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This review provides a comprehensive overview of recent advances in the synthesis of 3-substituted

indoles, highlighting various catalytic methodologies employed to improve the reaction efficiency,

selectivity, and sustainability. This article discusses base-catalyzed methods, amino acid catalysts,

Brønsted acid catalysts, and Lewis acids and their unique roles in enhancing the synthesis of these

valuable compounds. Additionally, the application of ionic liquids, surfactants, and heteropolyacid-based

catalysts was explored for their green chemistry benefits, demonstrating reduced environmental impact

and improved reaction outcomes. Electrochemical approaches using simple electrodes and phase-

transfer catalysts are also examined as eco-friendly and efficient alternatives. This review underscores

the broad versatility and applicability of these catalytic systems in synthesizing 3-substituted indoles,

which are important intermediates in pharmaceuticals, material sciences, and natural product synthesis

while emphasizing the need for continued innovation toward more sustainable and efficient synthesis

methods.
1 Introduction

Heterocyclic compounds, particularly nitrogen-containing
heterocycles (N-heterocycles), are vital components of organic
materials, serving as fundamental building blocks in natural
products and synthetic pharmaceuticals.1 Their broad applica-
tions across diverse elds of materials science and medicinal
chemistry underscore their importance. Indole and its deriva-
tives, which are characterized by a bicyclic structure with
a nitrogen atom at the 1-position, represent a prominent and
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extensively studied class of N-heterocycles.2,3 The vast body of
research on both naturally occurring and synthetic indoles has
signicantly advanced organic synthesis and continues to drive
the development of indole chemistry.4–7

The structural diversity of indoles and their 3-substituted
derivatives is crucial for their pharmaceutical applications.8–19

Strategic modications at the 3-position can modulate biolog-
ical activity by targeting the receptors, enzymes, and trans-
porters, highlighting the privileged nature of the indole scaffold
in medicinal chemistry.20–24 As shown in Fig. 1, some examples
of pharmacologically relevant 3-substituted indoles include
triptans like sumatriptan and naratriptan for migraine,25–27

ergine, also known as lysergic acid diethylamide (LSD) (a
psychotherapeutic adjunct and experimental tool that was rst
synthesized by Albert Hofmann),28 natural product-inspired
compounds like gelliusine E and hyrtinadine A,29–31 anti-
inammatory drug indomethacin,32 and antimigraine agent
donitriptan.33

The site-selective functionalization of the indole ring pres-
ents a synthetic challenge, requiring specialized techniques and
reaction conditions.34 The functionalization of the indole 3-
position is particularly valuable owing to its enhanced electron
density, making it highly nucleophilic. This facilitates electro-
philic aromatic substitutions, resulting in a variety of 3-
substituted indole derivatives.34 Various researches have led to
the development of various methodologies for synthesizing 3-
substituted indoles, with carbonyl compounds and a,b-
RSC Adv., 2025, 15, 12255–12290 | 12255
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Fig. 1 Selected examples of bioactive 3-substituted indole derivatives used in pharmaceutical applications.
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unsaturated derivatives frequently used as electrophiles. These
approaches expand the chemical diversity of indole derivatives,
broadening their applications in pharmaceuticals andmaterials
science.34 Among these, the active methylene-based three-
component Yonemitsu condensation, which was initially re-
ported in 1978, offers a promising route to 3-substituted indole
derivatives.35 However, traditional implementations of this
three-component reaction involving indole, an aldehyde, and
an active methylene compound are oen hampered by extended
reaction times and harsh conditions, such as elevated temper-
atures and the use of specialized catalysts or solvents.36

Although some studies have reported a sequential approach
involving the reaction of indole with pre-synthesized Knoeve-
nagel adducts, others have employed a one-pot procedure
wherein indole reacts directly with the aldehyde and active
methylene compound. Such sequential reactions can be chal-
lenging to control, oen leading to the formation of byproducts.
In general, the condensation of an aldehyde with two distinct
nucleophiles (indole and an active methylene compound)
presents a challenge in the synthesis of aldehydes. Selective
three-component condensation typically relies on nucleophiles
12256 | RSC Adv., 2025, 15, 12255–12290
possessing specic reactive functional groups that facilitate
their mutual compatibility during the reaction. In the absence
of such directing groups, achieving selectivity is considerably
more difficult. Consequently, nucleophiles lacking these func-
tionalities are seldom used in three-component aldehyde
condensations. Several innovative research efforts have there-
fore focused on the rational design of catalysts capable of
promoting such transformations with high selectivity.

To date, several studies have investigated the synthesis of 3-
substituted indoles through three-component reactions,
resulting in a diverse library of their derivatives. These reactions
involve a wide range of aldehydes, including aliphatic,
aromatic, and heteroaromatic aldehydes, as well as various
indole derivatives, such as 1-substituted, 2-substituted, and 5-
substituted indoles. In addition, various active methylene
compounds have been employed, including Meldrum's acid,
barbituric acid, 4-hydroxycoumarin, malononitrile, alkyl cya-
noacetate, malonic esters, and 1,3-diketones (e.g., dimedone
and 1,3-cyclohexadione). A wide array of catalysts, ranging from
homogeneous to heterogeneous, has been used to facilitate
these transformations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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In general, homogeneous catalysts offer precise control over
the reaction conditions and selectivity, making them valuable
for ne-tuning the reaction outcomes. These catalysts can also
be tailored to specic substrates to enhance their efficiency in
the promotion of desired transformations. On the other hand,
heterogeneous catalysts, including those supported on various
materials, offer the advantage of easy separation and recycla-
bility, making them more sustainable and cost-effective.37–39

The use of such catalysts is of great importance in green
chemistry, as they help to minimize waste and reduce the need
for harsh solvents or extreme reaction conditions.40–43 The
development of efficient and selective catalytic systems is
therefore critical for advancing the synthesis of complex organic
compounds, including 3-substituted indoles, with broader
applications in pharmaceuticals, materials science, and other
elds.

Numerous reviews have been published on the synthesis
reactivity and applications of indoles.3,8,16,18,44,45 This review
focuses on recent advances in the synthesis of 3-substituted
indoles via three-component reactions. This review discusses
the diverse chemical methodologies employed to synthesize
a broad range of 3-substituted indoles, utilizing diverse catalytic
systems, ranging from base and acid catalysts (including
Brønsted and Lewis acids) and base–acid combinations to
amino acid catalysts, electrochemical methods, ionic liquids,
deep eutectic solvents (DES), polyethylene glycols (PEGs), het-
eropolyacid (HPA) catalysts, and surfactants.
2 Chemical methodologies in the
synthesis of 3-substituted indoles
2.1. Base-catalyzed methods

The synthesis of 3-substituted indoles is important due to their
broad application in elds such as medicinal chemistry and
material science. Base-catalyzed methods are particularly
effective in their synthesis because they use simple, accessible
catalysts to promote reactions such as Knoevenagel condensa-
tion, Michael addition, and Friedel–Cras alkylation. These
reactions are key to the formation of 3-substituted indoles and
highlight the efficiency and versatility of base catalysis. This
section focuses on recent advances in base-catalyzed
approaches, including the development of new catalysts and
a mechanistic understanding of the driving factors of these
reactions.

Knoevenagel condensation is a reaction involving the dehy-
drogenation of active hydrogen compounds such as methylene
derivatives.46 This generates an ionic intermediate that is oen
stabilized by resonance. This active carbanion subsequently
attacks a carbonyl group via nucleophilic addition, followed by
a dehydration reaction, typically yielding an a,b-unsaturated
ketone (a conjugated enone).40 Common classes of active
methylene compounds that undergo Knoevenagel condensa-
tion include 1,3-dicarbonyl, nitrile, and cyanoacetate. The key
requirement for these compounds is the presence of a suffi-
ciently acidic methylene group, which is typically facilitated by
two electron-withdrawing groups. Although these materials
© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibit some inherent acidity, the addition of a base signi-
cantly enhances the rate and efficiency of deprotonation.47–49

Building on this premise, researchers have developed a diverse
array of approaches, each employing unique base catalysts, to
facilitate reactions.

For example, in 2013, Singh and colleagues reported the
successful utilization of tetrabutylammonium uoride trihy-
drate (TBAF$3H2O) as an organobase catalyst for the solvent-
free synthesis of 3-substituted indoles.50 This inexpensive,
non-toxic, and air-stable quaternary ammonium salt serves as
a convenient source of naked uoride ions, making it a valuable
base for transformation. This occurs through the direct gener-
ation of nucleophiles via deprotonation under mild conditions.
Their investigations demonstrated that catalytic amounts of
several bases, such as triethylamine (TEA), 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU), and KOH, catalyzed the reaction,
albeit with moderate yields ranging from 55–67%. This high-
lights the crucial role of the base in this transformation.
However, TBAF provided a remarkably higher product yield
under solvent-free conditions at 80 °C (Scheme 1).

