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organic synthesis of nitrogen- and oxygen-
containing preferred heterocyclic scaffolds†
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In recent decades, the utilization of microwave energy has experienced an extraordinary surge, leading to

the introduction of innovative and revolutionary applications across various fields of chemistry such as

medicinal chemistry, materials science, organic synthesis and heterocyclic chemistry. Herein, we provide

a comprehensive literature review on the microwave-assisted organic synthesis of selected heterocycles.

We highlight the use of microwave irradiation as an effective method for constructing a diverse range of

molecules with high yield and selectivity. We also emphasize the impact of microwave irradiation on the

efficient synthesis of N- and O-containing heterocycles that possess bioactive properties, such as anti-

cancer, anti-proliferative, and anti-tumor activities. Specific attention is given to the efficient synthesis of

pyrazolopyrimidines-, coumarin-, quinoline-, and isatin-based scaffolds, which have been extensively

studied for their potential in drug discovery. The article provides valuable insights into the recent

synthetic protocols and trends for the development of new drugs using heterocyclic molecules.
1. Introduction

A natural product is a substance found in the nature, and can be
in the form of heterocycles or other moieties.1 Natural products
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have had a great inuence on the developments of medicines
and materials for treatment of cancer, bacterial infections,
autoimmune diseases and inammation.2 Nature is a major
source for organic molecules in the form of secondary metab-
olites, which can be used for the development of novel thera-
peutics. Most of the drugs based on chemical scaffolds isolated
from plants, marine organisms, microbes and other natural
sources serve as treatments of various diseases. Natural prod-
ucts have also been used for commercial purposes such as
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Fig. 1 Heterocycles derived bioactive molecules (A–D): (A) calanolide
A, a coumarin-based anti-HIV drug, (B) warfarin, a coumarin-based
anticoagulant, (C) chloroquine, a quinoline-based antimalarial drug,
(D) hydroxychloroquine, a quinoline-based antimalarial drug, (E) nin-
tedanib, an isatin-based anticancer drug, (F) zaleplon, a pyrazolopyr-
imidine-based anti-insomnia drug, and (G) sildenafil,
a pyrazolopyrimidine-based drug.
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cosmetics, dietary supplements, and many other edible
products.3,4

New pharmaceuticals and many effective medications were
initially developed as semi-synthetic analogues of compounds
found in nature.5 Natural products are very diverse in terms of
three-dimensional (3D) chemical space and exhibit unique
biological functions. This is inferred from the idea that virtually
all natural compounds have some capability for receptor
binding.6,7

Thus, the design and synthesis of natural products and
natural product-inspired heterocyclic molecules have been of
interest to medicinal chemists and chemical biologists because
these molecules have signicant roles in the drug-development
process.8–10 Common heterocycles are found in natural prod-
ucts, especially in alkaloids, polyketals, vitamins and prop-
anoids.11 Isatin, coumarin, quinoline, isoquinoline, pyrimidine,
pyrazole, and pyrazolopyrimidine are heterocyclic motifs found
widely in bioactive natural products as well as in pharmaceu-
tical agents. Molecules derived from these scaffolds, such as
coumarin derivatives, show various biological activities. Cala-
nolide A is a coumarin based anti-HIV drug.12 Warfarin is
a coumarin-based anticoagulant drug which is mainly used to
prevent blood clots.13 Chloroquine is a quinoline-based anti-
malarial drug and recently used to treat COVID-19.14 Hydroxy-
chloroquine is also a quinoline-based antimalarial drug.15

Nintedanib is an isatin derivative, currently used as an anti-
cancer drug.16 The pyrazolopyrimidine derivative zaleplon is
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used as treatment of insomnia in humans by decreasing the
activity of the brain.17 Sildenal is a pyrazolopyrimidine-based
drug mainly used in the treatment of erectile disfunction in
humans18 (Fig. 1).

Various techniques are available to efficiently synthesize
these heterocyclic scaffolds and derivatives, including electro-
chemical synthesis, metal-free synthesis, photochemical
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synthesis, solvent-free synthesis, ultrasonication, solvothermal
synthesis, ball milling, and many more.19–21 Some reactions
under thermal conditions can take from a few hours to a few
days.22 In recent times, various techniques and methods have
enabled chemical reactions to be undertaken efficiently and in
less time. As a result, a new approach has been developed to
serve as an energy source for performing efficient chemical
synthesis.23–26 This approach involves the use of microwave
energy, which is harnessed through a microwave reactor.

A microwave reactor is an apparatus designed for carrying
out microwave-assisted organic synthesis. It is important to
note that this type of reactor is slightly different from the
conventional household microwave oven.27 The microwave
reactor comprises a microwave emitter, a pressure controller,
and a rotor with safety controls that are tted with the reactor.28

The microwave emitter in the reactor emits microwave energy,
which is absorbed by the reactants in the reaction vessel,
leading to a heating effect.29 The pressure controller is respon-
sible for regulating the pressure within the reactor, ensuring
that it remains at the desired level. The rotor helps to distribute
the reactants evenly within the reactor, enhancing the efficiency
of the reaction.30

Over the past few decades, there has been a remarkable surge
in the utilization of microwave energy. This had led to the
introduction of novel and revolutionary applications in various
elds, such as organic synthesis, heterocycle synthesis, polymer
chemistry,31,32 material sciences,33 nanotechnology, and
biochemical processes.34,35 Notably, microwave irradiation has
displayed the potential to signicantly reduce processing time,
amplify the reaction yield, as well as enhance the purity and
properties of products, thereby surpassing traditional
methods.36 This advancement, known as microwave-assisted
organic synthesis (MAOS), relies on the efficient heat transfer
achieved through dielectric heating, and is primarily dependent
on the absorption capacity of the solvent or reagents for
microwave energy.37

Dielectric heating provides a crucial advantage over
conventional heating methods as microwaves directly interact
with dipoles or ionic molecules present in the reaction mixture,
allowing energy transfer to occur in less than a nanosecond
(10−9 s), leading to an instantaneous temperature rise.38–40

Additionally, microwave irradiation facilitates volumetric heat-
ing by directly coupling the electromagnetic eld with mole-
cules in the reaction mixture, thereby minimizing or completely
avoiding wall effects.41 This introduction outlines the promising
and transformative possibilities that microwave energy offers in
advancing research and development across various scientic
domains.42

Overall, the microwave reactor is an essential tool for con-
ducting MAOS, providing a reliable and efficient energy source
for various chemical reactions. Therefore, this approach has
proven to be useful in obtaining a diverse library of heterocy-
clic molecules inspired by natural products that exhibit
improved pharmacological properties. Thus, microwave irra-
diation has been identied as a crucial technique in organic
synthesis and drug-discovery processes. This review highlights
recent advancements in the synthesis of quinoline,
32860 | RSC Adv., 2023, 13, 32858–32892
pyrazolopyrimidine, coumarin, isatin and their derivatives
under MAOS.

The review covers a wide range of microwave-assisted
synthetic reactions, including Suzuki–Miyaura cross-coupling,
Friedlander synthesis, copper-catalyzed four-component
synthesis, and the synthesis of isatin-b-thiocarbohydrazones
and quinoline fused 1,4-benzodiazepines. This breadth of
coverage allows readers to gain insight into the diverse appli-
cations of microwave-assisted synthesis in different chemical
transformations. We provide specic examples of successful
reactions, the catalysts used, reaction conditions, and isolated
yields. These examples enable researchers to understand the
practical aspects of microwave-assisted synthesis. It highlights
the advantages of microwave-assisted synthesis over conven-
tional heating methods. It emphasizes the signicant time
savings, improved yields, and higher selectivity achieved
through microwave irradiation, making it a more attractive
option for various chemical reactions. The review offers valu-
able perspectives on the potential areas of research and
improvement in microwave-assisted synthesis and discusses
the need for a deeper mechanistic understanding, exploration
of new reactions, “green” and sustainable chemistry applica-
tions, scale-up challenges, and the combination of microwave
technology with other techniques.

Thus, this review offers a comprehensive, well-referenced,
and forward-looking perspective on microwave-assisted
synthesis. It goes beyond theoretical discussions and provides
concrete examples and practical benets, making it a valuable
resource for researchers and practitioners in the elds of
synthetic chemistry and materials science.
2. MAOS of N- and O-containing
heterocycles

Nitrogen-containing heterocyclic motifs are abundant in
natural products and natural product-derived drug mole-
cules.43,44 Therefore, chemical synthesis of these scaffolds has
been of interest among organic synthesis and medicinal-
chemistry research groups. Oxygen-containing molecules such
as coumarins are also present in nature and display various
biological functions.45–47 Chemical modication of these
secondary metabolites is needed to obtain diverse derivatives
that can fulll 3D chemical space. Thus, microwave-assisted
synthetic modication evolved is a powerful tool which can
complete reactions in a shorter time and furnish the desired
products in high yields.
2.1. Quinolines and their derivatives

Quinoline is a heterocyclic organic compound consisting of
a benzene ring fused to a pyridine ring. It is a fundamental
building block in the synthesis of various pharmaceuticals and
agrochemicals.48–50 It is found in some plants, and is also
a component in the avour of tobacco.51,52 Quinoline serves as
a precursor for numerous derivatives with diverse properties.
Many quinoline derivatives exhibit potent pharmacological
activities,53 including anti-malarial drugs such as chloroquine54
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of quinolin-4-ylmethoxychromen-2-ones 5a–e.

Scheme 3 A proposed mechanism of the one-pot synthesis of qui-
nolin-4-ylmethoxychromen-4-ones catalyzed by YbCl3.
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and anti-cancer agents such as camptothecin.55 Its derivatives
have been studied for their potential in treating neurodegen-
erative diseases because they can interact with specic recep-
tors in the brain.56 Certain quinoline derivatives are used in
agriculture as pesticides and herbicides due to their ability to
control plant diseases.57 In summary, quinoline and its deriva-
tives have pivotal roles in various elds, from medicine and
chemistry to agriculture and materials science, owing to their
versatile chemical properties and wide-ranging applications.
Therefore, researchers have keen to synthesize quinoline-based
pharmacophores for the development of new drugs. In this
review, recent developments on the microwave-assisted
synthesis of quinolines and their derivatives has been
summarized.

Ahmed and co-workers reported a one-pot, three-component
domino reaction of propargylated-avone or coumarin 1a–1b
with aldehydes 3a–g and anilines 2a–e.58 The reaction was
carried out under solvent-free and microwave conditions using
YbCl3 as a catalyst. It resulted in an efficient and highly eco-
friendly synthesis of diverse and functionalized quinolin-4-
ylmethoxychromen-4-ones 4a–n (Scheme 1) and quinolin-4-
ylmethoxychromen-2-ones 5a–e (Scheme 2). The desired prod-
ucts (4a–n and 5a–e) were obtained in excellent yields (80–95%)
at 100 °C within 4 min. The reaction was also performed in an
oil bath under heating conditions but it furnished a lower yield
of product and longer reaction time (60 min) as compared to
under microwave-assisted conditions (4 min). Hence, it is
evident that the microwave approach offers several advantages,
such as high yields, mild reaction conditions that are free of
solvents, tolerance of functional groups, 95% atom-economy,
and recyclability of the catalyst.

Scheme 3 illustrates a proposed mechanism for the one-pot
synthesis of quinolin-4-ylmethoxychromen-4-ones based on the
aforementioned results. This one-pot three-component reaction
involves a series of steps. First, it includes domino imine
formation, followed by imine addition and cyclization and,
nally, oxidation. The high reactivity of YbCl3 can be attributed
to the smaller radius of Yb3+. Importantly, the presence of H2O
in the reaction system does not deactivate or decompose the
catalyst. The coordination of the hard Lewis-base site of the
nitrogen lone pair with the hard Lewis-acid Yb3+ is supported by
Scheme 1 Synthesis of quinolin-4-ylmethoxychromen-4-ones 4a–n.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the HSAB theory. This coordination enhances the electrophi-
licity of the imine, leading to subsequent cyclization and
aromatization. Notably, Yb3+ plays a signicant role in both the
imine addition and cyclization processes.

Frank and co-workers efficiently produced D- and A-ring
fused novel quinolines in an estrone series.59 They synthe-
sized the desired molecules 9a–c and 13a–g using various aryl-
amines 8a–c and 12a–g with the corresponding b-chlorovinyl
aldehydes 7a and 11a in DMF under microwave irradiation.
However, they discovered that the electronic and steric char-
acteristics of the substituents of anilines, as well as the distinct
reactivities of rings D and A of the sterane skeleton, had
signicant impacts on the rates and yields of the one-pot,
catalyst-free synthesis. They found poor-to-moderate yields
(47–53%) of D-fused quinolines 9a–c applying microwave
conditions at 140 °C, and A-fused quinolines (Scheme 4) 13a–g
were obtained in moderate-to-good isolated yields (43–92%) at
100 °C for 2–10 min (Scheme 5). To explore the benets of
Scheme 4 Synthesis of steroidal ring D-fused quinolines 9a–c.

RSC Adv., 2023, 13, 32858–32892 | 32861
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Scheme 5 Synthesis of steroidal ring A-fused quinolines 13a–g.
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microwave irradiation, the reaction between 11a and 12b (1
equiv.) was additionally conducted using conventional heating
(120 °C, DMF) but it required an extended reaction time (4 h
instead of 2 min) for production of the desired quinoline 13b.
Moreover, the yield achieved with conventional heating was
lower, reaching 75%, as opposed to the 91% yield obtained with
microwave irradiation.

Fernandes and co-workers reported an efficient and envi-
ronmentally friendly method to synthesize various derivatives
of quinolines 17a–u using microwave irradiation.60 They opti-
mized the reaction conditions using various solvents such as
ethanol, water, and acetonitrile, as well as without a solvent.
The microwave-assisted neat condition performed better for the
synthesis of various derivatives of quinolines 17a–u with
moderate-to-good isolated yields (40–68%). All the reactions
were carried out using various anilines 14a–m, aryl aldehydes
15a–k and styrene 16 in the presence of p-sulfonic acid calix[4]
arene (CX4SO3H) at neat conditions under microwave irradia-
tion at 200 °C for 20–25 min (Scheme 6). For comparison
purposes, the classical thermal method employing acetonitrile
and 12 of reux was used to obtain 17b–17h. In contrast, the
utilization of microwave irradiation with various aniline
substrates resulted in improved yields of quinolines, as evi-
denced by the results obtained for the synthesis of 17i–17u.
Remarkably, microwave irradiation proved to be 11–19% more
efficient than conventional heating for producing quinolines
17n, 17p and 17s. The yield of the tri-methoxy-substituted
product was twice as high when using microwave irradiation
Scheme 6 Synthesis of various derivatives of quinolines 17a–u.

32862 | RSC Adv., 2023, 13, 32858–32892
compared with that using conventional heating. Additionally,
reactions under microwave irradiation allowed for faster
formation of the desired quinolines in comparison with using
thermal heating and solvent-free conditions.

