methyl bound to N-4 (4.23 ppm) that is not consistent
with the chemical shift values of the 4-methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-
e]pyrimidine derivatives, whose N-methyl group constantly falls in the 3.3–3.7 ppm range.
Moreover, the chemical shift of the proton in position 2 is lower than in other prod-
ucts with different substituents (CN, COOEt, CONH2, COOH), suggesting a different
electronic/steric environment resulting from the substituent in position 3. The mass
analysis confirmed the structure of compound 17. The same reaction performed on the
5-methoxypyrazolo [1,5-a]thieno[2,3-e]pyrimidine-3-carboxyamide 13b also gave a mixture
of two products, but in this case, the green 3-nitroso derivative 19 was obtained together
with the desired 5-methoxypyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylic acid (18).
The mass analysis again confirmed the structure. A possible mechanism of decarboxylation
is reported in Figure 5.

Scheme 4. Reagent and conditions: (a) H2SO4 conc., NaNO2/H2O, RT for 12 h.

Figure 5. A possible mechanism of decarboxylation.
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In order to obtain the desired 4-methyl-5-oxo-4,5-dihydropyrazolo [1,5-a]thieno[2,3-
e]pyrimidine-3-carboxylic acid 21, we explored a further synthetic strategy reported in
Scheme 5. The 3-unsubstituted compound 16 was treated with HMTA obtaining the 4-
methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidin- 3-carboxaldehyde deriva-
tive 20 and its further oxidation (KMnO4/water/acetone/sodium hydroxide) finally gave
the desired 3-carboxylic acid 21. From acid 21, the final desired esters 22a,b were obtained
by treatment with thionyl chloride and further addition of the suitable alcohol (t-BuOH
and 2-thiophenemethanol respectively) in CH2Cl2.

The hydrolysis of the ester function to carboxylic acid also created problems on the
ethyl pyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate 11c (Scheme 6). In fact, the
desired product 23 was recovered in a meagre yield together with a big amount of the
3-decarboxylate 24 only if the hydrolysis of 11c was performed in an alkaline medium; the
reaction then evolved spontaneously towards the total formation of compound 24. On the
contrary, in acid medium, compound 11c underwent a decarboxylation, directly giving the
3-unsubstituted derivative 24.

Therefore, we explored a different synthetic way, starting from the 5-oxo-4,5-dihydrop-
yrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-carboxylic acid 14, by using LiAlH4 as reducing
agent for the lactam function. Thus, after quenching the reaction and performing the
standard workup, the residue was refluxed in toluene and Pd/C. The presence in 1H-
NMR spectrum of H5 at 9.06 ppm confirmed that the pyrazolothienopyrimidine core was
indeed dehydrogenated but, at the same time, the carboxylic function was transformed in a
methyl group, as evidenced by the peak at 2.33 ppm, compound 25, again preventing the
desired 23.
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Scheme 5. Reagent and conditions: (a) AcOH/HMTA, 80 ◦C; (b) aceton/water, KMnO4, NaOH 10%,
80 ◦C; (c) SOCl2, CH2Cl2, t-BuOH for 22a and 2-thiophenemethanol for 22b, 50 ◦C.
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Scheme 6. Reagent and conditions: (a) NaOH 10% solution, or LiOH; (b) HCl or AcOH; (c) LiAlH4,
THF abs., then: toluene, Pd/C, refluxing temperature.

2.2. Molecular Dynamic Studies

On the six final designed compounds (12c–f and 22a,b), a molecular docking study
and an evaluation of the ‘Proximity Frequencies’ [8,13] were performed to predict their
profile on the α1β2γ2-GABAAR subtype.

The value of Proximity Frequencies (PFs), used in a linear discriminant function (LDA),
was able to correctly collocate 70.6% of agonists and 72.7% of antagonists by combining a
double PF (αVal203-γThr142) with a triple PF (αHis102-αTyr160-γTyr58). The predictive
capacity was evaluated on an appropriate training set of molecules with a cross-validation
‘leave one out’ (LOO) procedure. During a molecular dynamic simulation (60 ns), the
agonist compounds were simultaneously close to the αVal203 and γThr142 amino acids,
with a frequency of 37% compared to the frequency of 16% found by the antagonist
compounds, while the antagonist compounds were simultaneously close to the αHis102,
αTyr160, and γTyr58 amino acids, with a frequency of 35% against a frequency of 13% for
agonist compounds. All the 3D structures of the molecules, as a training set and new final
compounds, were designed [19] (DS ViewerPro 6.0 Accelrys Software Inc., San Diego, CA,
USA) and placed in the binding site of the BDZs with the AUTODOCK 4.2 [20] docking
program. The structure of the BDZ binding site was obtained from the recently solved
GABAAR structure (PDB ID 6D6T) [21].

The docking program performed on the selected compounds (12c–f and 22a,b) gave a
number of clusters of conformation(s) for each compound (rmsd 2.0). The evaluation of
trajectories in the dynamic simulation was performed on the conformations that covered
at least 90% of poses; the dynamic simulations were performed on an isolated portion of
the protein between the α and γ chains comprising all amino acids within a radius of 2 nm
from the center of the benzodiazepine binding site. Applying the PF model to the new
selected compounds, it emerges that all six ones are collocated in the agonist class, 12d–f
with low probability, while 12c and 22b, the 3-ethyl and the 3-(2-thienylmethyl)carboxylate,
respectively, with a percentage of prediction of 74% and 78%, are more probable. The 3-t-
buthylcarboxylate 22a shows a percentage of prediction slightly lower (69%), but always in
the agonist class; see Table 1.
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Table 1. Profile prediction obtained by PF model (LDA results).

N◦ Prediction % Ago % Anta

12d ago 66 34

12e ago 64 36

12f ago 64 36

12c AGO 78 22

22a AGO 69 31

22b AGO 74 26

Compounds 12c and 22b have in the position 3 an ester group which is able to engage a
strong hydrogen bond interaction with γThr142 through the carbonyl moiety. Additionally,
22a has an ester group in the 3 position but the steric hindrance of the t-butyloxycarbonyl
fragment makes less probable the hydrogen bond interaction of the carbonyl group with
the γThr142 residue; see Figures 6–8.

Figure 6. Hydrogen bond interaction of compound 12c in the last frame of dynamic simulation.
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Figure 7. Hydrogen bond interaction of compound 22b in the last frame of dynamic simulation.

Figure 8. Hydrogen bond interaction of compound 22a in the last frame of dynamic simulation.
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These results are in accordance with our previously reported data [6,12], which evi-
denced the importance of the carbonyl group of the ester moiety to engage a strong hydrogen
bond interaction with receptor protein. Compounds missing the ester group (12d–f) show a
weak interaction with γThr142 in agreement with the low prediction percentage.

3. Experimental Section
3.1. Chemistry

General procedure for the synthesis of compounds 3,4,6-8. To a solution of 2 (1 mmol,
0.170 g) in DMF abs. and sodium acetate (1.3 mmol) was added 2-ethoxymethylenma-
lononitrile or ethyl-2-cyano-3-ethoxyacrylate, 3-(dimethylamino)- 2-(thien-2-carbonyl)acryl-
onitrile [15] (1.12 mmol) to obtain 3, 4 and 6. The solvent was AcOH when 3-oxo-2-(thien-3-
yl)propionitrile and 3-oxo-2-(thien-2-yl)propionitrile [16] were used to obtain 7 and 8. The
reaction was refluxed for three hours, and after cooling, the addition of water and ice gave
a precipitate that was filtered and purified by a suitable solvent

5-Oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carbonitrile (3). From
2 and 2-ethoxymethylenmalononitrile. Recrystallized by i-propanol, yield 60%, cream
crystals, mp > 300 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.4); 1H-
NMR (400 MHz, DMSO-d6) δ 13.47 (bs, 1H, NH, exch.); 8.28 (m, 2H, H-2 and H-7); 7.67 (d,
1H, H-8, J = 5.2 Hz). 13C-NMR (100 MHz, DMSO-d6) δ 163.70, 156.56, 148.45, 144.35, 138.87,
135.86, 129.09, 117.24, 115.45. Anal. C9H4N4OS (C, H, N).

Ethyl 5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate (4).
From 2 and ethyl 2-cyano-3-ethoxyacrylate. Recrystallized by ethanol, yield 58%, cream
crystals, mp 215–216 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5);
1H-NMR (400 MHz, DMSO-d6) δ 11.74 (bs, 1H, NH, exch.); 8.35 (d, 1H, H-7, J = 5.2 Hz);
8.17 (s, 1H, H-2); 7.68 (d, 1H, H-8, J = 5.2 Hz); 4.29 (q, 2H, CH2, J = 7.2 Hz); 1.29 (t, 3H, CH3,
J = 7.2 Hz). 1H-NMR (400 MHz, CDCl3) δ 9.63 (bs, 1H, NH, exch.); 8.08 (s, 1H, H-2); 7.93 (d,
1H, H-7, J = 5.2 Hz); 7.67 (d, 1H, H-8, J = 5.2 Hz); 4.39 (q, 2H, CH2, J = 6.8 Hz); 1.41 (t, 3H,
CH3, J = 6.8 Hz). 13C-NMR (100 MHz, DMSO-d6) δ 165.29, 161.50, 156.56, 144.35, 143.95,
135.87, 133.26, 129.05, 117.25, 60.94, 14.15. Anal. C11H9N3O3S (C, H, N).

3-(Thiophene-2-carbonyl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (6). From
2 and 3-(dimethylamino)-2-(thien-2-carbonyl)acrylonitrile [15]. Recrystallized by ethanol,
yield 95%, cream crystals, mp > 300 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v
(Rf: 0.7); 1H-NMR (400 MHz, DMSO-d6) δ 11.59 (bs, 1H, NH, exch.); 8.63 (s, 1H, H-2);
8.37 (d, 1H, H-7, J = 5.2 Hz); 8.17 (s, 1H, H-5′); 8.05 (d, 1H, H-3′, J = 4.4 Hz); 7.74 (d, 1H,
H-8, J = 5.2 Hz); 7.29 (m, 1H, H-4′). 13C-NMR (100 MHz, DMSO-d6) δ 157.90, 142.76, 142.25,
138.37, 134.86, 133.09, 129.39, 117.34. Anal. C13H7N3O2S2 (C, H, N).

3-(Thiophene-3-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (7). From 2 and
3-oxo-2-(thien-3-yl)propionitrile [16]. Recrystallized by ethanol, yield 94%, cream crystals,
mp 274–276 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.7); 1H-NMR
(400 MHz, DMSO-d6) δ 12.06 (bs, 1H, NH, exch.); 8.29 (d, 1H, H-7, J = 5.2 Hz); 8.18 (s,
1H, H-2); 7.86 (s, 1H, H-2′); 7.67 (d, 1H, H-8, J = 5.2 Hz); 7.06 (m, 1H, H-4′); 7.52 (m, 1H,
H-5′). 13C-NMR (100 MHz, DMSO-d6) δ 165.10, 144.35, 141.71, 139.60, 129.95, 128.30, 127.90,
124.75, 117.20. Anal. C12H7N3OS2 (C, H, N).

3-(Thiophene-2-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (8). From 2 and
3-oxo-2-(thien-2-yl)propionitrile [16]. Recrystallized by ethanol, yield 89%, green light
crystals, mp 248–250 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.7);
1H-NMR (400 MHz, DMSO-d6) δ 12.18 (bs, 1H, NH, exch.); 8.30 (d, 1H, H-7, J = 5.2 Hz);
8.00 (s, 1H, H-2); 7.67 (d, 1H, H-8, J = 5.2 Hz); 7.46 (d, 1H, H-5′, J = 4.8 Hz); 7.40 (d, 1H, H-3′,
J = 2.8 Hz); 7.11 (dd, 1H, H-4′, J1 = 4.8 Hz, J2 = 4.0 Hz). 13C-NMR (100 MHz, DMSO-d6) δ
157.90, 141.71, 137.66, 128.40, 124.61, 117.19Anal. C12H7N3OS2 (C, H, N).

5-Oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxamide (5). Com-
pound 3 (0.23 mmol, 0.05 g) was suspended in H2SO4 conc., 1 mL and heated at 80 ◦C under
stirring. After the starting material disappeared in TLC (toluene/ethyl acetate/methanol
8:2:1.5 v/v/v, as eluent, Rf: 0.2), the reaction was stopped; the addition of ice/water gave a
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precipitate which was filtered and purified by recrystallization with ethanol. Yield 92%,
white crystals, mp > 300 ◦C. TLC: 1H-NMR (400 MHz, DMSO-d6) δ 10.75 (bs, 1H, NH,
exch.); 8.33 (d, 1H, H-7, J = 4.8 Hz); 8.28 (s, 1H, H-2); 7.83 (bs, 1H, CONH, exch.); 7.68 (d,
1H, H-8, J = 4.8 Hz); 7.32 (bs, 1H, CONH, exch.).13C-NMR (100 MHz, DMSO-d6) δ 165.22,
163.70, 156.56, 150.55, 144.35, 143.91, 135.85, 132.06, 129.00. Anal. C9H6N4O2S (C, H, N).

General procedure for the synthesis of compounds 9c,d. Compounds 4, 6 and
7 (0.6 mmol) were suspended in a mixture of POCl3 (5.5 mL) and PCl5 (0.91 mmol, 0.190 g)
and refluxed for three hours. The evaporation to dryness to eliminate the excess of POCl3
gave a residue recuperated with ice/water filtered and purified with a suitable solvent,
obtaining 9c,d, starting from 4 and 6, respectively. From compound 7, the 5-chloro interme-
diate 9e was not isolated but used as such, see below.

Ethyl 5-chloropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate (9c). From 5. Re-
crystallized by ethanol, yield 90%, cream crystals, mp > 300 ◦C. TLC: toluene/ethyl ac-
etate/methanol 8:2:1.5 v/v/v (Rf: 0.7); 1H-NMR (400 MHz, DMSO-d6) δ 8.61 (m, 2H, H-2
and H-7); 8.02 (d, 1H, H-8, J = 5.2 Hz); 4.29 (q, 2H, CH2, J = 7.2 Hz); 1.30 (t, 3H, CH3,
J = 7.2 Hz). 1H-NMR (400 MHz, CDCl3) δ 8.55 (s, 1H, H-2); 8.08 (d, 1H, H-7, J = 5.6 Hz);
7.95 (d, 1H, H-8, J = 5.6 Hz); 4.45 (q, 2H, CH2, J = 7.2 Hz); 1.44 (t, 3H, CH3, J = 7.2 Hz).
13C-NMR (100 MHz, DMSO-d6) δ 161.80, 155.06, 145.85, 145.55, 130.55, 125.66, 126.70,
118.30, 60.95, 14.13. Anal. C11H8N3O2SCl (C, H, N).

(5-Chloropyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-yl)(thiophen-2-yl)methanone (9d).
From 6. Recrystallized by i-propanol, yield 95%, cream crystals, mp 186–188 ◦C. TLC:
toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5); 1H-NMR (400 MHz, DMSO-d6) δ
8.80 (s, 1H, H-2); 8.65 (d, 1H, H-7, J = 5.2 Hz); 8.14 (s, 1H, H-5′); 8.07 (m, 2H, H-8 and H-3′);
7.30 (m, 1H, H-4′). 13C-NMR (100 MHz, DMSO-d6) δ 173.70, 155.06, 145.88, 145.53, 144.35,
135.81, 133.72, 130.50, 127.06, 126.74, 125.66, 126.70, 118.30. Anal. C13H6N3OS2Cl (C, H, N).

General procedure for the synthesis of compounds 10c,d. Compounds 9c,d (0.4 mmol)
was dissolved in a mixture of CH2Cl2/EtOH (7.5 mL/15 mL) and NaBH4 (3.6 mmol, 0.136 g)
was added in small portions. The reaction was maintained at room temperature for 40 min,
and then the evaporation to dryness of the solvent gave a residue which was recovered
with water, filtered and purified with a suitable solvent, obtaining 10c,d, respectively.

Ethyl 4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate (10c). From
9c. Recrystallized by water, yield 45%, cream crystals, mp 126–128 ◦C. TLC: toluene/ethyl
acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5); 1H-NMR (400 MHz, DMSO-d6) δ 7.57 (m, 2H, H-2
and H-7); 7.18 (d, 1H, H-8, J = 4.4 Hz); 7.05 (s, 1H, NH, exch.); 4.7 (s, 2H, NCH2); 4.17 (q,
2H, CH2, J = 7.2 Hz); 1.25 (t, 3H, CH3, J = 7.2 Hz). 1H-NMR (400 MHz, CDCl3) δ 8.55 (s, 1H,
H-2); 8.08 (d, 1H, H-7, J = 5.6 Hz); 7.95 (d, 1H, H-8, J = 5.6 Hz); 4.70 (s, 2H, NCH2); 4.18 (q,
2H, CH2, J = 6.8 Hz); 1.25 (t, 3H, CH3, J = 6.8 Hz). 13C-NMR (100 MHz, DMSO-d6) δ 163.29,
140.97, 125.82, 116.47, 59.18, 41.96, 15.02. Anal. C11H11N3O2S (C, H, N).

4,5-Dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-yl(thiophen-2-yl)methanone
(10d). From 9d. Recrystallized by ethanol, yield 40%, cream crystals, mp 186–188 ◦C.
TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.3); 1H-NMR (400 MHz, DMSO-
d6) δ 8.11 (s, 1H, H-2); 7.97 (s, 1H, H-5′); 7.91 (d, 1H, H-7, J = 4.8 Hz); 7.78 (s, 1H, NH, exch.);
7.61 (d, 1H, H-8 J = 4.8 Hz); 7.22 (m, 2H, H-3′ and H-4′); 4.79 (s, 2H, NCH2). 13C-NMR
(100 MHz, DMSO-d6) δ 172.98, 158.01, 144.82, 144.35, 137.85, 135.71, 133.57, 129.06, 127.74,
123.66, 119.30, 51.55. Anal. C13H9N3OS2 (C, H, N).

General procedure for the synthesis of compounds 11c,d. Compounds 10c,d (0.4 mmol)
was dissolved in toluene (15 mL), and Pd/C as catalyst was added. The reaction was
refluxed for 3–5 h and filtered off the catalyst. The evaporation to dryness of the solution
yielded a residue recovered with water, filtered and purified with a suitable solvent,
obtaining 11c and 11d, respectively.

Ethyl pyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate (11c). From 10c. Recrys-
tallized by ethanol yield 50%, white crystals, mp 159–160 ◦C. TLC: toluene/ethyl acetate 8:2
v/v (Rf: 0.1); 1H-NMR (400 MHz, DMSO-d6) δ 9.42 (s, 1H, H-5); 8.60 (s, 1H, H-2); 8.57 (d,
1H, H-7, J = 5.2 Hz); 7.98 (d, 1H, H-8, J = 5.2 Hz); 4.31 (q, 2H, CH2, J = 6.8 Hz); 1.32 (t, 3H,

365



Molecules 2023, 28, 3054

CH3, J = 6.8 Hz). 13C-NMR (100 MHz, DMSO-d6) δ 162.34, 148.66, 145.99, 145.25, 141.82,
140.02, 123.02, 115.95, 103.38, 60.08, 14.92. Anal. C11H9N3O2S (C, H, N).

Pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-yl(thiophen-2-yl)methanone (11d). From
10d. Recrystallized by i-propanol, yield 68%, white crystals, mp 73–75 ◦C. TLC: toluene/
ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.2); 1H-NMR (400 MHz, DMSO-d6) δ 9.42 (s, 1H,
H-5); 8.74 (s, 1H, H-2); 8.59 (d, 1H, H-7, J = 4.8 Hz); 8.23 (d, 1H, H-5′ J = 2.4 Hz); 8.03 (m, 2H,
H-3′ and H-8); 7.28 (m, 1H, H-4′). 13C-NMR (100 MHz, DMSO-d6) δ 173.08, 149.01, 145.82,
144.85, 144.35, 135.81, 133.43, 130.57, 129.06, 126.74, 125.60, 119.10. Anal. C13H7N3OS2 (C,
H, N).

3-(Thiophen-3-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidine (11e). Compound 7, 3-(thi-
ophene-3-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (0.6 mmol), was suspended
in a mixture of POCl3 (5.5 mL) and PCl5 (0.91 mmol, 0.190 g) and refluxed for three hours.
The evaporation to dryness to eliminate the excess of POCl3 gave the corresponding 5-chloro
derivative (9e), not isolated but used as such for the next reduction step through a CTH
(catalytic transfer hydrogenation). Thus, this intermediate suspended in EtOH (20 mL) was
added of ammonium formate (4.08 mmol, 0.275 g) and 10% Pd/C as catalyst. The reaction
was maintained at reflux temperature for several hours, during which it was possible to
evidence, by TLC, the formation of the 4,5-dihydro derivative in a mixture with the final
4,5-dehydro compound 11e. When the reaction finished, the catalyst was filtered off, the
solution evaporated to dryness, and the residue recovered with water. Recrystallized by
ethanol 80%, yield 90%, cream crystals, mp 157–160 ◦C. TLC: toluene/ethyl acetate 8:2 v/v
(Rf: 0.5); 1H-NMR (400 MHz, DMSO-d6) δ 9.24 (s, 1H, H-5); 8.65 (s, 1H, H-2); 8.45 (d, 1H,
H-7, J = 5.2 Hz); 8.05 (s, 1H, H-2′); 7.95 (d, 1H, H-8, J = 5.2 Hz); 7.86 (d, 1H, H-5′, J = 4.8 Hz);
7.65 (m, 1H, H-4′). 13C-NMR (100 MHz, DMSO-d6) δ 145.56, 141.21, 138.47, 126.77, 119.61,
115.88. Anal. C12H7N3S2 (C, H, N).

General procedure for the synthesis of compounds 12a,c–f and 13b,e,f. A solution
of DMF abs. (5 mL), compounds 3–8 (0.40 mmol) and K2CO3 anhydrous (0.80 mmol) was
maintained for 15 min at room temperature. After this time, methyl iodide (0.80 mmol) was
added and enhanced temperature to 80 ◦C. After one hour and monitoring the reaction by
TLC, adding water gave a precipitate, filtered and purified by a suitable solvent. In the case
of compounds 3, 4 and 6, only 4-N-CH3 derivatives were formed (12a,c,d). From compound
4, only the 5-methoxyderivative 13b was recovered, while if the reaction is performed at
reflux temperature, only the 4-methyl derivative 12b was obtained. From 7 and 8, a mixture
of two products was recovered at the end of alkylation. The chromatographic separation
permits isolating the 4-NCH3 (12e,f) and the 5-OCH3 derivatives (13e,f).

4-Methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carbonitrile (12a).
From 3. Recrystallized by ethanol, yield 89%, cream crystals, mp 224–226 ◦C. TLC:
toluene/ethyl acetate/methanol 8:2:1 v/v/v (Rf: 0.6); 1H-NMR (400 MHz, DMSO-d6)
δ 8.44 (s, 1H, H-2); 8.36 (d, 1H, H-7, J = 4.0 Hz); 7.71 29/03/2023 (d, 1H, H-8, J = 4.0 Hz);
3.73 (s, 3H, NCH3). 13C-NMR (100 MHz, DMSO-d6) δ 163.76, 156.51, 148.40, 144.37, 144.30,
135.86, 129.07, 115.41, 106.58, 36.50. Anal. C10H6N4OS (C, H, N).

4-Methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxamide
(12b). From 5 at reflux temperature. Recrystallized by ethanol, yield 93%, cream crys-
tals, mp > 300 ◦C. TLC: dichlorometane/methanol 9:1 v/v (Rf: 0.3); 1H-NMR (400 MHz,
DMSO-d6) δ 8.28 (d, 1H, H-7, J = 4.8 Hz); 8.11 (s, 1H, H-2); 7.86 (bs, 1H, CONH, exch.);
7.65 (d, 1H, H-8, J = 4.8 Hz); 7.32 (bs, 1H, CONH, exch.); 3.73 (s, 3H, NCH3). 13C-NMR
(100 MHz, DMSO-d6) δ 165.30, 163.76, 156.51, 150.40, 145.67, 144.31, 135.86, 132.05, 129.08,
36.69. Anal. C10H8N4O2S (C, H, N). The treatment of compound 12a with sulfuric acid
at 60 ◦C and the subsequent addition of ice/water gave the precipitate, 12b recovered
by filtration.

Ethyl 4-methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylate
(12c). From 4. Recrystallized by ethanol, yield 75%, cream crystals, mp 173–174 ◦C. TLC:
toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5); 1H-NMR (400 MHz, CDCl3) δ

8.19 (s, 1H, H-2); 7.86 (d, 1H, H-7, J = 5.2 Hz); 7.64 (d, 1H, H-8, J = 5.2 Hz); 4.34 (q, 2H,
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CH2, J = 7.2 Hz); 4.04 (s, 3H, NCH3); 1.40 (t, 3H, CH3, J = 7.2 Hz). 13C-NMR (100 MHz,
DMSO-d6) δ 161.78, 156.10, 145.24, 142.00, 141.69, 138.12, 117.25, 116.95, 98.60, 60.77, 33.57,
14.59. Anal. C12H11N3O3S (C, H, N).

3-(Thiophene-2-carbonyl)-4-methylpyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one
(12d). From 6. Recrystallized by ethanol, yield 95%, cream crystals, mp 183–186 ◦C. TLC:
toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5); 1H-NMR (400 MHz, DMSO-d6) δ
8.37 (d, 1H, H-7, J = 5.2 Hz); 8.33 (s, 1H, H-2); 8.10 (d, 1H, H-5′ J = 4.8 Hz); 7.82 (d, 1H, H-3′,
J = 3.6 Hz); 7.74 (d, 1H, H-8, J = 5.2 Hz); 7.30 (m, 1H, H-4′); 3.56 (s, 3H NCH3). 13C-NMR
(100 MHz, DMSO-d6) δ 179.37, 156.18, 145.24, 144.91, 141.71, 138.40, 135.92, 135.62, 129.12,
117.39, 106.50, 33.07. Anal. C14H9N3O2S2 (C, H, N).

3-(Thiophene-3-yl)-4-methylpyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (12e).
From 7, after chromatographic separation, second eluting band (toluene/ethyl acetate/
methanol 8:2:1.5 v/v/v as eluent, Rf: 0.5), yield 35%, cream crystals, mp 109–111 ◦C. 1H-
NMR (400 MHz, DMSO-d6) δ 8.29 (d, 1H, H-7, J = 4.8 Hz); 7.85 (s, 1H, H-2); 7.68 (d, 1H,
H-8, J = 4.8 Hz); 7.63–7.59 (m, 2H, H-2′ and H-4′); 7.25 (m, 1H, H-5′); 3.40 (s, 3H, NCH3).
1H-NMR (400 MHz, CDCl3) δ 7.83 (d, 1H, H-7, J = 5.2 Hz); 7.71 (s, 1H, H-2); 7.65 (d, 1H,
H-8, J = 5.2 Hz); 7.40 (m, 1H, H-2′); 7.26 (m, 1H, H-4′); 7.11 (d, 1H, H-5′, J = 4.4 Hz); 3.41 (s,
3H, NCH3). 13C-NMR (100 MHz, DMSO-d6) δ 157.94, 144.97, 140.00, 138.10, 137.90, 130.86,
125.99, 114.34, 114.23, 106.12, 20.54. Anal. C13H9N3OS2 (C, H, N).

3-(Thiophene-2-yl)-4-methylpyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (12f).
From 8 after chromatographic separation, second eluting band (toluene/ethyl acetate/
methanol 8:2:1.5 v/v/v as eluent, Rf: 0.5), yield 36%, yellow light crystals, mp 140–141 ◦C.
1H-NMR (400 MHz, DMSO-d6) δ 8.30 (d, 1H, H-7, J = 5.2 Hz); 7.90 (s, 1H, H-2); 7.68 (d,
1H, H-8, J = 5.2 Hz); 7.62 (d, 1H, H-5′, J = 5.2 Hz); 7.18 (m, 1H, H-3′); 7.13 (dd, 1H, H-4′,
J1 = 4.8 Hz, J2 = 3.6 Hz); 3.31 (s, 3H, NCH3). 13C-NMR (100 MHz, DMSO-d6) δ 165.46,
154.88, 145.71, 137.76, 135.14, 131.79, 129.06, 117.48, 114.01, 56.89. Anal. C13H9N3OS2 (C,
H, N).

5-Methoxypyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxamide (13b). From 5 at
room temperature. Recrystallized by ethanol, yield 75%, cream crystals, mp 269–270 ◦C.
TLC: dichlorometane/methanol 8:2 v/v (Rf: 0.6); 1H-NMR (400 MHz, DMSO-d6) δ 8.42 (d,
1H, H-7, J = 4.8 Hz); 8.36 (s, 1H, H-2); 7.90 (d, 1H, H-8, J = 4.8 Hz); 7.49 (bs, 1H, CONH,
exch.); 7.34 (bs, 1H, CONH, exch.); 4.22 (s, 3H, OCH3). 13C-NMR (100 MHz, DMSO-d6) δ
164.40, 162.26, 145.87, 145.50, 130.56, 125.68, 114.45, 107.32, 53.79. Anal. C10H8N4O2S (C,
H, N).

5-Methoxy-3-(thiophene-3-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidine (13e). From 7,
after chromatographic separation, first eluting band (toluene/ethyl acetate/methanol
8:2:1.5 v/v/v as eluent, Rf: 0.8), yield 35%, cream crystals, mp 127–130 ◦C. 1H-NMR
(400 MHz, DMSO-d6) δ 8.49 (s, 1H, H-2); 8.38 (d, 1H, H-7, J = 5.2 Hz); 7.98 (m, 1H, H-2′);
7.85 (d, 1H, H-8, J = 5.2 Hz); 7.81 (d, 1H, H-5′, J = 4.8 Hz); 7.62 (m, 1H, H-4′); 4.20 (s, 3H,
OCH3). 13C-NMR (100 MHz, DMSO-d6) δ 162.20, 144.86, 139.60, 133.47, 128.37, 128.20,
126.71, 125.60, 124.75, 114.56, 107.90, 53.75. Anal. C13H9N3OS2 (C, H, N).

5-Methoxy-3-(thiophene-2-yl)pyrazolo[1,5-a]thieno[2,3-e]pyrimidine (13f). From 8
after chromatographic separation, first eluting band (toluene/ethyl acetate/methanol
8:2:1.5 v/v/v as eluent, Rf: 0.8), yield 24%, yellow light crystals, mp 118–120 ◦C. 1H-NMR
(400 MHz, DMSO-d6) δ 8.43 (s, 1H, H-2); 8.39 (d, 1H, H-7, J = 5.2 Hz); 7.85 (d, 1H, H-8,
J = 5.2 Hz); 7.57 (m, 1H, H-5′); 7.42 (d, 1H, H-3′, J = 4.8 Hz); 7.11 (m, 1H, H-4′); 4.20 (s, 3H,
OCH3). 13C-NMR (100 MHz, DMSO-d6) δ 162.20, 144.86, 138.20, 133.65, 130.57, 128.67,
128.00, 126.74, 125.60, 114.56, 107.90, 53.50. Anal. C13H9N3OS2 (C, H, N).

5-Oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylic acid (14). To
a suspension of 4 (0.40 mmol) in NaOH 10% solution (10 mL), was added 0.5 mL of
methoxyethanol to favour the solubilization. The reaction was refluxed for 1.30 h, then
ice/water and HCl 6N until pH 1. The precipitate formed was filtered, washed with water
and purified by a suitable solvent. Recrystallized by ethanol, yield 78%, cream crystals,
mp 282–284 ◦C. TLC: toluene/ethyl acetate/acetic acid 8:2:2 v/v/v (Rf: 0.5); 1H-NMR
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(400 MHz, DMSO-d6) δ 12.70 (bs, 1H, OH, exch.); 11.37 (bs, 1H, NH, exch.); 8.34 (d, 1H, H-7,
J = 4.4 Hz); 8.13 (s, 1H, H-2); 7.68 (d, 1H, H-8, J = 4.4 Hz). 13C-NMR (100 MHz, DMSO-d6) δ
165.25, 164.96, 156.50, 144.35, 143.97, 135.87, 133.20, 129.04, 117.65. Anal. C9H5N3O3S (C,
H, N).

5-Oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine (15). The acid 14 (0.50 mmol)
was suspended in 10 mL of HCl conc. and maintained at reflux temperature for 5 h.
Adding ice/water gave a residue filtered and purified by recrystallization with ethanol.
Recrystallized by ethanol, yield 65%, cream crystals, mp 290–291 ◦C. TLC: toluene/ethyl
acetate/methanol 8:2:1.5 v/v/v (Rf: 0.7); 1H-NMR (400 MHz, DMSO-d6) δ 12.30 (bs, 1H,
NH, exch.); 8.26 (s, 1H, H-7); 7.74 (s, 1H, H-2); 7.64 (s, 1H, H-8); 5.93 (s, 1H, H-3). 13C-NMR
(100 MHz, DMSO-d6) δ 164.76, 156.26, 148.45, 144.37, 135.85, 133.21, 129.09, 114.15. Anal.
C8H5N3OS (C, H, N).

4-Methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine (16). The ester
12c (0.50 mmol) was suspended in 10 mL of NaOH 10% solution and maintained at 80 ◦C
until the starting material disappeared. The extraction with ethyl acetate and the next usual
work up gave a residue which was filtered and purified by recrystallization with ethanol.
Yield 71%, cream crystals, mp 157–159 ◦C. TLC: toluene/ethyl acetate/acetic acid 8:2:1
v/v/v (Rf: 0.8); 1H-NMR (400 MHz, DMSO-d6) δ 8.18 (d, 1H, H-7, J = 5.6 Hz); 7.83 (d, 1H,
H-2 J = 2.0 Hz); 7.62 (d, 1H, H-8, J = 5.6 Hz); 6.22 (d, 1H, H-3 J = 2.0 Hz); 3.86 (s, 3H, N-CH3).
1H-NMR (400 MHz, CDCl3) δ 7.82 (d, 1H, H-7, J = 5.6 Hz); 7.87 (d, 1H, H-2 J = 2.0 Hz);
7.64 (d, 1H, H-8, J = 5.6 Hz); 5.96 (d, 1H, H-3 J = 2.0 Hz); 3.63 (s, 3H, N-CH3). 13C-NMR
(100 MHz, DMSO-d6) δ 163.71, 156.56, 148.49, 144.30, 135.80, 133.27, 129.09, 114.20, 37.05.
Anal. C9H7N3OS (C, H, N).

General procedure for the synthesis of compounds 17 and 19. A suspension of 12b
or 13b (0.32 mmol) in H2SO4 conc. (8 mL) was stirred until a solution was obtained and
then cooled at 0 ◦C; to this solution, sodium nitrite (0.22g, 3.2 mmol/5 mL of water) was
slowly added and the green suspension was maintained for 3 h at 0 ◦C. The suspension
was made alkaline and extracted with ethyl acetate. After the standard work-up, the
evaporation of the organic layer gave a green residue that was purified and characterized.

4-Methyl-3-nitrosopyrazolo[1,5-a]thieno[2,3-e]pyrimidin-5(4H)-one (17). From 12b.
Recrystallized by ethanol, yield 50%, green crystals, mp 240–242 ◦C. TLC: toluene/ethyl
acetate/acetic acid 8:2:1 v/v/v (Rf: 0.9); 1H-NMR (400 MHz, DMSO-d6) δ 8.44 (d, 1H,
H-7, J = 5.6 Hz); 7.74 (d, 1H, H-8, J = 5.6 Hz); 7.72 (s, 1H, H-2); 4.21 (s, 3H, NCH3). 13C-
NMR (100 MHz, DMSO-d6) δ 163.70, 156.59, 148.49, 144.30, 134.99, 133.25, 129.01, 104.05,
36.99. ESI-HRMS (m/z) calculated for [M+H]+ ion species C9H6N4O2S = 235,0295; found:
235,0284. Anal. C9H6N4O2S (C, H, N).

5-Methoxy-3-nitrosopyrazolo[1,5-a]thieno[2,3-e]pyrimidine (19). From 13b. Recrys-
tallized by ethanol, yield 48%, green crystals, mp 218–220 ◦C. TLC: toluene/ethyl ac-
etate/acetic acid 8:2:1 v/v/v (Rf: 0.9); 1H-NMR (400 MHz, DMSO-d6) δ 8.86 (s, 1H, H-2);
8.54 (d, 1H, H-7, J = 5.6 Hz); 7.94 (d, 1H, H-8, J = 5.6 Hz); 4.23 (s, 3H, OCH3). 13C-
NMR (100 MHz, DMSO-d6) δ 163.65, 156.60, 148.49, 144.30, 134.99, 133.20, 128.99, 104.10,
55.60. ESI-HRMS (m/z) calculated for [M+H]+ ion species C9H6N4O2S = 235,0294; found:
235,0284. Anal. C9H6N4O2S (C, H, N).

5-Methoxy-3-nitrosopyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-carboxylic acid (18).
From 13b, after acidification of the alkaline solution. The carboxylic acid was recrystallized
by ethanol, yield 30%, white crystals, mp 218–220 ◦C. TLC: toluene/ethyl acetate/acetic
acid 8:2:1 v/v/v (Rf: 0.5); 1H-NMR (400 MHz, DMSO-d6) δ 12.24 (bs, 1H, OH, exch.);
8.44 (d, 1H, H-7, J = 4.8 Hz); 8.38 (s, 1H, H-2); 7.88 (d, 1H, H-8, J = 4.8 Hz); 4.17 (s, 3H,
OCH3). 13C-NMR (100 MHz, DMSO-d6) δ 169.35, 162.20, 145.80, 145.59, 130.50, 126.70,
125.69, 114.50, 107.10, 53.70. Anal. C10H7N3O3S (C, H, N).

4-Methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-carbaldehyde
(20). A suspension of 16 (150 mg, 0.73 mmol) in glacial acetic acid (6 mL) was added of
hexamethylenetetramine (HTMA, 0.36 g) and maintained at reflux temperature for 10 h.
After disappearing the starting material, evaluated by TLC (CHX/EtOAc 1:5, v/v as eluent,
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Rf: 0.8), the addition of ice gave a precipitate that was recovered by filtration. Yield 85%,
white crystals, mp 222–224 ◦C. 1H-NMR (400 MHz, CDCl3) δ 10.02 (s, 1H, CHO); 8.27 (s, 1H,
H-2); 7.91 (d, 1H, H-7, J = 5.2 Hz); 7.88 (d, 1H, H-8, J = 5.2 Hz); 4.03 (s, 3H, OCH3). 13C-NMR
(100 MHz, DMSO-d6) δ 170.35, 163.20, 156.25, 145.80, 144.59, 135.84, 133.50, 129.50, 107.15,
37.50. Anal. C10H7N3O2S (C, H, N).