Employing the reported methodology, a diverse array of
indoles, aromatic aldehydes, and active methylene compounds,
including malononitrile, ethyl cyanoacetate, diethyl malonate,
and acetylacetone, were efficiently transformed into their cor-
responding 3-substituted indoles with excellent yields. The
observed reactivity trends indicate that both the electronic and
steric effects of all reactants signicantly inuence the reaction
rate. Among the active methylene compounds, the following
reactivity order was observed: ethyl cyanoacetate > malononi-
trile > diethyl malonate > acetylacetone. Indoles bearing
electron-withdrawing substituents exhibited relatively lower
product yields. Conversely, aromatic aldehydes substituted with
halogens and electron-withdrawing functional groups reacted
more rapidly and afforded higher product yields than those
bearing electron-donating groups. Surprisingly, single-crystal X-
ray diffraction analysis revealed that when salicylaldehyde
derivatives combined with ethyl cyanoacetate andmalononitrile
undergo an unexpected cyclization pathway, affording 2-amino-
4-(indol-3-yl)-4H-chromenes.50 Mechanistically, this trans-
formation likely proceeds through a cascade of reactions
involving the Knoevenagel, Pinner, and Friedel–Cras steps.50,51

Based on the proposed mechanism, the strong hydrogen-
bonding ability of the uoride ion, as supported by extensive
literature, plays a crucial role in these transformations (Scheme
2). Furthermore, the unique nature of TBAF arises from its
electrophilic and bulky quaternary ammonium cation, which
exhibits Lewis acidic character and can activate carbonyl groups
through coordination with the oxygen atom.50 This initiates
a cascade of reactions, including a Knoevenagel condensation
between aldehydes and active methylene compounds, followed
by subsequent Michael addition50 or Friedel–Cras reaction51 of
indole with the resulting arylidene or heterocyclic
intermediates.

In the same year, Wang et al. reported a KH2PO4-promoted
three-component synthesis of 3-indole derivatives using
indoles, aldehydes, andmalononitrile in amixture of water with
PEG-200 as an eco-friendly co-solvent and phase transfer co-
RSC Adv., 2025, 15, 12255–12290 | 12257
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Scheme 1 TBAF-catalyzed synthesis of 3-substituted indoles.

Scheme 2 Plausible mechanism for TBAF-catalyzed synthesis of 3-substituted indoles.

12258 | RSC Adv., 2025, 15, 12255–12290 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 PEG/KH2PO4-promoted three-component synthesis of 3-substituted indoles in water.
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catalyst52 (Scheme 3). They found that electron-poor aromatic
aldehydes provided higher yields than electron-rich aldehydes,
such as 4-methoxybenzaldehyde, which suffer from side reac-
tions. Steric effects were also crucial; ortho-substituted alde-
hydes reacted more efficiently than para-substituted aldehydes.
Additionally, the necessity of the N–H proton in indoles was
conrmed, as 2-methyl indole gave excellent yields, whereas N-
methyl indole failed to produce the desired products. This
result indicates that the N–H proton activates the nitrile moiety
through hydrogen bonding, signicantly improving the reac-
tion rate and yield. The optimal conditions included a 1 : 1 ratio
of PEG-200 to water and ambient temperature, delivering high
product yields with minimal purication steps. This method
also demonstrated excellent recyclability in the reaction system,
further enhancing its green chemistry appeal. By combining
sustainability, simplicity, and high efficiency, this protocol
provides a valuable strategy for synthesizing diverse 3-indole
derivatives.

In 2015, Rawat et al. reported the EDDF(ethylene
diammonium-diformate) as a base catalyst for the synthesis of
Scheme 4 EDDF–ethylene glycol-catalyzed synthesis of 3-indolochrom

© 2025 The Author(s). Published by the Royal Society of Chemistry
3-indolochromene and 3-indoloxanthene scaffolds via a one-pot
three-component reaction of substituted salicylaldehyde,
substituted indoles and active methylene compounds in
ethylene glycol as a promoter and reusable solvent at ambient
temperatures.53 The optimization results demonstrate that
while ethylene diamine alone slows the reaction, the addition of
formic acid not only slows the reaction down but also leads to
signicant side product formation. However, EDDF selectively
produced the desired product, emphasizing its role as an
effective catalyst in this reaction. Furthermore, the addition of
ethylene glycol enhances EDDF's catalytic activity through
a synergistic effect.

The EDDF–ethylene glycol cooperative catalytic system
demonstrated high efficacy in promoting the synthesis of
diverse 3-substituted indoles with excellent yields (Scheme 4).
Notably, reactions involving ortho-vanillin and 2-methylindole
exhibited faster kinetics than those employing salicylaldehyde.
Furthermore, expanding the substrate scope to include 1,3-
dicarbonyls such as dimedone and 1,3-cyclohexadione instead
of malononitrile resulted in the efficient formation of the
enes and 3-indoloxanthenes.

RSC Adv., 2025, 15, 12255–12290 | 12259
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corresponding products with high yields. Importantly, this
methodology exhibited high selectivity, minimizing the forma-
tion of by-products. A key strength of this method is its
simplicity. In many cases, the desired product precipitates
directly from the reaction mixture, enabling straightforward
purication via recrystallization from ethanol. This combined
with the recyclability of the EDDF–ethylene glycol system for at
least six cycles signicantly enhances the environmental
sustainability and scalability of this method.

One year later, Deb et al. reported another convenient base-
promoted method for the synthesis of 3-(a,a-diarylmethyl)
indoles via a three-component reaction involving aromatic
nucleophiles, aldehydes, and indoles.54 While several attempts
employing Brønsted or Lewis acids, as well as organocatalysts,
resulted in the undesired formation of bis(indolyl)methanes,
the authors demonstrated that alkaline bases, specically
NaOH and KOH, effectively promoted the desired trans-
formation. Despite the initial expectation that water would be
a suitable solvent due to the ionic nature of the base, the
reaction failed in pure water, likely due to the poor solubility of
the starting materials. A mixture of ethanol and water was
found to be the optimal medium. Using NaOH, a variety of b-
naphthols, phenols, aldehydes, and indoles were successfully
condensed to afford the corresponding 3-(a,a-diarylmethyl)
indoles inmoderate to excellent yields (Scheme 5). The electron-
withdrawing groups on aldehydes enhanced the reaction effi-
ciency, whereas electron-donating groups on nucleophiles
(phenols) generally resulted in lower product yields. Addition-
ally, 2-methoxynaphthalene lacking OH did not form a product,
indicating the crucial role of the hydroxyl group. This suggests
that deprotonation by NaOH enhances nucleophilicity,
Scheme 5 Effect of catalyst type on 3-substituted indole product.

12260 | RSC Adv., 2025, 15, 12255–12290
although O-alkylation remains possible. N-Alkylindoles were
incompatible substrates due to the absence of an N–H proton,
which is crucial for the formation of the 3-indolylalcohol
intermediate. The results also highlight the formation of ionic
intermediates during this transformation. Some signicant
advantages of this method are its green reaction conditions,
selectivity and lack of chromatographic purication. Highly
pure products were readily isolated through a simple trituration
procedure using an EtOH/hexane mixture (1 : 1), as conrmed
by spectroscopic analysis (FT-IR, HRMS, 1H NMR, and 13C
NMR).

Based on these observations, the authors proposed a mech-
anism in which NaOH deprotonates indole, generating an
indole anion that subsequently attacks the aldehyde to form 3-
indolylalcohols (Scheme 6). Further deprotonation of the indole
by NaOH and subsequent water elimination leads to the
formation of an alkylideneindolenine intermediate. This reac-
tive intermediate can then undergo various pathways, including
a reaction with aryl alkoxides to yield the desired 3-(a,a-diary-
lmethyl)indoles products, a reaction with ethanol to form an
ether (which can be reconverted to alkylideneindolenine inter-
mediates by NaOH), and a reaction with excess indole to
produce minor amounts of bisindolylmethanes as side prod-
ucts (Scheme 6). Water likely plays a signicant role in this
process. In polar protic solvents such as water, the naphthoxide/
phenoxide ions generated under basic conditions are stabilized
by hydrogen bonding with solvent molecules. This solvation
reduces the nucleophilicity of the oxygen atom, favoring C-
alkylation over O-alkylation in subsequent reactions.54

Two years later, this group attempted to expand the scope of
this NaOH-catalyzed functionalization of indoles by employing
© 2025 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/d5ra00871a


Scheme 6 Plausible mechanism for the synthesis of 3-(a,a-diarylmethyl)indoles via arylation of 3-indolylalcohols.
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a range of nucleophiles in nucleophilic substitution reactions
with in situ generated 3-indolylalcohol intermediates.55

However, these efforts exclusively yielded bisindolylmethane,
Scheme 7 One-pot sequential synthesis of 3-substituted indoles via Na

© 2025 The Author(s). Published by the Royal Society of Chemistry
even when using Brønsted or Lewis acids. When employing
a sequential three-component approach involving the base-
catalyzed generation of 3-indolylalcohol followed by
OH and AcOH catalysis.

RSC Adv., 2025, 15, 12255–12290 | 12261

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00871a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 1
0:

27
:4

7 
PM

. 
 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
acidication and subsequent addition of nucleophile, the
desired nucleophilic substituted 3-indolylalcohol products were
obtained in good to excellent yields. This method demonstrated
excellent activity across various aldehydes and nucleophiles.
While malononitrile and imidazole showed slightly lower
yields, high yields were obtained with 1,3-dimethyl-6-
aminouracil, N-substituted indoles, and naphthol nucleo-
philes (Scheme 7). In comparison with their previous method
using only NaOH,54 the sequential three-component base–acid-
promoted approach demonstrated enhanced efficacy with
naphthol nucleophiles. This novel strategy signicantly reduced
the reaction time and consistently yielded higher product
yields. Nevertheless, a signicant limitation of this method is
the necessity for the chromatographic purication of the
products. This study employed a diverse set of nucleophiles for
each substituted aldehyde, precluding direct comparisons of
their relative reactivities. Consequently, the inuence of
substituents on aldehyde reactivity remains an underexplored
area that warrants further investigation.

As previously reported,54 the proposed mechanism for this
reaction involves an initial base-catalyzed deprotonation of the
indole N–H bond by sodium hydroxide. This reaction generates
a 3-indolylalcohol intermediate upon reaction with aldehyde.
Subsequently, the reaction mixture is acidied to pH 5 with
acetic acid, facilitating the conversion of 3-indolylalcohol into
an alkylideneindolenine intermediate by the removal of a water
molecule.55 This highly reactive intermediate then undergoes
nucleophilic attack by various species present in the reaction
medium, leading to the formation of the desired product.
Concurrently, a side reaction involving indole can occur,
Scheme 8 Plausible mechanism for the one-pot sequential base–acid p

12262 | RSC Adv., 2025, 15, 12255–12290
resulting in the formation of symmetrical bisindolylmethanes
as a byproduct in some cases (Scheme 8).