An elegant cascade approach was developed by Patel and co-
workers to synthesize indoloquinolines. This approach enabled
the synthesis of numerous valuable indoloquinoline alkaloids
through the Ag2CO3-mediated cascade annulation of internal
alkynes under microwave heating.61 They performed the
Ag2CO3-mediated reaction with 2-(phenylethynyl)aniline 18 and
phenyl isothiocynate 19 in DMSO using a conventional method,
and observed the poor isolated yield (47%) of the desired
product. They also carried out the reaction without using
Ag2CO3 but only a trace amount of the product was formed,
which indicated the signicant role of Ag2CO3 in the reaction
medium. Thus, to improve the yields of desired products 20a–l,
all Ag2CO3-mediated reactions of 2-(phenylethynyl)anilines
18a–g with phenyl isothiocyanates 19a–f were carried out in
microwave conditions at 130 °C for 20–30 min and afforded
good isolated yields (64–80%) (Scheme 7). This methodology
offers several benets, including good functional-group toler-
ance, mild microwave conditions, and short reaction times.

Huigens and co-workers developed a catalyst-free
microwave-assisted Friedländer synthesis which provided
a single-step conversion of various derivatives of 8-hydrox-
yquinolines with higher yield (72%) over that achieved with
conventional heating (34% yield).62 Initially, they performed the
reaction with generation of 2-amino-3-hydroxybenzaldehyde 21
which, upon condensation with ketones using conventional
heating, afforded 8-hydroxyquinolines in low-to-moderate
yields. Thus, to increase the product yields they also per-
formed the condensation reaction with 2-amino-3-
hydroxybenzaldehyde 21 and ketones 22a–g in ethanol. Using
a microwave-irradiated technique, they heated the reaction
mixture at 130 °C for 30–40 min to afford good isolated yields
(48–84%) of designed products 23a–g (Scheme 8). They con-
ducted additional analysis on the microwave-assisted
Friedländer reaction using different substrates: signicant
enhancements in yields were observed for most of the quinoline
library. The average yield, which was previously 34% using
Scheme 7 Synthesis of various indoloquinolines 20a–l.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Friedländer synthesis of 8-hydroxyquinolines 23a–g.

Scheme 9 Synthesis of various quinolines 27a–i.

Scheme 11 A plausible mechanism for quinoline synthesis.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
no

ve
m

br
e 

20
23

. D
ow

nl
oa

de
d 

on
 1

9/
01

/2
02

6 
06

:5
8:

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
traditional oil-bath heating, improved to 72% with microwave
irradiation.

Baltork and co-workers developed an efficient and reusable
catalyst to synthesize quinoline derivatives using microwave
irradiation. They utilized Fe3O4-TDSN-Bi(III) as a catalyst in
solvent-free conditions using microwaves for the regioselective
synthesis of quinolines.63 They carried out the reaction with
arylamine 24, arylaldehydes 25a–i and methyl propiolate 26 in
the presence of Fe3O4-TDSN-Bi(III) as a catalyst under microwave
irradiation at 80 °C to afford good-to-excellent yields (85–97%)
of the designed products 27a–i (Scheme 9). They also performed
the reaction without using a catalyst (Fe3O4-TDSN-Bi(III)) but
there was no conversion in product, and they used a conven-
tional method for quinoline synthesis but obtained a very low
yield (40%) of the designed product 27. Thus, it was discovered
that a catalyst and microwave irradiation were equally impor-
tant to obtain desired products in high yields.

A microwave-assisted development of a Povarov-type multi-
component reaction to synthesize quinolines was reported by
Sharma and co-workers.64 They performed the reaction with
anilines 28a–m, an alkyne and paraformaldehyde in the pres-
ence of (±)camphor-10-sulfonic acid (CSA; used as a promotor)
and heated the reaction mixture at 90 °C for 20 min to afford
poor-to-good yields (26–90%) of designed quinolines 30a–m
(Scheme 10). The Povarov-type reaction involved [4 + 2]
Scheme 10 Synthesis of quinoline derivatives 30a–m.

© 2023 The Author(s). Published by the Royal Society of Chemistry
cycloaddition of imine (formed in situ with an aldehyde and
aniline) and alkyne to afford various derivatives of quinolines
30a–m.

The Povarov-type multicomponent reaction could proceed
through the formation of in situ-generated intermediate I from
the condensation of paraformaldehyde and aniline. Cycload-
dition of 29 with CSA activated imine (II) via a Povarov-type
multicomponent cycloaddition reaction to afford intermediate
III. The latter was converted to intermediate IV which, upon
further removal of CSA and spontaneous oxidation, yielded the
nal product 30a (Scheme 11).

Kamble and co-workers reported an efficient microwave-
assisted protocol for the synthesis of quinoline fused 1,4-
benzodiazepine.65 They performed the reduction reaction with
2-chloro,6,7,8-substituted quinoline-3-carbaldehydes 31a–j to
afford compounds 32a–j which, on further bromination and
condensation with 1,2-phenylenediamine, afforded the nal
products quinoline-fused 1,4-benzodiazepines 34a–j. The
condensation reaction was performed using brominated prod-
ucts 6,7,8-substituted 3-bromomethyl-2-chloro-quinolines 33a–j
in a microwave reactor at 80 °C to afford excellent isolated yields
(92–97%) of quinoline-fused 1,4-benzodiazepines 34a–j
(Scheme 12). To compare the conventional and microwave
irradiation methods, substituted quinoline derivatives were
synthesized using a conventional method, resulting in nal
products 33a–j with satisfactory yields of 62–65%. Researchers
reported a microwave-assisted synthesis of benzimidazoles
using amides and observed improved yields. This observation
prompted them to investigate further by reacting substituted 3-
bromomethyl-2-chloroquinolines (33a–j) with 1,2-phenylenedi-
amine under microwave conditions to obtain 33a–j. Remark-
ably, they achieved a signicant increase in yield, ranging from
Scheme 12 Synthesis of quinoline-fused 1,4-benzodiazepines 34a–j.
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Scheme 14 Synthesis of pyrazolo-[3,4-b]-quinoline derivatives 43a–r.

Scheme 15 Plausible mechanism for the synthesis of pyrazolo-[3,4-
b]-quinoline derivatives.
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92% to 97%, within a very short time duration of 5 min using
150 W of microwave irradiation. Hence, microwaves produced
good results in the form of higher yields, less time as well as
atom-economy as compared with the traditional heating
method.

Munir and co-workers reported a microwave-assisted
synthesis of 2-((6/8-methyl-2-(piperidin-1-yl)quinolin-3-yl)meth-
ylene)hydrazinecarbothioamides.66 They developed a new series
of piperidine-containing quinolinyl thiosemicarbazones using
commercially available anilines. Initially, they performed the
acetylation of anilines 35a–l, produced acetanilides 36a–l
which, on further Vilsmeier–Haack formylation using dime-
thylformamide and phosphoryl chloride, afforded 2-
chloroquinoline-3-carbaldehydes 37a–l. Subsequently, cetyl-
trimethylammonium bromide (CTAB)-catalyzed nucleophilic
aromatic substitution of 37a–l with piperidine in polyethylene
glycol-400 (PEG-400) produced 2-(piperidin-1-yl)quinoline-3-
carbaldehydes 38a–l in 97–98% yields. Finally, microwave-
assisted condensation of 38a–l with thiosemicarbazides affor-
ded the desired hybrid compounds 39a–l in excellent yields (89–
98%) within 3–5 min (Scheme 13). They investigated the reac-
tions for comparative study between conventional and micro-
wave irradiation and found a 10% fall in the yield using the
conventional method instead of microwave irradiation.

Jonnalagadda reported a new method for synthesizing pyr-
azolo-[3,4-b]-quinolines in an eco-friendly, fast, and convenient
way using a microwave-assisted multi-component/one-pot
protocol.67 This method was conducted in aqueous ethanol at
50 °C for 5 min. This process resulted in a new series of pyr-
azolo-[3,4-b]-quinoline derivatives 43a–r with excellent yields
ranging from 91% to 98%. These derivatives were produced by
the reaction with aryl aldehydes 40a–r, dimedone 41, and 5-
amino-3-methyl-1-phenylpyrazole 42 applying microwave
conditions (Scheme 14). Furthermore, during optimization of
the reaction, they observed a signicant decrease in the yield
(15%) when varying the reaction temperature from 50 °C to 30 °
C. They also noticed that increasing the reaction temperature
resulted in a lower product yield. This result provided evidence
that maintaining a constant temperature was crucial for this
reaction, making microwave heating a superior choice
compared with traditional heating methods.
Scheme 13 Synthesis of quinolinyl-hydrazinecarbothioamides 39a–l.

32864 | RSC Adv., 2023, 13, 32858–32892
Scheme 15 illustrates a plausible mechanism for the
synthetic reaction. Initially, there is a Knoevenagel condensa-
tion reaction between dimedone 41 and an aryl aldehyde 40,
leading to the formation of adduct A. The adduct A undergoes
dehydration to produce intermediate B. Subsequently,
a Michael-type addition reaction occurs between 5-amino-3-
methyl-1-phenylpyrazole 42 and intermediate B, yielding
a new intermediate, C. This intermediate C then undergoes
tautomerisation to form an intermediate D. Finally, through
cyclization and dehydration reactions, the product 43 is
obtained.

Jonnalagadda and co-workers reported an efficient and
environmentally benign approach for the synthesis of
substituted 1,4-dihydroquinolines.68 The one-pot multicompo-
nent reaction was performed using resorcinol 44, aromatic
aldehydes 45a–j, ammonium acetate 46 and acetoacetanilide 47
under microwave conditions (100 W) at 110 °C for 8–10 min to
Scheme 16 Synthesis of 1,4-dihydroquinolines 48a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Synthesis of spiro-indolenines 54a–p and quinoline
analogs 55a–p.

Scheme 19 Plausible mechanism for the synthesis of spiro-indole-
nines and quinolines.
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afford good isolated yields (88–96%) of compounds 48a–j. The
reaction proceeded through the Knoevenagel condensation,
Michael addition followed by intramolecular cyclization
(Scheme 16). To validate the advantage of microwaves, the
reaction was conducted by heating a simple mixture of resor-
cinol, benzaldehyde, acetoacetanilide, and ammonium acetate
in ethanol under reux conditions, which led to completion of
the reaction in 6 h and provided 48a at a yield of 79%. Recog-
nizing the advantages associated with microwave irradiation for
conducting reactions, researchers investigated the same reac-
tion under microwave irradiation at 100 W and 110 °C in
ethanol. Surprisingly, this microwave-assisted reaction reached
completion in just 10 min, resulting in a higher yield of 48a
(92%) compared with that using the traditional thermal reac-
tion. Thus, microwaves are a better choice to proceed this type
of reaction and obtain a maximum yield in a shorter time.

Abonia and co-workers developed a catalyst-free and one-pot
three-component protocol to synthesize dihydropyrido[2,3-d]
pyrimidines and dihydro-1H-pyrazolo[3,4-b]pyridines contain-
ing a quinoline pharmacophore.69 They performed the
microwave-assisted synthesis with formyl-quinoline derivatives
49a–f, primary heterocyclic amine 50 and cyclic 1,3-diketone 51
in DMF at 150 °C for 8 min, which afforded the good isolated
yields (68–82%) of target compounds 52a–f (Scheme 17). The
reaction proceeded via aldol condensation, Michael addition
and intramolecular addition of an amine to a carbonyl group.

A microwave-assisted, temperature-variable, metal-free and
acid-mediated procedure to prepare spiro-indolenines and
quinolines was established by Eycken and co-workers.70 They
discovered that indolyl-ynones 53a–p treated with TFA and
continuous stirring at room temperature for 15 min afforded
spiro-indolenines 54a–p in good isolated yields (41–99%)
whereas, upon heating the reactionmixture at 100 °C for 30 min
under microwave conditions (100 W) afforded the quinolines
55a–p in excellent yields (95–99%). For the synthesis of spiro-
indolenine, the reaction proceeded through acid-catalyzed
intramolecular Michael addition and double-protonation of
the spiro-indolenine, rearrangement with the formation of
cyclopropane ring, followed by expansion and restoration of
aromaticity (Scheme 18). Thus, in this protocol, two types of
product were noticed while using the same reactant in both
cases. When the reaction was performed at room temperature
using the conventional method, it generated spiro-indolenines
and applying microwave conditions led to quinoline being
formed as a major product. Hence, in some cases, microwave-
assisted synthesis produces different products compared with
those using traditional heating methods.
Scheme 17 Synthesis of dihydropyrido[2,3-d]pyrimidines 52a–f.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Scheme 19 illustrates a plausible mechanism. Initially, an
intramolecular Michael addition is catalyzed by a Brønsted acid,
involving the C-3 carbon of the indole and the ynone, resulting
in the formation of spiro-indolenine 54. The activation energy
for the formation of 3a is notably higher than that for 54, as
evidenced by the requirement of a higher temperature for the
rearrangement process. Under elevated temperature condi-
tions, the second step involves double-protonation of the spiro-
indolenine, leading to ketone tautomerization and the genera-
tion of an electrophilic iminium ion. This iminium ion is then
attacked by the enol, followed by a rearrangement that forms
a cyclopropane ring, leading to ring expansion and the resto-
ration of aromaticity. Consequently, this series of reactions
culminates in the formation of the quinoline core 55.
Scheme 20 Synthesis of 4-aminoquinoline-phthalimides 58a–x.
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Scheme 21 Synthesis of quinoline derivatives 63a–h.

Scheme 23 Synthesis of quinoline derivatives 70a–p.

Scheme 24 Synthesis of polysubstituted quinolines 73a–k.
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Kumar and co-workers reported a microwave-assisted
synthesis of a series of quinoline derivatives having antituber-
cular properties.71 To synthesize 4-aminoquinoline-
phthalimides 58a–x, they performed the reaction with various
phthalic anhydrides 56a–f and 4-aminoquinoline-diamines
57a–e in DMSO, heated at 160 °C for 2 min in microwave ob-
tained good isolated yields (81–92%) (Scheme 20). They have
also evaluated the antitubercular potential of synthesized
compounds against mc26230 strain of Mycobacterium tubercu-
losis and compound 58d found the most potent (MIC99 value of
13.7 mM) among all the derived compounds.

Jonnalagadda and co-workers developed a series of quino-
line derivatives in ethanol under microwave conditions.72 They
performed the TEA-catalyzed reaction between 5,5-
dimethylcyclohexane-1,3-dione, aromatic aldehydes, malono-
nitrile and ammonium acetate in ethanolic solvent under
microwave conditions at 100 W for 12 min to afford excellent
yields (85–98%) of quinoline derivatives 63a–h (Scheme 21).

Yu and co-workers reported a microwave-assisted develop-
ment of polyheterocyclic-fused quinoline-2-thiones through
catalyst-free annulation of various hetero anilines and carbon
disulphide using green solvent.73 In order to synthesize
imidazopyridine-fused quinoline-2-thiones 66a–r, they per-
formed the reaction with various substituted 2-(imidazo[1,2-a]
pyridin-2-yl)anilines 64a–r and carbon disulde 65, heated at
140 °C for 30 min in water using microwave and obtained good
isolated yields (51–99%). The reaction proceeds through 6p-
electrocyclization followed by the aromatization of the inter-
mediate (Scheme 22). This represents the rst example of
synthesizing polyheterocyclic-fused quinoline-2-thiones, show-
casing several advantageous aspects, such as a catalyst-free
process, a short reaction duration, a reusable and environ-
mentally friendly solvent system, and easy isolation via simple
Scheme 22 Synthesis of imidazopyridine fused quinoline-2-thiones
66a–r.

32866 | RSC Adv., 2023, 13, 32858–32892
ltration, thereby avoiding the need for column
chromatography.

