¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Recent advances in microwave-assisted

{") Check for updates‘
multicomponent synthesis of spiro heterocycles

Cite this: RSC Adv., 2024, 14, 5547

Ramin Javahershenas, () *@ Ata Makarem® and Karel D. Klika ¢

Spiro heterocycle frameworks are a class of organic compounds that possesses unique structural features
making them highly sought-after targets in drug discovery due to their diverse biological and
pharmacological activities. Microwave-assisted organic synthesis has emerged as a powerful tool for
assembling complex molecular architectures. The use of microwave irradiation in synthetic chemistry is
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Accepted 20th January 2024 a promising method for accelerating reaction rates and improving yields. This review provides insights
into the current state of the art and highlights the potential of microwave-assisted multicomponent
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1. Introduction

Heterocyclic compounds, which are extensively found in nature,
serve as a framework for numerous biologically active molecules
and medicinal compounds. This includes antibiotics, antiviral
agents, and anticancer drugs.'* Various natural products
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contain these moieties, making the development of efficient
and environmentally friendly synthetic methodologies for
heterocycles an important goal for chemists. Medicinal chem-
istry and drug discovery heavily rely on heterocycles, which are
organic compounds with at least one ring structure that does
not contain carbon atoms.>” Traditionally, the synthesis of
heterocycles has relied on multi-step processes involving
distinct reaction steps and purification procedures. However,
these conventional methods often encounter drawbacks such as
decreased productivity, extended reaction times, and the
production of by-products. In recent years, researchers have
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focused on developing more sustainable and efficient synthetic
methodologies.*™°

Multicomponent reactions (MCRs) have revolutionized the
field of organic synthesis. Unlike traditional reactions, which
typically involve the combination of two reactive species, MCRs
involve the reaction of three or more starting materials to form
a product in a single reaction step."*> The product contains
most, if not all, of the atoms of the starting materials, making
MCRs efficient and atom economical. MCRs proceed through
a series of steps in which different functional groups react with
each other in a specific order."»'* MCRs have numerous appli-
cations in organic synthesis, particularly in the exploration and
development of novel drugs and bioactive molecules. MCRs can
also be used to create combinatorial libraries of potential drug
candidates that can be screened for biological activity. This
ability to combine multiple reactants in a single process step
offers several advantages such as increased efficiency and atom
economy, a wide scope of reactant diversity, high complexity
generation, low waste production, and diversity in chemical
space.*>1¢

Microwave-assisted MCRs have emerged as a powerful tool
for the synthesis of heterocycles, offering several advantages
over traditional synthetic methods and has been applied to the
synthesis of a wide variety of complex compounds.*”** Reviews
(REFS) on microwave-assisted synthesis of heterocycles show-
case the advancements in the total synthesis of such
compounds, emphasizing the role of microwave irradiation in
the efficient construction of complex heterocyclic frameworks.
Furthermore, the synthesis of medium-sized heterocycles has
been a focus of microwave-assisted techniques and also show-
cases the progress made in this area together with emphasis on
the use of dedicated microwave synthesizers for the synthesis of
these compounds.**® The efficient and green strategy for the
improved synthesis of biologically and pharmaceutically inter-
esting annulated heterocycles using microwave irradiation has
further highlighted the potential of this approach in accessing
novel heterocyclic systems. Microwave-assisted MCR of hetero-
cycles has demonstrated the significant impact of microwave
irradiation in the rapid, efficient, and sustainable construction
of diverse heterocyclic scaffolds. These developments under-
score the potential of microwave-assisted techniques in the
synthesis of complex molecular architectures with broad
applications in medicinal chemistry and pharmaceutical
research.”*?

Microwave-assisted MCRs not only make the synthesis of
complex molecules more efficient and sustainable, MCR. But in
addition to pharmaceuticals, agrochemicals, and materials,
researchers have also been able to obtain biologically active
molecules using microwave-assisted MCRs. In particular,
microwave-assisted synthesis also shows great promise for the
rapid and selective synthesis of spiro heterocycles, as demon-
strated by several recent studies.>*>*

Due to their diverse biological activities and pharmaceutical
relevance, spiro heterocycles have received considerable atten-
tion in recent years. Because of their diverse structural features,
unique properties, and wide range of applications, spiro
heterocycles are a fascinating class of organic compounds.
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These compounds consist of two or more rings connected by
a single atom, which can be a carbon atom or another element.
In addition to their rich chemical reactivity and ability to adopt
various conformations, spiro heterocycles possess an array of
intriguing biological functions due to their unique structural
arrangements.**

In this review, we report on the recent progress in MCRs
and summarize a comprehensive overview of the recent
advances in the microwave-assisted MCR of spiro heterocycles,
highlighting key developments and methodologies that have
contributed to the rapid expansion of the technique applied the
synthesis of spiro heterocycles. In addition to providing some
perspectives for future research, we also outline the benefits of
this method and some challenges it faces. The article thus
discusses microwave-assisted MCR as an important method for
synthesizing spiro heterocyclic compounds that were reported
in the literature between 2017 and 2023.

41-46

2. Background to microwave-
assisted synthesis

Microwave-assisted synthesis involves heating and accelerating
chemical reactions using microwave radiation which causes
molecules to vibrate or rotate as a result of absorbing electro-
magnetic energy. There are several compelling advantages to
using this method over conventional organic synthesis methods
and*™ the method has found widespread application in
various fields of chemistry such as pharmaceutics, materials,
fine chemicals, and nanoparticles, rendering it an invaluable
tool for the research of materials. Microwave electromagnetic
radiation with a frequency range of 300 MHz to 300 GHz.>'"**
Microwave radiation heats materials with electric charges, such
as polar molecules or ions, by making them rotate or move in
the electric field. This can result in faster and more efficient
heating than conventional methods which rely on convection
from the heating surface to the system (Fig. 1).%°

The history of microwave synthesis can be traced back to the
1940s, when Percy Spencer, an engineer at Raytheon Corpora-
tion, accidently discovered the heating effect of microwaves
while working on a radar system. He noticed that a chocolate
bar in his pocket had melted when he was near a magnetron,
a device that generates microwaves. He then experimented with
other foods, such as popcorn and eggs, and realized the
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Fig.1 The spectrum of electromagnetic waves.
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potential of microwave heating for cooking. He filed a patent for
the first microwave oven in 1945.%75%5»%7

It was not until the 1980s that microwave-assisted synthesis
became popular in the field of chemistry after two groups of
researchers, Gedye et al.*® and Giguere et al® in 1986, inde-
pendently published papers on the use of microwave irradiation
to perform organic reactions. They showed that microwave
heating could accelerate the reaction rate, increase the yield,
and improve the selectivity of various organic transformations.
Since then, microwave-assisted synthesis has been widely
applied in various branches of chemistry, such as inorganic
chemistry, polymer chemistry, material science, nanotech-
nology, and biochemistry.®>* Microwaves can be used for
a variety of applications’”” as shown in Fig. 2.