4-Methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidin-3-carboxylic acid
(21). The aldehyde 20 (150 mg, 0.73 mmol) was suspended in acetone and water (5 mL/5 mL)
and a solution of potassium permanganate (1.1 mmol) in water was added after the suspen-
sion was made alkaline with sodium hydroxide 10%. The reaction was heated for 8 h, and
after cooling and elimination of the manganese dioxide by filtration, the alkaline aqueous
phase was extracted to eliminate the starting material not reacting. The next acidification
of the aqueous phase gave the corresponding carboxylic acid that was recovered by ex-
traction. Yield 60%, white crystals, mp 220–223 ◦C. TLC: CHX/EtOAc 1:5, v/v (Rf: 0.2);
1H-NMR (400 MHz, DMSO-d6) δ 12.68 (bs, 1H, OH, exch.); 8.32 (d, 1H, H-7, J = 4.0 Hz);
8.21 (s, 1H, H-2); 7.67 (d, 1H, H-8, J = 4.0 Hz); 3.87 (s, 3H, NCH3). 13C-NMR (100 MHz,
DMSO-d6) δ 169.10, 162.40, 145.85, 145.59, 130.50, 126.55, 125.80, 115.50, 107.10, 37.70. Anal.
C10H7N3O3S (C, H, N).

General procedure for the synthesis of compounds 22a,b. The carboxylic acid 21
(0.5 mmol) was transformed into the corresponding 3-carbonyl chloride by reaction with
excess SOCl2 in anhydrous conditions. After the standard work-up, the residue was
suspended in dichloromethane (6 mL), and the suitable alcohol (excess 0.15 mL) was added;
TLC monitored the reaction until the disappearance of the starting material. Then, the final
solution was evaporated to dryness, and the residue recuperated with isopropyl ether and
recrystallized.

tert-Butyl 4-methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-ca-
rboxylate (22a). From 21 and tert-butanol, white crystals recrystallized by 80% ethanol,
yield 25%; mp > 300 ◦C. TLC: toluene/ethyl acetate/methanol 8:2:1.5 v/v/v (Rf: 0.5);
1H-NMR (400 MHz, CDCl3) δ 8.10 (s, 1H, H-2); 7.85 (d, 1H, H-7, J = 4.8 Hz); 7.63 (d, 1H,
H-8, J = 4.8 Hz); 4.01 (s, 3H, NCH3); 1.50 (s, 9H, (CH3)3). 13C-NMR (100 MHz, DMSO-d6)
δ 161.78, 156.10, 145.24, 142.00, 141.69, 138.12, 117.25, 116.95, 98.60, 33.57, 14.59. Anal.
C14H15N3O3S (C, H, N).

Thiophen-2-yl-methyl 4-methyl-5-oxo-4,5-dihydropyrazolo[1,5-a]thieno[2,3-e]pyr-
imidine-3-carboxylate (22b). From 21 and 2-thiophenmethanol, white crystals recrys-
tallized by 80% ethanol, yield 30%; mp 190–195 ◦C. TLC: toluene/ethyl acetate/methanol
8:2:1.5 v/v/v (Rf: 0.6); 1H-NMR (400 MHz, CDCl3) δ 8.19 (s, 1H, H-2); 7.85 (d, 1H, H-7,
J = 5.2 Hz); 7.63 (d, 1H, H-8, J = 5.2 Hz); 7.35 (d, 1H, H-5 Thiophene, J = 5.2 Hz); 7.18 (s, 1H,
H-3 Thiophene); 7.03 (d, 1H, H-4 Thiophene, J1 = 4.8 Hz); 5.47 (s, 2H, OCH2); 4.03 (s, 3H,
NCH3). 13C-NMR (100 MHz, CDCl3) δ 145.60, 135.92, 128.25, 126.89, 117.02, 60.81, 33.87.
Anal. C15H11N3O3S2 (C, H, N).

Pyrazolo[1,5-a]thieno[2,3-e]pyrimidine-3-carboxylic acid (23). Compound 11c (0.40 mmol)
was treated with 10% NaOH solution and maintained at 80 ◦C until the starting material
disappeared in TLC (toluene/ethyl acetate/acetic acid 8:2:2 v/v/v as eluent). However, the
reaction gave many compounds, and the fast-eluted band’s fluorescent spot was recovered
by purification with a chromatography column (toluene/ethyl acetate/acetic acid 8:2:2
v/v/v as eluent, Rf: 0.5). Yield 15%, white crystals, mp 246–247 ◦C. 1H-NMR (400 MHz,
DMSO-d6) δ 12.05 (bs, 1H, OH, exch.); 9.34 (s, 1H, H-5); 8.55 (s, 1H, H-2); 8.50 (d, 1H, H-7,
J = 5.2 Hz); 7.95 (d, 1H, H-8, J = 5.2 Hz). 13C-NMR (100 MHz, CDCl3) δ 145.60, 135.93,
128.25, 126.89, 117.02, 60.81, 33.87. Anal. C9H5N3O2S (C, H, N).

Pyrazolo[1,5-a]thieno[2,3-e]pyrimidine (24). Compound 11c (0.40 mmol) were treated
with HCl/CH3COOH solution and maintained at 70 ◦C until the starting material dis-
appeared in TLC (toluene/ethyl acetate/acetic acid 8:2:2 v/v/v as eluent, Rf: 0.6). The
reaction from 11c, monitored by TLC evidenced the formation of 3-carboxylic acid (23) that
quickly evolved in the decarboxylated compound 24. The final solution was extracted with
ethyl acetate, and after the normal work-up, the residue was purified by recrystallization
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from ethanol. Yield 25%, white crystals, mp 246–247 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ
9.14 (s, 1H, H-5); 8.43 (d, 1H, H-7, J = 4.8 Hz); 8.17 (s, 1H, H-2); 7.91 (d, 1H, H-8, J = 4.8 Hz);
6.83 (s, 1H, H-3). 13C-NMR (100 MHz, DMSO-d6) δ 149.90, 146.24, 144.70, 130.52, 126.70,
125.25, 119.15, 101.30. Anal. C8H5N3S (C, H, N).

3-Methylpyrazolo[1,5-a]thieno[2,3-e]pyrimidine (25). Compound 14 (0.34 mmol)
was suspended in THF anhydrous (5 mL) and 1.50 mmol of LiAlH4 was added, using a
1M solution of LiAlH4 in THF. After 1 h, the starting material disappeared and adding
ice/water quenched the reaction. The extraction with ethyl acetate gave the intermediate
4,5-dihydro derivative not isolated but identified since not fluorescent in TLC, which was
treated with toluene and 10% Pd/C at reflux temperature until the dehydrogenation was
complete. The final suspension was filtered, toluene was evaporated and the residue was
recrystallized by ethanol; yield 35%, white crystals, mp 127–130 ◦C. TLC: toluene/ethyl
acetate/methanol 8:2:1.5 v/v/v (Rf: 0.7); 1H-NMR (400 MHz, DMSO-d6) δ 9.06 (s, 1H, H-5);
8.39 (d, 1H, H-7, J = 5.2 Hz); 8.04 (s, 1H, H-2); 7.87 (d, 1H, H-8, J = 5.2 Hz); 2.33 (s, 1H,
CH3). 13C-NMR (100 MHz, DMSO-d6) δ 149.90, 132.74, 132.90, 130.56, 126.70, 125.65, 119.10,
115.63, 14.30. Anal. C9H7N3S (C, H, N).

3.2. Molecular Docking and Molecular Dynamic Simulation

The structure of the binding site was obtained from the Human α1β2γ2-GABAA re-
ceptor subtype in complex with GABA and flumazenil, conformation B (PDB ID 6D6T) [21],
considering all the amino acids within a distance of about 2 nm from the structure of the
Flumazenil. The ligands were placed at the binding site through AUTODOCK 4.2 [20].
The molecular dynamics simulations of ligand binding-site complexes were performed
on a minimum number of conformations (maximum 2) such as to cover at least 90% of
the poses found by AUTODOCK. A 60 ns MD simulation were performed for all com-
plexes using GROMACS v5.1 program, and it was conducted in vacuum [22]. The DS
ViewerPro 6.0 program [19] was used to build the initial conformations of ligands. The
partial atomic charge of the ligand structures was calculated with CHIMERA [23] using
AM1-BCC method, and the topology was created with ACPYPE [24] based on the routine
Antechamber [25]. The OPLS-AA/L all-atom force field [26] parameters were applied to
all the structures. To remove bad contacts, the energy minimization was performed using
the steepest descent algorithm until convergence is achieved or for 50,000 maximum steps.
The next equilibration of the system was conducted in two phases:

(1) Canonical NVT ensemble, a 100 ps position-restrained of molecules at 300 K was car-
ried out using a temperature coupling thermostat (velocity rescaling with a stochastic
term) to ensure the proper stabilization of the temperature [27].

(2) Isothermal isobaric NPT ensemble, a 100 ps position-restrained of molecules at 300 K
and 1 bar was carried out without using barostat pressure coupling to stabilize the
system. These were then followed by a 60 ns MD run at 300 K with position restraints
for all protein atoms. The Lincs algorithm [28] was used for bond constraints to
maintain rigid bond lengths.

The initial velocity was randomly assigned taken from Maxwell–Boltzman distribution
at 300 K and computed with a time step of 2 fs, and the coordinates were recorded every
0.6 ns for MD simulation of 60 ns. During the simulated trajectory, 100 conformations were
collected. The ‘Proximity Frequencies’ (PFs) [1,2] with which the 100 conformations of
each binding-site ligand complex intercepts two or more amino acid during the dynamic
simulation have calculated. The ‘Proximity Frequency’ (PF) is the frequency with which
the ligand was, during the molecular dynamic simulation, at a distance of less than 0.25 nm
from an amino acid of the binding-site and also, simultaneously, from 2, 3 and 4 amino
acids of the binding site.

4. Conclusions

The synthesis and the study on the reactivity of the new scaffold 5-oxo-4,5-dihydropyra-
zolo [1,5-a]thieno [2,3-e]pyrimidine was performed with the aim of isosteric replacement
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of the benzene ring in our 5-oxo-4,5-dihydro pyrazolo[1,5-a]quinazoline (PQ), already
identified as α1β2γ2-GABAAR ligands.

The introduction in this new scaffold of those fragments responsible for the activity in
our PQ [6,12] gave six final designed compounds (12c–f and 22a,b), which were, in turn,
studied in the ‘Proximity Frequency’ model [13] to predict their potential profile on the
α1β2γ2-GABAAR.

The results indicate for all six products an agonist profile, highlighting the suitability
of the nucleus and confirming the importance of the carbonyl group of the ester moiety to
engage strong hydrogen bond interaction with the receptor protein. In particular, the esters
derivatives (12c and 22b) are able, through the carbonyl group, to interact with the amino
acid residue γThr142 with a strong hydrogen bond (2.07 Å). Additionally, 22a has an ester
group in position 3, but the steric hindrance of the t-butyloxycarbonyl fragment makes the
hydrogen bond interaction of the carbonyl group with the γThr142 residue less probable.
Compounds missing the ester group (12d–f) show a weak interaction with γThr142 in
agreement with the low prediction percentage.

In conclusion, the synthesis of the 5-oxo-4,5-dihydropyrazolo [1,5-a]thieno [2,3-e]pyri-
midine scaffold allowed us to identify a new chemical class of compounds potentially active
on GABAA receptor subtype, and the in silico results should be completed and confirmed
with biological assays.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28073054/s1, Chemistry. Materials and methods; 1H-
NMR spectra of all compounds; 13C-NMR spectra of some representative compounds (6, 8, 10c, 11c,
11e, 12c, 12d, 12e, 12f, 22a, 22b, 23); Elemental analysis (Table S1); General chemical structure with
atoms numeration.
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Abstract: The 1,2,3-dithiazole is an underappreciated scaffold in medicinal chemistry despite pos-
sessing a wide variety of nascent pharmacological activities. The scaffold has a potential wealth of
opportunities within these activities and further afield. The 1,2,3-dithiazole scaffold has already been
reported as an antifungal, herbicide, antibacterial, anticancer agent, antiviral, antifibrotic, and is a
melanin and Arabidopsis gibberellin 2-oxidase inhibitor. These structure activity relationships are
discussed in detail, along with insights and future directions. The review also highlights selected
synthetic strategies developed towards the 1,2,3-dithiazole scaffold, how these are integrated to
accessibility of chemical space, and to the prism of current and future biological activities.

Keywords: antibacterial; anticancer; antifibrotic; antifungal; antimicrobial; antiviral; appel salt;
1,2,3-dithiazole; disulfide bridge; herbicidal

1. Introduction

The 1,2,3-dithiazole core is a five membered heterocycle containing two sulfur atoms and
one nitrogen atom. Despite the fact that the 1,2,3-dithiazole is not present in nature, similar
to many other heterocycles, it does have a broad range of interesting biological activities.
The 1,2,3-dithiazole moiety was first synthesized in 1957 by G. Schindler et al. [1]. This was
followed two decades later by a report by J. E. Moore on behalf of Chevron Research Co. (San
Ramon, CA, USA) where it showcased antifungal and herbicidal activity [2,3]. In 1985, Appel
et al. reported the synthesis of 4,5-dichloro-1,2,3-dithiazolium chloride 1 (Appel’s salt), a
precursor which allowed access to the 1,2,3-dithiazole core within a single step [4,5].

The synthesis of Appel salt 1 acted as a catalyst to the field and granted access to
many 1,2,3-dithiazole derivatives, and to other heterocycles incorporating sulfur and
nitrogen atoms [6–11]. The subsequent synthetic reports focused on transformations on
the C5 position [6–11]. However, one of the key synthetic interests beyond expanding
the scope of 5-substituted 1,2,3-dithiazoles was the limited reactivity of the C4 position.
Several different approaches were used to address this C4 reactively issue, including
intramolecular cyclization [6] using a multi-step oxime pathway [12,13], or more recently,
direct reactions [14], all of which expanded the chemical space around the 1,2,3-dithiazole.
Some of these approaches have been covered in past reviews around the chemistry of
1,2,3-dithiazoles [6–11] (Figure 1).

Figure 1. Appel salt (1) and other general 1,2,3-dithazoles structures 2–6.
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Despite the remaining synthetic challenges, the 1,2,3-dithiazole scaffold has already
been reported as an antifungal [2], herbicide [2], antibacterial [15], anticancer agent [16],
antiviral [17], antifibrotic [18], and as a melanin [19] and Arabidopsis gibberellin 2-oxidase [20]
inhibitor. While there is a wide range of existing biology, there are a wealth of opportunities
for expansion, including broader application toward cystine reactive sites [21–25]. In this
review, we are primarily focused on the impact of: (1) The chemistry limiting the chemical
space, and hence, limiting the biology; (2) The chemistry impacting the biology observed; and
(3) How chemistry could be applied to new biology. The chemistry, biology, structure activity
relationships, and future directions of research in 1,2,3-dithiazoles are all outlined below.

2. 1,2,3-Dithiazoles Synthesis Overview
2.1. Early Years before Appel Salt

Early work on the synthesis of 1,2,3-dithiazoles used cyanothioformamides as starting
materials. Treatment of a variety of arylcyanothioformamides 7 with sulfur dichloride at
0–25 ◦C gave a number of N-aryl-5H-1,2,3-dithiazol-5-imines 4 (Scheme 1) [2]. The initial
reaction yielded the corresponding hydrochloride salts, which could be converted to the
free base by refluxing in a toluene solution.

Scheme 1. Synthesis of N-aryl-5H-1,2,3-dithiazol-5-imines 4 from arylcyanothioformamides 7.

Interestingly, the N-aryl-5H-1,2,3-dithiazol-5-imines 4 can be degraded to the respec-
tive cyanothioformamides 7 by thiophilic ring cleavage after reaction with triphenylphos-
phine or sodium hydroxide [4,26], oxidative ring cleavage after reaction with m-CPBA [27],
or by reductive ring cleavage after reaction with sodium cyanoborohydride [28] (Scheme 2).

Scheme 2. Degradation of N-aryl-5H-1,2,3-dithiazol-5-imines 4 to cyanothioformamides 7.

2.2. Discovery of Appel Salt and Applications

A significant discovery in the chemistry of 1,2,3-dithiazoles was the synthesis of
4,5-dichloro-1,2,3-dithiazolium chloride 1 (Appel salt) by Appel et al. in 1985, which was
readily prepared from chloroacetonitrile and disulfur dichloride [4,29] (Scheme 3). Appel
salt 1 was subsequently used as an important reagent for the preparation of other 4-chloro-
5H-1,2,3-dithiazoles with the most reactive site being the electrophilic C-5 position [4,9,27].

Scheme 3. Synthesis of Appel salt and transformation to 4-chloro-5H-1,2,3-dithiazolylidenes 3.

Appel salt 1 can condense with active methylenes, such as acetonitrile derivatives [4,30,31],
diketones, ketoesters, and others [32], to give 4-chloro-5H-1,2,3-dithiazolylidenes 3 (Scheme 3).
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The condensation of Appel salt with hydrogen sulfide [4] afforded dithiazole-5-thione 6
in 69% yield (Scheme 4). The reaction with oxygen nucleophiles are also common with
NaNO3 [4], sulfoxides [33], or formic acid [34] all acting as the source of oxygen to give
4-chloro-5H-1,2,3-dithiazol-5-one 5 in good yields (Scheme 4). Furthermore, the reaction with
other carboxylic acids [35] at −78 ◦C and subsequent treatment with alcohols gave esters 8 in
medium to good yields (Scheme 4).

Scheme 4. Reactions of Appel salt 1 with oxygen and sulfur nucleophiles.

The condensation of Appel salt 1 with primary anilines is well studied [4,5,15,36]
and typically occurs by treatment with 1 equiv. of the aniline in the presence of pyridine
(2 equiv.) as the base to give, in most cases, good yields of N-aryl-5H-1,2,3-dithiazol-5-
imines 4 (Scheme 5).

Scheme 5. Synthesis of N-aryl-5H-1,2,3-dithiazol-5-imines 4 from Appel salt 1.

Some limitations of this chemistry appear when using heterocyclic arylamines, such
as aminopyridines. A recent study by Koutentis et al. highlighted that the reactions of the
three isomeric aminopyridines with Appel salt 1 gave very different yields based on the
position of the amino group. The 2-, 3- and 4-aminopyridines gave 69%, 24%, and 1% yields
of the desired 1,2,3-dithiazole, respectively [37] (Scheme 6). Koutentis et al. suggested
the low yield of 4-aminopyridine is likely attributed to the reduced nucleophilicity of the
primary amine due to a contribution of its zwitterionic resonance form. The low reactivity
of the amine leads to complex reaction mixtures due to side reactions.

Scheme 6. Reaction of Appel salt 1 with aminopyridines.

2.3. Reactivity of C-4 and the Displacement of the Chloride

The less reactive C4 chlorine of neutral 5H-1,2,3-dithiazoles cannot be directly substi-
tuted by nucleophiles. However, utilizing an ANRORC-(Addition of the Nucleophile, Ring
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Opening, and Ring Closure)-style mechanism, nucleophilic substitution can occur on the C4
chlorine of the 1,2,3-dithazole. An example of this is where the N-Aryl-5H-1,2,3-dithiazol-5-
imines 4 react with an excess of dialkylamines to give 4-aminodithiazoles 9 in variable yields
(Scheme 7). The reaction was found to proceed via an ANRORC-style mechanism [38,39]
involving ring opening by nucleophilic attack on the S2 position to yield disulfides 10
and subsequent recyclization after amine addition on the cyano group [40]. In another
report by Koutentis et al. [14], DABCO was reacted with neutral 5H-1,2,3-dithiazoles 4–6
to give N-(2-chloroethyl)piperazines 11 in good yields (Scheme 7). The chloroethyl group
originating from chloride attack on the intermediate quaternary ammonium salt formed by
the displacement of the C4 chloride by DABCO.