Patel and co-workers developed a green and efficient
approach to synthesize a series of quinoline-4-carboxylic deriv-
atives using an organocatalyst under microwave irradiation.74

They carried out the three-component reaction of aromatic
aldehydes 67a–c, substituted anilines 68a–g, and pyruvic acid 69
in ethanol using p-TSA as a catalyst under microwave conditions
at 80 °C for 3 min, which furnished good isolated yields (50–
80%) of quinoline derivatives 70a–p (Scheme 23). They also
performed the reaction using a conventional method but it
required longer (3 h to overnight) instead of 3–4 min under
microwave conditions. They also observed a lower yield in the
conventional method as compared with the microwave method.

Wang and co-workers discovered a novel, environmentally
friendly synthetic route for the Friedländer quinoline synthesis
of various substituted quinolines.75 They performed the reac-
tion with 2-aminobenzophenone 71 and various dicarbonyl
moieties 72a–k using Naon NR50 as a catalyst in ethanolic
solvent under microwave conditions at 200 °C for 60 min to
Scheme 25 Synthesis of tetrahydrofuro quinoline-diones 75a–o.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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afford good isolated yields (43–95%) of polysubstituted quino-
lines 73a–k (Scheme 24).

Andrade and co-workers reported a new method to synthe-
size poly-functionalized 2-quinolinones from N-(o-ethynylaryl)-
acrylamides (1,7-enynes).76 They discovered the microwave-
assisted synthesis of 2-quinolinone-fused g-lactones using
Fenton's reagent within 10 s. They performed the reaction with
various derivatives of compound 74a–o and tBuOH/formamide
using Fenton's reagent heated in microwave-irradiated condi-
tions at 130 °C for 10 s to afford the desired compounds 75a–o
in isolated yields of 33–45% (Scheme 25). A similar reaction was
also performed using a conventional method, but took (4 h)
instead of 10 s in microwave conditions.

Scheme 26 illustrates the possible mechanism for the
synthesis of 2-quinolinone-fused g-lactones 75a–o. The initial
phase involves the generation of hydroxyl radicals using Fen-
ton's reaction. In an acidic environment, 6H2O2 and Fe(II)
facilitate the production of hydroxyl radicals, water, and Fe(III).
The reaction also allows for the regeneration of Fe(II) from the
reaction between Fe(III) and H2O2. Subsequently, formamide is
transformed into the carbamoyl radical by the action of the
hydroxyl radical. This carbamoyl radical then attacks the
carbon–carbon double bond of the acrylic amide moiety and
undergoes cyclization with the carbon–carbon triple bond,
resulting in the formation of vinyl radical II. The recombination
of hydroxyl and vinyl radicals II leads to the formation of enol
III. Enol III is then converted into racemic epoxide IV through
an epoxidation reaction. Studies have shown that peroxides, in
the presence of iron, can oxidize C–C double bonds that are
conjugated to aromatic rings, resulting in the formation of
epoxides. The pathway for the construction of lactone involves
a selective epoxide-opening reaction via an SN2-type mecha-
nism, which explains the observedmaximum yield (50%) in this
process. Once intermediate IV is formed with the appropriate
Scheme 26 Proposed mechanism for the synthesis of 2-quinolinone-
fused g-lactones 75a–75o.

© 2023 The Author(s). Published by the Royal Society of Chemistry
stereochemistry (anti), 5-exo-tet cyclization can take place. This
involves a nucleophilic attack of the amide group from the
backside of the epoxide through an SN2-type mechanism,
leading to the formation of intermediate V (geminal diol). Aer
simple hydrolysis and dehydration of V, product 75a–o is ob-
tained with the release of ammonia.
2.2. Pyrazolopyrimidines and their derivatives

The pyrazolopyrimidine scaffold is an important class of N-
heterocycles in the realm of drug discovery.77 It comprises
fusion between a pyrazole ring and a six-membered pyrimidine
ring. Pyrazolopyrimidines exist in several isomeric forms,
including pyrazolo [3,4-d]pyrimidines, pyrazolo [4,3-d]pyrimi-
dines, pyrazolo [5,1-b]pyrimidines, and pyrazolo [1,5-a]pyrimi-
dines, all of which hold scientic importance.78 The
pyrazolopyrimidine structure is particularly alluring due to its
synthetic feasibility and profound pharmacological signi-
cance. Several well-known drugs in the market incorporate the
pyrazolopyrimidine nucleus, including zaleplon,79 indiplon,80

allopurinol,81 dinaciclib,82 ocinaplon,83 pyrazophos,84 and sil-
denal.85 Pyrazolopyrimidines showcase a diverse range of
pharmacological properties, serving as cyclin-dependent kinase
(CDK) inhibitors,86 antibacterial agents,87 antifungal agents,88

anti-proliferative compounds,89 as well as anti-leishmanial90

and antiviral agents.91 Therefore, the synthesis of these types of
scaffolds and investigation of their biological potential are of
keen interest to researchers. Herein, we have compiled the
microwave-assisted synthetic developments on pyrazolopyr-
imidines and their derivatives.

An acid-promoted one-pot development of 6-amino-
pyrazolopyrimidines was reported by Wong and co-workers.92

The reaction was carried out with 1H-pyrazol-5-yl-N,N-dime-
thylformamidines or 5-amino-1H-pyrazole-4-carbaldehydes
76a–o and cyanamide (NH2CN) in an acid-mediated solution
applying microwave conditions at 55 °C to afford good isolated
yields (63–86%) of desired compounds 77a–o (Scheme 27). The
overall reaction involves deprotection, imination, acid
promoted heterocyclization and aromatization. For compara-
tive experiments, conventional heating was conducted using
a standard hot plate/magnetic stirrer. However, this method
resulted in a lower yield compared with that obtained using
microwave irradiation.

A protocol for microwave-assisted Suzuki–Miyaura cross-
coupling reaction of 3-bromo pyrazolo[1,5-a]pyrimidin-5(4H)-
Scheme 27 Synthesis of 6-amino-pyrazolopyrimidines 77a–o.

RSC Adv., 2023, 13, 32858–32892 | 32867
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Scheme 28 Synthesis of arylated pyrazolo[1,5-a]pyrimidin-5-ones
80a–n.

Scheme 30 Synthesis of pyrazolo[3,4-d]pyrimidin-4-ones 87a–o.
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one was reported by Ababri and co-workers.93 They optimized
arylation reactions using various aryl and heteroaryl boronic
acids 79a–n with a catalyst XPhosPdG2/XPhos to avoid the
debromination reaction. The improved conditions were effec-
tively utilized to synthesize various arylated pyrazolo[1,5-a]
pyrimidin-5-ones 80a–n from their respective brominated
starting material 78. In addition, the Suzuki–Miyaura cross-
coupling conditions were used to perform the second C-5 ary-
lation of C-3-arylated pyrazolo[1,5-a]pyrimidin-5-ones. By
utilizing microwave irradiation at 135 °C instead of conven-
tional thermal heating, only the coupled product 80a–n was
generated, with a yield of 67–89% (Scheme 28). The most
noteworthy aspect was that the reaction duration was shortened
from 12 h to 40 min, and there was no indication of the
debrominated product in the crude material.

Peterson and co-workers reported a straightforward
synthesis of 3-substituted pyrazolo[1,5-a]pyrimidines using
microwave-assisted synthesis.94 The synthesis of pyrazolo[1,5-a]
pyrimidines 84a–g involved sequential treatment of commer-
cially available acetonitrile derivative 81 with DMF-
dimethylacetal (120 °C, 20 min), followed by treatment with
NH2NH2$HBr (120 °C, 20 min), and 1,1,3,3-tetramethox-
ypropane or 2-aryl-substituted malondialdehdyes (120 °C, 20
min) (Scheme 29).

Dolzhenko and co-workers developed a microwave-assisted
three-component protocol for the synthesis of pyrazolo[3,4-d]
pyrimidin-4-ones 87a–o.95 They carried out the microwave-
assisted one-pot reaction using methyl 5-aminopyrazole-4-
carboxylates 85a–g, trimethyl orthoformate and primary
amines 86a–h to afford poor-to-good isolated yields of desired
products 87a–o. The reaction mixture was heated at 160 °C for
55 min in ethanolic conditions (Scheme 30). The method that
Scheme 29 Synthesis of 3-substituted pyrazolo[1,5-a]pyrimidines
84a–g.

32868 | RSC Adv., 2023, 13, 32858–32892
was optimized for benzylamine proved to be effective in
producing pyrazolo[3,4-d]pyrimidin-4-ones with substituted
benzylamines and their analogues, resulting in yields of 60–
85%. Nevertheless, when aromatic amines were utilized as
substrates, the yields dropped to 21–53%. To compare
conventional and microwave methods, the reaction was also
attempted under conventional heating with reux in EtOH.
However, even aer 3 days of heating, the desired product was
not obtained. Thus, the developed microwave protocol offers
several advantages, including a shorter reaction time, efficient
utilization of materials and steps, and the convenience of
isolating the product without the need for chromatography.

A palladium-catalyzed microwave-assisted development was
reported by Portilla and co-workers for the synthesis of func-
tionalized 6-(aryldiazenyl)pyrazolo[1,5-a]pyrimidin-7-amines
90a–q from the cyclization of 3-oxo-2-(2-arylhydrazinylidene)
butanenitriles and 5-amino-1H-pyrazoles in neat conditions.96

They performed the reaction with 2-arylhydrazinyliden-3-
oxobutanenitriles 88a–c and various substituted 5-amino-1H-
pyrazoles 89a–h without a solvent under microwave conditions
at 180 °C for 4 min to afford yields of 70–94% of 6-(aryldiazenyl)
pyrazolo[1,5-a]pyrimidin-7-amines 90a–q (Scheme 31). In order
to validate the efficiency and advantage of microwaves, the
reaction was also carried out using a conventional heating
method with variation of solvent and temperature. When the
Scheme 31 Synthesis of 6-(aryldiazenyl)pyrazolo[1,5-a]pyrimidin-7-
amines 90a–q.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 33 Synthesis of 5,6-pyrazolo[1,5-a]pyrimidines 96a–l.

Scheme 34 Synthesis of 3-substituted pyrazolo[1,5-a]pyrimidines
99a–p.
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reaction was carried out in ethanol or toluene, it did not favour
the desired product. Interestingly, they observed that a high-
boiling-point solvent such as DMSO and DMF favoured the
product at high temperature, but the yield was not satisfactory.
Thus, to retain the high temperature with low-boiling-point
solvent was not possible, which is why microwaves were the
best choice to perform the reaction in ethanol while using high
temperature and pressure.

Raboin and co-workers reported microwave-assisted devel-
opments of 7-substituted pyrazolo[1,5-a]pyrimidines. They
developed a one-pot two-step reaction through palladium-
catalyzed CH-activation and saponication–decarboxylation
reaction.97 The reaction was carried out between 7-ethox-
ycarbonylmethyl-5-methyl-2-phenylpyrazolo[1,5-a]pyrimidine
91, aryl or heteroaryl halides 92a–l and 2-dicyclohex-
ylphosphino-20-(N,N-dimethylamino) biphenyl (DavePhos) in
the presence of a palladium catalyst and toluene as a solvent
under microwave irradiation at 150 °C for 30 min which, upon
further saponication–decarboxylation, afforded moderate-to-
good isolated yields (48–80%) of 7-substituted pyrazolo[1,5-a]
pyrimidines 93a–l (Scheme 32). In contrast to the classical
method, this novel approach offers several consistent advan-
tages, such as achieving good yields, shorter reaction times,
a reduced number of steps, and the utilization of commercially
available and relatively non-toxic compounds.

Zhang and co-workers reported a microwave-assisted che-
moselective synthesis of 5,6-pyrazolo[1,5-a]pyrimidines 96a–l
and their antifungal properties against Cytospora sp., Colleto-
trichum gloeosporioides, Botrytis cinerea, Alternaria solani, and
Fusarium solani.98 They performed the reaction between various
isoavones 94a–k and substituted 3-aminopyrazole 95a–b in
DMSO using potassium tert-butoxide as a base under micro-
wave conditions at 100 °C for 15 min to yield 60–85% isolated
yields of 5,6-pyrazolo[1,5-a]pyrimidines 96a–l (Scheme 33).

An efficient, microwave-assisted route to synthesize various
substituted 3-halo and 3-nitropyrazolo[1,5-a]pyrimidines was
reported by Portilla and co-workers.99 They performed the
reaction between various b-enaminones 97a–d and NH-5-
aminopyrazoles 98a–e under microwave conditions at 180 °C
and 300 W for 2 min to afford good isolated yields (85–97%) of
3-halo and 3-nitropyrazolo[1,5-a]pyrimidines 99a–p (Scheme
34). The reaction proceeds through condensation of b-
Scheme 32 Synthesis of 7-substituted pyrazolo[1,5-a]pyrimidines
93a–l.

© 2023 The Author(s). Published by the Royal Society of Chemistry
enaminones and NH-5-aminopyrazole followed by regiose-
lective electrophilic substitution using electrophilic reagents.
During the optimization process, the researchers explored
various factors such as temperature, solvent, and the impact of
conventional heating versus microwave irradiation. Reuxing
the reaction in ethanol or toluene for 12 h did not result in the
formation of the desired product. When they attempted the
reaction in DMF at a higher temperature, the yield of the
desired product remained poor. It became evident that higher
temperatures were necessary for completion of the product.
Consequently, the conventional heating method was not suffi-
cient to achieve the maximum yield in high-temperature reac-
tions. Microwave irradiation proved to be a crucial technique in
Scheme 35 Synthesis of diverse 3-formylpyrazolo[1,5-a]pyrimidines
103a–j.
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Scheme 37 Synthesis of pyrazolo[1,5-a]pyrimidines 110a–g.
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attaining higher yields, especially when using high-boiling-
point solvents.

Portilla and co-workers developed a new microwave-assisted
route for the regioselective development of 3-formylpyrazolo
[1,5-a]pyrimidines.100 They carried out the cyclocondensation
reaction between b-enaminones 100a–d and NH-3-
aminopyrazoles 101a–e under microwave conditions at 180 °C
for 2 min to afford an intermediate 102, which was not isolated
and reaction was continued by the formylation of an iminium
salt using Vilsmeier–Haack reagent under microwave condi-
tions at 80 °C for 10 min to afford good to excellent isolated
yields (72–91%) of 3-formylpyrazolo[1,5-a]pyrimidines 103a–j
(Scheme 35).

To investigate the specic effect of microwave heating
compared with conventional heating on reaction acceleration,
a preheated sand bath was employed as a heat source for
comparative experiments. Encouragingly, the heteroaryl alde-
hyde was obtained using conventional heating at 80 °C for
60 min. However, this method was not entirely satisfactory
because there was a loss of intermediate mass during the
transfer from the microwave tube to the round-bottom ask.
The validity of their hypothesis was conrmed by performing
a reliable cyclocondensation-formylation sequence directly in
the same microwave tube without the need for further isolation
steps.

Ameta and co-workers reported an efficient and environ-
mentally friendly method to synthesize pyrazolo[3,4-d]
pyrimidine-3-ones using microwave irradiation.101 The reac-
tion was carried out between 2,4-dinitrophenylhydrazine 104
and diethyl malonate in 1,3-dibutylimidazolium bromide ionic
liquid under microwave irradiation for 5–8 min to afford
compound 105 which, on further treatment with base and 1,3-
dibutylimidazolium bromide ionic liquid under microwave
irradiation for 7–8 min, afforded compound 106a–e. The latter,
on further reaction with urea under similar conditions, afforded
desired compounds 107a–e in moderate-to-good isolated yields
(65–85%) (Scheme 36).