There are several ways to perform microwave-assisted
synthesis, including open-vessel, closed-vessel, and
continuous-flow methods. For reactions that do not require
high temperatures or pressure, such as solvent extraction or
digestion, the open-vessel mode is suitable whereas closed-
vessel processes are ideal for reactions that require high
temperatures or pressures such as organic synthesis and
hydrothermal synthesis. Continuous-flow methods are ideal for
reactions requiring rapid and precise heating, such as the
synthesis of peptides or the preparation of nanoparticles.”®*° To
conduct microwave-assisted synthesis, a microwave reactor is
required, which generates, concentrates, and delivers micro-
wave radiation to a reaction mixture. Domestic microwave
ovens and dedicated microwave reactors are the two main types
of microwave reactors. Domestic microwave ovens when used
for chemical synthesis have several limitations, such as uneven
heating, inability to control temperature and pressure, and
safety concerns. Open-vessel mode is the only option for
domestic microwave ovens, which means that the reaction
mixture is exposed to the air inside the oven. Consequently,
volatile components may be oxidized, contaminated, or lost.
Compared to dedicated microwave reactors, domestic micro-
wave ovens have a low power density and a short reaction time
(Fig. 2).5v%

Dedicated microwave reactors come in two types, single-
mode and multimode. Single-mode reactors produce homoge-
neous pockets of energy that are highly reproducible as they
have small cavities that concentrate the microwave field in the
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Fig. 2 Microwaves applications.
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vessel containing the reaction mixture to provide uniform
heating distribution and are ideal for thin materials and
liquids. Fast and uniform heating can be achieved for reactions
up to 20 mL with these devices. On the other hand, multimode
reactors feature larger cavity geometries for the simultaneous
processing of multiple samples, ranging in size from 30-100 L,
but consequently, the microwave field is chaotically distributed
because of their large cavities. Multimode reactors are used for
thicker materials and solids because the microwaves can
penetrate the sample with more energy.***”

Power density is the amount of microwave energy per unit
volume of the reaction mixture. In microwave-assisted
synthesis, the temperature, pressure, and heating rate all
affect the reaction rate and an increase in power density is
generally associated with a faster and more efficient reaction.
High power density, however, has some limitations and chal-
lenges. In addition, there are issues related to uneven heating,
thermal runaway, safety hazards, and scalability.”*"** Studies
have shown that the power density can also influence the
reaction rate by modifying the hydrodynamics of the system. It
is therefore crucial to optimize and control the power density to
enhance reaction rates and product quality.****%”

To control the power density, the microwave power output,
the reaction volume, and the geometry of the reaction vessel
must all be adjusted as there is a direct correlation between the
power density and the reaction volume. The geometry of the
reaction vessel too has a significant effect on the distribution
and concentration of microwave fields inside the vessel.
Generally, the higher the power density of a microwave field, the
more uniform and focused it is. A variety of reactants, solvents,
and additives may also be used to achieve different results.””*%”

Materials with electric charges, such as polar molecules or
ions, are heated by microwave radiation by being caused to
rotate or move in the electric field of the microwaves. Compared
with conventional heating methods, which rely on convection to
transfer heat from the surface of the heater to the system,
microwave irradiation can be faster and more effective.®”'%
There are two main interactions for microwave heating,
dielectric and ionic.

Water and other polar molecules are heated by dielectric
heating when they align themselves with the oscillating electric
field of microwave radiation. By rotating rapidly, the molecules
produce friction and heat. As a result of the asymmetric distri-
bution of electrons within their structure, polar molecules, such
as those found in solvents and reactants, possess an electric
dipole. Polar molecules strive to align themselves with the
microwaves' rapidly oscillating electric field when exposed to
microwaves and, as a consequence, the sample is heated. Fric-
tion between the molecules is generated by this constant
realignment, which produces heat. The microwave field inten-
sity and polarity of molecules are directly related to the extent of
heat generation.

When microwave irradiation is applied to materials with free
ions, such as ionic liquids or electrolytes, the ions accelerate as
they are subjected to an oscillating electric field. For a material
to undergo ionic conduction, the ions must be mobile, and the
microwave radiation of a specific frequency is subsequently
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required. An electric field induces ionic conduction when
sodium or chloride ions move back and forth. During collisions,
they generate heat as they collide with other ions and mole-
cules. Dielectric properties, such as the dielectric constant and
loss factor, determine the microwave heating of a material.
These properties determine a material's ability to absorb and
dissipate microwave energy (Fig. 3).

In comparison to traditional chemical synthesis methods,
microwave-assisted synthesis offers several potential benefits
and disadvantages which are briefly shown in Fig. 4 and 5.7***

The future of microwave-assisted synthesis looks promising
as it gains greater popularity. With advancements in
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Fig. 3 Schematic illustration of the two main heating mechanisms.
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technology, microwave-assisted synthesis will likely become
more efficient, precise, and cost-effective.*”~*° This could lead to
its increased use in various industries such as pharmaceuticals,
materials science, and chemical manufacturing. There may be
further developments in microwave reactor design and the
development of new microwave-assisted synthesis techniques,
thereby possibly leading to the discovery of novel reactions and
the production of novel materials with unique properties.**>¢
Thus, scientists are still continuing to uncover the full potential
of microwave-assisted synthesis, which is expected to lead to
new and exciting discoveries.>® %

3. Spiro heterocycles

Many organisms can synthesize spiro heterocycles, including
plants, bacteria, and marine invertebrates. They play a vital role
in regulating hormones, communication, and defence (REF) as
well as being bioactive. For example, a soil bacterium produces
spinosyn D, a highly insecticidal spiro heterocycle (REF) while
the compound spiro tryptamine found in certain fungi acts as
a hallucinogen. A remarkable surge in spiro heterocycles has
also been observed in the synthetic realm.'**'® In medicinal
chemistry, these compounds have proven to be valuable scaf-
folds. They have the potential to treat infections, cancers,
cardiovascular diseases, and more. Since they modulate
different biological targets and it is possible to tune their
pharmacokinetic properties, they make for promising thera-
peutic agents."7*??

The spirooxindole class of naturally occurring heterocycles is
considered a privileged class and spirooxindole forms the core
structural unit in several alkaloids such as spirotryprostatin A
and B,"**"* elacomine,” marcfortine B,?* formosanine,'*”
coerulescine,”®'* rychnophyilline,'* alstonisine,"** mitraphyl-
line,"** pteropodine,*® strychnofoline,”** spirobrassinin,***
horsfiline,****” notoamide A.*** 3-Spiro[adamantane-2,3’-iso-
quinolines],” and spiropyrazoles, spiroisoxazoles, spiropyr-
anes, and spirothiadiazols.’*® Some naturally occurring spiro
heterocyclic compounds are depicted in Fig. 6.

Spiro heterocycles can also be useful in a variety of material

131

science applications in addition to their medicinal applications.
The structure and electronic properties of these materials make
them promising candidates for organic semiconductors, light-
emitting diodes, and liquid crystals.’®"""® They can be tailored
optically and electronically due to their molecular properties,
which allows their potential application in a wide range of
technological fields to expand. The unique properties and
diverse applications of spiro heterocycles make them an
intriguing class of organic compounds with enormous poten-
tial. As a natural product, a potential drug candidate, and
a promising material science candidate, they hold significance
in a variety of scientific areas.

Spiro heterocycles can be classified according to their
structural characteristics, which facilitate their analysis into
four categories. These include spiro indole frameworks, sprio
pyrrolidine frameworks, spiro pyran frameworks, and miscel-

171-174

laneous compounds. Each of these categories will now be dis-
cussed in turn as a result of microwave-assisted MCRs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Examples of naturally occurring spiro heterocycles.