In 2023, Banerjee et al. discovered that a common household
ingredient, sodium lauryl sulfate (SDS), could act as a surpris-
ingly effective organocatalyst for the synthesis of 3-substituted
indoles. This green and efficient method catalyzes the
condensation of various salicylaldehyde, malononitrile and
substituted indoles in water at room temperature with excellent
yields (Scheme 9).56

In 2023, Talukdar and coworkers demonstrated the effec-
tiveness of benzyltrimethylammonium hydroxide (Triton B) as
a base promoter for synthesizing 3-substituted indoles under
environmentally friendly conditions (Scheme 10). In this
approach, the quaternary ammonium hydroxide salt serves as
both a catalyst and solvent, facilitating the reaction between
salicylaldehyde, malononitrile, and a range of indoles. This
method exhibits a broad substrate scope and delivers excellent
yields of 4H-chromenes regardless of whether electron-
withdrawing or electron-donating groups are present on
aromatic aldehyde or indole substrates.57

In 2015, Rai et al. reported an efficient and sustainable
synthesis of tetrahydro-1H-xanthen-1-one and 4H-chromene-3-
carbonitrile derivatives via another innovative base-catalyzed
sequential method (Scheme 11).58 Their method used
a sequential multi-component one-pot approach involving the
initial reaction of salicylaldehyde with an active methylene
compound (malononitrile/dimedone/1,3-cyclohexanedione) in
water under the catalysis of a DABCO base as an efficient
medium for Knoevenagel condensation followed by cyclization
to a 2-iminochrome intermediate (Schemes 2 and 11) and
romoted synthesis of 3-substituted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Sodium lauryl sulfate (SDS)-catalyzed synthesis of 3-substituted indoles in water.

Scheme 10 Triton B-catalyzed synthesis of f 2-amino-4-(1H-indol-3-yl)-4H-chromene3-carbonitriles.

Scheme 11 One-pot sequential synthesis of 3-substituted indoles using the beta-cyclodextrin/DABCO catalytic system.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 12255–12290 | 12263
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further addition of indole nucleophiles. The key innovation lies
in the synergistic catalysis of DABCO (an organic catalyst) and
beta-cyclodextrin (a biomimetic phase transfer catalyst). The
combined catalytic system demonstrated remarkable versatility,
accommodating several indole and active methylene substrates
and consistently delivering high yields. It is worth mentioning
that the screening of acidic (iodine and indium chloride) and
basic catalysts (NaOH, KOH, Et3N, DMAP and DABCO) revealed
DABCO to be the most effective, particularly in combination
with cyclodextrin, leading to optimized yields and reaction
times. The different substituents on salicylaldehyde did not
signicantly affect the reaction efficiency. The recyclability of
the biomimetic beta-cyclodextrin surfactant enhances the
sustainability and economic viability of the method.

Continuing the research on heterogeneous base catalysts for
these reactions, in 2017, Dekamin et al. reported the use of
alkaline-functionalized chitosan as a base catalyst for the
synthesis of 3-substituted indole derivatives (Scheme 12).59 This
approach involves the condensation of indoles, aldehydes, and
malononitrile in ethanol at room temperature. While this
method offers a heterogeneous base catalyst with a safe and
easy workup procedure, this conference paper lacked crucial
details, such as the yields, reaction times, type of alkaline used,
the exact structure of the catalyst and its preparation procedure.
The lack of these crucial details necessitates further investiga-
tion to thoroughly characterize and evaluate the methodology.
Despite these limitations, the salient features of this protocol
include its environmental friendliness, simplicity, readily
accessible catalyst, and mild reaction conditions.

In 2018, Bahuguna et al. successfully developed a novel
nanocomposite material by combining polyaniline with
graphitic carbon nitride (GCN) nanosheets, resulting in
polyaniline-graphitic carbon nitride (PGCN). This material was
subsequently used to dope ammonia (NPGCN), creating a novel
heterogeneous base catalyst.60 This innovative catalyst exhibited
exceptional catalytic properties in the synthesis of diverse
indole-substituted 4H-chromenes through the one-pot reaction
of substituted salicylaldehyde, malononitrile/ethyl
cyanoacetate/methyl cyanoacetate, and substituted indoles in
water. Notably, acidic PGCN led to the formation of a bis-indole
product while leaving malononitrile unreacted. In contrast,
ammonia-doped NPGCN effectively catalyzed the desired 4H-
chromenes formation (Scheme 13).

In this method, various substituted indoles were successfully
reacted in high yields. However, 7-azaindole did not participate
Scheme 12 Alkaline-functionalized, chitosan-catalyzed synthesis of 3-s

12264 | RSC Adv., 2025, 15, 12255–12290
in the reaction, likely due to the electron-withdrawing effect of
the nitrogen atom at the 7 position, which deactivates the C3
position of the indole ring. Similar to Rai et al.'s research,58 the
reaction of substituted salicylaldehyde bearing various electron-
donating and electron-withdrawing groups showed minimal
impact on the reaction's reactivity. In contrast, replacing the
cyano groups in malononitrile with different esters (ethyl cya-
noacetate or methyl cyanoacetate) signicantly decreased the
reaction performance.

The control experiments by varying the reactant ratios
revealed key mechanistic insights. The use of only one equiva-
lent of malononitrile with salicylaldehyde formed an unstable
intermediate. However, two equivalents of malononitrile
produced a different product, suggesting an altered pathway.
Crucially, the presence of indole directed the reaction towards
the desired 4H-chromene. Similar results for ethyl cyanoacetate
conrmed an intermediate's formation. These ndings high-
lighted the crucial role of indole and provided valuable mech-
anistic information. Additionally, the developed NPGCN
catalyst demonstrated excellent recoverability and recyclability
in water without any signicant loss of activity, making it an
ideal green chemistry catalyst.

In 2024, Cheng et al. developed a novel method for the
synthesis of 3-substituted indoles via the condensation of
different aldehydes and indoles over the catalysis of piperidine
through tiny droplets and thin lms procedure (Scheme 14).61

This method worked well with several substituted aromatic
aldehydes and indoles bearing both electron-donating and
electron-withdrawing groups, demonstrating its versatility.
Surprisingly, ortho-substituted reacted slightly better than their
para-substituted counterparts. Importantly, this approach is
efficient, requires mild conditions, and can produce signicant
amounts of the desired products, making it an attractive and
environmentally friendly option for creating such molecules.
2.2. Amino acid catalysts

Amino acids, which have reactive amino and carboxyl groups,
are versatile catalysts for organic synthesis.62–64 Their natural
abundance and structural diversity make them ideal for a range
of reactions, particularly the synthesis of 3-substituted indoles.
Recent advances have focused on boosting catalytic activity and
recyclability by immobilizing amino acids on supports or
incorporating them into hybrid materials like nanoparticles.37,65

This section explores the use of these catalysts in 3-substituted
ubstituted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 13 Synthesis of PGCN and NPGCN, and their effects on the synthesis of 3-substituted indoles and 4H-chromenes.

Scheme 14 Piperidine-catalyzed synthesis of 3-substituted indoles via microdroplet chemistry.
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indole synthesis, examining the reaction mechanisms, catalytic
systems, and optimized conditions.

In 2013, Khala-Nezhad et al. reported the immobilization of
L-cysteine onto magnetic nanoparticles, yielding a magnetically
recoverable amino acid nanocatalyst.66 In the initial step, silica-
coated magnetic nanoparticles were functionalized with vinyl
groups via a reaction with trimethoxy(vinyl)silane. Subse-
quently, the thiol groups at the terminus of L-cysteine engaged
in a thiol–ene reaction with these vinyl groups, facilitated by the
presence of azobisisobutyronitrile (AIBN) as an initiator
(Scheme 15). The obtained L-cysteine-functionalized Fe3O4 was
abbreviated as LCMNP and applied to the synthesis of 2-amino-
4H-chromene-3-carbonitrile derivatives, leading to the forma-
tion of targeted products from the reaction of various
substituted indoles and salicylaldehyde with malononitrile in
water as a green solvent. The reaction yield was affected by both
the electronic and steric effects of the substituents on the indole
and aldehyde derivatives. Electron-withdrawing groups on
substrates generally enhanced reactivity, whereas sterically
hindered indoles, such as 2-methyl-1H-indole, exhibited lower
reactivity.

Themain difference between this method and the sequential
base–acid catalyzed pathway is the participation of the amine
Scheme 15 Synthesis of LCMNP, and its catalytic effect on the synthesi

12266 | RSC Adv., 2025, 15, 12255–12290
groups of the amino acid catalysts in the reaction mechanism
through bond formation reactions (Scheme 16). In this way, the
amine group of LCMNPs reacts with the aldehyde to form an
imine intermediate. The subsequent addition of malononitrile
to this imine generates another intermediate. The carboxylate
group of LCMNPs also facilitates the formation of a double
bond (III) by abstracting a proton. Concurrently, the amino acid
moiety activates the nitrile group, enabling Michael addition to
the nucleophile (IV). Moreover, the catalyst assists in the cycli-
zation process by promoting the nucleophilic addition of the
OH group to intermediate V. Finally, a proton exchange and
tautomerization event culminates in the formation of the target
molecule.66

Nongthombam et al. developed another hybrid catalyst for
the same process. They immobilized glutathione onto Fe3O4

MNPs to create a novel amino acid-based catalyst. This hybrid
catalyst demonstrated excellent activity in the ultrasound-
assisted synthesis of indolylchromenes in water, achieving
high yields of the desired products (Scheme 17).67

Several studies have explored the catalytic potential of other
amino acids, such as L-proline, in such condensation reactions.
For instance, in 2015, He et al. reported the efficient room-
temperature condensation of malononitrile, aliphatic and
s of 3-substituted indoles and 4H-chromenes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Plausible mechanism for amino acid-promoted synthesis of 4H-chromenes.