Scheme 7. Displacement of the C4 chlorine of neutral 5H-1,2,3-dithiazoles.

2.4. Alternatives beyond Appel Salt Chemistry

A different way to access both monocyclic and ring fused 1,2,3-dithiazoles is by
the reaction of oximes with disulfur dichloride. An example of the synthesis of a ring
fused dithiazole is the reaction of benzoindenone oxime 12 to give dithiazole 13 in 81%
yield [41,42] (Scheme 8). Acetophenone oximes 14 were reacted with disulfur dichloride
to yield dithiazolium chlorides 2, which were subsequently converted to either imines
15, thiones 16, or ketone 17 [13] (Scheme 8). Insights in the mechanism of the oxime to
dithiazole transformation were given by Hafner et al. [12], who isolated the dithiazole
N-oxide, which is the intermediate in this reaction.

Scheme 8. Synthesis of 1,2,3-dithiazoles from oximes.

2.5. Reactivity of 1,2,3-Dithiazoles

Neutral 1,2,3-dithiazoles can also be transformed to a plethora of other heterocycles,
often substituted by a cyano group originating from the imidoyl chloride of the starting
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material using thermal or reactions with thiophiles. An interesting example of an ANRORC-
style mechanism leading to a ring transformation was the reaction of (Z)-N-(4-chloro-
5H-1,2,3-dithiazol-5-ylidene)-1H-pyrazol-5-amines 4d with diethylamine that results in
disulfide intermediates 18. Subsequent treatment with concentrated sulfuric acid gave
1,2,4-dithiazines 19 in good yields [43] (Scheme 9).

Scheme 9. Synthesis of 1,2,4-dithiazines 19.

In another example, the pyrazoleimino dithiazoles 20 were converted to 4-methoxy-
pyrazolo[3,4-d]pyrimidines 21 in medium to good yields by treatment with sodium methox-
ide in methanol [16] (Scheme 10). The transformation occurs after addition of the methoxide
on the nitrile followed by cyclisation onto the dithiazole C5 position that fragments losing
S2 and chloride to give the final pyrimidine 21.

Scheme 10. Synthesis of 4-methoxy-pyrazolo[3,4-d]pyrimidines 21.

A similar example of ring transformations is that of 2-aminobenzyl alcohol dithiazole-
imines 4e to 1,3-benzoxazines 22 and 1,3-benzothiazines 23 [44]. Treatment of imines 4e
with sodium hydride in THF gave mixtures of benzoxazines 22 and benzothiazines 23,
with the former as the main products (Scheme 11). The formation of the former involves
deprotonation of the alcohol and cyclisation of the alkoxide onto the dithiazole C5 position.
Subsequent fragmentation with loss of S2 and chloride gave the final benzoxazine 22.
Alternatively, treatment of imines 4e with Ph3P gave exclusively benzothiazines 23 in good
yields (Scheme 11). Thiophilic attack on S1 ring opens the dithiazole ring and a second
attack by Ph3P gives the intermediate alkene 24 that cyclizes to benzothiazine 23.

Scheme 11. Synthesis of 1,3-benzoxazines 22 and 1,3-benzothiazines 23.

1,2,3-Dithiazole derivatives can also be converted to mercaptoacetonitriles by the
removal of the S1 atom. One example of this are the 3-(1,2,3-dithiazolylidene)indololin-2-
ones 25 reacting with sodium hydride (2 equiv.) to yield the mercaptoacetonitrile products
26 in medium to good yields [45] (Scheme 12).
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Scheme 12. Conversion of dithiazoles 25 to mercaptoacetonitriles 26.

Perhaps the most unstable 1,2,3-dithiazole is Appel salt itself, which, while relatively
stable at ca. 20 ◦C under a desiccant, in its absence, Appel salt has a tendency to react
with moisture. One study by Koutentis et al. revealed that simple stirring in wet MeCN
gave elemental sulfur, dithiazole-5-thione 6, dithiazol-5-one 5, and thiazol-5-one 27 [46]
(Scheme 13), assisting other scientists working with Appel salt, to identify these products.
Interestingly, other dithiazolium salts have also been prepared with increased stability and
lower sensitivity to moisture. A series of perchlorate salts of 1,2,3-dithiazoles were prepared
by the anion exchange with perchloric acid allowing for more detailed characterization and
study of the 1,2,3-dithiazole [29].

Scheme 13. Degradation of Appel salt 1 in wet MeCN.

In another study by Rakitin et al., 4-substituted 5H-1,2,3-dithiazoles 16 and 17 were con-
verted to 1,2,5-thiadiazoles 28 and 29 by treatment with primary amines [47] (Scheme 14).
Mechanistically, the reaction occurs by addition of the amine to the C5 position followed
by ring opening of the C-S bond and subsequent ring closing by loss of hydrogen sulfide.

Scheme 14. Transformation of dithiazoles 16–17 to thiadiazines 28–29.

To summarize, 1,2,3-dithiazoles can be converted to other heterocyclic or ring opened
derivatives. The six most common mechanisms involved in the transformations of 1,2,3-
dithiazoles to other systems are shown below (Scheme 15). These mechanisms begin
via a nucleophile assisted ring opening of the dithiazole to disulfide intermediates that
then can react either intermolecular or intramolecular with other nucleophiles via the six
paths presented.
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Scheme 15. Overview of the mechanisms of the reactions of 1,2,3-dithiazoles.

3. 1,2,3-Dithiazoles in Medicinal Chemistry
3.1. Antimicrobial Activities of 1,2,3-Dithiazoles, including Antifungal, Herbicidal,
and Antibacterial

The first report of biological activity using the 1,2,3-dithiazole scaffold was published
in a patent filed by J. E. Moore in 1977 on behalf of Chevron Research Co. [2,3]. The patent
disclosed a series of novel 1,2,3-dithiazoles afforded in a 2–3 step sequence from N-aryl
cyanothioformamide and sulfur dichloride. The main application of these compounds was
the controlling of various fungal infections, leaf blights, invasive plant species, and mites.

First, the tomato early blight organism, Alternaria solani conidia was tested against
6- to 7-week-old tomato plate seedlings. The tomato plants were sprayed with 250 ppm
solutions of a 1,2,3-dithiazole library. This resulted in the identification of (Z)-4-((4-chloro-
5H-1,2,3-dithiazol-5-ylidene)amino)benzonitrile (30) with a 90% reduction compared with
non-treatment. The 2,4-dichloro analogue 31 had weaker activity, with a reduction of just
over half of the infection (Figure 1). Next, the tomato late blight organism, Phytophthora
infestans conidia was tested against seedlings of 5 to 6 weeks old using the same procedure.
The 4-cyano analogue 30 was found to afford 97% protection, while the 2-(4-nitrophenoxy)
analogue 32 showed an 80% reduction (Figure 2). Then, the celery late blight organism
septoria api was tested using 11-week-old plants. The 4-cyano analogue 30 afforded less
protection at just over 60%, while several other analogues showed improvements, includ-
ing 2-fluoro 33 and 3-(4-trifluoro, 2-cyanopenoxy) 34 analogues, both reported with 80%
protection (Figure 2).

A series of halogenated analogues 35–39 were then identified as active against the
powdery mildew pathogen Erysiphe polygoni using bean seedlings with well-developed
primary leaves. The (Z)-4-chloro-N-(4-chloro-2-methylphenyl)-5H-1,2,3-dithiazol-5-imine
analogue (35) along with the corresponding 3-chloro 36 showed 100% protection at 250 ppm.
The corresponding 5-chloro 37 and 4-bromo 38 both showed a small reduction in efficacy,
10% and 1%, respectively, while the 3,5-dichloro 39 was only net 76% effective (Figure 3).
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Figure 2. Antifungicidal activities of early 1,2,3-dithiazole derivatives at a concentration of 250 ppm.

Figure 3. Antifungicidal activities of 1,2,3-dithiazoles against powdery mildew (250 ppm) and Botriytis
cinerea (40 ppm).

Initial screening was also carried out against necrotrophic fungus Botrytis cinerea on the
well-developed primary leaves of a 4–6-week-old horsebean plant at a lower concentration
(40 ppm). Only 1,2,3-dithiazole 35 was demonstrated to be effective with 92% inhibition
(Figure 3). However, after this initial result, screening was carried out on a broader panel of
fungal (Figure 4) and herbicidal strains (Figure 5). The fungal panel included Botrytis cinerea,
Rhizoctonia solani, Fusarium moniloforma, Phythium ultimum, and Aspergillus niger. The com-
pounds 30, 33, and 39–48 were tested at 500 ppm and fungicidal activities were measured by
the zone of inhibited mycelia growth (Figure 4). Interestingly, the unsubstituted phenyl ana-
logue (Z)-4-chloro-N-phenyl-5H-1,2,3-dithiazol-5-imine (40) was active on Botrytis cinerea
at 0.33 µg/cm2. The addition of a 4-position methyl in analogue 41 reduced the activity
against Botrytis cinerea by over 2-fold, but increased the activity against Rhizoctonia solani
and Fusarium moniloforma. The 2-position methyl analogue 42 showed a profile switch
showing activity only against Aspergillus niger (0.98 µg/cm2). The 2,4,6-trimethyl analogue
43 also only retained activity against on strain Rhizoctonia solani (0.98 µg/cm2). The original
4-chloro, 2-methyl analogue 35 showed activity against Rhizoctonia solani (0.63 µg/cm2),
but the dose dependent Botrytis cinerea data was not reported. The removal of the methyl
group to afford the 4-chloro analogue 44 increased the activity against Rhizoctonia solani by
2-fold and showed commensurate activity against Phythium ultimum and 3-fold weaker ac-
tivity against Aspergillus niger. The addition of a second chloro in the 3-position in analogue
45 was unfavored with only activity against Aspergillus niger retained. When the 4-chloro is
removed to afford 46, the activity is switched again with potency only demonstrated for
Rhizoctonia solani at the same level as 43. Addition of a second choro at the 5-position to
afford 47 has same activity profile as 46. The 4-cyano analogue 30 showed good activity
against Rhizoctonia solani (0.60 µg/cm2). The 2-fluoro analogue 33, while having a slightly
weaker potency, did show activity against 4 out of 5 of the fungal panel, only excluding
Botrytis cinerea. The final two analogues identified in this series, 3-(4-nitrophenoxy) 47 and
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4-(4-nitrophenoxy) 48, both showed activity against only Rhizoctonia solani with analogue
48 having a 2-fold improvement over 47 at (0.45 µg/cm2).

Figure 4. Antifungicidal activities of 1,2,3-dithiazoles, values are amounts required for mycelia
inhibition, micrograms/cm2 for 99% control of fungal growth.

The 1,2,3-dithiazoles were then screened at 33 ppm on a herbal panel that included wild
oats (Awena fatua), watergrass (Echinochloa crusgall), crabgrass (Digitaria sanguinalis), mustard
(Brassica arversis), pigweed (Amaranthus retroflexus), and lambsquarter (Cheropodium album)
(Figure 5). The first analogue (Z)-4-chloro-N-(p-tolyl)-5H-1,2,3-dithiazol-5-imine (41), showed
good efficacy against Amaranthus retroflexus (90%) and total control of Brassica arvensis.
Switching to the 4-fluoro analogue 49 increased coverage across all strains tested, in-
cluding Avena fatua (40%), which was only weakly inhibited across the series and total
control of Amaranthus retroflexus. The 4-chloro analogue 44 was 3-fold less effective against
Digitaria sanguinalis and Avena fatua. The addition of a 2-position chloro 50 decreased strain
coverage, but did mean total control of Brassica arvensis in addition to Amaranthus retroflexus,
with additional high efficacy against Chenopodium Album (95%). The original 2-methyl
4-chloro analogue 35, while still showing efficacy across several strains, did not offer total or
near total control for any of the strains tested. The 2-chloro analogue 50 showed total control
for Chenopodium album and Brassica arvensis and near total for Amaranthus retroflexus (93%).
However, 2-chloro 50 had a limited effect on Digitaria sanguinalis and Echinochloa crusgalli,
with no impact on Avena fatua. The 3,5-dichloro analogue 39 demonstrated good efficacy
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against most strains, including total control of Amaranthus retroflexus, Chenopdium album,
Brassica arvensis, and some activity against Avena fatua (35%). The 2-methyl, 5-chloro ana-
logue 51 offered the highest efficacy across the series on Avena fatua (45%), total control of
Amaranthus retroflexus and Brassica arvensis, with near total control of Chenopodium album
(95%). The 3,4-dichloro analogue 45 had a potent but narrower band of activity with
total control of Amaranthus retroflexus, Chenopdium album and Brassica arvensis, but weaker
activity on the other three strains (30–55%). The 3-bromo analogue 38 has a similar profile
to the 4-methyl 41, while the 2-naphthyl analogue 52 was the most potent in the screening
for Echinochloa crusgalli (90%) and offered good control over Amaranthus retroflexus (85%)
and total control over Brassica arvensis.

Figure 5. Herbicidal activities of early 1,2,3-dithiazole derivatives tested at 33 ppm.

In order to test for other pests, pinto bean leaves were treated with two spotted mites
(Tetramuchus urticae). The mites were then allowed to lay eggs on the leaves, and after
48 h, the leaves were treated with 40 ppm of the test compound (Figure 6). A series of
halogenated phenyl-5H-1,2,3-dithiazol-5-imines were identified with activity against both
Tetramuchus urticae and their eggs. The 3,5-dichloro analogue 39 showed a high degree
of control with 90% of mites and 85% of eggs suppressed. This increased to almost total
control with the 3,4-dichloro 45. Interestingly, the 2,4-dichloro analogue 31 demonstrated
total mite control but had no effect on the eggs. The mono-substituted 2-chloro analogue
had a similar profile with no effect on the mite eggs, but only 70% effective control of
the mite. The 4-chloro, 2-methyl analogue 35 showed complete egg control and almost
complete mite control (94%). The switch to the bromo 38 showed a similar profile, but with
70% mite control. The 2-methyl substituted match pair analogues 3-chloro 56 and 5-chloro
52 both demonstrated a high level of mite and egg control with the 3-position preferred.
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Figure 6. Mite (Tetranychus urticae) control activities of early 1,2,3-dithiazole derivatives at 40 ppm.

Subsequent to the work reported by Chevron Research Co., in 1980, a brief patent was
filed by Appel, R. et al. on behalf of Bayer AG on the use of 1,2,3-dithiazoles as antifungals
specifically against Trichophyton Mentagrophytes [48]. This was followed up by another
brief patent in 1984 by Mayer R. et al. on behalf of Dresden University of Technology
(Technische Universität Dresden) on the use of N-arylcyanothioformamides derived from
1,2,3-dithiazoles as herbicides and crop protection agents [49].

The 1,2,3-dithazoles chemical space and synthesis progressed as outlined in Section 2.2
during the late 1980s and early 1990s. However, it was not until 1996 when Pons et al. disclosed
a focused series of N-arylimino-1,2,3-dithiazoles and related N-arylcyanothioformamides be-
fore further biology was elucidated [15]. The unsubstituted aromatic compound 40 and the
2-methoxy analogue 54 were shown to have potent activity on several bacteria strains (Figure 7).
Compound 40 had an MIC of 16 µg/mL on S. aureus, E. faecalis, and L. monocyotogenes, while
2-methoxy 54 had the same level of potency, but only on E. faecalis and L. monocyotogenes. Inter-
estingly, all the N-arylcyanothioformamides analogues tested were ineffective, highlighting the
need for the 1,2,3-dithiazole ring.

Figure 7. Report on a small panel of 1,2,3-dithiazoles highlighted some nascent antibacterial activity
on the dithiazole scaffold.

This work was extended in a subsequent report by Pons et al. [50], where a focused
library of 1,2,3-dithiazoles and related analogues were screened on a series of fungal targets.
The 1,2,3-dithiazoles were the only compounds that showed antifungal activity, with most
potent analogues identified as unsubstituted aromatic 40, the 2-methoxy 54, and 4-methoxy
analogue 55 (Figure 8). These three most potent analogues all had an MIC of 16 µg/mL on
C. albicans, C. glabrata, C. tropicalis, L. orientalis, and an MIC of 8 µg/mL on C. neoformans.
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Figure 8. Report on a small panel of 1,2,3-dithiazoles highlighted some nascent antifungal activity on
the dithiazole scaffold.

This was followed by a patent filed in 1997 by Joseph, R. W. et al. on behalf of Rohm & Haas
Co. [51], a company specializing in the manufacture of coatings. The disclosed innovation in-
volved the use of 1,2,3-dithiazoles to rapidly inhibit microbial and algae growth for industrial
applications. These included paints, coatings, treatments, and textiles, among others. The effec-
tive amount applied was between 0.1 to 300 ppm, with three main exemplar 1,2,3-dithiazoles
highlighted (Figure 9). This included 4-chloro-5H-1,2,3-dithiazol-5-one (5) with potent antibac-
terial properties against R. Rubra TSB (MIC = 7.5 ppm) and E. Coli M9G (MIC = 19 ppm),
with potent algae inhibition of Chlorella, Scenedesmus, and Anabaena (all MIC = 3.9 ppm) and
Phormidium (MIC = 7.8 ppm). In addition to 5, the 2-chloro analogue 52 was reported to have
potent activity against R. Rubra TSB (MIC = 7.5 ppm) and good activity against E. Coli M9G
(MIC = 32 ppm) and A. Niger TSB (MIC = 50 ppm). The 4-nitro analogue 56 also performed
well with both E. Coli M9G and A. Niger TSB having an MIC or 50 ppm. The activity reported
between 5 and 52 on E. Coli M9G is the first evidence of activity against a Gram-negative
bacterium. The company also provided data with time of addition experiments showing that
5 and 10 ppm of 5 are effective at 1 h, whereas 10 ppm of methylene bisthiocyanate (MBT), a
known commercial antimicrobial compound, is not effective until 24 h.

Subsequently in 1998, more detailed screening and structure activity relationships
(SAR) were published from Pons et al. related to the antimicrobial properties of the 1,2,3-
dithiazole scaffold [52,53]. These two studies tested activity against bacteria: S. aureus, E.
faecalis, S. pyogenes, and L. monocytogenes, and fungi: C. albicans, C. glabrata, C. tropicalis,
and I. orientalis. This screening supported earlier work on the 1,2,3-dithiazole scaffold,
and broadened the scope of this inhibition to several new fungal and bacteria strains
(Figure 10). The compounds showed antibacterial activity against Gram-positive bacteria,
but as previously described [15], there was no activity against Gram-negative bacteria.

Figure 9. Rohm & Haas Co. filed a patent for industrial applications around three 1,2,3-dithiazoles
for antibacterial and antialgae properties.

The unsubstituted analogue 40 was a direct repeat of all activities previously demon-
strated with antibacterial S. aureus; E. faecalis; and L. monocyotogenes (all MIC = 16 µg/mL);
and antifungal C. albicans, C. glabrata; C. tropicalis; and L. orientalis (all MIC = 16 µg/mL). All
of the highlighted compounds (40, 54, 57–66) had C. albicans activity at MIC = 16 µg/mL.
The 2-cyano analogue 57 had activity (MIC = 16 µg/mL) across all fungal strains tested but
had limited antibacterial effects. Switching to the 2-methylester 58 narrowed the antifungal
activity. However, the 2-methoxy 54 had good broad spectrum antimicrobial activity hitting
7 out of the 8 strains tested. The introduction of a second methoxy group in the 5-position to
afford (Z)-4-chloro-N-(2,5-dimethoxyphenyl)-5H-1,2,3-dithiazol-5-imine (59) increased the
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potency (MIC = 4 µg/mL) on C. glabrata, while maintaining antifungal coverage. Moving
the 2-position methoxy to the 4-position in analogue 60 maintained the antifungal coverage
but lost the 4-fold boost seen against C. glabrata with 59. The (Z)-(4-chloro-2-((4-chloro-5H-
1,2,3-dithiazol-5-ylidene)amino)phenyl)methanol (61) analogue showed potency against
E. faecalis, C. glabrata, C. albicans, and L. orientalis (all MIC = 16 µg/mL); in addition to
demonstrating a tolerability for more diverse substitution patterns.
Molecules 2023, 28, x FOR PEER REVIEW  36  of  36 

Figure 10. Results of a focused investigation of antibacterial and antifungal activities of selected
1,2,3-dithiazoles [52,53].