3.1. Spiroindole frameworks

Of note, spirooxindoles possess a wide range of biological
activities and pharmaceutical properties such as anti-anxio-

lytic,"** antibacterial,™**** antitubercular,"** antimigraine
activity,"** antioxidant,"* antitumoral,"*® antiprotozoal,**’ anti-
inflammatory,*® anticonvulsant,"® antihelmintic activity,*

antiepileptic,” antimycobacterial,'® antimalarial,"® acetyl-
cholinesterase inhibitory activities,"***> anticancer

activities,'**%® anesthetic,’® HIV-1 N-NRT inhibitor,*** anti-

163 165,166

coronavirus,'®® antileishmanial,*** as well as antitubercular.

Dandia and co-workers developed a simple, environmentally
benign, and highly proficient protocol for the efficient synthesis
of antimicrobial spiro pyrrolidines (5) and thiapyrrolizidine
oxindole derivatives (6). The molecular frameworks were ob-
tained via a three-component 1,3-dipolar cycloaddition reaction
between substituted isatin (1), sarcosine (3), 1,3-thiazole-4-
carboxylic acid (4) and 2-cyano-3-phenyl-acrylic acid ethyl ester
or 2-benzylidene-malononitrile (2) in 2,2,2-trifluoroethanol
(TFE) as a reusable green solvent under microwave irradiation
(Scheme 1). Additionally, functional group tolerance and
a broad scope of useable substrates are other prominent
features of the present methodology with a high degree of
chemio-, regio-, and stereoselectivity. Single-crystal X-ray anal-
yses were used to confirm the stereochemistries of the synthe-
sized compounds.'”®

The synthesized compounds were also evaluated for their
antimicrobial potential. The synthesized compounds contain-
ing pyrrolothiazole moieties demonstrated excellent activity
against Klebsiella pneumonia, even outperforming drugs in
present use in terms of inhibiting activity. According to
computational docking studies (3R,7'R)-7-(3,4-dichlorophenyl)-
2-0x0-7',7a’-dihydro-3'H-spiro[indoline-3,5"-pyrrolo[1,2-c]thia-
zole]-6',6'(1'H)-dicarbonitrile has a high affinity for New Delhi
metallo-B-lactamase-1.

A tentative mechanism for the formation of the cycloadducts
is given in Scheme 2. A significant role is played by 2,2,2-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of spiro indoline-3,2-pyrrolidine derivatives 5 and
spiro indoline-3,5-pyrrolol[1,2-clthiazole derivatives 6.

trifluoroethanol (TFE) in organic transformations because of its
high polarity, low nucleophilicity, high hydrogen bond
strength, Brensted acidity, and high ionizing power. Further-
more, 2,2,2-trifluoroethanol can be used as an acid catalyst. In
the present cycloaddition reaction, 2,2,2-trifluoroethanol forms
a hydrogen bond with the carbonyl group of isatin (1) to
increase the electrophilicity of the C-3 carbon which easily
forms nonstabilized azomethineylide (A) with sarcosine (3) and
which consequently behaves as a 1,3-dipolar species. The azo-
methineylide (A) that is formed subsequently undergoes a 1,3-
dipolar cycloaddition reaction involving nucleophilic attack on
the carbon atom at the B position of the Knoevenagel adduct (2)
by the carbon atom of the >C=N(C) moiety in the azomethine
ylide. The only products of the cycloadditions are pyrrolidine
heterocyclic rings. This mechanism shows regiospecificity in
the presented pathway.

A three-component microwave procedure was developed by
Tu and co-workers to synthesize new spiro[indoline-3,4'-
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Scheme 2 Plausible mechanism for the synthesis of spiro pyrrolidine
derivatives.
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Scheme 3 Synthesis of tetrahydrobenzolblpyran derivatives 9.

pyrazolo[3,4-b]pyridines] (9). By using readily available isatins
(1), pyrazol-5-amines (7), and ketonitriles (8), the spiro scaffolds
(9) were synthesized. In Scheme 3, HOAc plays both the role of
a reaction media and an acid promoter. Microwave irradiation
was used to carry out the reaction at 80 °C. Library generation
using this strategy is a useful and attractive process of drug
discovery due to its flexibility, broad functional group compat-
ibility, and mild reaction conditions.'”®

Meshram and colleagues synthesized various functionalized
spirooxindoles (13-16) (Scheme 4). Using microwave irradiation
under catalyst-free conditions in an aqueous medium, an MCR
was developed between isatin (1), a series of amino acids (3, 11),
but-2-ynedioates (10), and phenacyl bromide (12). Various
functionalized spirooxindole derivatives can be synthesized
using this protocol. The MCRs exhibited excellent yields and
short reaction times, as well as a broad substrate range. Three
human cancer cell lines were used to assess the anticancer
activity of the synthesized spirooxindole derivatives: MCF-7
(breast), A549 (lung), and HeLa (cervical). Most of the

compounds found to be moderately-to-strongly
177

were
cytotoxic.

As part of heterogeneous catalysis, spirooxindole dihy-
dropyridines (19) were produced using microwave-assisted
methods in choline chloride (ChCl)/urea as a green solvent
combining isatins (1), malononitrile (17), and anilinolactones
(18) in the one pot under microwave irradiation at 90 °C
(Scheme 5). This catalytic system can also be recovered and
reused eight times without significant loss of activity, which
makes it suitable for industrial applications.'”® Spirooxindole
dihydropyridines were synthesized with high-to-excellent yields
using this method.

Choudhury and his co-workers developed an MCR in which
isatin (1), 4-hydroxycoumarin (21), and aminopyrazole/
aminoisoxazole (7) are combined using acetonitrile as
a solvent at 85 °C for the synthesis of two different derived
spirooxindoles (20, 22) (Scheme 6). By fusing pyrazolo-
tetrahydropyridinones with spirooxindoles in a microwave-
irradiated medium, pyrazolo-tetrahydropyridinones are
formed. A similar combination when treated in acetic acid
resulted in spirooxindoles with a tetracyclic coumarin-
dihydropyridine-pyrazole/isoxazole moiety and spirooxindoles
fused with oxindoles. Under metal-free conditions,
spiroxindole-fused pyrazolo-tetrahydropyridinones
coumarin-dihydropyridine-pyrazole/isoxazole tetracycles were

and
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| o + < + \E>:O — 7
[ ~N CN Z (0] Ch:Urea- 90 °C R

1 17 18 19

R1 = H, 5-Cl, 5-Me, 5-NO,, 5-Br
Rz = H, 2-Me, 4-Me, 4-Cl, 4-Br, 4-NO,, 3-Br, 3-C,
Cat.: Fe304/GO-Mo

16 Examples
70-96% Yields

Scheme 5 Synthesis of spirooxindole dihydropyridine derivatives
19.
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Ry = Me, Ph, 4-Br-CgH,

Scheme 6 Synthesis of spirooxindoles (22) fused with pyrazolo tet-
rahydropyridinone and coumarin dihydropyridine pyrazole tetracycles.

synthesized using the switchable MCR. This methodology has
the following salient characteristics: medium-dependent
response path switching, two types of products can be gener-
ated with the same starting materials, metal-free reaction
conditions, a wide range of substrates, good yields, and all
products contain multiple bioactive moieties.”®

A possible reaction pathway for the formation of compounds
(20, 22) is depicted in Scheme 7. The reaction of 4-hydrox-
ycoumarin (21) with isatin derivatives (1) produces intermediate
(A) followed by the 1,4-addition of amino pyrazole (7) to give (B).
As (B) exists in the enol form in non-acidic conditions, its
reactivity is less than that of the ester moiety. Intramolecular
cyclization thus occurs at the ester carbonyl of the coumarin
moiety and intermediate (C) is formed. This is followed by the
formation of a stable product (23) through the opening of the
coumarin ring. As a result, intermediate (B') exists in the
protonated form (C') in the presence of an acid, which has a very
reactive protonated ketone carbonyl. Thus, intramolecular
cyclization occurs when the coumarin ring ketone carbonyl
reacts with the ester moiety rather than the ester moiety.