Scheme 17 Nano magnetic SPION@glutathione-catalyzed synthesis of 3-substituted indolyl chromenes and indolo xanthenes.
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Scheme 18 L-Proline-catalyzed room temperature synthesis of 3-substituted indoles in ethanol.
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aromatic aldehydes as well as kerones and indoles to yield 3-
substituted indoles with excellent yields (up to 98%) in the
presence of L-proline as a catalyst in ethanol. This methodology
has also been demonstrated to be effective when using pyrrole
as the nucleophile and 2,2,2-triuoroacetophenone as the
electrophile (Scheme 18).68
Scheme 19 L-Proline-catalyzed synthesis of 3-substituted indolyl-4H-c

12268 | RSC Adv., 2025, 15, 12255–12290
In 2024, Burra et al. reported a highly efficient L-proline
catalyzed method for the regioselective synthesis of a novel series
of substituted indolyl-4H-chromene scaffolds (Scheme 19).69 This
approach uses a simple reaction between 4-hydroxy-1-methyl-2-
oxo-1,2-dihydroquinoline-3-carbaldehyde, active methylene
compounds (malononitrile or ethyl cyanoacetate), and
hromenes in water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substituted indoles. Notably, the reaction proceeds smoothly in
water under the catalytic inuence of L-proline at room temper-
ature, affording excellent yields of the desired products aer
a simple, facile workup and elimination of column chromatog-
raphy. The authors proposed a plausible mechanism for this
process, suggesting a sequential base–acid promotion. This
mechanism is similar to the mechanism illustrated in Scheme 8.

In 2021, Baharfar et al. developed a new biocatalytic method
for synthesizing indol-3-yl-4H-chromene derivatives.70 Their
approach involves the functionalization of silica-modied
magnetic nanoparticles with a dendrimer and further attach-
ment of trypsin enzyme to the structure. This unique nano-
composite biocatalyst (Fe3O4@SiO2@D-NHCS-Tr) promoted the
condensation of several indole derivatives, salicylaldehyde, and
various active methylene compounds, to produce the desired
product under solvent-free conditions in excellent yields
(Scheme 20). Several active methylene compounds, including
1,3-dicarbonyl derivatives, malononitrile, and alkyl cyanoace-
tate, were efficiently transformed into the desired products
under optimized conditions. The catalyst exhibits excellent
reusability up to ve times, conrming its stability.
2.3. Brønsted acid catalysts

Brønsted acid catalysts play a crucial role in organic synthesis
due to their ability to facilitate a wide variety of reactions with
high efficiency and selectivity. Their signicance is particularly
evident in the synthesis of indole derivatives, in which they help
to activate nucleophilic species and promote protonation,
which are key steps in numerous transformation pathways.
Known for their ability to accelerate reactions under mild
conditions and to adapt to diverse substrates, Brønsted acids
Scheme 20 Synthesis of 3-substituted indoles using Fe3O4@SiO2@D-N

© 2025 The Author(s). Published by the Royal Society of Chemistry
have become a preferred choice in many catalytic processes.71

This section highlights the application of Brønsted acid cata-
lysts in the synthesis of 3-substituted indoles, focusing on how
their unique properties enable enhanced yields, selectivity, and
sustainability in indole-related reactions, demonstrating their
remarkable versatility across different synthetic routes.72,73

For example, in 2016, Ganesan et al. developed an innovative
approach for synthesizing 4H-chromenes in the presence of
oleic acid as a lipophilic Brønsted acid catalyst.74 Interestingly,
initial attempts to synthesize 4H-chromene through a one-pot
sequential condensation of acetophenone, salicylaldehyde,
and indole were unsuccessful. Instead, the reaction predomi-
nantly yielded bis(indolyl)methane as a byproduct, likely due to
the high nucleophilicity of indole toward the aldehyde group.
However, when pre-synthesized various substituted 2-hydrox-
ychalcone derivatives were used instead, the reaction proceeded
smoothly and produced the corresponding 4H-chromenes in
good yields viaMichael addition, followed by an intramolecular
cyclization mechanism (Scheme 21). Furthermore, when ace-
tophenone was replaced with malononitrile, the reaction
successfully produced 4H-chromene derivatives in good yields
at room temperature. This reaction probably occurs through the
formation of an iminochromene intermediate with limited
solubility in water. However, the lipophilic oleic acid effectively
interacts with this intermediate in the emulsion, facilitating the
Michael addition step and ultimately leading to the desired 4H-
chromene products.74
2.4. Ionic liquids

Ionic liquids (ILs) have gained signicant attention in recent
years as efficient and sustainable catalysts for the synthesis of 3-
HCS-Tr magnetic biocatalyst.
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Scheme 21 Synthesis of 3-substituted indoles via the catalysis of oleic acid.
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substituted indoles. These unique solvents and catalysts can
provide green, versatile, and highly selective reaction condi-
tions, oen under mild temperatures, without the need for toxic
solvents. Their tunable properties, including their potential to
act as solvents and catalysts, have made ILs ideal candidates for
Scheme 22 [NBu4][Val]@Si@Fe3O4 (VSF)-catalyzed synthesis of 2-amino

12270 | RSC Adv., 2025, 15, 12255–12290
promoting various reactions, including Knoevenagel conden-
sation, Michael addition, and Pinner cyclization. This section
explores the role of ionic liquids in the synthesis of 3-
substituted indoles, highlighting the development of novel IL-
based catalytic systems, their environmental advantages, and
-4-(indol-3-yl)-4H-chromenes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the mechanism behind their catalytic activity in various
synthetic routes.

Rawat et al. reported a novel quasi-homogeneous catalytic
system in which tetrabutylammonium valinate ionic liquid
([NBu4][Val]) is immobilized onto superparamagnetic Fe3O4

nanoparticles functionalized with 3-chloropropyltriethoxysilane
(VSF) for the selective synthesis of 2-amino-4-(indol-3-yl)-4H-
chromenes employing water as a mild condition75 (Scheme 22).
The results revealed that electron-donating groups on the
indole or aldehyde signicantly enhanced the reaction effi-
ciency, yielding higher product amounts in shorter reaction
times, whereas electron-withdrawing groups slightly reduced
the efficiency, resulting in moderate yields and longer reaction
times. The high catalytic activity was attributed to a synergistic
effect between the active sites on the Fe3O4 nanoparticles (e.g.,
surface vacancies, low-coordinated sites) and the distinctive
properties of the immobilized ionic liquid. The carboxylate
anion and ammonium ions in [NBu4][Val] likely act as a conju-
gate acid–base pair, facilitating the sequential Knoevenagel–
Pinner reaction with efficient catalytic turnover.

In 2015, Rawat et al. developed an efficient and eco-friendly
method for synthesizing 3-substituted indoles and indolyl-4H-
chromenes using the biodegradable organocatalyst tetrabuty-
lammonium glycinate ([TBA][Gly]) under solvent-free
Scheme 23 [TBA][Gly]-catalyzed solvent-free synthesis of 3-substituted

© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions at 60 °C, achieving with excellent yields.76 The
reactivity of aliphatic/aromatic aldehydes signicantly varied
according to their electronic properties (Scheme 23). Aldehydes
with electron-donating groups exhibited faster reaction times
and higher yields due to their increased nucleophilicity. In
contrast, aldehydes bearing electron-withdrawing groups
require longer reaction times and yield slightly fewer products
because their reduced nucleophilicity impedes intermediate
formation. Additionally, steric effects were found to inuence
the reaction outcomes. Aromatic aldehydes or indole derivatives
with bulky substituents, such as tert-butyl groups, led to lower
yields and longer reaction times due to steric hindrance during
the condensation and addition steps. Similarly, bulky active
methylene compounds such as dimedone and cyclo-
hexanedione derivatives showed reduced efficiency, producing
moderate product yields alongside minor by-products. The
mechanistic insights provided in the manuscript demonstrate
that the ionic liquid facilitates key steps such as Knoevenagel
condensation, Michael addition, and Pinner cyclization. In
addition, [TBA][Gly] demonstrated impressive reusability,
maintaining its catalytic activity over six cycles without degra-
dation. This study highlights the potential of [TBA][Gly] as
a sustainable and efficient catalyst for organic synthesis.
indoles and indolyl-4H-chromenes.
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Scheme 24 [EAHEPiPY]+[AlCl4]
−-catalyzed synthesis of 3-substituted indoles.
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Dige et al. highlighted the design and synthesis of a novel
task-specic ionic liquid (TSIL), 1-(ethylaceto acetate)–1-(2-
hydroxyethyl) piperidinium tetrachloroaluminate
[EAHEPiPY]+[AlCl4]

− and its application as an efficient catalyst
for the synthesis of oxindoles77 (Scheme 24). This procedure
uses cascade reactions of various substituted isatins and
indoles with malononitrile to efficiently produce the corre-
sponding oxindoles in high yields under mild conditions. The
reaction was performed in a green solvent system comprising
a water–ethanol mixture at 80 °C, signicantly reducing the
reaction time to just 7 hours compared to the 120 hours
required in earlier methods, thereby demonstrating the TSIL's
superior catalytic efficiency. The dual functionality of TSIL,
attributed to its hydroxyl group for hydrogen bonding and its
[AlCl4]

− anion for enhanced catalytic activity, was critical to its
Scheme 25 [DABCO-H][HSO4] ionic liquid-catalyzed synthesis of 2-am

12272 | RSC Adv., 2025, 15, 12255–12290
effectiveness. Comparative analyses with other catalysts
revealed that the absence of these functional groups signi-
cantly diminished the catalyst performance, further empha-
sizing the innovative design of this TSIL. Beyond efficiency, the
study demonstrated the method's alignment with green chem-
istry principles. The use of a sustainable water–ethanol solvent
system, high atom economy, straightforward product isolation
without complex purication, and the TSIL's recyclability over
multiple cycles underscore its environmental and economic
advantages.