A switch to fused heterocycles including quinolines and naphthalene was maintained
rather than increased overall potency and coverage. The quinolin-6-yl substituted analogue
62 showed potency against C. glabrata and C. albicans (both MIC = 16 µg/mL), while
the quinolin-5-yl 63 was only active against the C. albicans. The naphthalen-1-yl 65 and
hydroxy substituted naphthalen-1-yl 66 had the same profile with coverage against all four
bacteria tested (S. aureus, E. faecalis, S. pyogenes, and L. monocyotogenes all MIC = 16 µg/mL)
and C. albicans. The hydroxy substitution of 65 to afford 66 did not provide any potency
advantage, but did demonstrate there was an ability to alter physicochemical properties
without affecting potency.

Access to a series of new substituted 5-phenylimino, 5-thieno, or 5-oxo-1,2,3-dithiazoles
was reported in 2009 by Rakitin et al. [13] (synthesis discussed in Section 2.4). A series of six-
teen compounds were screened against four fungi strains: C. albicans, C. glabrata, C. tropicalis,
and I. orientalis; four Gram-negative bacteria strains: E. coli, P. aeruginosa, K. pneumoniae,
and S. Typhimurium; and four Gram-positive bacteria strains: E. faecalis, S. aureus, B. cereus,
and L. inocua. The result of this screening were some compounds with limited activity and
4-(pyridin-2-yl)-5H-1,2,3-dithiazole-5-thione (67), which was active against bacteria L. inocua
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(MIC = 16 µg/mL) and fungi C. galbrata (MIC = 8 µg/mL) (Figure 11). These results opened
up additional chemical space to potentially further investigate the 1,2,3-dithiazole SAR.

Figure 11. The 4-(pyridin-2-yl)-5H-1,2,3-dithiazole-5-thione (67) was the only compound with potent
antimicrobial activity from the C4 substituted analogue library.

In 2012, a patent was filed by Benting et al. on behalf of Bayer Cropscience AG focus-
ing on phytopathogenic antifungal crop protection aspects of heteroaromatic substituted
1,2,3-dithiazole analogues [54]. Heteroaromatic substitution patterns had until the point been
largely neglected, due in part to electron deficient amines affording lower yields (as in the
case of [37]). A library of heteroaromatic 1,2,3-dithiazole derivative were screened against a
series of different fungi strains. These included tomato (Phytophtora), cucumber (Sphaerotheca),
apples (Venturiatest), tomato (Alternia), beans (Botyrtis), wheat (Leptosphaeria nodorum), wheat
(Septoria tritici), and rice (Pyricularia). Only compounds that showed inhibition above 70% at
the respective concentration tested were reported. The results were broadly clustered into
three groups, small 5-membered heterocyles, pyrimidine, and 3-pyridyl substituted heterocy-
cles and 2-pyridyl substituted heterocycles. There was broad SAR tolerability for Phytophtora
(Figure 12), Sphaerotheca (Figure 13), Venturiatest (Figure 14), Alternia (Figure 15), and Botyrtis
(Figure 16). While with Leptosphaeria nodorum (Figure 17), Septoria tritici (Figure 18), and
Pyricularia (Figure 19) the SAR narrowed considerably.

The chemical space around Phytophtora inhibition included a broad array of 1,2,3-
dithiazol-5-imines 4a and 68–90 (Figure 12). While most analogues reported were potent;
only the 4-methyl 2-pyridyl 87 and 3-methoxy 2-pyridyl 90 achieved total control of the
fungi. In the case of Sphaerotheca, many compounds demonstrated very high degrees of
antifungal control, including 4a, 4b, 68–70, 73, 77, 79–81, 86–87, and 91–104 (Figure 13),
while ten compounds showed complete control including the unsubstituted analogues
2-pyridyl 4a and 4-methyl 2-pyridyl 91.
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Figure 12. Phytophtora (tomato) preventive; ≥70% efficacy at concentration of 1500 ppm.

The Venturiatest fungi appears to be easier to target as the reported dose is 6-fold less
(250 ppm vs. 1500 ppm), and most reported compounds 4a, 68–69, 75–76, 79–81, 84, 86–87,
90–91, 95–97, and 105–111 having high potency with a mixture of substitution patterns
offering total control (Figure 14). These included isoxazoles 68 and 105, 1,2,5-oxadiazole 91
and a series of seven substituted 2-pyridyl analogues including 4a, 80–81, 84, 96–97, and
101 (Figure 14). The Alternia fungi appears to be more difficult to effectively target as, while
the compounds 4a, 68–69, 75–76, 79–81, 84, 87, 90–91, 95–97, 105, and 107–111 were similar
to the inhibitors identified for Venturiatest, none reached total control of Alternia. The most
potent compounds, pyrazole 69, unsubstituted 2-pyridyl 4a, and 3-fluoro 2-pyridyl 80
all had 96% control at 250 ppm (Figure 15). The Botyrtis fungi was also not completely
controlled by the active compounds 4a, 68–69, 75–76, 81, 84, 91, 95–97, 105, 107, and 110,
despite a high level of potency. The SAR around Botyrtis was considerably narrower
with roughly half the number of earlier analogues reported (Figure 16), despite the higher
500ppm concentration tested. The pyrazole analogue 69 was able to potently inhibit Botyrtis
infection to 99%, while several other analogues also had potent inhibition (>95%).

Only five 1,2,3-dithiazoles were reported to be active against Leptosphaeria nodorum
(Figure 17) and the need for an increased concentration of test compound to 1000 ppm,
potentially highlighting that Leptosphaeria nodorum is more difficult to target. The five
compounds reported were all 2-pyridyl substituted 80, 84, 87, 90, and 96, but only (Z)-4-
chloro-N-(6-methoxypyridin-2-yl)-5H-1,2,3-dithiazol-5-imine (90) had total control of the
Leptosphaeria nodorum infection.

The fungi Septoria tritici had a similar profile to Leptosphaeria nodorum, with only five
potent compounds reported: 84, 87, 98, 109, and 112 (Figure 18). The most potent four of
the five compounds reported were 2-pyridyl substituted 84, 87, 98, and 112. The 4-methyl
2-pyridyl 87 and 3-methoxy 2-pyridyl 112 were the most potent, with 100% control of
Septoria tritici infection.

387



Molecules 2023, 28, 3193

Figure 13. Sphaerotheca (cucumber) preventive; ≥70% efficacy at concentration of 1500 ppm.

Interestingly, the final set of results of inhibitors against Pyricularia revealed only two
highly active compounds. These two compounds, (Z)-4-chloro-N-(6-methoxypyridin-2-
yl)-5H-1,2,3-dithiazol-5-imine (90) and (Z)-4-chloro-N-(isoxazol-3-yl)-5H-1,2,3-dithiazol-
5-imine (68), were both able to control 100% of the Pyricularia infection even at the lower
concentration of 250 ppm. The lack of further SAR may (or may not) indicate that, while
two highly active compounds are reported this infection was the most difficult to treat.

More recently, a 2020 study by our group reported a set of 1,2,3-dithiazoles and matched
pair 1,2,3-thiaselenazoles as antimicrobials [55]. The rare 1,2,3-thiaselenazoles were synthe-
sized by sulfur extrusion and selenium insertion into 1,2,3-dithiazoles [55,56]. This work was
part of the Community for Antimicrobial Drug Discovery (CO-ADD) project to develop new
lead compounds for priority targets with an unmet clinical need [57]. The compounds were
screened against S. aureus, A. baumannii, C. albicans, and C. neoformans var. grubii. with a toxicity
counter screen in HEK293 cells and an additional hemolysis assay (Hc10) (Figure 20). These
strains are considered by the World Health Organization (WHO) to be the highest priority to
develop novel antibiotics for control of these bacteria and fungi [58].
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Figure 14. Venturiatest (apples) preventive; ≥70% efficacy at concentration of 250 ppm.

Figure 15. Alternia (tomatoes) preventive ≥70% efficacy at concentration of 250 ppm.
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Figure 16. Botyrtis (beans) preventive ≥70% efficacy at concentration of 500 ppm.

Figure 17. Leptosphaeria nodorum (wheat) preventive ≥70% efficacy at concentration of 1000 ppm.

Figure 18. Septoria tritici (wheat) preventive ≥70% efficacy at concentration of 1000 ppm.

Figure 19. Pyricularia (rice) preventive ≥80% efficacy at concentration of 250 ppm.

The compounds 113–120 demonstrated potency against several of the strains
tested, with the 1,2,3-thiaselenazoles tending to be more active (Figure 20). The
4,5,6-trichlorocyclopenta[d][1,2,3]thiaselenazole (113) demonstrated potent activity
against Gram-positive bacteria S. aureus (MIC = ≤0.25 µg/mL), Gram-negative bacteria
A. baumannii (MIC = ≤0.25 µg/mL) along with antifungal activity against C. albicans
and C. neofromans (both MIC ≤0.25 µg/mL). The trichoro analogue 113 had some tox-
icity (CC50 = 0.52 µM), whereas both the 4-cyano 114/115 and 4-ethylester 116/117
1,2,3-dithiazole/1,2,3-thiaselenazole matched pair analogues showed limited to no tox-
icity (all CC50 = >32 µM, apart from 117 = CC50 = 7 µM). The 4-cyano analogues 114/115
were both active against C. albicans and C. neofromans (both MIC ≤0.25 µg/mL); how-
ever, the 1,2,3-thiaselenazole also had activity against S. aureus (MIC = ≤0.25 µg/mL).
This activity trend was matched exactly by the 4-ethylester analogues 116/117. The
4,5,6-trichlorobenzo[6,7]cyclohepta [1,2-d][1,2,3]thiaselenazole (118) analogue matched
the profile of 115 and 117 albeit with some toxicity (CC50 = 0.48 µM). Interestingly, the
activity profiles of 8-chloroindeno[1,2-d][1,2,3]thiaselenazole (119) and benzo[b][1,2,3]
thiaselenazolo[5,4-e][1,4]oxazine (120) were similar with antifungal activity against
C. albicans and C. neofromans (all MIC = ≤0.25 µg/mL, apart from 120, C. neofromans =
2 µg/mL). Taken together these results demonstrate an ability for the 1,2,3-dithiazole/

390



Molecules 2023, 28, 3193

1,2,3-thiaselenazole to inhibit a broad range of challenging and clinically relevant
bacteria and fungi [55,58].

Figure 20. Summary of the most active antifungal 1,2,3-dithiazoles and 1,2,3-thiaselenazoles from the
2020 study by our group [55].

3.2. Antiviral Activities of 1,2,3-Dithiazoles

The first antiviral activities on the 1,2,3-dithazole scaffold were reported in 2016 by Hilton
et al. [17]. A series of 5-thien HIV infection. The rationale of using the 1,2,3-dithiazoles to
target the nucleocapsid protein was that it could potentially act as ao-, 5-oxo-, and 5-imino-
1,2,3-dithiazole derivatives were screened against Feline Immunodeficiency Virus (FIV) as a
model for zinc ejector by utilizing the disulfide bridge [59–62]. The compounds were tested for
antiviral effects in a feline lymphoid cell line (FL-4) and tested for toxicity using Crandell-Rees
feline kidney (CrFK) cells (Figure 21). The four highlighted compounds, 121–124, were the
most potent antivirals with the largest toxicity window (ratio of FL-4/CrFK). The 4-phenyl-5H-
1,2,3-dithiazole-5-thione (121) had an excellent ratio of activity vs. toxicity (>4000) and potency
of EC50 = 23 nM. The 4-(4-fluorophenyl)-5H-1,2,3-dithiazol-5-one (122) was equipotent to
121 with a small amount of toxicity at higher concentrations (CC50 = 64 µM). The 4-methoxy
analogue 123 had a drop of almost 8-fold in potency, with the ethyl (Z)-5-(phenylimino)-
5H-1,2,3-dithiazole-4-carboxylate (124) analogue had an almost 3-fold drop, both with a
comparable toxicity profile.

The proposed mechanism of action was modelled on previously experimental reports
(Figure 22) [59–62]. Zinc ejection from nucleocapsid protein starts with Zn2+ coordinated to
cysteine thiol(ate)s reacting with the disulfide of the 1,2,3-dithiazole core to generate a transient
intermediate disulfide. This complex then rearranges to form an intramolecular protein disulfide,
which has a consequent reduction in zinc ion affinity. This results in the zinc being ejected from
the protein in a similar mechanism as previously reported for the HIF1alpha/P300 interaction
triple zinc finger [59]. To indirectly prove the mechanism in addition to computational modelling,
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a disrupted disulfide bridge of analogue 121, compound 125 was synthesized (Figure 23) [47],
demonstrating that the disulfide was required for activity.

Figure 21. Summary of the initial report of antiviral activity of the 1,2,3-dithiazole scaffold.

Figure 22. Proposed redox mechanism for 1,2,3-dithiazoles mediated zinc ejection of the FIV nucleo-
capsid protein. (A) Summary of reaction; (B) Detailed reaction pathway analysis.

Figure 23. Direct comparison of 121 against 125 with the disrupted 1,2,5-thiadiazole-3(2H)-thione
ring system.
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This idea was followed up in 2019 by our group [63], investigating the same in-
hibitors later reported as antimicrobials [55]. The key rationale behind this subsequent
work was the further investigation of the disulfide bridge involvement on antiviral effi-
cacy with a matched pair side by side comparison between the 1,2,3-dithiazoles and the
1,2,3-thiaselenazole scaffold. Where the weaker S-Se vs. S-S bond should assist in increas-
ing the antiviral efficacy. This followed on from a previous report of a successful selenide
isosteric replacement to several literature nucleocapsid protein inhibitors, including DIBA-4
to DISeBA-4 HIV inhibitors, resulting in good potency and only a very limited associated
toxicity [64]. The antiviral efficacy of the 1,2,3-dithiazole scaffold was tested using FL-4
cells, but in this study an additional toxicity assay was preformed directly on the FL-4 cells
(Figure 24). The 8-phenylindeno[1,2-d][1,2,3]dithiazole (126) was only weakly active, while
the selenium analogue 127 demonstrated a 10-fold boost in potency to EC50 = 0.26 µM with
only limited toxicity. The ethyl 5,6-dichlorocyclopenta[d][1,2,3]dithiazole-4-carboxylate
(116) had a similar profile with an EC50 = 0.26 µM, while the selenium analogue 117
was almost 4-fold more potent. The difference between the benzo[b][1,2,3]dithiazolo
[1,4]oxazine (128) and selenium analogue 120 was even more pronounced with an almost
17-fold increase in potency. These results highlight the advantages of including selenium in
the 1,2,3-dithiazole scaffold.

Figure 24. Summary active antiviral matched pair 1,2,3-dithiazoles and 1,2,3-thiaselenazoles.

More recently, a further extension of investigation of the 1,2,3-dithiazoles in 2022
by our group evaluated a further series of 1,2,3-dithiazoles against FIV as a model for
HIV infection [36]. The rationale of this investigation was to find a tractable series of
1,2,3-dithiazoles with consistently high potency and lower toxicity to further advance the
scaffold. The antiviral screening was performed using FL-4 cells, with a direct toxicity assay
on FL-4 cells in addition to CrFK and feline embryo cell line (FEA) cells (Figures 25–27).

Figure 25. Initial hit compounds from the 1,2,3-dithiazole library.
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Figure 26. 2-Pyridyl substituted 1,2,3-dithiazoles active against FIV.

Figure 27. Most potent compound 133 active agiants FIV in the 2022 study by our group [36].

The initial hit compounds from the 1,2,3-dithiazole library yielded a series of 4-position
substituted phenyl analogues 30 and 129–131 with a range of activities EC50 = 0.26–0.48 µM
and limited toxicity (Figure 25). Another trend observed within the series was activity
across a number of 2-pyridyl substituted analogues 4a, 90, 112 and 132, at a similar level
to the earlier analogues but with a divergent SAR profile (Figure 26). The most promising
compound identified in this work was the pyrazole (Z)-4-chloro-N-(3-methyl-1H-pyrazol-
5-yl)-5H-1,2,3-dithiazol-5-imine (133) that showed good antiviral potency EC50 = 0.083 µM
with very limited toxicity (Figure 27).

The proposed mechanism of action on the nucleocapsid protein of this 4-chloro-1,2,3-
dithiazol-5-imine series is different to the C4 substituted version previously reported
(Figure 22). The DFT calculations and previous ANRORC-style rearrangement reported
on this scaffold suggest that there will be a ring opening and chloride elimination. An
outline mechanism would be a Zn2+-coordinating cysteine thiol(ate) reacts with 2-S of
the 1,2,3-dithiazole core mediated by water to generate a transient trisulfide. This is then
followed by a rearrangement to a more thermodynamically stable cyano functionality,
resulting in the loss of HCl and water from the system. The, disulfide then rearranges to
form an intramolecular protein disulfide with consequent reduction in zinc ion affinity.
The zinc ion is then ejected to form a stable complex, with or without adducts (Figure 28).
In addition to the literature rearrangement examples [38–40], we also provided extensive
computational modelling to support the mechanistic rationale provided.

Figure 28. Proposed mechanism of action of the 4-choro-1,2,3-dithiazole series.
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3.3. Anticancer Activities of 1,2,3-Dithiazoles

Initial reports of anticancer activity with the 1,2,3-dithiazole scaffold were reported
in 2002 by Baraldi et al. [16]. A set of ten 1,2,3-dithiazoles were prepared and screened
across multiple antimicrobial and anticancer therapeutic targets. Several of the compounds
134–136 showed low signal digit micromolar potency against the leukemia cell lines L1210
and K562 (Figure 29). While the overall SAR within the series was flat, this first phenotypic
report showed tractable activity across both cell lines. The antibacterial screen showed
limited activity, but the antifungal screening identified 135 and 136 as having some activity
against Aspergillus niger at MIC50 = 10 µM. This further supports the overall tractability of
this scaffold as an antifungal.

Figure 29. Initial 1,2,3-dithiazoles reported with anticancer activity in 2002 by Baraldi et al. [16].

The earlier 2009 study reported in Section 3.1 by Rakitin et al. also screened the
series of C-4 substituted dithiazoles against two breast cancer cell lines, MCF7 and MDA-
MB-231 [13]. Limited activity was observed on the MDA-MB-231 cell line across the
series. However, (Z)-4-(4-nitrophenyl)-N-phenyl-5H-1,2,3-dithiazol-5-imine (137) and the
benzofuran-2-yl analogue 138 showed 50% growth inhibition after 72 h at approximately 10
µM (Figure 30). These results lay the groundwork to expand the chemical space to further
investigate the anticancer 1,2,3-dithiazole SAR.

Figure 30. Substituted C4 1,2,3-dithiazoles with activity against breast cancer.