Zhang et al. reported a metal-free, green protocol involving
the synthesis of spiro indoline-3,4’-pyrazolo[3,4-b]pyridines (24)
(Scheme 8) in choline chloride and lactic acid, a natural deep
eutectic solvent (NDDES) which is environmentally friendly. The
reaction consisted of the microwave irradiation at 60 °C of
a three-component mixture of 1H-pyrazol-5-amine (7), isatin (1),
and dimedone (23) in excellent yields. Besides being clean,
inexpensive, simple, and high yielding, this method is also
scalable and doesn't require chromatography. It is considered
a sustainable and environmentally benign process when
choline chloride and lactic acid are used as a biodegradable,
and reusable media.'®

For an efficient and rapid method for the synthesis of a novel
series of 10-methyl-8H-spiro[benzo[5,6]chromeno[2,3-c]pyr-
azole-11,3'-indol]-2/(1’H)-ones (29) and 8-methyl-10-phenyl-
10,11-dihydrospiro[pyrazolo[3,4-b]benzo[k]quinolin-7,3"-indol]-
2/(1’H)-one (30) using a microwave-assisted MCR, Shahbazi-
Alavi et al. utilized CozS, nanoparticles as a heterogeneous
catalyst (Scheme 9). A microwave irradiation at 90 °C was used
to activate the reaction with phenylhydrazine (26), isatin (1),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Proposed mechanism for
compounds 20 and 22.

the synthesis of spiro

ketoesters (25), and naphthylamine (28) or 2-naphthol (27) in
ethanol. There are numerous advantages to this protocol,
including the rapid synthesis of novel PPCDs, inexpensive
catalysts, ecological safety, and the use of green chemistry
protocols.*®*

For an efficient one-pot synthesis of pyrrolidine fused bis-
spiro oxindole derivatives (32) (Scheme 10) using a highly

R o) NH, . .
X =
| O+ ﬁN’Rs + MW
Z >N Ry N ChCl:Lac (1:2)
H 2 o
60°C
1 7 23 24

R =H, 5-Me, 7-Me, 1-Me, 5-Br, 5-C|, 7-Cl, 7-F, 5-NO,
R, = Ph, 4-FCgH,
R3 = Ph, 4-MeCgHy, 3-CICgH,4, 4-NO,CgHj, benzo[d]thiazol-2-yl

17 Examples
91-95% Yields

Scheme 8 Synthesis of pyrazolo[3,4-blquinoline spirooxindoles 24.
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Scheme 9 Synthesis of spirooxindoles 29 and 30.
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19 Examples
66-95% Yields

R4 =H, 5-Br, 5-Cl, 5-F, 5-Me
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R3 = Me, Bn, 1H-indol-3-yl, ‘Bu, hydroxyethyl, /Pr,
2-(methylthio)ethyl, 4-hydroxybenzyl

R4 =H, 5-Me, 7-F

Rs = Me, Bn, Et, H

Rg = Et, Me

Scheme 10 Synthesis of pyrrolidine-fused bis-spirooxindoles 32.

efficient and catalyst-free green synthetic protocol, Shankar-
aiah's group used isatins (1) and primary a-amino acids 3 and
subsequently performed the [3 + 2] cycloaddition of 3-alkenyl
oxindoles (31) using in situ generated azomethine ylide from
decarboxylative condensation under microwave-assisted
conditions. Yields were good-to-high. The protocol is atom
economical, environmentally friendly, and doesn't require
additives or catalysts for basic reactions. Single-crystal X-ray
analyses of the pyrrolidine-fused bis-spirooxindoles unambig-
uously confirmed their structures and stereochemistries.*®
Mukhopadhyay et al. reported a rapid method for the one-pot,
chromatography-free synthesis of diversified dihydrospiro
[indeno[1,2-b]pyridine]-4,3"-indolines (35) or the analogous spiro
acenaphthylene-1,4’-indeno[1,2-b]pyridines  (36). A  viable
microwave-assisted MCR in minimal aqueous ethanol (1:1, v/v)
as the green solvent without any metal catalyst was demonstrated
by using a mixture of a series of substituted amines (33) and
isatins (1) or acenaphthenequinone (1'), malononitrile (17) or
acyclic-1,3-diketone (10), and indane-1,3-dione (34) (Scheme 11).
The reaction was evaluated using microwave irradiation at 60 °C.
The compounds were designed as a fluorescence probe at
physiological pH for selective detection of Zn>*, even in the
presence of other competitive ions. When a 1:1 metal-ligand
complex was used, the fluorescent signal was enhanced.
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Scheme 11 Synthesis of functionalized spiro dihydropyridine deriva-
tives 35 and 36.

Additionally, due to its cell permeability, this spiro sensor was
successfully used in biomedical studies to detect intracellular
Zn”* within human liver carcinoma cells (HepG2).'*®

Safaei-Ghomi et al. synthesized with microwave irradiation
a series of spiro diindenopyridine-indoline trione derivatives (37)
using NiO/Co;0,@N-GQDs spherical composites as a nano-
catalyst (Scheme 12). With water as a green solvent at 80 °C, they
obtained the corresponding products from mixtures of aniline
derivatives (33), substituted isatins (1), and two equivalents of
1,3-indanedione (34) in the presence of NiO/Co;0,@N-GQDs
spherical composites. The reaction was rapid, high yielding,
and a non-chromatographic purification protocol was used.*®*

In 2021, Maniam et al. designed a green and rapid meth-
odology for the synthesis of spirooxindole pyrrolizidines (39)
employing a microwave-assisted one-pot, three-component 1,3-
dipolar cycloaddition of azomethine ylides from r-proline (11)
and isatin (1) with various B-nitrostyrenes (38) in methanol as
the solvent at 65 °C to obtain products in reasonable-to-high
yields (Scheme 13).**

The structure of (1'R,2'R,3R)-2'-(2,4-dimethoxyphenyl)-1'-
nitro-1',2',5',6',7’,7a’-hexahydrospiro[indoline-3,3'-pyrrolizin]-2-

o NH, o
R\ X = MW-100W
| P O + \\l +2
” R, H,O CaT.
o} 60 °C
1 33 34
37
R =H, 5-NO,, 5-Br, 5-Cl, 5,7-Cl,
R, = H, 4-Br, 4-OMe, 4-Me, 3,5-Cl,, 4-NO,, 4-Cl, 18 Examples

-97% Yi
CAT : NiO/Co30,@N-GQDs spherical composites 88-97% Yields

Scheme 12 Synthesis of spiro[diindenopyridine-indoline] trione

derivatives 37.
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Scheme 13 Synthesis of spirooxindole pyrrolizidines 39.

one (39) was confirmed by single-crystal X-ray analysis. In
primary thioflavin T (ThT) screening, certain nitro-
spirooxindoles inhibit HEWL amyloid fibril formation. Thro-
flavin T (ThrT) was used for determining fluorescence intensity
in the majority of the compounds. These promising candidates
for activity against amyloid misfolding, a pathology associated
with Alzheimer's disease, were examined further with MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
assays and molecular docking.