Amicrowave-assisted synthesis was reported by Shaaban and
co-workers for the preparation of a series of pyrazolo[1,5-a]
pyrimidines through the reaction of 2-(phenylsulfonyl)-1-(4-
(phenylsulfonyl)phenyl)ethan-1-one, 2-benzenesulfonyl-1-(4-
benzenesulfonyl-phenyl)-3-dimethylamino-propenone and 3-
(dimethylamino)-1-(4-(phenylsulfonyl)phenyl)prop-2-en-1-
Scheme 36 Synthesis of pyrazolo[3,4-d]pyrimidin-3-ones 107a–e.

32870 | RSC Adv., 2023, 13, 32858–32892
one.102 They performed the reaction between a mixture of
enaminosulfone 108 with arylazodiaminopyrazole 109a–g in
acetic acid under microwave conditions for 15 min to afford
good isolated yields (90–95%) of pyrazolo[1,5-a]pyrimidines
110a–g (Scheme 37). Furthermore, a comparative study between
conventional and microwave methods was carried out,
revealing a 10% decrease in yield when using conventional
heating as opposed to microwave heating. Consequently, in
order to achieve a superior yield with fewer impurities, the
researchers opted to employ microwave heating for all
reactions.

From a mechanistic perspective, it was anticipated that the
multi-component synthesis of compounds 110a–g would occur
throughMichael-type addition under acidic conditions. Scheme
38 illustrates the process leading to the formation of pyrazolo
[1,5-a]pyrimidine derivatives 110a–g. This process involves
Michael-type addition, resulting in the formation of a non-
isolable Michael adduct IV, which then undergoes cyclo-
condensation with the loss of dimethylamine, leading to the
formation of three additional non-isolable intermediates V–VII.
Subsequently, a water molecule is eliminated to yield the cor-
responding pyrazolo[1,5-a]pyrimidine derivatives 110a–g.
Scheme 38 General mechanism for the synthesis of compound
110a–g.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 39 Synthesis of diarylazo-2,5,7-triaminopyrazolo[1,5-a]
pyrimidines 112a–b.

Scheme 41 Synthesis of diverse acetylated pyrazolo[1,5-a]pyrimidines
117a–j.
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Abbas and co-workers reported a microwave-assisted proce-
dure for the synthesis of a series of pyrazolo[1,5-a]pyrimidine
derivatives. They developed various symmetrical and asym-
metrical 3,6-diarylazo-2,5,7-triaminopyrazolo[1,5-a]pyrimidines
by applying microwave conditions.103 The reaction was carried
out between hydrazone 111 and hydrazine hydrate in ethanol/
pyridine, heated under microwave conditions at 140 °C for
2 min to afford a good isolated yield (71–78%) of desired
compounds 112a–b (Scheme 39). Additionally, a comparative
study encompassing conventional, microwave, and ultrasound
techniques was undertaken. The results revealed a 10% reduc-
tion in yield when utilizing the conventional method over 4–7 h
compared with a mere 2 min with microwave irradiation.
Furthermore, the ultrasound technique also exhibited a decline
in yield (10–15%) in comparison with the microwave-assisted
approach. These ndings clearly indicate that microwave irra-
diation is the preferred choice for conducting such
experiments.

A microwave-assisted development of a series of 2,7-diary-
lpyrazolo[1,5-a]pyrimidine derivatives and investigation of their
antitumor activity against a colorectal carcinoma cell line was
reported by Miscione and co-workers.104 They performed the
reaction between various b-enaminones 113a–c and NH-5-
aminopyrazole 114a–c under microwave conditions at 180 °C
and 300 W for 2 min to afford good isolated yields (88–97%) of
pyrazolo[1,5-a]pyrimidines 115a–i (Scheme 40). The reaction
proceeds through condensation of b-enaminones and NH-5-
aminopyrazole followed by regioselective electrophilic
substitution.

Portilla and co-workers described a straightforward
microwave-assisted BF3-mediated acetylation reaction of pyr-
azolo[1,5-a]pyrimidines.105 The synthesis of this fundamental
building block was reported in good yield, even with substrates
containing electron-decient or strongly hindered groups under
Scheme 40 Synthesis of diverse substituted pyrazolo[1,5-a]pyrimi-
dines 115a–i.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mild reaction conditions. Importantly, several N-hetero
aromatic substrates were effectively used for acetylation using
a newly found technique. They performed the Lewis acid
(BF3OEt2)-promoted acetylation reaction with pyrazolo[1,5-a]
pyrimidines 116a–j using acetic acid as a solvent under micro-
wave conditions at 60 °C for 5–45 min, which furnished good to
excellent isolated yields (61–99%) of acetylated products 117a–j
(Scheme 41).
2.3. Coumarin and its derivatives

Coumarin derivatives have gained recognition for their diverse
range of biological activities, such as antimicrobial,106,107 anti-
oxidant and anti-inammatory properties.108 Coumarin deriva-
tives, with their unique and versatile oxygen-containing
heterocyclic structure, are widely distributed in nature and can
be found in numerous naturally occurring and synthetic
bioactive molecules.109 This structure makes them a privileged
scaffold in medicinal chemistry. Consequently, many coumarin
derivatives have been extracted from natural sources, designed,
synthesized, and assessed for various pharmacological
targets.110 Furthermore, coumarin-based ion receptors,111 uo-
rescent probes,112–114 and biological stains are experiencing
rapid growth, with extensive applications in monitoring enzyme
activity, complex biological events, and precise pharmacological
and pharmacokinetic properties within living cells.115 As
a result, the extraction, synthesis, and biological evaluation of
coumarins have become highly attractive and rapidly evolving
Scheme 42 C-3 radical alkylation of coumarins and formation of
alkylated products 120a–m.
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Scheme 43 Proposed mechanism for the oxidative radical addition
products 120a–m.

Scheme 45 Catalytic cycle for the synthesis of 3-N-sulfonylamidine
coumarins 125a–p.
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areas of research.116–118 Thus, we have highlighted the latest
synthetic pathways that use microwave-irradiated techniques
and theoretical studies. This special issue places a strong
emphasis on exploring the diverse facets of coumarin
derivatives.

Miranda and co-workers developed an efficient, microwave-
assisted xanthate-based direct alkylation of the coumarin ring
system.119 They carried out the C-3 radical alkylation of various
derivatives of coumarin 118a–c and xanthate of ethyl acetate
119a–e using dilauril peroxide in toluene at 100 °C for 10 min
under microwave irradiation to afford the desired products
120a–m in low-to-moderate isolated yields (Scheme 42).
Furthermore, a comparative study between conventional and
microwave methods was carried out, revealing a 5% decrease in
yield when using conventional heating as opposed tomicrowave
heating.

According to the suggested mechanism depicted in Scheme
43, the addition of radical I (formed from xanthate 119 through
the action of dilauroyl peroxide (DLP)) to the coumarin system
118 could result in the formation of stabilized benzyl radical II.
In the presence of an appropriate amount of DLP in the reaction
medium, radical intermediate II might undergo oxidation,
leading to the formation of benzyl carbocation III. The depro-
tonation of carbocation III would subsequently restore the
double bond, ultimately yielding the alkylated product 120.

A copper-catalyzed four-component synthesis of 3-N-sulfo-
nylamidine coumarins using microwaves was reported by
Punniyamurthy and co-workers.120 They performed the coupling
reaction with salicylaldehydes 121a–p, propiolate 122, sulfonyl
Scheme 44 Synthesis of 3-N-sulfonylamidine coumarins 125a–p.

32872 | RSC Adv., 2023, 13, 32858–32892
azides 123, and secondary amines 124. Using a copper source
along with a basic solvent undermicrowave conditions at 130 °C
for 1 h afforded poor-to-good isolated yields of desired products
125a–p (Scheme 44). They found microwaves a more effective
tool for these chemical reactions compared with traditional
heating processes. This was due to the ability to produce higher
reactivity, operate under milder conditions, and yield greater
selectivity, all of which offer signicant practical benets. The
results of that study suggest that use of microwave irradiation
may lead to new opportunities for advancing the synthesis of
highly functionalized coumarin derivatives through multiple
components. Moreover, microwave-assisted organic synthesis
offers the benets of increased reactivity, gentle reaction
conditions, and enhanced selectivity. The catalytic cycle depic-
ted in Scheme 45 implies that the reaction could proceed
through intermediates III and IV to generate the desired
heterocycle 125a–p. It means that the combination of 122 and
123 in a cycloaddition reaction may lead to the formation of
ketenimine II through I. The nucleophilic addition of amine to
intermediate II could give rise to intermediate III, which, in
turn, may react with the aldehyde to form intermediate IV.
Further intermediate IV may subsequently undergo cyclization
through transesterication, ultimately resulting in the synthesis
of the target compound 125a–p as illustrated in Scheme 45.

A facile and catalyst-free protocol was reported by Chen and
co-workers to synthesize pentacyclic compounds containing
Scheme 46 Catalyst free synthesis of coumarin derivatives 128a–p.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 47 Synthesis of coumarin[8,7-e][1,3]oxazine derivatives
130a–j.

Scheme 49 Synthesis of 7-hydroxy-4-methylcoumarin 136.
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coumarin, pyrrole and indene.121 They carried out the reaction
with N-substituted 4-aminocoumarins 126a–p and ninhydrin
127 using toluene as a solvent under microwave heating at 110 °
C. All reactions were carried out in a catalyst-free and regiose-
lective manner, which afforded good-to-excellent yields (70–
92%) of designed products 128a–p (Scheme 46). Microwave
heating offers several advantages over conventional heating,
including accelerated reaction rates, reduced energy consump-
tion, and the production of cleaner products with fewer impu-
rities. As a result of these benets, microwave-assisted organic
synthesis has garnered signicant attention in the scientic
community.

Zhang and co-workers reported a microwave-assisted
synthesis of coumarin[8,7-e][1,3]oxazine derivatives and evalu-
ation of their antifungal activity.122 They accomplished a one-
pot three-component Mannich reaction in this synthesis.
Thus, they initially synthesized the various coumarin deriva-
tives via a Pechmann condensation reaction. Then, using their
designed 7-hydroxycoumarins 129a–j, they carried out the
reaction with various amines in the presence of a catalytic
amount of 4-N,N-dimethylaminopyridine (DMAP) using 1,4-
dioxane as a solvent under microwave irradiation at 100 °C to
afford the coumarin[8,7-e][1,3]oxazine derivatives 130a–j in
good isolated yields (57–80%) (Scheme 47). The antifungal
activities of derived compounds were evaluated against Alter-
naria mali, Rhizoctonia solani, Alternaria solani, Gibberella zeae,
Colletotrichum capsica and Botrytis cinerea. It was found that the
most active compound was 130iwith an EC50 value of 0.0021 mM
against Botrytis cinerea. In their initial study, they employed
microwave irradiation for the synthesis of the designed
coumarin–oxazines instead of conventional heating. The results
indicated that the reaction times could be signicantly reduced,
from approximately 6 h to just 30 min.

Genovese and co-workers reported a microwave-assisted
development of coumarin derivatives using Yb(OTf)3 as
Scheme 48 Yb(OTf)3-catalyzed synthesis of various coumarins 133a–
j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a catalyst.123 They performed the reaction with various
substituted phenols 131a–j and propiolic acid 132 using
Yb(OTf)3 as a catalyst under microwave irradiation at 80 °C and
200 W for 2 min to afford excellent yields (91–98%) of designed
coumarin derivatives 133a–j (Scheme 48). Instead of microwave-
assisted synthesis they carried out the reactions via a traditional
heating method but, due to the poor yields of designed
compounds, they opted for the microwave-irradiated technique.

A solvent-free microwave-assisted methodology for the
synthesis of 7-hydroxy-4-methylcoumarin was reported by
Bouasla and co-workers.124 They selected phenol, resorcinol and
ethyl acetoacetate as reactants for a Pechmann condensation
reaction. The catalytic activity of various heterogenous acid
catalysts, including Amberlyst-15, zeolite, and hybrid silica
functionalized with sulfonic acid, was examined in the solvent-
free microwave-assisted synthesis of corresponding coumarin
derivatives. They found that Amberlyst-15 to be the most active
catalyst in microwave conditions and yielded 7-Hydroxy-4-
methylcoumarin 136 in 97% yield (Scheme 49). The Pech-
mann reaction was also conducted using conventional thermal
heating. However, even aer 20 min, the phenol conversion did
not exceed 18%. This outcome underscores the potential of
microwave irradiation as a viable alternative to conventional
heating methods for this type of reaction.

A facile and efficient protocol for the synthesis of hetero[5]
helicene-like molecules and coumarin derivatives was re-
ported by Lin and co-workers. They used silica sulfuric acid
(SSA) as a catalyst with various solvents and reaction tempera-
tures for reaction selectivity to afford coumarin derivatives or
hetero[5]helicene-like molecules.125 They found the best results
when they carried out the reaction with coumarin and 3-ami-
nopyrazole using SSA as a catalyst in ethylene glycol (EG) under
microwave conditions at 130 °C (Scheme 50). Aer optimising
the reaction conditions, various substrates with substituted
functional groups were investigated. The results indicated that
incorporating an electron-withdrawing group as the substituent
R3 led to higher yields and a shorter reaction time. Conversely,
when an electron-donating group was utilized as the R3
Scheme 50 Synthesis of coumarin derivatives 139a–g.
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Scheme 51 Synthesis of 5-methyl-4-[(2Z)-4-(2-oxo-2H-chromen-3-
yl)-2-(4-arylimino)thiazol-3(2H)-yl]-2-(4-aryl)-2H-1,2,4-triazol-
3(4H)-ones 143a–n.

Scheme 52 Synthesis of 2-coumarin-3-yl-imidazo[1,2-a]pyrimidines
146a–g.

Scheme 54 Synthesis of diverse pyrido[3,2-c]coumarins 152a–q.
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substituent, lower yields were observed, and the reaction time
was prolonged.

Inamdar and co-workers synthesized 5-methyl-4-[(2Z)-4-(2-
oxo-2H-chromen-3-yl)-2-(4-arylimino)thiazol-3(2H)-yl]-2-(4-aryl)-
2H-1,2,4-triazol-3(4H)-ones using a microwave-assisted tech-
nique.126 They performed the one-pot multi-component reac-
tion with 3-(2-Bromoacetyl)-2H-chromen-2-one, various
substituted triazoles 141a–e and diverse iso-
thiocyanatobenzenes 142a–e in DMF under microwave irradia-
tion at 120 °C for 15 min to afford good-to-excellent isolated
yields (78–84%) of designed products 143a–n (Scheme 51). This
microwave-assisted approach was solvent-free and catalyst-free,
which provides environmentally friendly conditions to develop
various derivatives of coumarin. Thus, this is one of the best
green approaches for a complex synthesis.

Seferoğlu and co-workers reported that a range of uorescent
compounds were produced by synthesizing a novel series of 2-
coumarin-3-yl-imidazo[1,2-a]pyrimidines 146a–g using
Scheme 53 Synthesis of 6-aryl-2-coumarin-3-yl-imidazopyrimidines
149a–f.