In 2018, Cheng-Bin Li et al. developed an efficient and eco-
friendly method for the synthesis of biologically signicant 2-
amino-4-(indol-3-yl)-4H-chromene through a three-component
tandem Knoevenagel–Pinner cyclization–Michael reaction,
utilizing dual nature (acid and base) 1,4-diazabicyclo[2.2.2]
ino-4-(indol-3-yl)-4H-chromene.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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octane (DABCO)-based ionic liquids (ILs) as catalysts78

(Scheme 25). This approach achieved excellent yields under
mild conditions with short reaction times and minimal solvent
use, employing ethanol as a sustainable reaction medium.
Among the ILs tested, protic [DABCO-H][HSO4] was identied as
the most effective, and it demonstrated exceptional reusability,
retaining high catalytic activity over ve cycles. The method's
broad applicability was demonstrated through the successful
synthesis of various 2-amino-4H-chromene derivatives, as well
as 1-oxo-hexahydroxanthene derivatives, using diverse salicy-
laldehyde, 1H-indoles, malononitrile and pyrazolones, respec-
tively. Among the substituted indoles, 5-nitro-1H-indole and 1-
methyl-1H-indole produced slightly lower yields. Similarly,
reactions involving 1H-indole and salicylaldehyde containing
sterically bulky multi-substituent groups oen resulted in lower
yields. Additionally, mechanistic studies suggested that the IL
plays multiple roles as both an acid and a base catalyst as well as
a reaction medium, enabling a streamlined process. This
innovative strategy, offering high efficiency, simplied product
isolation via recrystallization, reusability of catalyst and align-
ment with green chemistry principles, holds signicant poten-
tial for pharmaceutical and agrochemical applications,
reinforcing its relevance in the development of sustainable
synthetic methodologies.

In 2020, Ying et al. developed magnetically recoverable
DABCO-functionalized mesoporous poly(ionic liquids) (MPILs)
with ferric oxide nanoparticles as an efficient catalyst for the
one-pot synthesis of indole derivatives and seven-membered
Scheme 26 P(4DVB-[AD][Br]) ionic liquid-catalyzed synthesis of 3-subs

© 2025 The Author(s). Published by the Royal Society of Chemistry
fused indoles using indole (or its substituted derivatives),
malononitrile (or ethyl cyanoacetate), and aldehydes as the key
reagents79 (Scheme 26). The optimized conditions involved
20 mg of the MPIL catalyst P(4DVB-[AD][Br]) (1.28 mmol%) in
ethanol at 60 °C. Under these conditions, the reactions pro-
ceeded efficiently, producing yields of 70–95% depending on
the reagents used. Under the optimized conditions, aromatic
aldehydes with electron-withdrawing groups generally afforded
higher yields than those with electron-donating substituents.
When ethyl cyanoacetate was used instead of malononitrile,
yields of 86–91% were obtained. Substituted indoles, such as
those bearing methyl or methoxy groups, also reacted success-
fully, although they required slightly longer reaction times due
to reduced reactivity. Additionally, the use of 4-hydroxyindole as
a reactant enabled the catalyst to selectively facilitate the
synthesis of seven-membered fused indoles with moderate to
good yields (70–91%) (Scheme 26). Compared to 4-H indole
derivatives, this cyclization process included an additional
intramolecular cyclization step, followed by isomerization,
which resulted in the formation of a thermally stabilized amine
as the nal product. The recyclability of the catalyst up to 10
times, combined with its magnetic properties for easy recovery,
underscores its potential for sustainable and practical applica-
tions in organic synthesis.

To avoid the use of above mentioned traditional halogenated
ionic liquids, which are toxic and environmentally problematic.
In 2021, Shekarchi et al. reported a green and efficient meth-
odology for the selective synthesis of 3-substituted indoles via
tituted indoles and seven-membered fused indoles.
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Scheme 27 [BMIM][HSO4]-catalyzed synthesis of 3-substituted indoles.
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a one-pot, three-component reaction involving aldehydes,
malononitrile or ethyl cyanoacetate, and indole in the presence
of 1-butyl-3-methylimidazolium hydrogen sulfate [BMIM]
[HSO4], a non-halogenated acidic ionic liquid, in ethanol under
reux conditions (Scheme 27).80 This catalytic system providing
good-to-excellent yields for a variety of 3-substituted indoles,
including electron-withdrawing and electron-donating substit-
uents on the aldehyde shows that both classes can be effectively
used, offering versatility and high reaction efficiency. Electron-
withdrawing groups at the meta or para positions can result in
lower yields compared to electron-donating groups. Notably,
the process avoids side reactions typical under acidic condi-
tions, such as the formation of bis(indolyl)methanes, which are
common in traditional methods. Additionally, [BMIM][HSO4]
demonstrates excellent reusability, maintaining high reaction
efficiency across up to four cycles, which further enhances the
sustainability and cost-effectiveness of the methodology.

Two years later, Omidi et al. compared the synthesis of 3-
substituted indoles in aqueous media using two different
Brønsted acid ionic liquid catalysts: [DMAP-SO3H]Cl and
[DMAP-H]HSO4, representing halogenated and halogen-free
Scheme 28 [DMAP-SO3H]Cl and [DMAP-H]HSO4-catalyzed synthesis o

12274 | RSC Adv., 2025, 15, 12255–12290
ionic liquid catalysts, respectively (Scheme 28).81 The reaction
involves a one-pot three-component reaction between aldehyde,
malononitrile, and indole in aqueous media, providing high
yields in short reaction times under mild conditions. The
results revealed that the catalytic activity of [DMAP-SO3H]Cl is
superior to [DMAP-H]HSO4, offering better yields across various
substrates. Notably, the reaction efficiency is largely unaffected
by the type of substituent on the aromatic aldehyde, indicating
the robustness of the catalytic system. Both catalysts enable the
synthesis of targeted 3-substituted indoles without the need for
toxic solvents or complex workup procedures, demonstrating
their practical utility and sustainability. Additionally,
a comparison of these ionic liquids with other acidic catalysts,
such as [PySO3H]Cl and NH4HSO4, underscores the effective-
ness of the DMAP-based catalysts. The ability to conduct reac-
tions under mild, environmentally friendly conditions while
maintaining high yields makes this methodology highly
attractive for both laboratory and industrial applications,
marking a notable advancement in the synthesis of bioactive
indoles.
f 3-substituted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. DES solvents

Deep Eutectic Solvents (DESs) are an interesting class of ionic
liquids that are prepared by combining ammonium halides
with metal salts and hydrogen bonds. These mixtures show
unique properties such as salt change ability, hydrogen bond
donation, low toxicity, high biodegradability, low cost, and
simple synthesis, all of which make them attractive materials
for chemists.82–85 In this regard, several studies have focused on
using DES as a suitable catalyst and reaction medium for the
reaction between indole, benzaldehyde, and malononitrile.

For example, in 2018, Ruan et al. reported that choline
chloride–dimethylurea (ChCl–DMU) DES catalyzed the
Yonemitsu-type reaction of indole, aryl aldehydes and malo-
nonitrile or Meldrum's acid in a mixture of EtOH–H2O as
Scheme 29 ChCl–DMU-catalyzed synthesis of 3-substituted indoles.

Scheme 30 Plausible mechanism for DES-promoted synthesis of 3-sub

© 2025 The Author(s). Published by the Royal Society of Chemistry
a cheap and environmentally friendly method to afford the 3-
substituted indoles in satisfactory yields (Scheme 29).86 The
ChCl–DMU showed good activity for ortho-, meta-, and para-
substituted aldehydes bearing electron-withdrawing groups. In
contrast, lower yields are generated with electron-donating
substituents. Accordingly, the results implied that electronic
effects have a higher impact on reaction efficiency than steric
hindrance, probably owing to the conjugation effect. The
authors propose a particular activating pathway for this process
in which both the malononitrile and aldehyde are activated by
hydrogen bonding interaction with the DES, which leads to
generation from the Knoevenagel adduct, followed by Michael
addition reaction with indole to form the desired nal product
from the arylidenemalononitrile intermediate. The
stituted indoles.
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nucleophilicity of the indole in this step is likely enhanced by
hydrogen bonding interactions with the DES (Scheme 30). One
of the most signicant advantages of this method is the simple
purication procedure, which involves washing the precipitated
products with 75% or 50% cold aqueous ethanol.

In 2019, Tran et al. reported a zinc chloride and choline
chloride [cholineCl][ZnCl2]3 DES-promoted synthesis of 3-
substituted indoles (Scheme 31).87 In this method, several
substituted indoles and aryl aldehydes and two different active
methylene compounds, including diethyl malonate or malo-
nonitrile, undergo a one-pot, three-component condensation
reaction under solvent-free sonication to form the correspond-
ing products using 30 mol% of [cholineCl][ZnCl2]3 DES as the
catalyst. Both the electronic and steric effects of substituents on
the benzaldehydes have controlled the reactivity and efficiency
of the method. Electron-donating groups on the aryl aldehyde
ring provided the desired products in good yields, while bearing
electron-withdrawing ones, such as 4-NO2 and 4-F derivatives,
produced the desired products in lower yields (35% and 49%,
respectively). The investigation of the inuence of C5-
substituted indoles shows that the substitution of this posi-
tion leads to an improvement in reaction yield, and the electron-
rich methyl group provides a higher yield as compared to the
halogens, which are deactivating. Malononitrile exhibits higher
reactivity and shorter reaction times than diethyl malonate.
This method offers several advantages, including broad
substrate scope, low catalyst loadings, solvent-free conditions,
and reusability of the DES catalyst for up to four cycles.