A molybdenum complex supported on cross-linked poly(1-
aminopropyl-3-vinylimidazolium bromide) entrapped in
cobalt oxide nanoparticles was fabricated by Safaei Ghomi and
co-workers was used as a novel heterogeneous nanocatalyst for
the synthesis of spiro 1,4-dihydropyridines (41) and spiro pyr-
anopyrazoles (40) (Scheme 14). The three-component conden-
sation reaction was conducted with various isatins (1),
malononitrile (17), dimethyl acetylene dicarboxylate (DMAD)
(10), various amines (26, 33) (hydrate hydrazine, phenyl hydra-
zine, and aromatic amines), treated catalyst (10 mol%), and
water as a green solvent, and irradiated in a microwave oven
using 200 W of power.'®¢

Arapid and effective microwave-assisted solvent-free method
for synthesizing polyfunctionalized spiro[indoline-3,4’-pyrazolo
[3,4-b]pyridines] (44) with remarkable pharmacological proper-
ties was proposed by Ali et al. (Scheme 15). Using a simple and
highly efficient microwave-assisted MCR strategy comprising
hydrazines (26), DMADs (42), isatin (1), and active methylene
compounds (43), reactions were carried out to afford satisfying
yields of products.*®”

H R
N //1
R ° AN l
HoN—NH C
CN
V
- Y |
~
N7 07 NH,
Ry
o .
R, OOMe 12 Examples
l\\ 0. CN MwW-200W | 40 85-97% Yields
N cN Cat.(10 mol%)
H,0

Ar = CgHs, 4-BrCgHy, 4-OMeCgHs, 4-MeCgH,
Cat.: Cos04@PPIL-Mo

H COOMe H R
1 1 17 ° ' i/‘
° Ar/NH2 CN
Ry = H, 5-OMe, 5-Me, 5-Br, 5,7-Cl, 33 ) |
R = H, Ph, PhPh \’T‘ NH,
Ar

6 Examples
41 85-90% Yields

Scheme 14 Synthesis of spiro pyranol2,3-clpyrazole carboxylate
derivatives 40 and 41.
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Scheme 15 Synthesis of pyrano[2,3-d]pyrimidine, pyranol[3,2-blpyran,
and chromenol2,3-d]pyrimidine derivatives 44.

The antimicrobial activity of the novel compounds was
evaluated against Staphylococcus aureus (G +ve), Pseudomonas
aeruginosa (G —ve) Candida albicans (yeast), and Aspergillus niger
(fungus) using the agar diffusion method. The majority of the
compounds exhibited moderate-to-high antimicrobial activity.
A phosphomolybdenum antioxidant technique was used to
estimate each compound's total antioxidant capacity. A cyto-
toxic test of the compounds was conducted against three
human tumor cell lines: HePG2 H, CT-116, and MCF-7. Cyto-
toxicities varied from weak to strong.

As shown in Scheme 16, microwave irradiation combined
with deep eutectic solvents (DES) was used to synthesize 3,4-
thiadialzolinic spiro heterocycles (47) and (49). This was ach-
ieved using a straightforward and effective three-component
approach. Microwave-assisted, one-pot reactions were con-
ducted using choline chloride/oxalic acid (1:1) as the solvent
for the reaction between monomeric and dimeric isatin deriv-
atives (1, 48). Reactions were conducted at 100 °C for ten
minutes and reactions yielded close to or greater yields than
reported for two-step reaction sequences. It appears that thia-
diazolines with strong cytotoxic properties can be synthesized
in a one-pot reaction more effectively, cleaner, and faster than

using several steps.'®®

Ns \[ I(/ o
o 1 o
fQ N o} \ﬁH
oo 8 R, Refe I T
s

Re NH,

% ChCI/OA (1:1) HN o ChCIOA (1:1) O

"\ 8 N>:O MW, 1omin N>:S+ O:<) MW, 10min Rjﬂ%%&
R N 100°C 2 100°C 3

S’{ /4 Ry
N On=23 ® * 6 Exam:lges
R RS 32-79% Yields
a7 R3= H, Me, Bn, Alyl

5 Examples
8-32% Yields

Scheme 16 Synthesis of spiro thiadiazoline scaffolds 49.
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The effects of spiro compounds on cancer-causing cells were
tested using three cancer cell lines: A-549 (small cell lung
cancer), HL-60 (promyelocytic leukemia), and K-562 (chronic
myeloid leukemia). Spiro thiadiazoline monomers were found
to have a significantly higher ICs, than their dimeric counter-
parts against K-562 cells, but limited activity against HL-60 cells.
Notably, the monomers produced similar results to the refer-
ence medication against strain K-562. However,
chlorinated dimers were approximately three times more
potent than chlorinated monomers.

Leishmaniasis is a neglected tropical disease and its treat-
ment desperately needs improving. Thus, Coghi et al. developed
a green method consisting of a three-component reaction to
synthesize novel compounds with antileishmanial properties. A
novel series of functionalized spiro[indoline-3,2’-pyrrolidin]-2-
one/spiro[indoline-3,3'-pyrrolizin]-2-ones (53-55) were prepared
from natural product-inspired pharmaceutically privileged
bioactive sub-structures, ie., isatins (1), various substituted
chalcones (50), and amino acids (11, 51, 52) via 1,3-dipolar
cycloaddition reactions in MeOH at 80 °C using a microwave-
assisted approach with good-to-excellent yields (Scheme 17).*%

The authors reported in vitro antileishmanial activity and
SAR studies against Leishmania donovani and the compounds
proved to be very active. Compared to Amphotericin B (IC5, =
0.060 m), their IC5, values were 2.43 m, 0.96 m, 1.62 m, and 3.55
m, respectively. Relative to the standard drug Camptothecin, all
compounds were tested for their ability to inhibit the Leish-
mania DNA topoisomerase type IB enzyme. Molecular docking
studies were also performed to understand how these
compounds bind. Single-crystal X-ray analysis was used to
confirm the stereochemistries of the spirooxindoles.

non-

3 Examples
(e} 53  83-89% Yields

MW

Rs MeOH/80°C

3 Examples

N _
Ry o 54  80-89% Yields
/

-

s
o
N

R4 = 5-H, 5-Me, 5-F, 5-Br, 5-OMe, 5-I, 7-Br
R, = H, F, Br, NO,, Cyclohexyl
Rs = H, Cl, OMe, Br

3 Examples
82-84% Yields

55

Scheme 17 Synthesis of functionalized spirolindoline-3,2’-pyrrolidin] -
2-one/spirolindoline-3,3’-pyrrolizin]-2-ones 53-55.
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Scheme 18 Synthesis of nitrostyrene-based spirooxindole derivatives
56.