32874 | RSC Adv., 2023, 13, 32858–32892
functionalized coumarin and pyrimidine units with different
substitutions (Scheme 52).127 Another set of compounds, which
included unsubstituted coumarin and 7-dialkylaminocoumarin
149a–f as a uorophore, were obtained through palladium-
catalyzed cross-coupling reactions. This was achieved by
coupling 6-bromo-2-coumarin-3-yl-imidazopyrimidine deriva-
tives 147a–b with various arylboronic acids 148a–c (Scheme 53).
Microwave irradiation was used in all the reaction steps and
compared with the conventional method. It was observed that
microwave synthesis was facile, productive and occurred in
a short time (30 min) as compared with the conventional
method (24 h).

Bhuyan and co-workers reported a microwave-assisted
solvent-free synthesis of diverse functionalized pyrido[3,2-c]
coumarins 152a–q in excellent yields.128 Initially, they started to
optimize the reaction conditions with 4-chloro-3-
formylcoumarin 150, acetophenone 151 and ammonium
acetate using various solvents at different temperatures under
microwave conditions. The best condition obtained for
completion of the reaction with a higher yield (84%) was
a solvent-free condition at 130 °C and 3 min. Once the reaction
conditions had been optimized, then various substrates were
investigated, which afforded the diverse functionalized pyrido
[3,2-c]coumarins 152a–q in good-to-excellent yields (71–95%)
(Scheme 54).

A microwave-irradiated multi-component synthesis of 6-
(pyrrolyl) coumarin derivatives was reported by Ansary and co-
workers.129 They performed the initial model reaction with 6-
Scheme 55 Synthesis of 6-(pyrrolyl) coumarin derivatives 156a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 56 Synthesis of 8-prenylcoumarins 159a–h.

Scheme 58 Synthesis of indolo[2,3-c]coumarins 164a–p.
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amino coumarin 153a, b-nitrostyrene 154b and diethyl acetyle-
nedicarboxylate 155a to form 6-(pyrrolyl) coumarin 156a. They
obtained best result (75% yield) when InCl3 was used as a cata-
lyst in ethanol under microwave conditions at 100 °C for 1 h.
Aer investigation of reaction conditions, they synthesized
a series of 6-(pyrrolyl) coumarin derivatives 156a–j in 53–79%
isolated yields using 6-amino coumarins 153a–b, b-nitro-
styrenes 154a–d, and dialkyl acetylenedicarboxylates 155a–
d (Scheme 55). It was found that nitrostyrenes with an electron-
donating substituent at the aryl ring afforded better yields as
compared with an electron-withdrawing substituent.

Schmidt and co-workers reported microwave-assisted devel-
opment of new methodology for one-pot synthesis of 8-pre-
nylcoumarins 159a–h.130 They performed the reaction with 1,1-
dimethylallylated salicylaldehydes 157a–h, stabilized ylide
[(ethoxycarbonyl)methylene]triphenylphosphorane 158 and
N,N-diethylaniline under microwave conditions at 250 °C to
afford poor-to-good isolated yields (22–91%) of designed prod-
ucts 159a–h (Scheme 56).

Samanta and co-workers described a new class of diverse
coumarins, dimedone, and naphthoquinone-fused pyrroles,
which can be quickly synthesized through a one-pot, solvent-
free annulation reaction.131 The reaction was catalyzed by
a superior Lewis acid and assisted by microwave energy, and it
involved various carbo- and heterocyclic enaminones with a-
aroyl/heteroaryl/acetylidene malonates and 3-aroylidene-2-
oxindoles. Initially, they started the model reaction between 4-
aminocoumarin 160a as a C/N-binucleophile and benzoylidene
malonate 161 as 1,2-bielectrophile. They investigated the reac-
tion conditions using various solvent and neat conditions along
Scheme 57 Synthesis of various coumarin derivatives 162a–m.

© 2023 The Author(s). Published by the Royal Society of Chemistry
with various acid catalysts under conventional and microwave
conditions. Among all the tested conditions, the neat condition
under microwave irradiation at 90 °C within 30 min provided
a better yield (85%) of designed compound. Aer optimizing the
reaction condition, they prepared a library of designed
compounds 162a–m using similar microwave and catalytic
conditions (Scheme 57). In addition, they conducted the
experiment using the conventional method and noted that the
reaction remained incomplete with 60% yield even aer 12 h.
However, when employing microwave irradiation, the reaction
was completed within just 30 min, achieving higher yields. This
microwave-based methodology offers several advantages, such
as its environmentally friendly nature, superior synthetic effi-
ciency, easy handling, high reactivity, and accelerated proce-
dures, resulting in good yields with high purity.

Xu and co-workers developed a new method for synthesizing
a wide variety of indolo[2,3-c]coumarins and indolo[2,3-c]qui-
nolinones with high yields (up to 93%).132 They used a micro-
wave-assisted base-free intramolecular cross dehydrogenative
coupling (CDC) of 3-aniline substituted coumarins 163a–p
under palladium catalysis usingmicrowave irradiation at 140 °C
to afford indolo[2,3-c]coumarins 164a–p (Scheme 58). This
approach was considered to be one of the most convenient and
uncomplicated ways to produce these fused polyheterocycles.
Scheme 59 A plausible mechanism for the synthesis of indolo[2,3-c]
coumarins 164.
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Scheme 60 Synthesis of furo[3,2-c]coumarins 167a–l and isomeric
series of 2-methylene-2,3-dihydrofuro[3,2-c]coumarins 168a–d.

Scheme 62 Synthesis of N-[(1,2,4-triazol-1-yl)acetyl]coumarin-3-
carbohydrazides 119a–l.

Scheme 63 Synthesis of coumarin–thiazoline hybrids 178a–i.
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A reaction mechanism was proposed and is depicted in
Scheme 59. It is hypothesized that the initial palladation occurs
preferably at the coumarin nucleus and generates the inter-
mediate I. The crucial intermediate III is likely formed through
CeH activation in a concerted metalation–deprotonation
process from the Pd(II) species I. Subsequently, reductive elim-
ination leads to the formation of the desired indolo[2,3-c]
coumarin product 164 and Pd(0). Finally, the oxidant Cu(II) salt
serves to regenerate the active Pd(II) catalyst.

A new method for synthesizing 2-methylfuro[3,2-c]couma-
rins was developed by Cui and co-workers using a copper-
catalyzed microwave-promoted propargylation and oxacycliza-
tion.133 The starting materials for this reaction were readily
available 4-hydroxycoumarins and terminal propargyl acetates.
They obtained moderate-to-good yields (up to 82%) of furo[3,2-
c]coumarins 167a–l produced by this reaction. Interestingly,
when they changed the solvent from dimethyl sulfoxide to 1,2-
dichloroethane while retaining the conditions, the isomeric
series of 2-methylene-2,3-dihydrofuro[3,2-c]coumarins 168a–
d was obtained in low-to-acceptable yields (up to 85%) (Scheme
60).

Litinas and co-workers developed a Pd-catalyzed oxidative
coupling protocol for the synthesis of azacoumestans using
microwave irradiation.134 The Pd-catalyzed oxidative coupling of
4-(arylamino)coumarins was carried out using Cu(OAc)2 in
acetic acid under microwave irradiation. They synthesized aza-
coumestans, including those substituted with electron-
withdrawing groups, with almost quantitative yield. The aryl-
amines 170a–k were reacted with 4-bromocoumarin 169 in
water or through Pd-catalyzed C–N coupling under microwave
heating to achieve intermediate product 171a–k, which was
again catalyzed by copper and Pd catalysts to afford the
designed products 172a–k in good-to-excellent yields (85–99%)
(Scheme 61).
Scheme 61 Synthesis of azacoumestans 172a–k.

32876 | RSC Adv., 2023, 13, 32858–32892
A microwave-assisted environmentally benign protocol to
synthesize coumarin derivatives was developed by Mentese and
co-workers.135 In order to synthesize designed molecules N-
[(1,2,4-triazol-1-yl)acetyl]coumarin-3-carbohydrazides 175a–l,
they carried out the reaction between 2-(3-alkyl/aryl-4-amino-5-
oxo-4,5-dihydro-1H-1,2,4-triazol-1-yl)acetohydrazides 173a–f
and 3-(1H-benzotriazol-1-ylcarbonyl)-2H-chromen-2-ones 174a–
b in ethanol under microwave conditions at 130–145 °C for 20±
35 min to afford good isolated yields (58–72%) of designed
products 175a–l (Scheme 62).

Hosamani and co-workers reported a microwave-irradiated
rapid development of coumarin–thiazoline hybrids and their
antitubercular activity.136 They performed the reaction between
various substituted coumarins 176a–i and 4,5-dihydrothiazole-
2-thiol 177 using K2CO3 as a base in ethanol under microwave
conditions at 55 °C and 100 W for 5–9 min to afford good iso-
lated yields (81–91%) of coumarin–thiazoline hybrids 178a–i
(Scheme 63). Aer the synthesis, these compounds were
Scheme 64 Synthesis of coumarin-3-carboxylic acids 181a–k.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 65 Synthesis of chromene–coumarin derivatives 184a–i.

Scheme 67 Synthesis of coumarin derivatives 190a–e.

Scheme 68 Synthesis of natural product osthol 192.
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investigated for their antitubercular activity. Compound 178b
was found to be most potent antitubercular compound with an
IC50 value of 280 mM. In order to compare the conventional
method and microwave irradiation, various reactions were
conducted. The conventional method produced 20% lower
yields as compare with microwave irradiation. Thus, microwave
irradiation was a better choice to perform this type of reaction.

A new microwave-irradiated development of coumarin-3-
carboxylic acids was reported by Genovese and co-workers.137

They performed the reaction between 2,2-dimethyl-1,3-dioxane-
4,6-dione 179 and various carbonyl compounds 180a–k using
Yb(OTf)3 as a catalyst with no solvent andmicrowave irradiation
at 80 °C and 200 W for 5 min to afford a good isolated yield (92–
98%) of coumarin-3-carboxylic acids 181a–k (Scheme 64). It is
important to emphasize that when the same reaction was con-
ducted under conventional conditions, it resulted in a complex
mixture of products, as evidenced by TLC. This mixture partly
originated from the decomposition of Meldrum's acid and the
air-oxidation of benzaldehyde. Under these experimental
conditions, the estimated yield of coumarin-3-carboxylic acid,
as determined by GC, was ∼15%. Furthermore, attempts to use
other b-dicarbonyl compounds (e.g., diethyl malonate) also
yielded unsatisfactory results.

Coumarin derivatives have gained recognition for their
diverse range of biological activities, such as antimicrobial,
antioxidant and antitumor properties. In light of this, Rao and
co-workers introduced a new method for developing hybrid
chromene–coumarin derivatives 184a–i through an environ-
mentally friendly and catalyst-free synthesis.138 Formation of
the key C–C bond occurred in an aqueous medium using
microwave irradiation at 105 °C, and resulted in a rapid reaction
time, high conversion and exceptional regioselectivity (Scheme
Scheme 66 Synthesis of pyrano [3,2-c]chromene-2,5-diones 187a–i.

© 2023 The Author(s). Published by the Royal Society of Chemistry
65). Various solvents were tested but “in water” reactions proved
to be the most efficient in terms of time and yields, achieving
yields of 78–90% at 105 °C.

Zhang and co-workers developed a novel protocol for the
synthesis of a group of pyrano [3,2-c]chromene-2,5-diones
through microwave irradiation and also investigated their
antifungal activity against Botrytis cinerea, Colletotrichum caps-
ica, Alternaria solani, Gibberella zeae and Rhizoctonia solani.139 In
order to synthesize pyrano[3,2-c]chromene-2,5-diones 187a–I,
a reaction was carried out between various 4-hydroxycoumarin
185a–e and ethyl 2-methylacetoacetate 186 in the presence of
DMAP as a catalyst in toluene under microwave irradiation at
room temperature and 640 W for 15 min to afford 13–75% yield
of desired products 187a–i (Scheme 66). Among all the derived
compounds of pyrano [3,2-c]chromene-2,5-diones, compound
187g was found to be the most potent for antifungal activity
with an EC50 value of 0.082 mM. Additionally, when compared
with conventional heating, it was observed that the reaction
times for target compounds could be signicantly reduced from
∼6 h to just 15 min. Moreover, the isolated yields could be
enhanced, reaching a maximum of 76% (compound 187a) as
opposed to the previous 30%.

A microwave-assisted regioselective method for the synthesis
of coumarin derivatives was developed by Pospisil and co-
workers.140 They discovered an efficient and protecting group-
Scheme 69 Synthesis of coumarin derivatives 197a–m.
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Scheme 70 Synthesis of various substituted coumarin pyrazolone
hybrids 202a–h.

Scheme 72 Synthesis of pyrano[3,2-c]pyranone hybrids 207a–i fused
with 2-C-formyl glucal.
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free synthesis of coumarins. The reaction was carried out
between various unprotected aldehydes 188a–e and stabilized
Wittig ylide 189 in the presence of toluene in microwave
conditions at 220 °C and 300 W for 60 min to afford a good
isolated yield (74–89%) of coumarin derivatives 190a–e (Scheme
67). For the synthetic applications of the developed method,
they also performed the reaction using a similar approach to
develop natural product osthol 192 (Scheme 68).

Desai and co-workers reported a microwave-assisted rapid
and efficient method for the synthesis of novel coumarin
derivatives and evaluation of activity against various bacteria
(Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
Streptococcus pyogenes) and fungi (Candida albicans, Aspergillus
niger, Aspergillus clavatus).141 To synthesize coumarin deriva-
tives, the reaction was carried out between 3-acetyl-2H-
chromen-2one 193, aromatic aldehydes 194a–m, malononitrile
and ammonium acetate in microwave conditions using ethanol
as a solvent to yield products 195a–m, which were again
microwave-irradiated with another aldehyde 196 at 300 W and
100 °C for 8–10 min to afford a good isolated yield of desired
products 197a–m (Scheme 69).

Chavan and co-workers reported an expedient and high-
yielding method for synthesizing coumarin, pyrazolone
hybrids containing Schiff-base structures using microwave
irradiation.142 For the synthesis of Schiff base analogues 200,
the reaction was carried out between 2-hydroxy-1-
naphthaldehyde 198 and 4-aminoantipyrene 199 in the
Scheme 71 Synthesis of pyrano[3,2-c]pyranone derivatives 205a–i
fused with 2-C-formyl galactal.

32878 | RSC Adv., 2023, 13, 32858–32892
presence of acetic acid in ethanol. On a condensation reaction
with substituted 4-bromomethyl coumarins 201a–h in micro-
wave conditions at 35 °C and 200 W for 8–12 min, a good iso-
lated yield (82–95%) of various substituted coumarin,
pyrazolone hybrids 202a–h were obtained (Scheme 70). The
synthesized compounds were evaluated for their antibacterial
and anti-inammatory properties using the agar well-diffusion
and egg albumin-denaturation methods, respectively. It was
found that compound 202d and 202h exhibited antibacterial
effects with a minimum inhibitory concentration (MIC) of 1.420
mM and MIC of 2.33 mM, respectively, against the Gram-positive
Staphylococcus aureus strain, which was better than the stan-
dard drug (ciprooxacin).

The pyrano[3,2-c]pyranone structure is a crucial structure
found in various natural products with different biological
activities. Sagar and co-workers reported the efficient and rapid
synthesis of two sets of pyrano[3,2-c]pyranone derivatives (205a–
i and 207a–i) fused with carbohydrates utilizing 2 C-formyl
galactal 203 and 2-C-formyl glucal 206. They were reacted with
diverse 4-hydroxycoumarins 204a–i in a short time (10 min)
using microwave-assisted conditions (Schemes 71 and 72).143

They also evaluated the anticancer potential of the newly
derived pyrano[3,2-c]pyranones against MCF-7 (breast), MDA-
Scheme 74 Synthesis of triazole linked N-galactopyranosides 212a–j.