Nagre et al. (2021) also demonstrated that choline chloride–
urea (ChCl : urea, 1 : 2) can effectively catalyze a similar three-
Scheme 31 [cholineCl][ZnCl2]3 DES-catalyzed solvent-free synthesis of

Scheme 32 ChCl : urea, (1 : 2) DES-catalyzed solvent-free synthesis of 3

12276 | RSC Adv., 2025, 15, 12255–12290
component transformation under solvent-free conditions
(Scheme 32).88 The ultrasound-assisted method signicantly
improved the performance of the above-mentioned ChCl–DMU
catalyst. This versatile method exhibited high efficiency for
a diverse array of substituted aldehydes, consistently affording
high yields aer recrystallization from absolute ethanol
regardless of the electronic and resonance effects of substituent
groups. This procedure not only eliminates the need for alky-
lated urea (DMU) and solvents but is also very fast and provides
higher yields of targeted products.

Two years later, Alvi et al. reported ChCl : urea (1 : 2) DES as
a green solvent and catalyst for the synthesis of indole-based
4H-chromenes.89 The synthesis involved the initial reaction of
a mixture of choline chloride and urea with 1 : 2 molar ratios at
70 °C for 30 min to obtain ChCl : urea (1 : 2) DES as a clear
melting mixture, followed by the addition of substituted
indoles, active methylene compounds (malononitrile and ethyl
cyanoacetate), and ortho-hydroxyaryl aldehydes (2-hydroxy-1-
naphthaldehyde and salicylaldehyde) (Scheme 33). The reac-
tion was affected by the substituent effects of the 5-substituted
indoles. Electron-donating groups at this position of the indole
ring enhanced its nucleophilicity, leading to higher reaction
yields than electron-withdrawing groups. Furthermore, while
replacing malononitrile with ethyl cyanoacetate had a minimal
effect on the reaction efficiency, salicylaldehyde consistently
afforded higher yields than 2-hydroxy-1-naphthaldehyde and its
derivatives. The reusability study indicated that this inexpensive
solvent/catalyst system could be operated for four cycles with no
appreciable loss in activity.
3-substituted indoles.

-substituted indoles under ultrasound irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 33 ChCl : urea, (1 : 2) DES-catalyzed solvent-free synthesis of indole-based 4H-chromenes.
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2.6. Heteropolyacid-based methodologies

Heteropolyacid (HPA)-based catalysts are of signicant interest
due to their high acidity, thermal stability, and ability to cata-
lyze diverse reactions under mild, environmentally friendly
conditions. Combining HPAs with supports or nanoparticles
creates novel catalytic systems with improved reaction rates,
recyclability, and sustainability.90,91 They are particularly effec-
tive for synthesizing 3-substituted indoles with high efficiency
and selectivity. This section examines the role of HPA-based
catalysts in 3-substituted indole synthesis, highlighting their
versatility in various pathways, including solvent-free and
ultrasound-assisted methods, and their potential in green
chemistry.

In 2016, Amrollahi and Kheilkordi developed phospho-
tungstic acid as an efficient catalyst for the synthesis of bis(in-
doles) via a one-pot pseudo-four-component reaction involving
aldehydes, active methylene compounds, and indoles (1 : 1 : 2
molar ratio) in aqueous media under both silent and ultrasonic
conditions (Scheme 34).92 This method produces the desired
products in moderate to excellent yields under green
Scheme 34 H3PW12O40-catalyzed solvent-free synthesis of bis(indoles)

© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions. The reaction exhibited good scope for various
substituents in the benzaldehyde, including both electron-
donating and -withdrawing groups. However, with 2- and 3-
pyridinecarboxaldehydes, only the corresponding indolyl
derivatives were obtained in high yields. The authors attributed
this observation to the potential oxidative dehydrogenation of
intermediate 2-((indolyl)(pyridyl)methylene)malononitriles and
3-(indolyl)(pyridyl) acrylates catalyzed by H3PW12O40. The
results demonstrate that ultrasonication signicantly acceler-
ates the reaction rate, leading to product formation in
a considerably shorter timeframe compared to the silent
method.

In 2017, Mahdizadeh Ghohe and co-workers developed
a new heterogeneous catalyst for the synthesis of 3-substituted
indole.93 First, they synthesized vanadium-doped SBA-15 (VOx/
SBA-15) by the sol–gel method. This material was subsequently
functionalized with 3-(triethoxysilyl)propylamine acting as an
amine-containing linker molecule for the non-covalent immo-
bilization of the H5PW10V2O40 HPA to obtain a new SBA-15
supported Keggin-type catalyst (PW10V2@VOx/SBA-15-NH2)
under silent and ultrasound irradiation.

RSC Adv., 2025, 15, 12255–12290 | 12277
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Scheme 35 H3PW12O40-catalyzed solvent-free synthesis of bis(indoles) under silent and ultrasound irradiation.
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with both Lewis and Brønsted acid sites. PW10V2@VOx/SBA-15-
NH2 was found to be an efficient catalyst for the one-pot
synthesis of 3-substituted indoles under solvent-free and mild
conditions (50 °C) (Scheme 35). The efficiency of the catalytic
system was evidenced by its wide substrate scope and consis-
tently high yields. In particular, the conversion of the aldehydes
containing electron-withdrawing substituents provided slightly
higher yields (78–95%) than those with electron-donating
groups (73–76%). Remarkably, the catalyst exhibited good
recyclability, maintaining its catalytic activity across a range of
reaction cycles, with no signicant decrease in activity.

Tayebee et al. developed a similar method for synthesizing 3-
substituted indoles using highly dispersed H3PW12O40@SBA-
15.94 This approach involves the facile ligand-free immobiliza-
tion of H3PW12O40 onto SBA-15 under ultrasonic irradiation
(Scheme 36). The resulting supported catalyst shows excellent
performance in the conversion of different electron-
withdrawing and donating substituted aromatic aldehydes to
the corresponding 3-substituted indole products under solvent-
free conditions, at 60 °C in high yields for most cases, with
electron-withdrawing groups showing slightly superior yields
compared to electron-donating ones. The hot ltration test
indicated low H3PW12O40 leaching from the SBA-15 surface,
making it an excellent choice for such reactions.
Scheme 36 HPW/SBA-15-catalyzed solvent-free synthesis of 3-substitu

12278 | RSC Adv., 2025, 15, 12255–12290
Wang et al. synthesized a novel heterogeneous nanohybrid
material by combining a tetraphenylporphyrin (TPP) with nickel
oxide nanoparticles and H5PW10V2O40 (HPA).95 This innovative
inorganic–organic nanohybrid demonstrated high catalytic
activity in the solvent-free synthesis of 3-substituted indoles via
the condensation of indole with malononitrile and various
aldehydes in excellent yields due to the synergistic interplay
between the TPP, HPA, and NiO components via their ability to
function as electron acceptors, facilitating efficient charge
separation between electrons and holes. Interestingly, benzal-
dehydes bearing electron-withdrawing substituents tended to
produce higher yields than their counterparts with electron-
donating groups (Scheme 37).
2.7. Lewis acid catalysts

Lewis acid catalysts are widely used in organic synthesis
because of their ability to activate electrophilic species, making
them highly effective in facilitating various reactions, including
the synthesis of 3-substituted indoles. These catalysts, such as
copper, zinc, and indium-based compounds, have shown
remarkable efficiency in promoting multicomponent reactions,
oen under mild and environmentally friendly conditions. This
section focuses on the use of Lewis acid catalysts in the
ted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 37 NiO@TPP-HPA-catalyzed solvent-free synthesis of 3-substituted indoles.
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synthesis of 3-substituted indoles, highlighting their versatility,
reaction efficiency, and selectivity. Key examples include copper
and zinc catalysis, which have demonstrated broad substrate
compatibility and high yields, making them valuable tools for
synthesizing bioactive indole derivatives.

In 2007, Perumal and Shanthi reported an efficient method
for the room-temperature synthesis of indolyl chromenes via
a three-component condensation of salicylaldehyde derivatives,
malononitrile, and indoles, catalyzed by indium(III) chloride
(InCl3) in aqueous ethanol media, achieving up to 88% yield
(Scheme 38).96 This protocol was extended to 2-
hydroxynaphthalene-1-carboxaldehyde, indole, and malononi-
trile. Electron-donating groups (e.g., –CH3 and –OCH3) at the 1,
2, and 5 positions of the indole ring enhance its nucleophilicity,
leading to higher yields and faster reactions. In contrast,
electron-withdrawing groups (e.g., –Br and –Cl) reduce nucleo-
philicity, resulting in slower reactions and lower yields. This
method highlights the increasing importance of indium-based
Lewis acids in organic synthesis, particularly in sustainable
methodologies.