In 2023, Wong and co-workers developed a highly efficient
microwave-assisted MCR for the synthesis of a series of
nitrostyrene-based spirooxindoles (56) in a chemo/regio-
selective manner using [3 + 2] cycloaddition (Scheme 18). By
this Huisgen reaction, treatment of readily available substituted
isatins (1), several a-amino acids (3), and (E)-2-aryl-1-
nitroethenes (38) under microwave irradiation using 300 W of
power in methanol as solvent afforded the corresponding
desired spiro adducts in good-to-high yield.**®

The stereochemical arrangements around the pyrrolidine
ring of the spiro pyrrolidine-2,3’-oxindoles (56) were determined
using single-crystal X-ray analysis. The compounds were also
shown to have promising anticancer activity when tested
against human lung cancer A549, human liver cancer HepG2,
and immortalized normal human lung and liver cell lines. Five
of the synthesized spiro pyrrolidine-2,3’-oxindoles showed
significant anticancer in vitro activity (ICs, = 34.99-47.92 uM, SI
= 0.96-2.43) against the human lung cancer A549 cell line,
while six compounds showed promising anticancer in vitro
activity against the human liver cancer HepG2 cell line. The
compounds showed greater efficiency and selectivity than the
standard reference artemisinin (IC5, = 100 uM, SI: 0.03) in the
human lung cancer A549 cell line. However, none of them were
active against lung (A549) and liver (HepG2) cancer cells.

In another study, Zhao et al. synthesized spirooxindoles
using a microwave-assisted MCR. Using economical and easily
available starting materials, environmentally friendly condi-
tions, and microwave irradiation, they synthesized oxygen-
bridged spirooxindoles (58) by reacting various diketones (1')
(isatins or acenaphthenequinone), ¢-amino acids (11), and 1,4-
dihydro-1,4-epoxynaphthalene (57) in methanol as solvent at
70 ©°C. The reaction yielded reasonable-to-excellent yields
(Scheme 19).**

3.2. Spiropyrrolidine frameworks

In 2017, Kumar and coworkers developed an efficient
microwave-assisted, three-component synthesis of novel dispiro
heterocycle derivatives (61) using cycloketone (60), ninhydrin
(59), and methylglycine (3) (Scheme 20). This protocol, which is
both catalyst- and solvent-free, allows for expansion of the
reaction scope using substituted cyclic ketones. The products
were obtained in high yields.**

Kalluraya and co-workers in 2018 employed an efficient and
environmentally friendly microwave-assisted method for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthesis of oxygen-bridged spirooxindole derivatives 58.
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4 Examples
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of dispiro[1,3'-pyrrolidine-2',2”-indene] -

synthesis of diversely functionalized nitrothiophene-containing
spiro pyrrolidines (63) based on a catalyst-free approach with
high  regioselectivity in  moderate-to-excellent yields
(Scheme 21). The one-pot, three-component system consisted of
ninhydrin (59), sarcosine (3), and 1-(tolyl)-3-(5-nitrothienyl)
prop-2-en-1-one (62) in ethanol. The reaction produced spi-
ropyrrolidines with novel regiochemistry containing a nitro-
thiophene moiety using a simplified work-up process with
increased reaction rates and improved yield."?

For the construction of sets of spiro indenoquinoxaline
pyrrolidine-fused nitrochromenes (68, 69) in good-to-high
yields (Scheme 22), Nayak and his team developed an environ-
mentally friendly, rapid, convenient, and highly advantageous
microwave-assisted MCR (68, 69). The first step in the
microwave-assisted with 50 W of power preparation of the 3-
nitro-2H-chromene derivatives (66) at 80 °C was the 1,3-dipolar
cycloaddition of trans-B-nitro styrene (38) with salicylaldehydes

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

R
71 \
0
7 /
MW- 300W
0 + N7 COoOH + — 0
H /™S Ethanol-100 °C
N _
NO,
59 3 62

11 Examples
78-92% Yields

R=H, 4-F, 4-Br, 4-Cl, 4-Me, 4-OH, 3-OH, 4-NO,, 3-Br, 2-Cl

Scheme 21 Synthesis of spiropyrrolidines 63.
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Scheme 22 Synthesis of spiro indenoquinoxaline pyrrolidine fused 3-
nitro-2H-chromenes 68 and 69.

(64) in the presence of DABCO under solvent-free conditions
followed by an oxo-Michael-aldol reaction. After the conden-
sation of indenoquinoxalone (65) and an o-amino acid, t-
proline (11) or t-phenyl alanine (67), the 1,3-dipolar cycloaddi-
tion of these azomethine ylides with 3-nitrochromenes (66) as
dipolarophiles occurred. The synthesis could also be accom-
plished using classical methods conditions but metal-free
conditions were used in this microwave-assisted approach. In
the latter approach, the reaction conditions are mild, the yield
of the products was high, the regioselectivity was high, and the
procedures are simple to follow. Using spectroscopic and single-
crystal X-ray analysis, the cycloaddition reaction was studied
regioselectively and stereochemically.**

In 2019, Koodlur and his team developed a series of regio-
selective dispiro pyrrolidine analogues (72) by using an envi-
ronmentally friendly approach. The one-pot, four-component
condensation reaction consisted of the condensation of
aromatic aldehydes (71), N,N-dimethyl barbituric acid (70),
ninhydrin (59), and sarcosine (3) under microwave irradiation
using magnesium silicate as catalyst to provide moderate-to-
considerable yields (Scheme 23). Single-crystal X-ray analysis
provided unambiguous evidence of stereochemistry. There are
several salient features of this green methodology, including
easy isolation, high atom economy, mild reaction conditions,
no need for column chromatography, use of a mild catalyst,
ease of performance, broad substrate scope, and low E-factor.'**

The antibacterial and antiproliferative activities were also
assessed for the synthesized compounds. Against Gram-positive
and Gram-negative bacteria, compounds (Ar = C¢Hj;, and 4-

NO,Ce¢Hs) showed potent antibacterial properties. The
\ O
o] o o 00 N\(
R OxH MW, 300W N
@i}" + oo [T Oy te )
g d NT- 0
o} o) o/ Ar
59 3 70 7 72
Ar= CgHs, 2-NO2CgHy, 4-NO2CgHy, 2-MeCgHa, 4-CNCgHa, 4-BrCgHa, 12 Examples

2,3-F,CgH3, 3-Cl-4-OMeCgHg, 2-Me-4-CICgHg3, 1-Cl-4-phenoxyCeHa,
biphenyl, pyridine,

65-88% Yields

Scheme 23 Synthesis of dispiropyrrolidines 72.
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antiproliferative activity of (S)-1',1",3"-trimethyl-5"-phenyl-2" H-
dispiro[indene-2,2’-pyrrolidine-4’,5”-pyrimidine]-
1,2",3,4" 6" (1"H,3" H)-pentaone was also found to be the stron-
gest against the tested cell lines.

In Scheme 24 is depicted a possible mechanism for this four-
component, one-pot reaction. Dimethyl barbituric acid (70) and
ninhydrin to form the Knoevenagel adduct (A) and then the
spiro aziridine (B). Spiro aziridine (B) reacts by a stereoselective
aza-Michael reaction to form aziridinium ion (C), which in turn
yields an enolate (D). The desired product is obtained by
opening up the aziridinium ions with the enolate. An aza-
Michael addition justified the formation of the product which
is primarily driven by electronic factors.

An investigation of spiro quinoxaline derivatives (74) was
conducted by Trivedi et al. Using a four-component cascade
protocol, spiro  indeno[1,2-b]quinoxaline-11,3’-pyrrolizine
derivatives (74) can be synthesized in short reaction times (88-
98%) with excellent yields (Scheme 25). Microwave irradiation
of ninhydrin (59), phenylenediamine (73), r-proline (11), and
nitrostyrene derivatives (38) was conducted under green solvent
conditions. All of the synthesized compounds were screened for

H o} éa
0 0
(\/’;‘\COOH o~ 00
o =N © j
A HO A N
0 A B 0|

(0]
59

Ar -H,0 NN J
n p © ‘ c
o)
| &/
o)
00 N\( N Ar
N — o) (\@
/N .6 O AL O
:
o] /NTN\
72 E o

Scheme 24 A plausible reaction sequence for the synthesis of dis-
piropyrrolidines 72.