Subsequent to these phenotypic reports of 1,2,3-dithiazoles as anticancer compounds
in various cell lines, a just over forty compound 1,2,3-dithiazole library was screened by
Indiveri et al. against a transporter target over-expressed in various cancers, the glutamine-
amino acid transporter ASCT2 in 2012 [65]. Interactions with scaffold proteins and post-
translational modifications regulate the stability, trafficking, and transport activity of
ASCT2 [66]. The expression of ASCT2 has been shown to increase in cells with rapid
proliferation, including stem cells and inflammation, this enables delivery of the increased
glutamine requirements [67]. This same mechanism can be hijacked by cancer promoting
pathways to fulfill glutamine demand and facilitate rapid growth by over-expression
of ASCT2 [68]. In addition to being described as an anticancer target, ASCT2 also has
the ability to traffic virions to infect human cells [69]. A series of 1,2,3-dithiazoles were
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synthesized and evaluated as transporter inhibitors. While many compounds were in-active
at 30 µM, six compounds showed activity at IC50 = ~10 µM or below (Figure 31). These
compounds potently inhibited the glutamine/glutamine transport catalyzed by ASCT2.

Figure 31. Anticancer 1,2,3-dithiazoles ASCT2 transport inhibitors.

The inhibition was shown to be non-competitive. The inhibition was also reversed by
addition of dithiothreitol (DTE), indicating the reaction with protein Cys formed adducts,
indicating that the reaction was likely going via an ANRORC-style rearrangement. Modelling,
including molecular and quantum mechanical studies (MM and QM, respectively) and
Frontier Orbital Theory (FOT) on 1,2,3-dithiazole models showed pathway (ii) was more likely,
which is also supported by previous reports on the 1,2,3-dithiazole (Figure 32) [38–40].

Figure 32. Two mechanisms are proposed, with nucleophilic attack at S2 to likely be preferred.

The ASCT2 report was followed up by a screening of just over fifty 1,2,3-dithiazoles
by Indiveri et al. against the LAT1 transporter in 2017 [70]. ASCT2 and LAT1 are both
amino acid transporters that are overexpressed in cancer [71]. Subsequently, a number
of inhibitors have been reported against both ASCT2 and LAT1, with one LAT1 inhibitor
JPH203 used in a recent phase 1 clinical trial [72]. The results of the library screen were
eight compounds with inhibition of >90% at 100 µM. The two most potent compounds
were 144 and 145 with an IC50 = <1 µM (Figure 33).

Figure 33. Anticancer 1,2,3-dithiazoles targeting transporter protein LAT1 (SLC7A5).

The inhibition kinetics, performed on the two best inhibitors (144 and 145), indicated
a mixed type of inhibition with respect to the substrate. The inhibition of LAT1 was still
present after removal of the compounds from the reaction mixture, indicating irreversible
binding. However, this effect could be reversed by the addition of dithioerythritol, a S-S
reducing agent, which supports the rationale of the formation of disulfide(s) bonds between
the compounds and LAT1. Molecular modelling of 144 and 145 on a homology model of
LAT1, highlighted the interaction with the substrate binding site and the formation of a
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covalent bond with the residue C407. This was further supported by a more detailed study
reported in 2021 by Marino et al., which also highlighted the need for a molecule of water
in the reactive pathway [73].

More recently, an extension of the phenotypic reports of 1,2,3-dithiazoles as anticancer
agents was published in 2021 by our group [74]. A library of just under forty 1,2,3-dithiazole
analogues were screened on a series of cancer cell lines including breast, bladder, prostate,
pancreatic, chordoma and lung; with a skin fibroblast cell line as a non-specific toxicity
control (Figures 34–36).

Figure 34. Initial screening highlighted results from the 2021 cancer panel by our group [74].

Figure 35. 5-membered heteroatomic analogues highlighted results from the 2021 cancer panel by
our group [74].

Figure 36. C4 substituted 1,2,3-dithazole analogues highlighted results from the 2021 cancer panel by
our group [74].

Initial results were encouraging (Figure 34) with (Z)-4-(4-bromophenyl)-N-phenyl-
5H-1,2,3-dithiazol-5-imine (130) and the corresponding 3-position bromo analogue 54
demonstrated potency against breast cancer cell line MCF7 (IC50 = 11 and 6.7 µM, respect-
fully). This was followed by the identification of (Z)-N-(4-((4-chloro-5H-1,2,3-dithiazol-5-
ylidene)amino)phenyl)pyrimidine-2-sulfonamide (146) with good activity against breast
cancer (MCF7—IC50 = 3.0 µM) and no observed toxicity (WS1—IC50 = >100 µM). Interest-
ingly, the (Z)-N-(4-(benzyloxy)phenyl)-4-chloro-5H-1,2,3-dithiazol-5-imine (147) analogue
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showed a preference for bladder cancer inhibition (5637—IC50 = 13 µM) with no observed
toxicity (WS1—IC50 = >100 µM).

This was followed by screening a small focused 5-membered heteroatomic compounds,
which identified a trend of potency against prostate cancer (Figure 35). (Z)-4-chloro-
N-(thiazol-2-yl)-5H-1,2,3-dithiazol-5-imine (75) and the two pyrazoles (148 and 149) all
showed activity against prostate cancer (DU145—IC50 = 8–11 µM). The thiazole analogue
75 also showed activity against the chordoma cell line (U-CH1—IC50 = 10 µM), albeit with
some limited toxicity (WS1—IC50 = 24 µM). The (Z)-4-chloro-N-(3-methyl-1-phenyl-1H-
pyrazol-5-yl)-5H-1,2,3-dithiazol-5-imine (149) also showed low single digit micromolar
activity against bladder cancer (5637—IC50 = 2.1 µM); unfortunately, this was coupled with
some associated toxicity (WS1—IC50 = 15 µM).

Subsequent to this screening, a series of C-4 substituted analogues were evaluated
resulting in a trend of activity against breast cancer (MCF7) (Figure 36) [14]. The most
potent compounds 150–153 (IC50 = 2–10 µM) did not show any defining SAR characteristics.
In addition to this activity, (Z)-5-bromo-2-((4-(4-(2-chloroethyl)piperazin-1-yl)-5H-1,2,3-
dithiazol-5-ylidene)amino)benzonitrile (151) demonstrated good potency against bladder
cancer (5637—IC50 = 8.0 µM), while 4-(4-(2-(methyl(phenyl)amino)ethyl)piperazin-1-yl)-
5H-1,2,3-dithiazol-5-one (153) was potent against prostate cancer (DU145—IC50 = 4.4 µM),
albeit with some observed toxicity (WS1—IC50 = 20 µM) in the case of 153. Interestingly, the
4-chloro-1,2,3-dithiazole of the earlier analogues was not required for activity suggesting
there may be multiple mechanisms of action.

3.4. Other Biological Applications
3.4.1. Melanin Synthesis Inhibitors

In 2015, a phenotypic screen was carried out using Xenopus laevis embryos by
Skourides et al. [19]. This led to the identification of a series of 1,2,3-dithiazoles, which
caused loss of pigmentation in melanophores and the retinal pigment epithelium (RPE)
of developing embryos (Figure 37). This effect was independent of the developmental
stage of initial exposure and was reversible. While the target was not elucidated, SAR
of the series indicated that the presence of the mesmerically electron-donating methoxy
group was important for pigment loss. Compounds with inductive and/or mesmerically
electron-withdrawing groups had no effect on pigment loss.

Figure 37. 1,2,3-dithiazoles demonstrating In vivo pigment loss in Xenopus laevis embryos.
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The (Z)-4-chloro-N-(4-methoxyphenyl)-5H-1,2,3-dithiazol-5-imine (154) analogue demon-
strated complete pigment loss at 10 µM and moderate at 5 µM. Extension of the methoxy to
propyloxy 155 or butyloxy 156 reduced the potency, with the addition of a methyl group in
the 2-position had the same effect. The formation of a 3,4-fused methyl catacol 157 increased
potency, but did not match the activity of the 4-position methoxy 154. The extension to form
that benzyloxy analogue 158 did boost the potency of 154, resulting in 158 having complete
pigment loss at 5 µM.

Skourides et al. extensively investigated the structural features driving the phenotypic
effects observed with 159. An analogue of 159 was synthesized in two steps via the oxime
route (Scheme 8) [12,13], where the 4-chlorine substituent was replaced with a phenyl
group to give compound 160 (Figure 38). A second analogue of 159 was furnished where
the nitrogen of the 1,2,3-dithiazole was replaced with a chlorocarbon in one step from
Boberg salt [75,76] to give compound 161 (Figure 38) [75,77].

Figure 38. Direct comparison of 1,2,3-dithiazole 159 with disrupted analogues 160 and 161 in In vivo
pigment loss in Xenopus laevis embryos.

The replacement of the 4-chlorine substituent yielded compound 160, which showed
no phenotypic affect. This supports the idea of an ANRORC-style ring opening mechanism,
as the chlorine is a good nucleofuge that facilities the ring opening mechanism [40]. The
second analogue 161, showed some mild activity at 5 µM, while at 10 µM, mild toxicity
and developmental defects were observed. This again pointed towards a ring opening
ARONOC style mechanism, but more work needs to be done to establish the exact mecha-
nism of action [19].

3.4.2. Antifibrotic Collagen Specific Chaperone hsp47 Inhibitor

Other activities of 1,2,3-dithiazoles include hit compound methyl 6-chloro-3H-benzo[d]
dithiazole-4-carboxylate 2-oxide (162), which was reported twice, once in 2005 [18] and the
second in 2010 [19]. These reports were both high-throughput screens of the compound
library, one from Maybridge Chemical Co., Cornwall, U.K. and the other unspecified.

In 2005, Ananthanarayanan et al. screened a Maybridge compound library against
Heat shock protein 47 (Hsp47), which, at the time, had no known inhibitors. Hsp47 is a
collagen-specific molecular chaperone whose activity has been implicated in the pathogen-
esis of fibrotic diseases. The regulation of both Hsp47 and collagen expression has been
implicated in several different disease indications where changes in the collagen expression
are found. These diseases include fibrotic diseases of the liver [78], kidney [79], lung [80],
and skin [81], in addition to atherosclerosis [82] and cancer [83]. The screen resulted in
a primary hit rate of 0.2%, with 4 out of 2080 compounds being shown to be inhibitors
of Hsp47. Secondary screening confirmed 162 (Figure 39), as the most potent compound
(IC50 = 3.1 µM).
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Figure 39. Hsp47 inhibitor methyl 6-chloro-3H-benzo[d][1,2,3]dithiazole-4-carboxylate 2-oxide (162).

3.4.3. Arabidopsis Gibberellin 2-Oxidase Inhibitors

In 2010, screening a commercial library of starting points against to Arabidopsis
gibberellin 2-oxidases identified compound 162 (Figure 40) [20]. The screening aimed to
identify an inhibitor that could both promote Arabidopsis seed germination and seedling
growth. Compound 162 was able to do both, without having broad spectrum activity simi-
lar to Prohexadione (PHX), which is a broad-spectrum inhibitor of all three 2-oxoglutarate
dependent dioxygenase’s (2ODD) that were involved in Gibberellin (GA) production (GA
2-oxidase (GA2oxs), GA 3-oxidase (GA3oxs), and GA20-oxidase (GA20oxs)) [84,85]. The
1,2,3-dithiazole 162 was shown to have inhibition GA2oxs with a high degree of specificity,
but not on other 2ODDs. The selective inhibition of GA2oxs activity could potentially lead
to the delay of GA catabolism in plants, and hence, extend the life of endogenous GA.

Figure 40. GA2oxs inhibitor methyl 6-chloro-3H-benzo[d][1,2,3]dithiazole-4-carboxylate 2-oxide (162).

4. Summary and Overview

The initial observation of the 1,2,3-dithiazole salt 4,5-dichloro-1,2,3-dithiazolium chlo-
ride in 1957 [1], was followed by detailed characterization in 1985 [4], and came to be
known as Appel salt (1) post-1990s [5]. Appel salt (1) allowed for one-step access to a
range of different chemistries to furnish a wide scope of 5-substituted-1,2,3-dithiazole
derivatives [4,5,9,15,27,30–37]. While several additional methods also exist to access C4
substituted derivatives, the main screening has been done on 4-chloro derivatives until
more recently [6,12–14,40]. However, synthetic challenges remain, including expanding
the chemical space including effective synthesis of N-alkyl-5H-1,2,3-dithiazol-5-imine ana-
logues, and effective access to 4-pyridyl analogues in good yields [37].

The first screening was carried out by Chevron Research Co. in 1977 [2,3], this rela-
tively detailed study has been the foundation of the phenotypic biology observed on this
scaffold. It described detailed work on a series of herbicidal effects and anti-mite efficacy,
in addition to antifungal activities. This work was followed up in the late 1990s and 2000s
by a series of groups extending the understanding of the antifungal and antibacterial SAR
scope of the 1,2,3-dithiazole scaffold [15,50–53]. Interestingly, a patent in 1997 by Rohm
& Haas Co. [51] highlighted a potential coating application for the 1,2,3-dithiazole with
the discovery of potent antialgae and Gram-negative bacteria inhibition. In 2012, a patent
filed by Bayer Cropscience AG presented a much broader library of heteroaromatic deriva-
tives [54], highlighting a wider range of antifungal activities, with high degrees of control
of commercially important fungi for crop protection. More recently, the antifungal and
antibacterial screening has focused on clinically relevant hospital derived infections with
good efficacy [86], in part aided by a series of matched pair 1,2,3-thiaselenazoles [55].

More recently, several other phenotypic observations have been reported. These
include antiviral efficacy against FIV as a model for HIV, where modelling and mechanistic
rationale point to cystine containing nucleocapsid protein (NCp) as the target for the 1,2,3-
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dithiazole [17,36,63]. Anticancer effects against a broad range of cancer cell lines have also
been reported with limited off-target toxicity [13,16,74]. These were also supported by
modelling and mechanistic rationale highlighting ASCT2 [65] and LAT1 [70] as potential
targets responsible. This rationale has been further supported by a series of mechanism of
action experiments [65,70,73].

In addition to these reports, a series of other studies also highlighted other activities
of the 1,2,3-dithiazole scaffold. These included an anti-melanin phenotype in Xenopus laevis
embryos, where active potent (>5 µM) non-toxic compounds were identified in an in vivo
model [19]. An ANRONC style mechanism of action was proposed supported by a series
of chemical modifications to the scaffold [38–40]. Finally, two reports of high-throughput
screens identified hit compounds against antifibrotic collagen specific chaperone hsp47 [18]
and Arabidopsis Gibberellin 2-Oxidase [20].

The full potential of the 1,2,3-dithiazole scaffold has yet to be realized. Key areas of
biological activities have been identified with preliminary work in the literature showing
encouraging results. These included activities as antifungal [2], herbicidal [2], antibac-
terial [15], anticancer [16], antiviral [17], antifibrotic [18], and being a melanin [19] and
Arabidopsis gibberellin 2-oxidases [20] inhibitors. These results provide a prospective to
the versatility as to what is possible with this scaffold. In addition to these interesting
reported biology applications, there are potentially significant untapped chemical biology
opportunities towards targeting cystine reactive sites [21–25]; using the ANRORC-style
1,2,3-dithiazole chemistry as a latent functionality (Figure 41).
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5. Conclusions

Taken together, the chemistry and biology of the 1,2,3-dithiazoles chemotype has
shown a lot of exciting potential. The ANRORC-style rearrangements potentially affording
a new route for potential chemical tools and relative cystine within proteins pockets, while
the sub-micro molar phenotypic potencies against a series of diverse targets demonstrate
potential for further development. Many of these diseases and pathogens have limited
treatment options and need new therapies with novel mechanisms of action. The identifi-
cation of starting points and defined SAR provides the foundation to define a medicinal
chemistry trajectory towards optimized inhibitors and potential new treatments for a broad
range of diseases.
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Abstract: Chalcones continue to occupy a venerated status as scaffolds for the construction of a variety
of heterocyclic molecules with medicinal and industrial properties. Syntheses of hybrid chalcones
featuring heteroaromatic components, especially those methods utilizing green chemistry principles,
are important additions to the preparative methodologies for this valuable class of molecules. This
review outlines the advances made in the last few decades toward the incorporation of heteroaromatic
components in the construction of hybrid chalcones and highlights examples of environmentally
responsible processes employed in their preparation.
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1. Introduction

The chalcone class of enones has been a privileged scaffold in organic synthesis for
more than a century. Kostanecki and Tambor are credited with the first reported preparation
of E-1,3-diphenylprop-2-en-1-one and coined the term “chalcone” in 1899 [1]. Figure 1
shows the structure of E-chalcone, the most energetically favorable stereoisomer, as well as
the sterically encumbered and less common Z-chalcone, both of which contain benzene
rings at C1 and C3 joined by a three-carbon α,β-unsaturated ketone unit. The absolute
configuration of solid chalcone stereochemistry obtained during synthesis can often be
determined with X-ray crystallography [2,3].
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tion of E-1,3-diphenylprop-2-en-1-one and coined the term “chalcone” in 1899 [1]. Figure 
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rings at C1 and C3 joined by a three-carbon α,β-unsaturated ketone unit. The absolute con-
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Figure 1. Chalcone structure and stereochemistry. 

By convention, the aromatic ring attached to C1 is designated as ring A while the 
aromatic ring attached to C3 is designated as ring B. For the purposes of this review, we 
will adhere to the conventional ring designations in describing preparations of heteroar-
omatic hybrid chalcones. 

The utility of chalcones both as a pharmacophore and as a scaffold in the synthesis 
of a wide variety of heterocycles ranging from pyrazoles, isoxazoles, triazoles, barbituric 
acid derivatives, etc. has been investigated thoroughly over the years, with numerous re-
search articles as well as several reviews appearing in the last decade describing the cur-
rent chalcone synthetic strategies, the heterocycles derived from them, and the bioactivity 
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Figure 1. Chalcone structure and stereochemistry.

By convention, the aromatic ring attached to C1 is designated as ring A while the
aromatic ring attached to C3 is designated as ring B. For the purposes of this review, we will
adhere to the conventional ring designations in describing preparations of heteroaromatic
hybrid chalcones.

The utility of chalcones both as a pharmacophore and as a scaffold in the synthesis of
a wide variety of heterocycles ranging from pyrazoles, isoxazoles, triazoles, barbituric acid
derivatives, etc. has been investigated thoroughly over the years, with numerous research
articles as well as several reviews appearing in the last decade describing the current
chalcone synthetic strategies, the heterocycles derived from them, and the bioactivity and
pharmaceutical uses of these compounds [4–13]. Within that context, the preparation of
more highly functionalized chalcones that contain heteroaromatic components has been an
area of intense research over the last decade [10,14–30].
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Research has established that heteroaromatic hybrid chalcones themselves possess
broad medicinal value as anticancer [16,19,23], antimicrobial [11,20,23,28], antifungal [16],
anti-tuberculosis [25] and anti-inflammatory agents [22] as well as having other important
pharmacological functions [9,10], agrochemical utility as photosynthesis inhibitors [18] and
industrial use as photoinitiators in 3D printing [17]. Figure 2 shows a representative selection
of heteroaromatic hybrid chalcone pharmacophores and industrially important compounds.
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Figure 2. Medicinally and industrially important heteroaromatic hybrid chalcones.

Synthetic methodologies to prepare hybrid chalcones have developed rapidly over
the last two decades. To the best of our knowledge, no reviews have been found that
focus on heteroaromatic chalcone synthesis and the green synthesis methods employed
to prepare them. This review will focus on the construction of heteroaromatic hybrid
chalcones with the Claisen–Schmidt condensation, 1,3-dipolar additions, ring-opening
reactions, 3+2 annulations and Wittig reactions. The review will discuss four different
heteroaromatic hybrid chalcone types: A-ring and B-ring-substituted mono-heteroaromatic
hybrid chalcones, hybrid chalcones possessing heteroaromatic moieties on both the A and
B rings, and the synthesis strategies used to prepare heteroaromatic bis chalcone hybrids.
Herein, we also detail the green methods that have been employed to prepare these
hybrid chalcones including microwave irradiation, sonication, ball milling, continuous flow
reactions, the use of benign solvents, solvent-free/solid-state processes and nanocatalysis.
See Figure 3.