Scheme 73 Synthesis of triazole-linked N-glucopyranosides 210a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 75 Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives of
coumarin 215a–l.

Scheme 77 Synthesis of coumarin-based thiazoles 222a–n.
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MB-231 (breast), and HepG2 (liver) cancer cell lines via cellular
assays and examined their ability to inhibit the growth and
viability of MCF-7, MDA-MB-231, and HepG2 cell lines. It was
found that compound 205d showed considerable growth-
inhibitory effects with a MIC50 value of 10.9 mM.

Sagar and co-workers also reported the synthesis of two
series of triazole-linked N-glycosides of coumarins and quino-
lones using 1-azido-2,3,4,6-tetra-O-acetyl-b-D-glucose 208 and 1-
azido-2,3,4,6-tetra-O-acetyl-b-D-galactose 211 as starting mate-
rials.144 The reactions were performed under microwave-
assisted conditions via click chemistry and resulted in a good
isolated yield of triazole-linked N-glycosides of coumarins and
quinolones (Schemes 73 and 74). They also evaluated the bio-
logical activity of diverse synthesized compounds against
several cancer cell lines, and one of the library members 212d
was found to have low micromolar IC50 (10.97 mM) and selective
toxicity against the breast cancer cell line (MCF-7).

A highly efficient and environmentally friendly method was
reported by Ashok and co-workers to synthesize 1,4-disubsti-
tuted 1,2,3-triazole derivatives 215a–l based on coumarin scaf-
folds.145 The synthesis involved a copper(I)-catalyzed click
reaction between various substituted arylazides 214a–c and
terminal alkynes 213a–d. It was carried out under microwave
irradiation at 200 W and 40–100 °C for 5–8 min to afford the
designed products 215a–l in excellent yields (Scheme 75). They
also evaluated the synthesized compounds for their antimicro-
bial, antioxidant, and anti-inammatory activities. Compounds
215g and 215l exhibited better anti-inammatory activity with
an IC50 value of 13.16 mM and 15.35 mM, respectively, than the
standard drug diclofenac. In order to compare the synthesis of
alkyne-substituted 3-aryl coumarin intermediates and
coumarin-based 1,2,3-triazole the reaction was performed using
conventional and microwave irradiation methods. In compar-
ison, the microwave irradiation method yielded better results,
Scheme 76 Synthesis of chalcone-linked coumarin-triazole hybrids
218a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
with good-to-excellent yields ranging from 80% to 90%, while
the conventional method resulted in yields of 68% to 79%.

A synthesis and evaluation of anticancer activity of a,b-
unsaturated carbonyl-linked coumarin-triazole hybrids 218a–j
using microwave assistance have been reported by Kumar and
co-workers.146 The base-catalyzed reaction was carried out
between 4-chloro-2-oxo-2H-chromene-3-carbaldehyde 216 and
diverse aryl azides 217 in microwave conditions at 80 °C for 15–
30 min afforded the a,b-unsaturated carbonyl-linked
coumarin-triazole hybrids 218a–j (Scheme 76). Out of the
series, compound 218d demonstrated greater potential for
ghting cancer against PC-3 and DU-145 cell lines, exhibiting
an IC50 value of 10.538 ± 0.3 mM and 9.845 ± 0.6 mM, respec-
tively. Moreover, it had very low toxicity (10 mM) against normal
cells.

Microwave-induced synthesis frequently leads to lower
reaction temperatures and shorter reaction times. Target
compounds were synthesized using conventional reux and
microwave irradiation methods. The optimization of reaction
conditions demonstrated that microwave-assisted synthesis
required signicantly less reaction time compared with
conventional heating methods.

Vedula and co-workers reported microwave irradiation of
thiocarbohydrazide 221, aldehydes 220a–b, and 3-(2-bromoa-
cetyl) coumarins 219a–j to synthesize a sequence of novel
Scheme 78 A plausible mechanism for the synthesis of coumarin-
based thiazoles 222a–n.

RSC Adv., 2023, 13, 32858–32892 | 32879
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Scheme 80 Plausible mechanism for the synthesis of spiro-4H-
pyrans.
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coumarin-based thiazoles 222a–n.147 The reaction was carried
out under microwave conditions at 70 °C and 210 W for 5–
10 min in ethanol/acetic acid to afford a good isolated yield of
coumarin-based thiazoles 222a–n (89–93%) (Scheme 77). They
evaluated the activity of synthesized compounds 222a–n against
the Gram-positive bacterium Staphylococcus aureus (ATCC-
12600). Compound 222e was discovered to exhibit good anti-
bacterial activity with an IC50 value of 5.09 mM. They also per-
formed the reactions using a conventional method and
observed a lower yield of desired compounds as compared with
use of microwave irradiation.

In Scheme 78, a plausible mechanism for the formation of
the target compound 222a–n is illustrated. Initially, two equiv-
alents of aldehydes react with one equivalent of thiocarbohy-
drazide in the presence of acetic acid, resulting in the formation
of bis-thiocarbohydrazone A. Subsequently, a SN2-type attack
occurs, with the sulfur from bis-thiocarbohydrazone attacking
the C–Br of 3-(2-bromoacetyl) to form intermediate II. This
intermediate then undergoes acid-catalyzed dehydration,
leading to the formation of the titled coumarin-based thiazole
222a.
2.4. Isatins and their derivatives

Isatin is a heterocyclic compound used extensively as a foun-
dational component in the synthesis and advancement of novel
drug candidates.148–150 The remarkable versatility of isatins,
which can serve as electrophiles and nucleophiles, coupled with
their ready availability, positions them as highly prized building
blocks in organic synthesis.151–153 They participate in a range of
transformations, including electrophilic aromatic substitution
at the C-5 and C-6 positions of the phenyl ring,154 N-substitu-
tions,154 nucleophilic additions to the C-3 carbonyl group,154

selective oxidations, reductions, ring expansions, spiro-
annulations, and more reactions.155 Using isatins as starting
materials, various heterocyclic frameworks of signicant bio-
logical importance, such as pyrrolidines, indoles, quinolines, b-
lactams, and 2-oxindoles, have been synthesized.156–158

Recent literature reects a renewed interest in the chemistry
and bioactivity of isatin derivatives, leading to advancements in
established reaction procedures and the development of selec-
tive methods for producing isatin derivatives through micro-
wave irradiation techniques.

Zakeri and co-workers have discovered microwave-assisted
eco-friendly methods for producing spiro-4H-pyrans 226a–f
through a one-pot, three-component condensation reaction
Scheme 79 Synthesis of spiro-4H-pyrans 226a–f.

32880 | RSC Adv., 2023, 13, 32858–32892
using a domino Knoevenagel/Michael/cyclization sequence.159

These approaches were tested using various organocatalysts in
water and solvent-free conditions under microwave irradiation
and ball-milling conditions. The research team conducted
numerous experiments to optimize the reaction parameters,
such as catalyst type/amount, reaction temperature, and time.
The most effective procedure was observed to be microwave
irradiation in the presence of 4-dimethylaminopyridine
(DMAP), resulting in good yields (78–90%) of nal products
226a–f, in a short reaction time, environmentally sustainable
and ease-of-operation manner (Scheme 79). Microwave-induced
synthesis frequently leads to lower reaction temperatures and
shorter reaction times. Target compounds were synthesized
using conventional reux and microwave irradiation methods.
The optimization of reaction conditions demonstrated that
microwave-assisted synthesis required signicantly less reac-
tion time compared with conventional heating methods.

Spiro-4H-pyrans can be formed through a series of chemical
reactions, as depicted in Scheme 80. This scheme illustrates
a plausible mechanism for the reaction between isatin and
malononitrile with ethyl acetoacetate to yield 226 derivatives.
The process involves a typical cascade reaction. First, isatin
223a undergoes a Knoevenagel condensation with malononi-
trile in the presence of DMAP, leading to the formation of an
Scheme 81 Synthesis of spiro-benzimidazoquinazolinones 230a–h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 82 Synthesis of isatin based spiro compounds 234a–h.

Scheme 84 Synthesis of isatin-b-thiocarbohydrazones 239a–j.
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isatylidenemalononitrile derivative (intermediate I). Subse-
quently, the treatment of a b-keto ester with DMAP generates
the major thermodynamic enolate product. Next, intermediate I
is subjected to Michael addition, wherein the thermodynamic
ethyl acetoacetate enolate attacks intermediate I, giving rise to
the formation of intermediate II. Finally, the hydroxyl group
participates in a cycloaddition reaction with the cyano moiety,
resulting in the exclusive formation of the desired 226a product.
Notably, the kinetic product was not observed in this process.

Pardasani and co-workers developed a new catalyst-free
method for synthesizing spiro-benzimidazoquinazolinones
using multiple components under microwave irradiation.160

The method involves a one-pot three-component reaction of
acenaphthoquinone or isatin 227a–h, 1,3-diketone 228, and 2-
aminobenzimidazole 229 in ethanol at 160 °C and 180 W
afforded good isolated yields (75–80%) of spiro-
benzimidazoquinazolinones 230a–h (Scheme 81). One of the
most attractive features of this method is the mild reaction
conditions it employs, along with operational simplicity.

A microwave-assisted multicomponent reaction was devel-
oped by Meshram and co-workers to synthesize a series of isatin
derivatives.161 The three-component reaction was performed
between isatins 231a–g, amino acid 233 and but-2-ynedioates
232 in an aqueous medium, under microwave irradiated
Scheme 83 Plausible mechanism for the formation of pyrrolizine-1,2-
dicarboxylate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
conditions at 80 °C for 10 min afforded a good isolated yield
(70–93%) of the target compounds 234a–h (Scheme 82). The
synthesis of other diverse functionalized spirooxindole deriva-
tives can be achieved by utilizing this synthetic protocol. This
reaction offers numerous benets, including: (i) utilizing water
as the reaction solvent; (ii) achieving a high atom economy; (iii)
eliminating the need for a catalyst; (iv) accommodating a wide
range of substrates.

A plausible mechanism for the three-component reaction is
proposed and depicted in Scheme 83. The reaction begins with
the condensation of a-amino acid 233 and isatin 231, leading to
the formation of imine intermediates II through the elimina-
tion of CO2. Subsequently, a 1,3-dipolar cycloaddition reaction
(III) occurs between the imine intermediates and but-2-
ynedioates 232, then undergoes cyclization, yielding the spiro
compound 234. In the case of the four-component reaction, the
spiro compound 234 undergoes a further reaction with phe-
nacyl bromide, leading to the formation of a N-protected
product.

Gohary and co-workers developed a microwave-assisted new
range of isatin-b-thiocarbohydrazones by utilizing the key
features required for metal chelation found in triapine.162 Their
approach involved modifying the basic structure of triapine by
substituting the pyridinyl group with isatin, which retained the
three-pronged feature necessary for metal chelation. The reac-
tion carried out between thiocarbohydrazide 235 and isatin
derivatives 236a–b in ethanol under microwave irradiation
afforded good isolated yields (73–91%) of 237a–b which, on
further treatment with aryl aldehydes 238a–h, afforded the
Scheme 85 Synthesis of isatin derivatives 241a–h.
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Scheme 86 Synthesis of spirooxindoles 245a–g.

Scheme 88 Synthesis of pyrrolidine fused bisspirooxindoles 250a–I.

Scheme 89 Synthesis of spiro 1,3,4-thiadiazolines from isatin-b-thi-
osemicarbazone 254a–h.
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products 239a–j (Scheme 84). The newly developed compounds
were also evaluated for their effectiveness in ghting cervical
cancer (HeLa) and kidney broblast cancer (COS-7) cell lines
utilizing doxorubicin as a standard drug. Compound 239c
exhibited remarkable efficacy with an IC50 value of 1.51 mM
against the HeLa cell line and 2.19 mM against the COS-7 cell
line, among all the derived compounds.

Greco and co-workers introduced a microwave-assisted
Knoevenagel/Michael/cyclization multicomponent domino
approach for producing isatin-based spiro compounds 241a–h,
with ethanol serving as the solvent and 1-methylimidazolium
chloride as a catalyst.163 They undertook a thorough methodo-
logical investigation involving alterations to solvent, catalyst,
amount of catalyst, temperature, and heating mode to identify
optimal reaction conditions. Additionally, the scope of the
reaction was examined by varying the starting materials (isatin,
malononitrile, and barbituric acid), which resulted in the
synthesis of 12 spiro compounds with good yields ranging from
43% to 98% (Scheme 85).

Choudhury and co-workers reported a microwave-irradiated
three-component reaction that could be switched depending on
the reaction solvent and temperature, leading to the synthesis
of two types of fused spirooxindoles.164 The reaction involves
isatins 242a–e, 4-hydroxycoumarins 243a–b, and either amino-
pyrazole 244a–c under microwave irradiation. When the reac-
tion is performed in acetonitrile at 85 °C, the resulting
spirooxindoles 245a–g are fused with pyrazolo-
tetrahydropyridinones due to the ring-opening of the hydrox-
ycoumarin moiety (Scheme 86). On the other hand, when the
reaction is performed in acetic acid at 130 °C, the resulting
spirooxindoles 246a–g are fused with a tetracyclic coumarin-
Scheme 87 Synthesis of spirooxindoles 246a–g.

32882 | RSC Adv., 2023, 13, 32858–32892
dihydropyridine-pyrazole/isoxazole moiety spiro fused with
oxindoles (Scheme 87). This switchable multicomponent reac-
tion has been used to synthesize a series of medicinally
important spiroxindole-fused pyrazolo-tetrahydropyridinones
and spirooxindole-fused coumarin-dihydropyridine-pyrazole/
isoxazole tetracycles under metal-free conditions.

Shankaraiah and co-workers devised an effective approach to
synthesize pyrrolidine-fused bisspirooxindoles 250a–i using
a one-pot method assisted by microwaves.165 The reaction was
carried out under microwave-conditions at 100 °C. This method
involves the generation of azomethine ylide through the
decarboxylative condensation of isatins 247a–i and primary a-
amino acids 248a–f, along with the [3 + 2] cycloaddition of 3-
alkenyl oxindoles 249a–d (Scheme 88). The use of microwave
irradiation in ethanol solvent without any additives or catalyst
facilitates these reactions, and results in a broad substrate
scope, good yields, eco-friendliness, and atom-economy.

Microwave irradiation was used by Junior and co-workers to
heat the reaction medium while synthesizing spiro 1,3,4-thia-
diazolines from isatin-b-thiosemicarbazone acetylation.166 To
Scheme 90 Synthesis of spiro 1,3,4-thiadiazolines from isatin 257a–e.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 92 Gold-catalyzed synthesis of spirooxindoles 264a–l.

Scheme 93 A plausible mechanism for the synthesis of spirooxindole.
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produce thiosemicarbazones 253a–h, N-substituted isatin
derivatives 251a–h were used as substrates, and thio-
semicarbazide 252 was added to the isatin ketone carbonyl. The
nal step in the synthetic process involved the reaction of thi-
osemicarbazones with acetic anhydride under microwave irra-
diation at 120 °C to produce the spiro 1,3,4-thiadiazolines 254a–
h within 6–18 min (Scheme 89). They also evaluated the anti-
bacterial and antifungal activity of derived compounds and
found that particularly spiro-thiadiazolines 254c derived from
allylated isatins showed promising activity with an IC50 value of
360 mM in biological assays.