Ar/\/ NO,
73 . %8 MW, 150W
o] EtOH- 80 °C
L Gy
N
H 74
o 1
59 21 Examples

83-96% Yields
Ar= 4-NO,CgHy, 3-NO,CgHy, 4-BrCgHy4, 2-BrCgHs, 4-FCgH4
3-OMeCgHg, 3-BrCgHy, 2-FCgH,, 2-CICgH,, 4-CICgH,,
3,4-(OMe),CgH3, 3,4,5-(OMe);CgH,, thiophen-2-yl
furan-2-yl, naphtyl-1-yl

Scheme 25 Synthesis of
derivatives 74.

pyrano[2,3-clpyrazoles-3-carboxylate
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acetylcholinesterase (AChE) inhibitory activity and some
showed significant activity with low micromolar IC5,."*°

From the established chemistry of ninhydrin (59) and
indenoquinoxaline (A), it is reasonable to assume that the
indenoquinoxaline-11-one intermediate (A) was formed when
ninhydrin (59) and 1,2-phenylenediamine (73) were condensed
with r-proline (11) to form 1,3-dipolar azomethine ylides (B). As
a result of the 1,3-dipole (B) being formed, trans-B-nitrostyrenes
(38) react as dipolarophiles to produce (C), a stereoselective
adduct (74) (Scheme 26).

In their green, one-pot procedure, Perumal et al. demon-
strated the efficient stereoselective synthesis of dihydro-2'H-
spiro[indene-2,1’-pyrrolo[3,4-c]pyrrole]-tetraone derivatives (76).
An in situ reaction of ninhydrin (59) and sarcosine (3) with
a series of 1-aryl-1H-pyrrole-2,5-diones (75) was described using
microwaves at 100 °C through 1,3-dipolar cycloaddition
(Scheme 27). To determine whether the synthesized compounds
inhibited AChE (acetylcholinesterase) and mycobacterial
growth, the compounds were screened for antimycobacterial
activity. Compared to cycloserine and pyrimethamine,
compound 4b (IC5, 1.30 mM) has twelvefold stronger anti-
mycobacterial activity than compound 4a. The AchE inhibitory
activity of compound (R = 4-MeOCgH,) is evidenced by its ICs,
value of 0.78 £ 0.01 mmol L™". A single-crystal X-ray analysis of
one compound (R = cyclohexyl) provided unambiguous
evidence of the stereochemistry.'”

Various spiro indanone pyrrolidine/piperidine-fused nitro-
chromene derivatives (77) were synthesized by Nayak et al. using

74 c

Scheme 26 Proposed mechanism for the preparation of spiro indeno
[1,2-b]lquinoxaline-11,3'-pyrrolizines 74.

P (0]
COOH MW, 120W
o + \N/— + N ) —_—
H R MeOH- 100 °C
o) @)
59 3 75 76

Ar= CgHs, 4-FCgH4, 4-NO,CgHj, 3-FCgHj, 4-CICgH4, 4-BrCgHy,
4-MeCgHj, 4-OMeCgHj, 4-EtCgHy, 4-PrCgHy, 2-OMeCgHg,
Me, Cyclohexyl, Bn

14 Examples
73-85% Yields

Scheme 27 Synthesis of dihydro-2'H-spirolindene-2,1’-pyrrolo[3,4-
clpyrrole]-tetraone derivatives 76.
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Scheme 28 Synthesis of 3-nitrochromane hybrid pyrrolidinyl/piperi-
dine spiro indanones 77.

a highly efficient, simple, environmentally friendly, three-
component method (Scheme 28). Using readily available start-
ing materials, the 1,3-dipolar cycloaddition of azomethine ylides
generated in situ by the condensation of ninhydrin (59) and an a-
amino acid, r-proline (11) or L-phenyl alanine (67), reacted with
3-nitrochromenes (66) as dipolarophiles under microwave irra-
diation. The cycloaddition reaction was highly regioselective and
diastereoselective. The protocol was operationally simple using
mild reaction conditions and provided a high yield.*® A
comparison was also made to classical methodology.

Methods mediated by microwave irradiation were developed
by Jaidi's group (Scheme 29) to prepare spiro indoloindolizi-
dines (78, 78'), a significant class of compounds with biological
activity. They were synthesized through the decarboxylative
condensation of pipecolinic acid (11') and isatin (1) with mal-
eimide (75) under reflux and microwave irradiation. Using
column chromatography, both endo and exo diastereomeric
spiro indoloindolizidines (78, 78') were obtained with exo-
selectivity and high yields. Various 2D NMR spectroscopic
techniques and single-crystal X-ray analyses were used to
determine the stereochemistry and structure of the synthesized
cycloadducts. Density functional theory (DFT) calculations were
also employed to investigate the reaction mechanism.**

3.3. Spiro pyran frameworks

During their search for environmentally friendly synthetic
protocols, Mohebat and co-workers developed a heterogeneous,
non-toxic nanocatalyst with p-toluenesulfonic acid which facil-
itated the preparation of novel spiro [benzo[a]chromene[2,3-¢]
phenazine] derivatives (79). p-Toluenesulfonic acid was used as
an acid catalyst for the multicomponent reaction of 2-hydroxy-

o o]
oy
A _ MW, 420W A
| o + + N-R; ——— 7 5 ‘
Z N N7 COOH DMSO-80°C YA ~N
E H o) Ry \ \
R Ry Ry
1 1" 75 78 78"
exo endo

R =H, 5-NO,, 5-Br, 11 Examples
Rz = H, Me, Bn exo:endo
R; = H, Et, Ph (68-90:10-32)% Yields

Scheme 29 Synthesis of spiro indoloindolizidines 78 and 78'.
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1,4-naphthaquinone (21), benzene-1,2-diamine (73), cyclic 1,3-
dicarbonyl compounds (23) and isatin (1) or ninhydrin (59) at
100 °C with microwave irradiation. The two-step reaction was
high yielding and constituted a clean and environmentally
friendly method (Scheme 30). By forming five new bonds (two
C-C bonds, two C=N bonds, and one C-O bond) and two
additional rings in a single operation, this solvent-free process
produced biologically significant spiro heterocycles. In addition
to its operational simplicity and short reaction times, this
effective green process is also high yielding, eliminates tedious
purification processes, and avoids hazardous reagents and
solvents.>*

Yazdani-Elah-Abadi and colleagues proposed a technique for
the production of biologically and pharmaceutically relevant
highly functionalized diverse novel spiro benzo[a]phenazine
annulated heterocycles (81) through the use of a basic ionic
liquid (1-butyl-3-methylimidazolium hydroxide) as an expe-
dient, environmentally friendly, and reusable catalyst
(Scheme 31). The ionic liquid and a heteropolyacid were used to
functionalize halloysite nanotubes and synthesize the catalyst.
Microwave-assisted methods were employed to achieve high
yields and short reaction times when 2-hydroxynaphthalene-
1,4-dione (21), benzene-1,2-diamines (73), cyclic carbonyl
compounds (60), and 1,3-indandione (80) were condensed,
resulting in the formation of spiro[benzo[a]indeno[2',1":5,6]
pyrano|[2,3-c]phenazine] derivatives (81) in high yields under
solvent-free conditions.>”