408



Molecules 2023, 28, 3201Molecules 2023, 27, x FOR PEER REVIEW 3 of 28 
 

 

 
Figure 3. Heteroaromatic hybrid chalcone construction. 

2. A-Ring Heteroaromatic Hybrid Chalcone Synthesis 
This section catalogues several representative conventional and green processes by 

which hybrid chalcones bearing a heteroaromatic species at ring A may be prepared. Het-
eroaromatic components of the chalcone products include a variety of single-ring (furan, 
pyrrole, thiazole, thiophene, pyridine, pyrimidine) and fused-ring (indole, benzimidaz-
ole, benzothiazole, benzofuran, pyrazolopyridine, quinoline) systems. 

2.1. Claisen–Schmidt Condensations 

The Claisen–Schmidt (C-S) condensation has been widely used to prepare chalcones 
for many years. This reaction, which can be catalyzed by acids or bases, offers mild con-
ditions that tolerate a wide scope of functionality in both the ketone donors and aldehyde 
acceptors. 

2.1.1. Base-Catalyzed C-S Condensations 
The hydroxide bases KOH, NaOH and to a lesser extent Ba(OH)2 are the bases used 

to promote the condensations depicted below in Schemes 1–12. These bases may be intro-
duced to the reaction medium as dilute or concentrated aqueous solutions or as solids. 
Ethanol or methanol are the solvents of choice in most reactions depicted herein. The re-
action temperatures vary from 0 °C to those obtained by refluxing the alcoholic solvents. 

Figure 3. Heteroaromatic hybrid chalcone construction.

2. A-Ring Heteroaromatic Hybrid Chalcone Synthesis

This section catalogues several representative conventional and green processes by
which hybrid chalcones bearing a heteroaromatic species at ring A may be prepared.
Heteroaromatic components of the chalcone products include a variety of single-ring (furan,
pyrrole, thiazole, thiophene, pyridine, pyrimidine) and fused-ring (indole, benzimidazole,
benzothiazole, benzofuran, pyrazolopyridine, quinoline) systems.

2.1. Claisen–Schmidt Condensations

The Claisen–Schmidt (C-S) condensation has been widely used to prepare chalcones for
many years. This reaction, which can be catalyzed by acids or bases, offers mild conditions
that tolerate a wide scope of functionality in both the ketone donors and aldehyde acceptors.

2.1.1. Base-Catalyzed C-S Condensations

The hydroxide bases KOH, NaOH and to a lesser extent Ba(OH)2 are the bases used to
promote the condensations depicted below in Schemes 1–12. These bases may be introduced
to the reaction medium as dilute or concentrated aqueous solutions or as solids. Ethanol
or methanol are the solvents of choice in most reactions depicted herein. The reaction
temperatures vary from 0 ◦C to those obtained by refluxing the alcoholic solvents. The
reaction times range from less than a minute in the case of selected microwave-mediated
reactions and can extend to 72 h for the conventional condensations.
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In our first entry, three room-temperature C-S preparations of pyrrolyl chalcone 3 are
presented that have differing reaction times and different base concentrations. Sweeting et al.
(Scheme 1a) used strongly basic conditions (60% aqueous KOH) and centrifugation mixing
to prepare the pyrrolyl chalcone 3 in a modest yield. The low yield is likely attributed
to the short reaction time. Ref. [31] Robinson et al. reported that increasing the reaction
time ([32], Scheme 1b) using NaOH (aq) in ethanol increased the yield of the pyrrolyl
chalcone. Using 20 mol % NaOH (aq) in ethanol, Song et al. obtained a 91% yield in the
preparation of the chalcone (Scheme 1c). Ref. [33] Lokeshwari’s team (Scheme 2a) and
Liu’s group prepared furyl chalone 5 in an 87% yield using 0.1 mol % KOH (aq) in 4 h,
while Liu’s group (Scheme 2b) obtained equally high yields with 20 mol% NaOH (aq) in
6 h [34,35]. Robinson et al. (Scheme 3) condensed 2-acetylfuran and 2-acetyl-5-methylfuran
with assorted benzaldehydes at room temperature en route to the twelve furyl chalcones 8
in modest to medium yields [36].
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Parveen et al. reported a nearly quantitative conversion for the room-temperature C-S
condensation of 2-acetylthiophene and benzaldehyde using aqueous KOH (Scheme 4) in
ethanol to the thienyl chalcone 10 [37].

Sunduru et al. reported the preparation of pyridyl chalcone derivatives 13 by condens-
ing 4-acetylpyridine with the respective aromatic aldehyde (Scheme 5) [38]. In this reaction,
one equivalent of 4-acetylpyridine was added dropwise to a cooled methanolic solution
containing 10% aqueous NaOH. Then, one equivalent of aldehyde was added slowly at
0 ◦C. After workup and recrystallization, the pyridyl chalcones were obtained in yields
ranging from 67 to 76% (Scheme 5).

Sinha and coworkers (Scheme 6) used similar conditions to synthesize eighteen
1,3-thiazolylchalcones 16 in very good overall yields [39].

Zhao et al. (Scheme 7) used reflux conditions to achieve yields in excess of 60% for the
small series of fused-ring indolyl chalcones 18 [40]. In two separate publications, Hsieh
and coworkers used base-catalyzed C-S condensations to prepare indolyl (Scheme 8, [41]),
thiazolyl and benzothiazolyl hybrid chalcones (Scheme 9, [42]).

Saito’s team used 5% KOH in ethanol at room temperature to prepare a series of
functionalized benzofuran hybrid chalcones in yields as high as 97% (Scheme 10) [43].

Grigoropoulou’s team found barium hydroxide octahydrate effective in promot-
ing the condensation of both single- and fused-ring heteroaromatic ketones with dehy-
droabietic acid methyl ester en route to sixteen hybrid chalcones in good overall yields
(Scheme 11) [44].

Base-catalyzed C-S condensations have also been demonstrated using green princi-
ples. These processes include the use of benign solvents including water and microwave
irradiation. Mubofu and Engberts reported a C-S condensation reaction of 2-acetylpyridine
and benzaldehyde using 10% NaOH (Scheme 12) [45]. The reagents were finely dispersed
in water at 4 ◦C and after workup the pyridyl chalcone 31 was obtained in a good yield
(Scheme 12).

Jianga et al. showed that the condensation of 2-acetylfuran or 2-acetylthiophene and
benzaldehyde using 2 mol% NaOH (aq) gave (E)-1-(Furan-2-yl)-3-phenylprop-2-en-1-one or
(E)-1-(thiophen-2-yl)-3-phenylprop-2-en-1-one at room temperature in nearly quantitative
yields (Scheme 13) [46].

Molecules 2023, 27, x FOR PEER REVIEW 7 of 28 
 

 

 
Scheme 11. Synthesis of heteroaromatic dehydroabietic acid-chalcone hybrids. 

Base-catalyzed C-S condensations have also been demonstrated using green princi-
ples. These processes include the use of benign solvents including water and microwave 
irradiation. Mubofu and Engberts reported a C-S condensation reaction of 2-acetylpyri-
dine and benzaldehyde using 10% NaOH (Scheme 12) [45]. The reagents were finely dis-
persed in water at 4 °C and after workup the pyridyl chalcone 31 was obtained in a good 
yield (Scheme 12).  

 
Scheme 12. Green synthesis of pyridyl chalcone. 

Jianga et al. showed that the condensation of 2-acetylfuran or 2-acetylthiophene and 
benzaldehyde using 2 mol% NaOH (aq) gave (E)-1-(Furan-2-yl)-3-phenylprop-2-en-1-one 
or (E)-1-(thiophen-2-yl)-3-phenylprop-2-en-1-one at room temperature in nearly quantita-
tive yields (Scheme 13) [46]. 

 
Scheme 13. Green synthesis of furyl and thienyl chalcones. 

Ritter et al. (Scheme 14) used 2-acetylthiophene 9 and assorted benzaldehydes in 
glycerin solvent to prepare seven 2-thienochalcones 10 and 32a–f in very good yields [47].  

 
Scheme 14. Green synthesis of 2-thienyl chalcones. 

Scheme 13. Green synthesis of furyl and thienyl chalcones.

Ritter et al. (Scheme 14) used 2-acetylthiophene 9 and assorted benzaldehydes in
glycerin solvent to prepare seven 2-thienochalcones 10 and 32a–f in very good yields [47].
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Khan and Asiri (Scheme 15) showed that 3-acetylthiophene 33 underwent a microwave-
mediated C-S condensation with several benzaldehydes in less than a minute to give thienyl
chalcones 34a–f in yields exceeding 82% [48].

413



Molecules 2023, 28, 3201

Molecules 2023, 27, x FOR PEER REVIEW 8 of 28 
 

 

Khan and Asiri (Scheme 15) showed that 3-acetylthiophene 33 underwent a micro-
wave-mediated C-S condensation with several benzaldehydes in less than a minute to 
give thienyl chalcones 34a–f in yields exceeding 82% [48].  

 
Scheme 15. Microwave synthesis of 3-thienyl chalcones. 

Sarveswari and Vijayakumar (Scheme 16) conducted a comparative study of conven-
tional and microwave processes in which four examples of highly substituted quinolinyl 
hybrid chalcones 36a–d were prepared [49]. Both processes gave the desired chalcones in 
yields greater than 75%. Particularly noteworthy is the fact that the microwave reaction 
time is 1/144 of the conventional reaction time. 

N

Cl
Ph O

CHO
+ R

2% KOH in EtOH
waves (240 W),

5 min
O

R
N

Cl
Ph

a: R = H, 84% (85%)
b: R = 2-Cl, 78% (79%)
c: R = 4-OMe, 83% (80%)
d: R = 4-Br, 76% (76%)

2% KOH in EtOH
rt, 12 h

or

35 2 36a-d

 
Scheme 16. Synthesis of quinolinyl chalcones. 
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Sarveswari and Vijayakumar (Scheme 16) conducted a comparative study of conven-
tional and microwave processes in which four examples of highly substituted quinolinyl
hybrid chalcones 36a–d were prepared [49]. Both processes gave the desired chalcones in
yields greater than 75%. Particularly noteworthy is the fact that the microwave reaction
time is 1/144 of the conventional reaction time.
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Polo et al. demonstrated that sonochemical mediation was very effective in preparing
a series of pyrazolopyridyl hybrid chalcones 38a–e (Scheme 17) in high yields that compare
favorably with conventional base-catalyzed C-S condensations [50].

Molecules 2023, 27, x FOR PEER REVIEW 8 of 28 
 

 

Khan and Asiri (Scheme 15) showed that 3-acetylthiophene 33 underwent a micro-
wave-mediated C-S condensation with several benzaldehydes in less than a minute to 
give thienyl chalcones 34a–f in yields exceeding 82% [48].  

 
Scheme 15. Microwave synthesis of 3-thienyl chalcones. 

Sarveswari and Vijayakumar (Scheme 16) conducted a comparative study of conven-
tional and microwave processes in which four examples of highly substituted quinolinyl 
hybrid chalcones 36a–d were prepared [49]. Both processes gave the desired chalcones in 
yields greater than 75%. Particularly noteworthy is the fact that the microwave reaction 
time is 1/144 of the conventional reaction time. 

N

Cl
Ph O

CHO
+ R

2% KOH in EtOH
waves (240 W),

5 min
O

R
N

Cl
Ph

a: R = H, 84% (85%)
b: R = 2-Cl, 78% (79%)
c: R = 4-OMe, 83% (80%)
d: R = 4-Br, 76% (76%)

2% KOH in EtOH
rt, 12 h

or

35 2 36a-d

 
Scheme 16. Synthesis of quinolinyl chalcones. 

Polo et al. demonstrated that sonochemical mediation was very effective in preparing 
a series of pyrazolopyridyl hybrid chalcones 38a–e (Scheme 17) in high yields that com-
pare favorably with conventional base-catalyzed C-S condensations [50]. 

 
Scheme 17. Sonochemical synthesis of pyrazolopyridyl chalcones. 

2.1.2. Acid-Catalyzed C-S Condensations  
In the recent literature, Adnan et al. showed that p-toluenesulfonic acid (PTSA) effec-

tively catalyzed the condensation of 2-acetylthiophene (9) and p-tolualdehyde (2) in a 
green solventless process in which the reactants were ground in a warm mortar and pestle 
for 4 min to give the thienyl chalcone 32e in a very good yield [13]. See Scheme 18. 

Scheme 17. Sonochemical synthesis of pyrazolopyridyl chalcones.

2.1.2. Acid-Catalyzed C-S Condensations

In the recent literature, Adnan et al. showed that p-toluenesulfonic acid (PTSA)
effectively catalyzed the condensation of 2-acetylthiophene (9) and p-tolualdehyde (2) in a
green solventless process in which the reactants were ground in a warm mortar and pestle
for 4 min to give the thienyl chalcone 32e in a very good yield [13]. See Scheme 18.
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Shaik et al. reported an acid-catalyzed condensation reaction of 2,4-dimethyl-
5-acetylthiazole with 2,4-difluorobenzaldehyde to prepare (E)-1-(2′,4′-dimethyl)-
(5-acetylthiazole)-(2,4”-difluorophenyl)-prop-2-en-1-one (Scheme 19) [23].
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2.2. Non C-S Condensations

Our final installment of A-ring hybrid chalcone synthesis is an interesting green
coupling reaction between a series of arylacetylene derivatives (42a–j) and various pyridine
and benzopyridine carboxaldehydes (Scheme 20). Yadav’s group showed that a copper-
based silica-coated magnetic nanocatalyst (Cu@DBM@ASMNPs) used in conjunction with a
piperidine base was very effective in preparing ten hybrid chalcones in yields ranging from
49 to 94% [51]. A noteworthy feature of this reaction was the ability to recover the catalyst
via a magnet. The catalyst was reported to be efficient for up to seven reaction cycles.
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3. B-Ring Heteroaromatic Hybrid Chalcone Synthesis

This section catalogues selected conventional and green processes by which hybrid
chalcones containing a heteroaromatic component at ring B may be prepared. In addi-
tion, examples of tandem ring-opening dipolar additions to obtain ring B heteroaromatic
substituted chalcones are presented. The heteroaromatic components of the chalcone prod-
ucts highlighted in this section include a variety of single-ring (furan, pyrrole, pyrazole,
thiazole, thiophene, pyridine) and fused-ring (indole, benzimidazole, benzothiazole, ben-
zofuran, quinoline, imidazo [1,2-a]pyrimidine or imidazo [1,2-a]pyridine, quinoxaline,
carbazole) systems.

3.1. Claisen–Schmidt Condensations

As in the preceding section, Claisen–Schmidt (C-S) condensation has been widely
used to prepare B-ring heteroaromatic chalcones. This reaction, which can be catalyzed by
bases or acids, offers mild conditions that tolerate a wide scope of functionality in both the
ketone donors and aldehyde acceptors.

Base-Catalyzed C-S Condensations

In the preparations shown below, NaOH and KOH are the bases of choice. Shown in
Scheme 21, Li et al. used dilute aqueous KOH to prepare pyrrolyl chalcone (46) in a very
good yield. Using mild conditions, Robinson et al. (Scheme 22) condensed acetophenones
47 and furfural derivatives 48 to prepare five furyl chalcones (49a–e) that show promise as
monoamine oxidase inhibitors in low to medium yields [36].
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In Scheme 23, Fu and coworkers reacted 1,2,3-triazole-substituted acetophenones 50
with furfural 48 and thiophene-2-carbaldehyde 51 in ethanolic KOH for 3 h to prepare
hybrid chalcones 52a and 52b in satisfactory yields. Condensation of 50 and pyridine
carbaldehydes 53a–b under the same conditions provided eight additional pyridyl hybrid
chalcone examples 54a–h in yields ranging from 50 to 79% [52].
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which provided five examples of 4-pyrazolylchalcones 57 [53]. See Scheme 24.
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An interesting study conducted by Mallik and associates involves the preparation of 
pyrrole-substituted hybrid chalcones from the C-S condensation of several acetophenones 
58 and 2-formylpyrrole 44 under different molar ratios of 58:44 [54]. As Scheme 25 shows, 
the desired product 59 predominated when the reactant molar ratios were 1:1, but when 
the ratio was lowered to 1:2, a nearly equal proportion of the product mixture was found 
to be the heteroaromatic ketone 60. Upon increasing the molar proportion of 58 to four 
times that of 44, ketone 60 was the major product. The authors propose an interesting 
mechanism by which 60 is formed—a twin aldol addition—intramolecular cyclization-
dehydration. 
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An interesting study conducted by Mallik and associates involves the preparation of
pyrrole-substituted hybrid chalcones from the C-S condensation of several acetophenones
58 and 2-formylpyrrole 44 under different molar ratios of 58:44 [54]. As Scheme 25 shows,
the desired product 59 predominated when the reactant molar ratios were 1:1, but when
the ratio was lowered to 1:2, a nearly equal proportion of the product mixture was found to
be the heteroaromatic ketone 60. Upon increasing the molar proportion of 58 to four times
that of 44, ketone 60 was the major product. The authors propose an interesting mechanism
by which 60 is formed—a twin aldol addition—intramolecular cyclization-dehydration.
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Fused-ring heteroaromatic aldehydes have also been successfully condensed with
various acetophenones to prepare B-ring hybrid chalcones under typical C-S reaction
conditions. Zhao et al. prepared indole hybrid chalcones 63a–e (Scheme 26) from assorted
acetophenones and N-methylindolycarbaldehydes 62 in yields ranging from 60 to 90% [40].
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B-ring-substituted quinolinoid hybrid chalcones 68a–h [55]. Abonia et al. prepared the
chromen-4-one—quinoline hybrid chalcone 71 under similar conditions [56]. See Scheme 29.
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Desai and coworkers used mild C-S reaction conditions to prepare a series of thirteen
quinoxalinyl hybrid chalcones 73a–m in yields ranging from 60 to 95%, as shown in
Scheme 29 [24].
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In a study of microtubule polymerization inhibition, Sun et al. synthesized a library
of fused-ring heteroaromatic chalcones featuring indoles, benzofurans, dibenzofurans,
benzothiophenes, dibenzothiophenes, and benzimidazoles [57]. See Figure 4. Of particular
note were the numerous methods used in the preparation of these hybrid chalcones, which
included both base-promoted processes (piperidine, NaOH, KOH, NaOMe, Cs2CO3 and
NaH) in methanolic and ethanolic solvents, Lewis acid catalysis (BF3•etherate) in dioxane
solvent and Brønsted (glacial acetic acid) acid catalysis in toluene. Scheme 30 depicts the
scope of this work.
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Base-catalyzed C-S condensations that employ green chemistry principles to produce
B-ring-substituted hybrid chalcones have also been successfully conducted. See Scheme 31.
These processes include the use of benign solvents, solvent-free reactions, microwave
irradiation, ultrasound and ball milling. For example, Ashok’s group compared a typical
base-catalyzed C-S condensation of 83 and 84 with a solvent-free, microwave-mediated
process to prepare a series of carbazolyl hybrid chalcones 85 [58]. The yields for the short-
duration microwave-mediated reactions exceeded those of the lengthy conventional C-S
reactions in every case. Bhatt et al. prepared the furyl chalcone 87 using both conventional
C-S and ultrasound processes to condense furfural 48 and 2,4-dihydroxyacetophenone
86 [59]. The effectiveness of sonication is evident—a 10% increase in yield in 1/20 the
reaction time. Jadhava’s team used PEG-400 as a benign solvent to mediate the condensation
of 4-fluoroacetophenone 84 and a series of pyrazole carbaldehydes 85 en route to eight
fluorinated pyrazolyl hybrid chalcones 86 [60]. Kudlickova and coworkers employed a
mechanochemical ball-milling process to prepare a series of indoylchalcones 92 in yields
ranging from 28 to 79% in only 30 min [61]. Nimmala’s group used a solventless process
to condense various acetophenones and imidazo [1,2-a]pyrimidine 93 or imidazo [1,2-
a]pyridine 95 en route to hybrid chalcones 94a–f and 96a–f, respectively, in very good
yields [62]. Joshi and Saglani employed ultrasound to assist in the condensation of the
fused-ring ketone 97 and a series of quinoline carbaldehydes 98 to prepare the quinolinyl
hybrid chalcones 99 [63].
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3.2. Non C-S Condensations

The final entries describing ring-B-substituted heteroaromatic hybrid chalcones fea-
ture unique tandem reactions involving pyrylium tetrafluoroborate derivatives. Devi
and colleagues conducted a very interesting examination of a single-pot, base-mediated,
tandem-ring-opening, 1,3-dipolar addition reaction between several electron withdrawing
group (EWG)-substituted diazo compounds 101 with tri-substituted pyrylium salts 100,
producing an extensive array of pyrazole hybrid chalcones 102 in moderate to high yields,
as shown in Scheme 32 [64].