In a one-pot process utilizing microwave irradiation and
deep eutectic solvents (DES), Junior and co-workers discovered
a simple and efficient alternative method for synthesizing 1,3,4-
thiadialzolinic spiro compounds 257a–e.167 They explored
a series of DES based on different acids as solvents in a three-
component reaction which included isatin derivatives (mono-
meric and dimeric), thiosemicarbazide, and acetic anhydride.
Of all the solvents screened, choline chloride (ChCl) and oxalic
acid (in a 1 : 1 ratio) were the best, producing yields of up to
79%. The yields for most of the monomeric compounds were
either very close to or higher than those reported in the litera-
ture for a two-step synthesis (Scheme 90).

Reddy and co-workers developed a series of oxazolo[5,4-b]
quinoline-fused spirooxindoles using a microwave-assisted che-
moselective synthesis.168 The three-component Knoevenagel/
Michael addition reaction was performed between isatin 258a,
b-diketone 259a and 5-amino-3-methylisoxazole 260 in the
absence of a catalyst using solvent-free conditions under micro-
wave irradiation at 120 °C at 700 W for 10 min to afford the
oxazolo[5,4-b]quinoline-fused spirooxindole 261a in 95% yield.
The optimized conditions were utilized to test the impact of
altering the b-diketones and substituents in the isatin to deter-
mine the extent of this reaction. As a result, numerous derivatives
of the intended compounds 261a–n were synthesized with
outstanding yields (84–95%) (Scheme 91).

Praveen and co-workers reported a gold-catalyzed
microwave-assisted synthesis of spirooxindoles using double
condensation between isatin and 4-hydroxycoumarin.169 They
Scheme 91 Synthesis of oxazolo[5,4-b]quinoline-fused spiroox-
indoles 261a–n.

© 2023 The Author(s). Published by the Royal Society of Chemistry
performed the condensation reaction with various derivatives of
isatin 262a–l and 4-hydroxy coumarin 263 using a gold catalyst
(NaAuCl4$2H2O) under microwave irradiation at 40 °C for
15 min to afford good-to-excellent yields (86–96%) of designed
products 264a–l (Scheme 92). They also observed that micro-
waves could lead to efficiently syntheses of these compounds as
compared with a conventional heating method.

Based on the observed results, a tentative mechanism
(Scheme 93) was proposed to explain formation of the repre-
sentative compound 264a. The process begins with 4-hydrox-
ycoumarin undergoing nucleophilic addition at the carbonyl
carbon of the [Au]-activated isatin, leading to the formation of
intermediate I. Subsequently, dehydration of intermediate I
takes place, resulting in the formation of intermediate II. The
Lewis acidic [Au] species re-enters the catalytic cycle by inter-
acting with the carbonyl oxygen of intermediate II. This inter-
action drives the addition of another molecule of 4-
Scheme 94 Synthesis of N-(2,3,4,6-tetra-O-acetyl-b-D-glucopyr-
anosyl)thiosemicarbazones with isatin derivatives 268a–j.
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Scheme 95 Synthesis of functionalized spirooxindole derivatives
272a–l.

Scheme 97 Synthesis of spiropyrrolidine oxindole derivatives 276a–h.
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hydroxycoumarin, leading to the formation of intermediate III.
Later, intramolecular cyclization occurs in intermediate III,
resulting in the formation of intermediate IV. Through subse-
quent dehydration reactions, the nal product 264a is obtained.

A new microwave-assisted development was reported by
Thanh and co-workers for the synthesis of N-(2,3,4,6-tetra-O-
acetyl-b-D-glucopyranosyl)thiosemicarbazones 268a–j with
various isatin derivatives.170 Initially, they performed the reac-
tion to convert N-(tetra-O-acetyl-b-D-glucopyranosyl)iso-
thiocyanate 265 into the corresponding thiosemicarbazide 266
which, on further reaction with various isatin derivatives 267a–j
under microwave irradiation at 100–200 °C, afforded excellent
yields (74–96%) of designed products (268a–j) (Scheme 94).
They also investigated the cytotoxic effects of the derived
compounds. Compound 268f showed cytotoxic effects with an
IC50 value of 0.78 mM against some cancer (LU-1, HepG2, MCF7,
P338, SW480, KB) cell lines as well as a normal broblast cell
line (NIH/3T3).

Meshram and co-workers developed a straightforward and
environmentally friendly method that involves only one pot and
three-components in an aqueous phase to synthesize func-
tionalized spirooxindole derivatives.171 They performed the
reaction with isatin 269a–d, b-nitrostyrene 270a–f, and aryl
amines 271a–b in water under microwave irradiation. A library
of spirooxindoles 272a–l was easily constructed with good dia-
stereoselectivity and in moderate-to-good yields (64–92%)
(Scheme 95). This approach is especially benecial because it
Scheme 96 Plausible mechanism for the synthesis of representative
molecule 272a.

32884 | RSC Adv., 2023, 13, 32858–32892
employs readily available starting materials, a green solvent and
can be completed in short period of time.

The a-amino acid or benzyl amine undergoes an initial
reaction with isatin through a typical addition process, result-
ing in the formation of an imine. The formed imine then
undergoes a reaction with b-nitrostyrenes, leading to a 1,3-
cycloaddition reaction. During this cycloaddition, two nucleo-
philic carbons add to the electron-decient carbon of the
dipolarophile to form a transition state which, on trans-
formation, is converted in compound 272a. This can be
explained based on the transition state, with the observed
product being more stable. The transition state is preferred if
the spiro carbon is cis to the carbonyl of the oxindole moiety and
trans to the nitro group (Scheme 96).

Dandia and co-workers developed amicrowave-assisted, one-
pot method for synthesizing spiropyrrolidine/thiapyrrolizidine
oxindole derivatives with antimicrobial properties.172 The
approach was simple, environmentally friendly, highly efficient,
and involved two pharmacophoric groups (1,3-indanedione and
pyrrolidine/thiapyrrolizidine) in a single molecule through
a three-component 1,3-dipolar cycloaddition reaction. They
carried out the reaction using substituted isatin 273a–c,
thiazoles-4-carboxylic acid 275 and either 2-cyano-3-phenyl-
acrylic acid ethyl ester or 2-benzylidene-malononitrile 274a–
d reux under microwave irradiation for 5–10 min to afford the
desired products 276a–h (Scheme 97). The methodology
exhibits good tolerance for functional groups and a wide range
of substrates, and demonstrates high levels of chemo-, regio-,
and stereoselectivity with acceptable yields (88–92%) of
designed products.
Scheme 98 Synthesis of isatin-aminorhodanine hybrids 279a–l.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 99 Synthesis of ketonitrones 282a–n.

Scheme 101 Synthesis of 2-indolinone-based triazole derivatives
287a–f.

Scheme 102 Synthesis of isatin hydrazones 290a–290o and their
thiomorpholine-tethered analogues 291a–291o.
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Besbes and co-workers synthesized a series of isatin-
aminorhodanine hybrids 279a–l using a microwave-irradiated
technique.173 They performed the condensation reaction of
isatin derivatives 278a–l and 3-aminorhodanine 277 in
a microwave condition at 100 °C for 5 min to afford moderate-
to-acceptable yields (55–92%) of hybrid products 279a–l
(Scheme 98). This microwave approach is facile, effective for the
development of various biologically important hybrid mole-
cules, ecological, fast and energy efficient. Compared with the
microwave method, the conventional method is slow, time-
consuming and provides a low yielding product. When
a similar reaction was carried out using the conventional
heating method, it was completed in 24 h, compared with 5 min
using microwaves.

The antiviral properties of spiro-oxindoles have led to their
broad application. Initially, Nino and co-workers utilized
a rapid and efficient synthetic method to produce ketonitrones
using a solvent-free microwave-assisted reaction between
various hydroxylamines and isatin or indanone derivatives.174

This synthetic technique was simple, efficient, fast, clean, and
stereoselective. Subsequently, they investigated the feasibility of
generating spiro-isoxazolidines 284a–g containing nucleobases
with isatin and indanone nuclei through solvent-free
microwave-assisted 1,3-dipolar cycloaddition, which yielded
good outcomes in terms of yields (74–85%) of regio- and dia-
stereoselective products (Schemes 99 and 100).

Ashok and co-workers developed a group of 2-indolinone-
based bis-1,2,3-triazole derivatives via microwave
Scheme 100 Synthesis of spiro-isoxazolidines containing nucleo-
bases with isatin 284a–g.

© 2023 The Author(s). Published by the Royal Society of Chemistry
irradiation.175 They performed the copper-catalyzed azide–
alkyne click reaction between various isatin derivatives con-
taining terminal alkyne and azides under microwave irradiation
at 80 °C for 3–5 min to afford excellent yields (85–93%) of
designed products 287a–f. The microwave-assisted method that
was involved in this reaction completed the reaction in short
period of time with higher yields (85–93%) as compared with
yields using conventional heating (43–54%) (Scheme 101).

To save the lives of patients infected with multidrug
resistant-tuberculosis (MDR-TB), there is an urgent need for
new chemotherapeutic agents. Karpoormath and co-workers
addressed this issue by synthesizing and characterizing novel
isatin hydrazones 290a–o and their thiomorpholine-tethered
analogues 291a–o.176 They started with isatins 288a–b which,
on reaction with hydrazine hydrate, afforded compounds 289a–
b. These compounds were again treated with various aromatic
aldehydes under microwave irradiation at 80 °C to afford the
designed compounds 290a–o. Aer that, isatin hydrazones
290a–o reacted with thiomorpholine and formaldehyde at room
temperature to afford the designed products 291a–o in good
isolated yields (68–85%) (Scheme 102). They investigated the
anti-mycobacterial activity of derived compounds against the
H37Rv strain of Mycobacterium tuberculosis. All of the synthe-
sized compounds were initially screened for their anti-
mycobacterial activity. Notably, ve compounds (290f, 290h,
RSC Adv., 2023, 13, 32858–32892 | 32885
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Scheme 103 Synthesis of Sox-pyrrolizidines 295a–h.

Scheme 104 Proposed mechanism for the synthesis of nitro-Sox
compounds.

Scheme 105 Synthesis of N-(2-oxoindolin-3-ylidene)benzohydrazide
derivatives 298a–j.
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290n, 291f, and 291m) demonstrated high activity, with 290f
(IC50 = 1.9 mM) exhibiting the highest inhibition of H37Rv,
indicating potential as effective treatment options.

Maniam and co-workers reported a microwave-assisted, one-
pot, three-component, 1,3-dipolar cycloaddition approach to
generate azomethine ylides from L-proline and isatin, followed by
their reaction with various b-nitrostyrenes to rapidly synthesize
a library of Sox-pyrrolizidines.177 These compounds exhibited
remarkable binding affinities to the intensely amyloidogenic
regions of HEWL, leading to the prevention of bril aggregation
and prompting brillation to adopt a less structured form than b-
sheets. Notably, the Soxmolecules showed negligible cell toxicity,
and compound 295b was capable of safeguarding HEK cells
against a,b-induced toxicity (Scheme 103).

The author of that study proposed a reaction mechanism
involving two main steps. First, a condensation reaction takes
place to form an intermediate (Scheme 104). Following this,
a cycloaddition reaction occurs between the two nucleophilic
carbons and electrophilic b-carbon of the b-nitrostyrene. This
addition results in the formation of a spirocyclic structure
involving three new C–C bonds and generating four contiguous
stereocenters, including a quaternary carbon. Consequently,
two potential regioisomers can be formed due to the different
transition states, namely TS1 and TS2.

However, the sterically hindered nature of TS2 compared
with TS1 leads to an unfavorable and less stable product,
32886 | RSC Adv., 2023, 13, 32858–32892
which is not observed experimentally. This observation was
consistent with the exclusive formation of only one
regioisomer from TS1. Despite the presence of four stereo-
centers, the reaction tends to favor the aromatic group
attached to the pyrrolizidine moiety being cis to the carbonyl
group of the oxindole and trans to the nitro group. This
specic arrangement minimizes steric hindrance between the
aryl group attached to the pyrrolizidine moiety and the benzo
group of the oxindole moiety.

Junior and co-workers developed a novel approach to
synthesize N-(2-oxoindolin-3-ylidene)benzohydrazide deriva-
tives, which are extensively explored in pharmacological
research.178 Conventionally, their production relies on organic
solvents, leading to increased costs, the generation of residues
and is a time-consuming process. To address these challenges,
researchers developed a more environmentally friendly and
cost-effective method utilizing bentonite clay as a catalyst and
microwave irradiation. The study involved optimizing various
parameters, such as the type and amount of catalyst, solvent,
and heating method. Ultimately, the most favorable conditions
were found to be a solvent-free reaction in the presence of
bentonite as the catalyst, resulting in yields of up to 96% for
isolated products and reaction times of 15–60min. Remarkably,
these outcomes were comparable to or even surpassed those
reported in the literature, yet with the added advantage of
a greener approach through heterogeneous catalysis using
a microwave technique (Scheme 105).

Furthermore, researchers demonstrated that the bentonite
catalyst could be recycled at least three times without signi-
cant loss in yields or reaction time, showcasing its practicality
as a low-cost and sustainable alternative. This innovative
methodology opens up new possibilities for the efficient and
environmentally compatible synthesis of isatin-derived Schiff
bases with potential implications in pharmacological
applications.

Chaudhary and co-workers developed a novel series of
functionalized spiro[indoline-3,20-pyrrolidin]-2-one/spiro
[indoline-3,30-pyrrolizin]-2-one compounds (denoted as 302a–
d, 303a–e, and 304a–d).179 These compounds were derived from
pharmaceutically privileged bioactive sub-structures, namely
isatins 299a–f, various substituted chalcones 300a–f, and 301a–
c amino acids, using 1,3-dipolar cycloaddition reactions.
Microwave-assisted 1,3-dipolar cycloaddition reactions were
carried out in MeOH at 80 °C for 5 min involving substituted
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05986c


Scheme 106 Synthesis of spiro[indoline-3,20-pyrrolidin]-2-one/spiro
[indoline-3,30-pyrrolizin]-2-one 302a–d, 303a–e, and 304a–d.
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isatins 299a–f, substituted chalcones 300a–f, and various amino
acids 301a–c. These reactions yielded the desired chalcone-
isatin-amino acid-based spirooxindole compounds 302a–d,
303a–e, and 304a–d in excellent yields of up to 98%, and the
process displayed high diastereoselectivity. The reaction
involved the [3 + 2] cycloaddition of substituted chalcones with
in situ-generated azomethine ylides, which resulted from the
microwave-assisted decarboxylative condensation of
substituted isatins and various secondary amino acids.
Compared with traditional methods, the microwave-assisted
approach yielded higher quantities of compounds with
improved quality, all while requiring less time for synthesis.

Aer the successful synthesis of derived molecules,
researchers evaluated the in vitro antileishmanial activity
against Leishmania donovani and performed structure–activity
relationship (SAR) studies. Among the compounds tested, 302a,
303e, and 304d demonstrated the most potent activity within
the series, exhibiting IC50 values of 2.43 mM, 0.96 mM, and 3.55
mM, respectively, when compared with the standard reference
drug amphotericin B (IC50 = 0.60 mM). Those ndings suggest
that the newly synthesized compounds hold promise as
potential candidates with antileishmanial properties
(Scheme 106).