In 2011, Qu et al. developed a straightforward and efficient
method for synthesizing 3-substituted indoles through a three-
component reaction involving indoles, aldehydes, and malo-
nonitrile, catalyzed by a copper(II) sulfonato salen complex in
water (Scheme 39).97 The addition of KH2PO4 signicantly
improved both the reaction efficiency and selectivity, likely by
regulating the pH of the aqueous solution, as demonstrated by
the superior results compared to other bases like K2CO3 and
KOAc. The methodology proved to be highly versatile, accom-
modating a wide range of aldehydes and 1,2-methyl indole
Scheme 38 InCl3-catalyzed synthesis of indolyl chromenes in aqueous

© 2025 The Author(s). Published by the Royal Society of Chemistry
derivatives, yielding excellent results across various substrates.
The use of N-methyl indole resulted in slightly lower yields than
1H-indoles. On the other hand, substituents on the aldehyde,
particularly electron-withdrawing groups, enhanced the reac-
tion rate, whereas steric effects had minimal inuence on the
outcomes. This robust approach, with its high yield, selectivity,
and broad functional group tolerance, stands as an efficient and
environmentally friendly strategy for synthesizing 3-substituted
indoles, which are valuable intermediates in the production of
bioactive compounds and pharmaceuticals.

In 2012, Chandrasekhar et al. reported a ligand-free, cop-
per(II)-catalyzed three-component reaction for synthesizing 3-
indole derivatives using indole, aldehydes, andmalononitrile or
ethyl 2-cyano acetate in PEG-400 at 70 °C (Scheme 40).98 This
eco-friendly method eliminates the need for complex ligands
using PEG-400 as both a solvent and a potential co-ligand, along
with Cu(OAc)2 as the catalyst and KH2PO4 as an additive.
Mechanistic studies reveal that the reaction proceeds via an
uncatalyzed Knoevenagel condensation, followed by a copper-
catalyzed Michael addition of indole to the Knoevenagel
adduct. This process demonstrates high efficiency, with alde-
hydes bearing electron-withdrawing groups resulting in the
highest yields (up to 98%), followed by halogen-substituted
aldehydes with good yields ranging from 70% to 88%. In
contrast, aldehydes with electron-donating groups produce the
lowest yields (48% to 68%). Aliphatic aldehydes, such as iso-
butyraldehyde, provide moderate yields (62%). This indicates
that electron-withdrawing groups enhance reaction efficiency,
while electron-donating groups lower yields. Additionally, ethyl
2-cyano acetate and substituted indoles, including N-methyl
ethanol.

RSC Adv., 2025, 15, 12255–12290 | 12279
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Scheme 39 Copper(II) sulfonate–salen complex-catalyzed aqueous synthesis of 3-substituted indoles.

Scheme 40 Ligand-free copper(II) acetate-catalyzed aqueous synthesis of 3-substituted indoles in PEG-400.
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and 5-methoxy indoles, also participate effectively in the reac-
tion. This method provides a simple, efficient, and sustainable
route for preparing a diverse range of 3-indole derivatives, with
both the PEG-400 solvent and copper catalyst being recyclable
up to ve times with minimal loss in activity.

A 2016 study by Jiang et al. presents a highly efficient, envi-
ronmentally friendly method for synthesizing 3-substituted
indoles via a base-free copper-catalyzed three-component reac-
tion in water.99 Using a 2-pyrrolecarbaldiminato–Cu(II) complex
as the catalyst, the reaction involves indole, an aldehyde, and
malononitrile (or ethyl 2-cyanoacetate) at 30 °C, offers high
yields (80–96%) within 12 hours without the need for any
additional base or organic solvents (Scheme 41). The reaction
demonstrates broad substrate compatibility, efficiently con-
verting both electron-withdrawing and electron-donating alde-
hydes to the desired products, with electron-withdrawing
groups typically yielding higher results. The approach also
accommodates sterically hindered aldehydes, such as 2-
methoxybenzaldehyde, and aliphatic aldehydes like cyclo-
hexanecarbaldehyde. Additionally, substituted indoles such as
12280 | RSC Adv., 2025, 15, 12255–12290
2-methylindole, 5-methoxyindole, and 5-bromoindole provide
good yields (77–78%). Ethyl 2-cyanoacetate also performs well
under the same conditions, yielding a diastereomeric mixture at
77% yield. The use of water as the solvent, combined with the
base-free conditions, makes this reaction eco-friendly and
sustainable, offering a simple and efficient route for synthe-
sizing bioactive 3-indole derivatives.

In 2017, Prasad et al. reported a highly efficient method for
room temperature synthesizing 3-substituted indoles through
a one-pot multicomponent reaction catalyzed by a copper(I)–
phosphine complex, Cu(PPh3)Cl, in water as environmentally
friendly conditions (Scheme 42).100 This approach utilizes
aldehydes (aromatic, aliphatic, and heteroaromatic), indole,
and active methylene compounds (such as malononitrile and
ethyl 2-cyano acetate) to form 3-substituted indole derivatives in
good to excellent yields (68–93%). The copper(I)-phosphine
catalyst was found to be more effective than other copper salts
and copper metal powder, showing signicant catalytic activity
without the need for external ligands or additives, which is
a notable advantage. The method works efficiently with broad
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 41 2-Pyrrolecarbaldiminato–Cu(II) complex-catalyzed aqueous synthesis of 3-substituted indoles.

Scheme 42 Cu(I)–phosphine complex-catalyzed aqueous synthesis of 3-substituted indoles.
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substrate compatibility and the inuence of both electronic and
steric factors on the reaction efficiency. Notably, aldehydes with
electron-withdrawing groups were more reactive, leading to
higher yields, whereas electron-donating groups resulted in
lower yields. Additionally, steric effects had minimal inuence
on the reaction, as demonstrated by the moderate yields ob-
tained from substrates like 2-uoro and 2-triuoromethyl
benzaldehyde. The method was also effective with hetero-
aromatic aldehydes (e.g., 2-thiophenecarboxaldehyde) and
aliphatic aldehydes (e.g., nonanal), which provided good yields
of the 3-substituted indoles. Interestingly, the reaction of
aldehydes with ethyl 2-cyano acetate gave excellent yields, albeit
as an inseparable diastereomeric mixture. Based on the
proposed mechanism, the reaction proceeds through
© 2025 The Author(s). Published by the Royal Society of Chemistry
a Knoevenagel condensation followed by a Michael addition of
indole, facilitated by the Cu(I)-phosphine catalyst.

In the same year, Das et al. developed a novel strategy for
constructing unsymmetrical 3-substituted indole-based triaryl-
methanes via Cu(II)-catalyzed dual C–C coupling method, which
efficiently assembles indoles, aldehydes, and arylboronic acids
into triarylmethane derivatives (Scheme 43).101 This method
overcomes the challenge of the nucleophilicity of indoles, which
oen leads to the formation of undesired bis(indolyl)methanes.
The approach demonstrates excellent functional group toler-
ance, high selectivity, and the use of inexpensive and readily
available reagents, making it a promising solution for synthe-
sizing diverse indole-based compounds. Key to the success of
this methodology is the use of Cu(OTf)2 as a catalyst, which
RSC Adv., 2025, 15, 12255–12290 | 12281
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Scheme 43 Cu(OTf)2-catalyzed synthesis of 3-substituted indole-based triarylmethanes.
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ensures high yields and efficient reactions under mild condi-
tions, even with sterically hindered aldehydes. This strategy not
only expands the scope of indole synthesis but also facilitates
the creation of compounds with potential applications in drug
design, including anti-cancer and anti-viral agents.

In 2024, Gogoi et al. Reported the CuSB-GO/FO heteroge-
neous nanocomposite, a novel magnetically retrievable Schiff
base copper complex graed onto amino-functionalized gra-
phene oxide, as an efficient catalyst for the synthesis of 3-
substituted indoles via a three-component reaction with indole,
aldehydes, and malononitrile (Scheme 44).102 Under optimized
conditions (ethanol–water solvent, 35 °C, and 10 wt% catalyst
loading), the catalyst achieved high yields (up to 98%) in just
10–20 minutes. Its performance is signicantly enhanced by the
Scheme 44 Heterogeneous CuSB-GO/FO complex-catalyzed synthesis

12282 | RSC Adv., 2025, 15, 12255–12290
presence of electron-withdrawing groups on the aldehyde. The
catalyst is easily recovered via magnetic separation and can be
reused up to four times with minimal loss of activity. The
system also exhibits remarkable stability and high catalytic
turnover compared to other catalysts reported in the literature.

In 2011, Chen et al. reported a highly efficient method for
synthesizing enantioenriched 2-amino-4-(indol-3-yl)-4H-chro-
menes via a one-pot, three-component domino Knoevenagel/
Pinner/Friedel–Cras reaction catalyzed by an N,N0-dioxide
Zn(II) complex as a chiral Lewis acid (Scheme 45).51 Using an
N,N0-dioxide ligand derived from L-proline and Zn(ClO4)2$6H2O,
along with NaBArF and 3 Å molecular sieves in dichloro-
methane, they achieved good yields and enantioselectivities (up
to 90% ee) with various indoles and salicylaldehyde under mild
of 3-substituted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 45 N,N0-Dioxide Zn(II) complex-catalyzed enantioselective one-pot synthesis of 2-amino-4-(indol-3-yl)-4H-chromenes.

Scheme 46 Zn(II)(salphen)-catalyzed synthesis of 3-substituted indoles.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 12255–12290 | 12283
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conditions. The reaction was sensitive to the substitution
pattern on the indole, with electron-withdrawing groups,
particularly 5-bromoindole, leading to higher enantioselectiv-
ities. Although various salicylaldehydes were tolerated, 4-
methoxy substitution led to a decrease in yield, and the steri-
cally hindered 3,5-di-tert-butyl derivative, while maintaining
high enantioselectivity, also resulted in reduced yield. 2-
Hydroxy-1-naphthaldehyde was identied as a suitable alter-
native, providing both good yield and enantioselectivity. The
method demonstrated practical applicability through success-
ful gram-scale synthesis, where the reactivity and enantiose-
lectivity were not compromised. Additionally, the products
could be easily puried by recrystallization, underscoring the
method's potential for large-scale applications. Overall, the
study provides a valuable approach to the synthesis of optically
active chromenes and could be useful for future catalytic
asymmetric syntheses.