Tan and Wang leveraged a similar pyrilium ring-opening strategy in a single-pot 3+2
reductive annulation with benzil derivatives 103 to prepare a comprehensive library of
tetra-substituted Furano chalcones 105a–ii in yields as high as 70% [65]. See Scheme 33. A
noteworthy observation in both works was the finding that Z-chalcone derivatives were
the major or sole product in all instances.
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4. A–B Ring Dual Heteroaromatic Hybrid Chalcone Synthesis

This section catalogues selected processes by which hybrid chalcones bearing a het-
eroaromatic species at both rings A and B may be prepared. Of particular note is the
incredibly diverse array of chalcones produced that feature 21 different heteroaromatic
A–B ring-substituted groups on the hybrid chalcones shown in Schemes 34–46.
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linyl groups [48]. See Scheme 44. Chalcone series 38 was part of a larger study discussed 
earlier in the review (Scheme 17). Yields for the short-duration ultrasound-assisted con-
densation met or exceeded those obtained by the conventional, base-promoted C-S con-
densations performed by the group. 

Scheme 42. Synthesis of thienyl–pyrazolyl/carbazolyl hybrid chalcones.

Molecules 2023, 27, x FOR PEER REVIEW 20 of 28 
 

 

Several syntheses of A–B ring heteroaromatic chalcones having fused-ring systems 
have also been reported. Khan and Asiri prepared two hybrid chalcones and tested them 
for antibacterial activity, a thienyl–pyrazole chalcone as well as a thienyl–carbazolyl chal-
cone using a microwave oven [46]. See Scheme 42. The base-catalyzed process, completed 
in only 45 s, provided the chalcones in 89–90%. Quinolinyl chalcones, such as those pre-
pared by Sarveswari and Vijayakumar in Scheme 43, have also shown promise as antibac-
terial and antifungal agents [47]. Again, yields for the short-duration, microwave-medi-
ated process was on par with or exceeded those obtained by the conventional C-S reac-
tions conducted in their comparative study. 

 
Scheme 42. Synthesis of thienyl–pyrazolyl/carbazolyl hybrid chalcones. 

 
Scheme 43. Synthesis of quinolinyl–pyridyl/thienyl hybrid chalcones. 

Acetylated pyrazolo pyridines 37 and 128 were condensed with five heteroaryl alde-
hydes by Polo et al. under both ultrasonic and conventional conditions to prepare inter-
esting A–B ring hybrid chalcones substituted with furyl, pyridyl, imidazolyl and quino-
linyl groups [48]. See Scheme 44. Chalcone series 38 was part of a larger study discussed 
earlier in the review (Scheme 17). Yields for the short-duration ultrasound-assisted con-
densation met or exceeded those obtained by the conventional, base-promoted C-S con-
densations performed by the group. 

Scheme 43. Synthesis of quinolinyl–pyridyl/thienyl hybrid chalcones.

Molecules 2023, 27, x FOR PEER REVIEW 21 of 28 
 

 

 
Scheme 44. Synthesis of pyrazolopyridyl–heteroaryl hybrid chalcones. 

In Scheme 45, Kumar et al. employed piperidine base to catalyze the microwave-me-
diated condensation of indoles 131 and 132 en route to a large array of highly differentially 
functionalized twin indolyl hybrid chalcones 133 [67]. The yields reported were excellent, 
ranging from 72 to 92%, especially given the reaction time of 5 min. 

Scheme 45. Synthesis of twin indolyl hybrid chalcones. 

Our final entry in this section is a green, solid-state, acid-catalyzed condensation of 
2-acetylthiophene 9 and the thienyl carboxaldehyde 51 conducted by Adnan and associ-
ates, which produced the twin thienyl chalcone 134 in an excellent yield [13]. See Scheme 
46. 

 
Scheme 46. Synthesis of twin thienyl hybrid chalcone. 

5. Heteroaromatic Bis Chalcone Hybrid Synthesis 
This section catalogues several processes by which heteroaromatic bis chalcone hy-

brids bearing two or more heteroaromatic species have been prepared. The reactions fea-
ture both heteroaromatic donors and acceptors as the linker unit in the bis hybrid chalcone 
systems. Conventional and green condensations as well as a unique Wittig preparation 
are discussed. 

Scheme 44. Synthesis of pyrazolopyridyl–heteroaryl hybrid chalcones.

425



Molecules 2023, 28, 3201

Molecules 2023, 27, x FOR PEER REVIEW 21 of 28 
 

 

 
Scheme 44. Synthesis of pyrazolopyridyl–heteroaryl hybrid chalcones. 

In Scheme 45, Kumar et al. employed piperidine base to catalyze the microwave-me-
diated condensation of indoles 131 and 132 en route to a large array of highly differentially 
functionalized twin indolyl hybrid chalcones 133 [67]. The yields reported were excellent, 
ranging from 72 to 92%, especially given the reaction time of 5 min. 

Scheme 45. Synthesis of twin indolyl hybrid chalcones. 

Our final entry in this section is a green, solid-state, acid-catalyzed condensation of 
2-acetylthiophene 9 and the thienyl carboxaldehyde 51 conducted by Adnan and associ-
ates, which produced the twin thienyl chalcone 134 in an excellent yield [13]. See Scheme 
46. 

 
Scheme 46. Synthesis of twin thienyl hybrid chalcone. 

5. Heteroaromatic Bis Chalcone Hybrid Synthesis 
This section catalogues several processes by which heteroaromatic bis chalcone hy-

brids bearing two or more heteroaromatic species have been prepared. The reactions fea-
ture both heteroaromatic donors and acceptors as the linker unit in the bis hybrid chalcone 
systems. Conventional and green condensations as well as a unique Wittig preparation 
are discussed. 

Scheme 45. Synthesis of twin indolyl hybrid chalcones.

Molecules 2023, 27, x FOR PEER REVIEW 21 of 28 
 

 

 
Scheme 44. Synthesis of pyrazolopyridyl–heteroaryl hybrid chalcones. 

In Scheme 45, Kumar et al. employed piperidine base to catalyze the microwave-me-
diated condensation of indoles 131 and 132 en route to a large array of highly differentially 
functionalized twin indolyl hybrid chalcones 133 [67]. The yields reported were excellent, 
ranging from 72 to 92%, especially given the reaction time of 5 min. 

Scheme 45. Synthesis of twin indolyl hybrid chalcones. 

Our final entry in this section is a green, solid-state, acid-catalyzed condensation of 
2-acetylthiophene 9 and the thienyl carboxaldehyde 51 conducted by Adnan and associ-
ates, which produced the twin thienyl chalcone 134 in an excellent yield [13]. See Scheme 
46. 

 
Scheme 46. Synthesis of twin thienyl hybrid chalcone. 

5. Heteroaromatic Bis Chalcone Hybrid Synthesis 
This section catalogues several processes by which heteroaromatic bis chalcone hy-

brids bearing two or more heteroaromatic species have been prepared. The reactions fea-
ture both heteroaromatic donors and acceptors as the linker unit in the bis hybrid chalcone 
systems. Conventional and green condensations as well as a unique Wittig preparation 
are discussed. 

Scheme 46. Synthesis of twin thienyl hybrid chalcone.

4.1. Claisen–Schmidt Condensations

As noted in the preceding sections, the Claisen–Schmidt (C-S) condensation is the
most common method used to prepare A–B ring heteroaromatic chalcones. This reaction,
which can be catalyzed by bases or acids, offers mild conditions that tolerate a wide scope
of functionality in both the ketone donors and aldehyde acceptors.

4.1.1. Base-Catalyzed C-S Condensations

In most instances, NaOH and KOH are the most widely used bases. Sweeting’s
group synthesized and obtained an X-ray crystal structure for the pyrrolyl–thienyl hybrid
chalcone 106 as part of a chalcone solubility and stability study [30]. See Scheme 34. While
the use of centrifuging to mix the reagents is of interest, the low yield is likely attributable
to the limited reaction time of 30 min. Sinha and coworkers prepared two thiazolyl–furyl
hybrid chalcones in high yields (Scheme 35) while investigating potential ant-lipoxygenase
agents [37].

Fused-ring A–B hybrid chalcone examples have also been successfully prepared
under very mild, base-catalyzed C-S conditions. Bandgar’s team prepared the pyridyl
and thienyl–carbazolyl heteroaromatic hybrid chalcones 108–109 in very good yields
(Scheme 36) [29]. While investigating ACP reductase inhibition, Desai’s group prepared
the pyridyl/quinoxazolyl chalcone 110 in a good yield as shown in Scheme 37 [23].
Mallik et al. found that when one equivalent of acetone and four equivalents of 2-pyrrole
carbaldehyde were condensed in 20% KOH, the unusual pyrrolizinyl–pyrrolyl chalcone
112 was formed in modest yield (32%), accompanied by the acetylpyrrolizine 113 (17%) [53].
See Scheme 38. This finding is complementary to the work shown in Scheme 25 in which
similar pyrrolizine products were formed. In an examination of chalcones with potential
anticancer properties, Bukhari prepared a diverse set of furyl-, thienyl-, benzofuryl, and
benzothienyl-1,4-pyrazinyl chalcones 116 in yields ranging from 42 to 75%. Extending
that work to include condensations of 4-heteroaromatic acetophenones 117 with pyrazine
carbaldehyde 115 gave rise to an array of hybrid chalcones 118 in moderate yields [18]. See
Scheme 39.
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4.1.2. Green C-S Condensations

The recent literature reports a number of green, base-promoted C-S condensations
used to prepare A–B ring heteroaromatic hybrid chalcones. While studying potential
antimicrobial agents, Kumar et al. synthesized ten furyl-triazolyl chalcones 120a–j via a
continuous-flow reactor [66]. Of note are the exceptional yields (84–90%) obtained in only
15 min. See Scheme 40. Moreover, in pursuit of suitable chalcones that have antimicrobial
properties, Usta’s team prepared two pyrrole–pyridyl chalcones using both conventional
and microwave processes [27]. The yields reported were as high as 90% after only 3 min of
irradiation. See Scheme 41.

Several syntheses of A–B ring heteroaromatic chalcones having fused-ring systems
have also been reported. Khan and Asiri prepared two hybrid chalcones and tested them for
antibacterial activity, a thienyl–pyrazole chalcone as well as a thienyl–carbazolyl chalcone
using a microwave oven [46]. See Scheme 42. The base-catalyzed process, completed in
only 45 s, provided the chalcones in 89–90%. Quinolinyl chalcones, such as those prepared
by Sarveswari and Vijayakumar in Scheme 43, have also shown promise as antibacterial
and antifungal agents [47]. Again, yields for the short-duration, microwave-mediated
process was on par with or exceeded those obtained by the conventional C-S reactions
conducted in their comparative study.

Acetylated pyrazolo pyridines 37 and 128 were condensed with five heteroaryl aldehy-
des by Polo et al. under both ultrasonic and conventional conditions to prepare interesting
A–B ring hybrid chalcones substituted with furyl, pyridyl, imidazolyl and quinolinyl
groups [48]. See Scheme 44. Chalcone series 38 was part of a larger study discussed earlier
in the review (Scheme 17). Yields for the short-duration ultrasound-assisted condensation
met or exceeded those obtained by the conventional, base-promoted C-S condensations
performed by the group.

In Scheme 45, Kumar et al. employed piperidine base to catalyze the microwave-
mediated condensation of indoles 131 and 132 en route to a large array of highly differ-
entially functionalized twin indolyl hybrid chalcones 133 [67]. The yields reported were
excellent, ranging from 72 to 92%, especially given the reaction time of 5 min.

Our final entry in this section is a green, solid-state, acid-catalyzed condensation of
2-acetylthiophene 9 and the thienyl carboxaldehyde 51 conducted by Adnan and associates,
which produced the twin thienyl chalcone 134 in an excellent yield [13]. See Scheme 46.

5. Heteroaromatic Bis Chalcone Hybrid Synthesis

This section catalogues several processes by which heteroaromatic bis chalcone hybrids
bearing two or more heteroaromatic species have been prepared. The reactions feature
both heteroaromatic donors and acceptors as the linker unit in the bis hybrid chalcone
systems. Conventional and green condensations as well as a unique Wittig preparation
are discussed.

5.1. Claisen–Schmidt Condensations

The Claisen–Schmidt (C-S) condensation is the most widely used method to pre-
pare heteroaromatic bis chalcone hybrids. In this section, we present base-promoted
condensations that tolerate a wide scope of functionality in both the bis-ketone donors and
bis-aldehyde acceptors.

5.1.1. Base-Catalyzed C-S Condensations

As seen in the previous sections, NaOH and KOH are the most widely used bases.
Methanol and ethanol are the solvents of choice in these condensations. In the first entry
of bis hybrid chalcone preparation (Scheme 47), Alidmat et al. prepared three examples
of mono- and dichlorinated bis-thienyl chalcones with potential as anticancer agents [68].
Of note is the one-pot preparation of the non-symmetric bis hybrid chalcone 138 from the
condensation of 4-formylbenzaldehyde 135 (1 mole) and equimolar quantities of acetylthio-
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phenes 136 and 137. In contrast, the condensation of 135 (1 mole) with two moles of 136 or
137 resulted in the symmetric bis hybrid chalcones 139 or 141, respectively.
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While investigating photoinitiators with applications in 3D/4D printing, Chen’s group
prepared several bis hybrid chalcones that show promise as light-sensitive photoinitiators.
See Scheme 48. 4,4′-diacetylbiphenyl 142 was condensed with 2-formylthiophene under
mild, base-promoted conditions to synthesize the bis thienyl biphenyl chalcone 143 in
a good yield [17]. Under the same reaction conditions, 2,6-diacetylpyridine 144 was
condensed with several substituted benzaldehydes 145 en route to three pyridyl bis aryl
hybrid chalcones 146a–c in yields ranging from 58 to 86%.
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Presented in Schemes 50 and 51 are green methods used to prepare bis heteroaro-
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of bis thienyl and bis furyl hybrid chalcones 150a–b. The reaction time of 5 min was suffi-
cient to give product yields in excess of 70%. [69] In a study of the anti-inflammatory ac-
tivity of 3,4-bis-chalcone-N-arylpyrazoles, Abdel-Aziz et al. prepared eight examples of 
assorted aryl- and heteroaryl-substituted chalcone pyrazoles 152 using an aqueous 
KOH/EtOH medium at 60 °C and microwave irradiation [70]. The total reaction time re-
ported was only four minutes to achieve yields ranging from 70 to 93%. Analogous con-
ventional C-S condensations were also carried out over a 12 h period; the yields obtained 
were about 75–85% of those obtained with μwave mediation. 
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While investigating lung cancer cell growth inhibitors, Zhao et al. prepared the indole
bis phenyl chalcone 148 by condensing 1,2-diacetyl-3-methylindole 147 with benzaldehyde
in 60% yield [54]. See Scheme 49.
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Scheme 49. Synthesis of indolyl bis aryl hybrid chalcones.

Presented in Schemes 50 and 51 are green methods used to prepare bis heteroaromatic
chalcones. Asir and coworkers used sonochemical mediation to prepare examples of bis
thienyl and bis furyl hybrid chalcones 150a–b. The reaction time of 5 min was sufficient to
give product yields in excess of 70%. [69] In a study of the anti-inflammatory activity of
3,4-bis-chalcone-N-arylpyrazoles, Abdel-Aziz et al. prepared eight examples of assorted
aryl- and heteroaryl-substituted chalcone pyrazoles 152 using an aqueous KOH/EtOH
medium at 60 ◦C and microwave irradiation [70]. The total reaction time reported was
only four minutes to achieve yields ranging from 70 to 93%. Analogous conventional C-S
condensations were also carried out over a 12 h period; the yields obtained were about
75–85% of those obtained with µwave mediation.
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5.1.2. Non C-S Condensations

Our final installment for the bis hybrid chalcone section is an early example published
by Saikachi and Muto in 1971 [71]. Their work, shown in Scheme 52, which focused on
the preparation and utility of bisphosphoranes in oligimerization studies, exemplified
how the bis-Wittig reagents 153, 155 and 157 could be successfully coupled with furan or
thienylcarbaldehydes to provide a series of bis heteroaromatic chalcones 154, 156 and 158 in
yields ranging from 45 to 99%. This work was unique in providing the bis hybrid chalcone
system with benzene, biphenyl, diphenyl ether, diphenylmethylene, and diphenylethylene
linker units.
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cone system with benzene, biphenyl, diphenyl ether, diphenylmethylene, and diphe-
nylethylene linker units. 
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6. Conclusions and Future Directions

This review of the preparation of heteroaromatic hybrid chalcones gives a robust
accounting of more than 50 historic and current synthetic processes leading to more than
430 different hybrid chalcone examples that include single-ring and multi-ring heteroaro-
matic moieties. We have shown that the venerable Claisen–Schmidt reaction, by far the
most common condensation method discussed herein, has been successfully used in either
base-promoted or acid-catalyzed processes en route to heteroaromatic hybrid chalcones.
We note that variations in the base or acid identity, solution concentration and physical state
often make direct comparisons of the yields challenging. Also discussed has been the wide
array of reaction conditions, such as the temperature and reaction time, which likewise
impact the overall yield. Finally, the topology and electronic reactivity of the ketone donors
and aldehyde acceptors likely modulate the product stereochemistry and yields as well.

Additionally, this review has provided the reader with an appreciation of alternative
methods used to prepare these hybrid chalcones. Presented in our review are metal-
catalyzed coupling reactions, cycloadditions, ring-opening processes and Wittig reactions
that enable the formation of more than 75 hybrid chalcone examples.

A key thrust of this review has been to highlight the application of green chemistry
methods in heteroaromatic hybrid chalcone synthesis. From the use of benign/renewable
solvents and solvent-free and solid-state processes, researchers have demonstrated the
ability to minimize waste streams. Through the use of sonochemical, mechanochemical,
microwave irradiation, continuous-flow reactions and nanocatalytic methods, scientists
minimize the reagent costs, reaction times and energy expenditure while optimizing the
yields. Taken together, the important advances in green method uses noted herein portend
well for future investigations of heteroaromatic chalcone synthesis.
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