Zhao and co-workers developed an environmentally friendly
and efficient microwave-promoted multicomponent reaction
involving isatins, a-amino acids, and 1,4-dihydro-1,4-
Scheme 107 Synthesis of oxygen-bridged spirooxindoles 308a–f.

© 2023 The Author(s). Published by the Royal Society of Chemistry
epoxynaphthalene.180 Within a remarkably short time of 15min,
the reaction produced oxygen-bridged spirooxindoles in good-
to-excellent yields. Notably, the 1,3-dipolar cycloaddition
process exhibited compatibility with various primary amino
acids and showcased high efficiency due to its rapid reaction
time (Scheme 107). Furthermore, they scaled up the reaction
and performed synthetic transformations of spiropyrrolidine
oxindole, showcasing its practical synthetic utility. The intro-
duction of this new method expands the structural diversity of
spirooxindoles, making them a promising scaffold for novel-
drug discovery. With these attractive features and potential
applications, that work presents a powerful approach to
enhance the repertoire of spirooxindoles as a platform for
exploring new drug candidates.

Initially, the reaction involves the condensation of isatin
with proline, resulting in the formation of the ylide interme-
diate A through subsequent decarboxylation. This ylide inter-
mediate A serves as a 1,3-dipole and reacts with 3a through two
potential pathways, labeled as A and B. Path A leads to the
production of the thermodynamically more stable endo-cyclo-
adduct 4a, while the formation of the exo-cycloadduct 4a′

through path B is likely less favored.

3. Conclusions and perspectives

Based on the discussions stated above, it is evident that
microwave-assisted organic synthesis is a highly effective
method for conducting a diverse range of chemical reactions in
a shorter reaction of time with high yield and selectivity. Ulti-
mately, the use of microwave irradiation has greatly enhanced
the process of drug discovery and contributed towards efficient
synthesis of complex natural products and natural product-like
molecules. This review presented the microwave-assisted
organic synthesis of N- and O-containing heterocyclic
compounds. Various quinoline derivatives with structural
diversity could be prepared in shorter reaction time and high
yields. Similarly, pyrazolopyrimidine derivatives have been
synthesized under microwave irradiation which were otherwise
difficult to prepare. Comarins, isatins and their diverse deriva-
tives with structural complexity were prepared in efficient
manners recently adopting microwave assisted-organic
synthesis. Thus, this technique has scope to prepare various
natural-product scaffolds, which are complex and lling 3D
chemical space.

In conclusion, microwave-assisted synthesis has proven to
be a game-changer in the eld of organic synthesis and mate-
rials science. Its ability to accelerate reactions, improve yields,
and reduce energy consumption has made it an invaluable tool
for researchers. As we delve deeper into its mechanisms and
explore new applications, microwave-assisted synthesis is
poised to play an increasingly signicant part in shaping the
future of chemistry and materials research. The data provided
showcase several successful applications of microwave-assisted
synthesis in various chemical reactions, leading to enhanced
yields, shortened reaction times, and improved selectivity. The
examples presented highlight the effectiveness of microwave
irradiation in different synthetic transformations.
RSC Adv., 2023, 13, 32858–32892 | 32887
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Suzuki–Miyaura cross-coupling reactions: Ababri and co-
workers demonstrated an optimized microwave-assisted
Suzuki–Miyaura cross-coupling reaction protocol. By utilizing
microwave irradiation at 135 °C, the reaction time was signi-
cantly reduced from 12 h to just 40 min, and the yield of the
coupled product was impressive (67–89%). Moreover, the
unwanted debromination reaction was effectively avoided,
resulting in high product purity. Friedlander synthesis of 8-
hydroxyquinolines: Microwave-assisted Friedlander synthesis
provided a single-step conversion of various derivatives of 8-
hydroxyquinolines with a higher yield (72%) compared with
conventional heating (34% yield). This demonstrates the effi-
ciency and effectiveness of microwave-assisted synthesis in
complex transformations. Copper-catalyzed four-component
synthesis of 3-N-sulfonylamidine coumarins: Punniyamurthy
and co-workers reported a copper-catalyzed four-component
synthesis of coumarins using microwave irradiation. The use
of microwave conditions resulted in higher reactivity, milder
reaction conditions, and greater selectivity, leading to good
isolated yields of the desired products. Microwave-assisted
synthesis of isatin-b-thiocarbohydrazones: Gohary and co-
workers developed a new range of isatin-b-thiocarbohy-
drazones using microwave irradiation. The approach utilized
the key features required for metal chelation found in triapine
and resulted in good isolated yields of the desired products.
Moreover, some of the newly developed compounds showed
promising efficacy against cancer cell lines. Microwave-assisted
synthesis of quinoline fused 1,4-benzodiazepine: Kamble and
co-workers reported an efficient microwave-assisted protocol for
the synthesis of quinoline fused 1,4-benzodiazepines. The use
of microwave irradiation at 80 °C afforded excellent isolated
yields of the desired products, but the conventional method did
not afford a good yield in a limited time. The Pechmann reac-
tion was conducted using conventional thermal heating.
However, even aer 20 min, the phenol conversion did not
exceed 18%. This outcome underscores the potential of micro-
wave irradiation as a viable alternative to conventional heating
methods for this type of reaction.

Continuous efforts are being made by different research
groups across the globe using microwave irradiation techniques
for the successful synthesis of a variety of biologically active
compounds. This strategy shows great promises for its use in
the near future as a powerful tool for constructing efficiently
natural product-like scaffolds. Microwave-assisted synthesis
has already demonstrated its potential as a powerful and effi-
cient tool for chemical transformations. Looking ahead, this
innovative technology holds promising future perspectives that
could further revolutionize synthetic chemistry and materials
research.

Despite the successful applications of microwave-assisted
synthesis, further research is needed to gain deeper under-
standing of the underlying mechanisms responsible for its
enhanced reactivity and selectivity. A deeper understanding of
these mechanisms can guide the optimization of reactions and
the development of new synthetic strategies. The success of
microwave-assisted synthesis in various reactions encourages
the exploration of new transformations that can benet from
32888 | RSC Adv., 2023, 13, 32858–32892
this technique. Researchers can investigate unexplored reac-
tions that can be accelerated and improved through microwave
irradiation. Green and sustainable chemistry: the energy effi-
ciency and reduced reaction times associated with microwave-
assisted synthesis align well with the principles of green and
sustainable chemistry. Microwave-assisted synthesis has shown
its potential for promoting green chemistry principles. Future
research should continue to explore environmentally friendly
reaction conditions, such as solvent-free and catalytic micro-
wave reactions, to reduce waste and energy consumption.

Researchers need to address scale-up challenges to make
microwave-assisted synthesis more applicable to industrial
processes. The development of scalable and economically viable
methodologies is essential. Bridging the gap between
laboratory-scale experiments and industrial applications is
a critical aspect of future perspectives. Researchers should
focus on developing scalable and economically viable
microwave-assisted synthetic methodologies to facilitate the
adoption of this technology in industrial processes. Researchers
can explore the combination of microwave-assisted synthesis
with other innovative techniques, such as ow chemistry,
photochemistry, and catalysis, to achieve synergistic effects and
expand the scope of synthetic possibilities. The development of
advanced microwave reactors with precise control over power,
frequency, and temperature will allow researchers to optimize
and scale-up reactions effectively. Integration of automation
and articial-intelligence technologies in reactor design could
lead to more efficient and autonomous synthesis processes.
Multicomponent reactions: microwave irradiation has proven
to be advantageous inmulticomponent reactions, offering rapid
access to complex molecules. Future efforts should focus on
developing novel multicomponent reactions that take advan-
tage of the enhanced reactivity and selectivity offered by
microwave technology.

The pharmaceutical industry can benet signicantly from
microwave-assisted synthesis for drug discovery and develop-
ment. Integrating microwave technology in medicinal chem-
istry research can expedite the synthesis of potential drug
candidates and facilitate the production of complex molecules.
Microwave technology can be applied to the synthesis of
advanced materials with “tailored” properties. Researchers
should explore the use of microwave irradiation in the prepa-
ration of nanomaterials, catalysts, and functional materials for
various applications. safety and standardization:

As microwave-assisted synthesis gains wider adoption, it is
crucial to establish standardized safety protocols and guide-
lines for its use in laboratories and industrial settings. Safety
training and awareness will ensure responsible and efficient
operation.

These forward-looking perspectives provide valuable guid-
ance to researchers interested in advancing this eld. The
review emphasizes the practical benets of microwave-assisted
synthesis, such as shorter reaction times, improved yields, and
enhanced reactivity. It also highlights the applicability of
microwave technology to complex reactions, which can lead to
the synthesis of highly functionalized compounds. The review
includes examples of microwave-assisted synthesis applied to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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drug discovery, showcasing its relevance and potential impact
in the pharmaceutical industry.

The future perspectives of microwave-assisted synthesis hold
great promise for advancing synthetic chemistry and materials
science. With a focus on understanding mechanisms, devel-
oping green and sustainable methodologies, and exploring new
applications, microwave-assisted synthesis is poised to become
an indispensable tool in modern chemistry, paving the way for
faster, cleaner, and more efficient chemical transformations.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Authors are thankful to the Banaras Hindu University (BHU)
and Jawaharlal Nehru University (JNU) for providing facilities to
compile this review. GT & AK are grateful to BHU for the
research fellowship. VKM is thankful to UGC New Delhi for the
JRF/SRF Fellowship.
References

1 Q. Cheng, L. Xiang, M. Izumikawa, D. Meluzzi and
B. S. Moore, Nat. Chem. Biol., 2007, 3, 557–558.

2 G. Castro-Falcón, D. Hahn, D. Reimer and C. C. Hughes,
ACS Chem. Biol., 2016, 11, 2328–2336.

3 T. Grkovic, R. K. Akee, C. C. Thornburg, S. K. Trinh,
J. R. Britt, M. J. Harris, J. R. Evans, U. Kang, S. Ensel,
C. J. Henrich, K. R. Gustafson, J. P. Schneider and
B. R. O'Keefe, ACS Chem. Biol., 2020, 15, 1104–1114.

4 J. H. Miller, J. J. Field, A. Kanakkanthara, J. G. Owen,
A. J. Singh and P. T. Northcote, J. Nat. Prod., 2018, 81,
691–702.

5 M. Feher and J. M. Schmidt, J. Chem. Inf. Comput. Sci., 2003,
43, 218–227.

6 D. J. Newman, G. M. Cragg and D. G. I. Kingston, in The
Practice of Medicinal Chemistry, ed. C. G. Wermuth,
Academic Press, New York, 3rd edn, 2008, pp. 159–186.

7 C. G. Wermuth and J. de la Fontaine, The practice of
medicinal chemistry, 1996, vol. 2, pp. 203–237.

8 A. L. Harvey, R. Edrada-Ebel and R. J. Quinn, Nat. Rev. Drug
Discovery, 2015, 14, 111–129.

9 T. Rodrigues, D. Reker, P. Schneider and G. Schneider, Nat.
Chem., 2016, 8, 531–541.

10 B. Shen, Cell, 2015, 163, 1297–1300.
11 E. K. Davison and J. Sperry, J. Nat. Prod., 2017, 80, 3060–

3079.
12 T. Ma, L. Liu, H. Xue, L. Li, C. Han, L. Wang, Z. Chen and

G. Liu, J. Med. Chem., 2008, 51, 1432–1446.
13 S. Anzabi Zadeh, W. N. Street and B. W. Thomas, J. Biomed.

Inf., 2023, 137, 104267.
14 A. O. Dada, A. A. Inyinbor, O. S. Bello and B. E. Tokula,

Biomass Convers. Bioren., 2023, 13, 9181–9193.
© 2023 The Author(s). Published by the Royal Society of Chemistry
15 P. Ashra, D. Nematollahi, A. Shabanloo, A. Ansari,
M. Eslamipanah and B. Jaleh, Electrochim. Acta, 2023, 458,
142555.

16 W. M. Eldehna, R. I. Al-Wabli, M. S. Almutairi, A. B. Keeton,
G. A. Piazza, H. A. Abdel-Aziz andM. I. Attia, J. Enzyme Inhib.
Med. Chem., 2018, 33, 867–878.

17 J. Ren, S. Ding, X. Li, R. Bi and Q. Zhao, J. Org. Chem., 2021,
86, 12762–12771.

18 J.-J. Chen, Y.-L. Sun, A. Tiwari, Z.-J. Xiao, K. Sodani,
D.-H. Yang, S. Vispute, W.-Q. Jiang, S.-D. Chen and
Z.-S. Chen, Cancer Sci., 2012, 103, 1531–1537.

19 D. Dolles and M. Decker, in Design of Hybrid Molecules for
Drug Development, ed. M. Decker, Elsevier, 2017, pp. 137–
165.
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K. Užarević, Nat. Rev. Chem, 2023, 7, 51–65.
36 M. Baghbanzadeh, L. Carbone, D. Cozzoli and C. O. Kappe,

Angew. Chem., Int. Ed. Engl., 2012, 50, 11312–11359.
37 C. O. Kappe, Angew. Chem., Int. Ed., 2004, 43, 6250–6284.
38 A. Lew, P. Krutzik, M. Hart and A. Chamberlin, J. Comb.

Chem., 2002, 4, 95–105.
39 E. Grant and B. J. Halstead, Chem. Soc. Rev., 1998, 27, 213–

224.
40 Y. Mendoza Tolentino, G. Y. Romero-Zúñiga,
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and J. Garćıa, ChemistryOpen, 2015, 2015, 308–317.

43 R. Javahershenas and S. Nikzat, RSC Adv., 2023, 2023,
16619–16629.

44 J. R. Vanhoof, R. Dirix and D. E. De Vos, Green Chem., 2023,
25, 978–985.

45 V. Flores-Morales, A. P. Villasana-Rúız, I. Garza-Veloz,
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59 Á. Baji, A. Gyovai, J. Wöling, R. Minorics, I. Ocsovszki,
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117 V. Pardo-Jiménez, P. Navarrete-Encina and G. D́ıaz-Araya,
Molecules, 2019, 24, 739.

118 V. Kumar Pasala, G. Gudipudi, V. Sankeshi, M. Basude,
R. Gundla, S. singh Jadav, B. Srinivas, E. Yadaiah Goud
and D. Nareshkumar, Bioorg. Chem., 2021, 114, 104970.

119 L. D. Miranda, E. Icelo-Ávila, Á. Renteŕıa-Gómez, M. Pila
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Heterocycl. Compd., 2015, 51, 447–456.
RSC Adv., 2023, 13, 32858–32892 | 32891

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05986c


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
no

ve
m

br
e 

20
23

. D
ow

nl
oa

de
d 

on
 1

9/
01

/2
02

6 
06

:5
8:

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
136 D. S. Reddy, K. M. Hosamani, H. C. Devarajegowda and
M. M. Kurjogi, RSC Adv., 2015, 5, 64566–64581.

137 S. Fiorito, S. Genovese, V. A. Taddeo and F. Epifano,
Tetrahedron Lett., 2015, 56, 2434–2436.

138 L. C. Rao, N. S. Kumar, V. Dileepkumar, U. S. N. Murthy and
H. M. Meshram, RSC Adv., 2015, 5, 28958–28964.

139 R.-R. Zhang, J. Liu, Y. Zhang, M.-Q. Hou, M.-Z. Zhang,
F. Zhou and W.-H. Zhang, Eur. J. Med. Chem., 2016, 116,
76–83.
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