In 2019, Yazdani-Elah-Abadi et al. devised an efficient one-
pot, four-component reaction protocol to obtain spiroox-
indole-furo[2,3-c]pyrazole derivatives (83) (Scheme 32) contain-
ing biologically active pyrazole and spirooxindole-furan
moieties. The mixture consisted of hydrazine (26), B-keto ester
(25), isatin derivatives (1), and pyridinium ylide (82) catalyzed by
triethylamine (20 mol%) in ethanol under microwave irradia-
tion. The highly reactive base catalyst Et;N (20 mol%) was used
in conjunction with N-phenacyl bromide and pyridine to
produce pyridinium ylide. This environmentally friendly

o
OH
SO
21 o 73
MW-300W
Solvent-free
p-TSA
0. o .- (0]
. MW-300W
+ + ST
" K Solvent-free
Cy e
64 O 23 60 79
12 Examples
R1 =H, NO, Me 80-94% Yields
R, =H, Me

o] [¢]
R o
YD O
IS N
S N
Scheme 30 Synthesis of spiro benzolalchromenol2,3-c]lphenazine

derivatives 79.
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Scheme 31 Synthesis of spiro[pyrano(2,3-clphenazine] derivatives 81.

o
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N
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- N oo 83
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1 26 71-83% Yields

Ry = H, 5-Me, 5-Me, 5-Br, 5-Cl, 7-F, 5-NO,
R, =H, Cl, Br

Scheme 32 Synthesis of spirooxindole-furo[2,3-clpyrazole derivatives 83.

method is characterized by high yields, short reaction times,
simplicity of operation, lack of tedious workup or purification,
and the absence of hazardous or toxic reagents or solvents.**

Greco et al. synthesized a novel spiro pyrano[2,3-d|pyrimi-
dine derivative (85) (Scheme 33) using a microwave-assisted
Knoevenagel/Michael/cyclization multicomponent. Ethanol
was used as the solvent and the ionic liquid 1-methyl-
imidazolium chloride was used as the catalyst. Various starting
materials (isatin, malononitrile, dimedone, and barbituric acid)
were used in the microwave-assisted MCR at 80 °C.>*

T PO O ~0 Ne DI

/ K \ MW, 150 w

| + NC__CN + Y — )‘\ [ \

ST Yo EtOH-80°C 1, o\

1 17 84 85
12 Examples
43-98% Yields
R 7 i

) o ol o o |o o © 0

. T X =
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Scheme 33 Synthesis of spiro[pyrano(2,3-d]lpyrimidine] derivatives 85.
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Scheme 34 Suggested mechanism for the synthesis of spiro
compounds 85.

The single-crystal X-ray structures of 7’-amino-5-bromo-
2,2/ 4'-trioxo-1',2',3' ,4'-tetrahydrospiro[indoline-3,5'-pyrano| 2,3-
d]pyrimidine]-6'-carbonitrile and 7,2-amino-5-bromo-2,2’,4’-tri-
oxo-1',2",3’ 4" were determined. In addition, the antiproliferative
activities of the spiro heterocycles against human colon carci-
noma HCT116, prostate carcinoma PC3, promyelocytic
leukemia HL60, and astrocytoma SNB19 cell lines were
screened using an MTT-based assay. The spiro compound 7'
amino-6-bromo-2,2’,4’-trioxo-1',2,3',4’-tetrahydrospiro[indo-
line-3,5'-pyrano|2,3-d]pyrimidine]-6’-carbonitrile showed
significant inhibition against all four cell lines with ICs, values
of 52.81 M for HCT116, 74.40 M for PC3, 101 M for SNB19, and
49.72 M for HL60.

A proposed mechanism for the synthesis of (85) is depicted
in Scheme 34. Initially, Knoevenagel condensation forms the
isatylidene-malononitrile intermediate (A). As a result of
a Michael addition between (A) and (84), followed by cyclization
and tautomerization, (B) is formed. Intermediate (A) was able to
be isolated and characterized, thereby supporting the mecha-
nistic proposal. In the infrared spectrum of (A), a band at
2230 cm can be observed which is attributed to the stretching of
the bond between the nitrile carbons and the central carbon of
malononitrile (17) attached to isatin (1).

3.4. Miscellaneous frameworks

Using a  microwave-assisted reaction between  1-
methylpiperidin-4-one (86), 2-amino-4-methoxy-6-methyl-1,3,5-
triazin-2-yl (87), and thiosemicarbazide (45), Patel and co-
workers synthesized 4-(4-methoxy-6,6-methyl-1,3,5-triazin-2-yl)-
8-methyl-1,2,4,8-tetraazaspiro[4.5]dec-2-en-3-amine  (88). As
depicted in Scheme 35, they then used this spiro adduct (88) to
synthesize a novel type of spiro compound (89) by reacting it
with various aldehydes.”**

Antibacterial tests indicated that some of the compounds are
promising antibacterial agents. Indeed, some compounds were
even more effective antimycobacterial agents than the conven-
tional drug Rifampicin. Docking studies using Escherichia coli
DNA gyrase reflected the biological results with appropriate
docking scores. Drug solubility, hydrogen bonding, and cell
permeability are all ideal according to in silico ADME analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 35 Synthesis of pyrano-chromene and benzopyrano-chro-
mene derivatives 88 and 89.

A reaction is mechanism leading to the formation of (88,
89) is depicted in Scheme 36. An intermediate imine is
initially formed which then subsequently undergoes a cyclo-
addition reaction with 2-amino-4-methoxy-6-methy-1,3,5-
triazine (87).

Mehta and his coworkers synthesized environmentally
friendly spiro heterocyclic compounds 91 as part of a Biginelli-
type condensation process by condensing barbituric acid (70),
substituted aldehyde (71), and urea (90) using iodine as a cata-
lyst at 270-290 °C in a solvent-free microwave irradiation
approach (Scheme 37).2%

The compounds (Ar = 4-NO,C¢H,, and 2-NO,C¢H,) demon-
strated promising antimicrobial activity against bacterial
strains Bacillus subtilis, Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli as well as fungal strains Candida

albicans and Aspergillus niger. The specific binding mode of

compounds (Ar = 4-NO,Cg¢H,, and 2-NO,C¢H,) was predicted by

molecular docking simulations. The anthelmintic activity of

compound (Ar = 4-NO,C¢H,) was compared to the drug
albendazole using the Indian adult earthworm Eisenia fetida
where by (Ar = 4-NO,CcH,) showed effective pharmacophore
activity.
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Scheme 36 Reaction mechanism for the formation of compounds 88
and 89.
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Scheme 37 Synthesis of spiro heterocyclic compounds 91.

4. Conclusions

Various heterocyclic compounds, including spiro heterocycles,
can be synthesized using microwave-assisted MCRs which is
a powerful and efficient method. This review article provides an
overview of recent developments in this field covering various
types of spiro heterocycles. Additionally, it discusses the
potential mechanisms and reactions involved in MCRs, as well
as the advantages and limitations of microwave irradiation.
Spiro heterocycles are a versatile and diverse class of molecules,
and microwave MCRs can be employed to construct them.
However, there are challenges and opportunities in this field
that warrant further research.
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