In 2012, Kleij et al. developed another Zn(II)-mediated multi-
component synthesis of 3-substituted indoles using a zinc(sal-
phen) complex. The reaction involved benzaldehydes, indole,
and malononitrile as substrates, with diisopropylethylamine
(DIPEA) as the base in dichloromethane (Scheme 46).103 The
product formation was signicantly affected by the formation of
side products, resulting from the intermediate benzylidene-1,1-
dicyanomethane. These intermediates play a critical role in the
reaction's selectivity, as it can further react with malononitrile,
Scheme 47 ZnO nanoparticle-catalyzed aqueous synthesis of indolyl ch

12284 | RSC Adv., 2025, 15, 12255–12290
leading to undesired by-products and reducing the yield of the
desired 3-substituted indoles. Notably, the selectivity for the
desired product is inuenced by the type of aldehyde used, with
electron-decient aldehydes yielding more favorable results.
This study provides valuable insights into the complexities of 3-
substituted indole synthesis, emphasizing the importance of
reaction intermediates in shaping product distribution.

In 2013, Ghosh and Das reported a green synthesis of indolyl
chromenes using ZnO nanoparticles, synthesized via a bottom-
up approach, in aqueous media at 55 °C through the “NOSE”
method (Scheme 47).104 The reaction efficiently produced the
desired products in 90–91% yields within 40–50 minutes by
reacting 2-hydroxybenzaldehyde and indole with active methy-
lene compounds including; dimedone, malononitrile, and N,N-
dimethylbarbituric acid. The study highlights nano-ZnO as
a highly effective catalyst, outperforming alternatives like PTSA,
L-proline, and zeolite in terms of yield, reaction time, and
selectivity. Additionally, the catalyst can be recycled for up to six
cycles without signicant loss of activity. This environmentally
benign method does not require toxic solvents or chromatog-
raphy, making it a cleaner and more sustainable approach for
the synthesis.

In 2014, Rajesh et al. developed a highly effective and envi-
ronmentally friendly heterogeneous catalyst by combining
reduced graphene oxide (RGO) and zinc oxide (ZnO), known as
the RGO/ZnO composite (Scheme 48).105 This catalyst was used
romenes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 48 RGO/ZnO nanoparticle-catalyzed aqueous synthesis of 3-substituted indoles.
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for the efficient synthesis of physiologically active 3-substituted
indoles in water, offering a reusable solution for sustainable
chemical processes. The study demonstrated that RGO/ZnO
facilitated the rapid and selective synthesis of a diverse range
of 3-substituted indoles, achieving good to excellent yields at
low times. This process was effective for various substrates,
including aromatic aldehydes, substituted indoles, secondary
amines and active methylenes such as malononitrile and ethyl
cyanoacetate. The study highlighted that the reactions with aryl
aldehydes containing electron-withdrawing groups resulted in
higher yields and faster reaction times, whereas those with
electron-donating groups showed lower yields and required
longer reaction durations. Additionally, reactions involving
cyano (CN) groups exhibited enhanced yields and faster reac-
tion times compared to those with ethyl cyanoacetate (CO2Et).
Importantly, the RGO/ZnO catalyst demonstrated remarkable
recyclability, maintaining its catalytic activity across six
consecutive runs without any signicant loss in efficiency.

In the same year, Renzetti et al. reported a Yonemitsu-type
trimolecular condensation for the room-temperature synthesis
Scheme 49 L-Proline and Eu(OTf)3-catalyzed synthesis of 3-substituted

© 2025 The Author(s). Published by the Royal Society of Chemistry
of 3-substituted indoles using L-proline and europium triate
(Eu(OTf)3) as catalysts in methanol (Scheme 49).106 The reaction
is compatible with various active methylene compounds,
although their reactivity varies. Methyl acetoacetate provided
moderate to high yields, whereas ethyl nitroacetate showed
superior reactivity. Conversely, ethyl methylsulfonylacetate and
ethyl benzoylacetate yielded lower conversions, likely due to
enolate stabilization by the metal catalyst. These differences
stem from the electronic effects of carbonyl substituents, with
more acidic compounds reacting more efficiently. This method,
while not enantioselective, exhibits notable diastereo-selectivity
in some cases, with yields ranging from 15% to 78%, depending
on the substrate. The proposed mechanism involves a combi-
nation of Knoevenagel condensation and Michael addition,
where L-proline activates both the nucleophile and electrophile,
while Eu(OTf)3 enhances electrophilicity, facilitating the nal
addition step. This catalytic system is a versatile and efficient
approach to synthesizing polyfunctionalized indoles under
mild conditions.
indoles.

RSC Adv., 2025, 15, 12255–12290 | 12285
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Scheme 50 PSn20Zr-catalyzed aqueous synthesis of 3-substituted indoles.
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Another noteworthy catalytic approach for the synthesis of 3-
substituted indoles was introduced by Pradhan et al. in 2017,
employing phosphate-graed SnO2–ZrO2 nanocomposite
oxides as a catalyst, synthesized through a hydrolysis method
followed by phosphate graing, exhibit enhanced acidic prop-
erties due to the interaction between phosphate ions and metal
centers107 (Scheme 50). The resulting materials efficiently cata-
lyze the one-pot multicomponent condensation reaction of
indole, malononitrile, and aryl aldehydes under mild condi-
tions, yielding 3-substituted indoles in excellent purity and high
yields in a short reaction time. The substitution pattern of the
aryl aldehyde plays a crucial role in the reaction efficiency.
Aldehydes with electron-withdrawing groups, such as 4-NO2

and 2-NO2, result in higher yields (92% and 90%, respectively)
than electron-donating groups like 4-CH3 (82%) and 4-OCH3

(81%). The position of the substituent further inuences the
reaction outcomes, with para-substituents like 4-chlor-
obenzaldehyde leading to a yield of 91%, while meta-substitu-
ents like 2-chloro result in a slightly lower yield (88%) due to
steric effects. In general, electron-withdrawing groups and para-
substituents improve the reaction efficiency. Compared to
Scheme 51 Zn(OAc)2/NaOAc-catalyzed synthesis of 3-substituted ind
Ca(OCl).

12286 | RSC Adv., 2025, 15, 12255–12290
traditional catalytic systems, phosphate-graed SnO2–ZrO2

composites offer several advantages, including improved recy-
clability, high catalytic activity, and signicantly reduced reac-
tion times, making them an attractive choice for both laboratory
and industrial applications.

In 2017, Omidi and Amrollahi developed an efficient, envi-
ronmentally friendly Zn-catalyzed methodology to synthesize
a library of 3-substituted indoles containing highly polarized
double bonds with good yields (Scheme 51).108 Their approach
utilized a Zn(OAc)2/NaOAc-catalyzed three-component reaction
of an aldehyde, malononitrile, and indole to generate (indo-
lylmethyl)malononitriles. The study demonstrated that the
reaction could proceed under both silent and ultrasound
conditions, with the best results achieved at 60 °C in ethanol
under ultrasound irradiation, which signicantly accelerated
the reaction and reduced the reaction time to mere minutes.
Electron-withdrawing groups enhanced the reaction efficiency,
whereas electron-donating groups reduced the reactivity. Addi-
tionally, sterically bulky groups, such as 2,4-diCl, slowed down
the reaction due to spatial constraints. The oxidative elimina-
tion of these compounds under solvent-free conditions in the
oles and oxidative elimination of (indolylmethyl)malononitriles using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of calcium hypochlorite as the oxidative agent led to
the formation of indolylacrylonitriles in high yields and short
reaction times.
2.8. Surfactants

Surfactants play a crucial role in enhancing the efficiency of
organic reactions, particularly in aqueous media, by facilitating
the dispersion of organic molecules and reducing interfacial
tension. The use of surfactants in catalysis not only improves
substrate interaction and helps control reaction pathways,
promoting greener and more sustainable chemistry. The
incorporation of surfactants in water facilitates the dispersion
of organic molecules and lowers the interfacial tension within
the aqueous medium.109 In this regard, in 2018, Mirhashemi
and Amrollahi, developed the b-cyclodextrin (b-CD) inclusion
complexes with surfactants, specically cetyl-
trimethylammonium bromide (CTAB) and sodium dodecyl
sulfate (SDS), as catalysts for the selective synthesis of mono-
and bis-(indolyl)methylmalononitriles via a one-pot, three-
component reaction involving aldehydes, malononitrile, and
indole in an aqueous medium (Scheme 52).110 The encapsula-
tion of surfactant molecules within b-CD cavities creates
hydrophobic microenvironments that enhance substrate inter-
action and reaction efficiency. The results of this study under-
score the versatility of b-CD inclusion systems in controlling
reaction pathways and promoting green chemistry. The b-CD/
CTAB complex was optimized for mono-product formation
using a 1 : 1 : 1 molar ratio of indole, aldehyde, and malononi-
trile, facilitating a single Michael addition. Conversely, the b-
CD/SDS complex was more effective for bis-product synthesis
by increasing the indole ratio to 2 : 1, enabling a second
Scheme 52 Inclusion complex-catalyzed synthesis of mono- and bis-(i

© 2025 The Author(s). Published by the Royal Society of Chemistry
conjugate Michael addition of indole with (indolyl)methyl-
enemalononitriles in higher times. Electron-withdrawing
substituents on aldehydes (e.g., nitro, uoro) enhanced reac-
tion efficiency in the synthesis of both mono- and bis-(indolyl)
methylmalononitriles by increasing yields (up to 95%) and
reducing reaction times. In contrast, electron-donating
substituents, like methoxy and hydroxy groups resulted in
slightly lower yields and longer reaction times due to the
decreased electrophilicity of the aldehyde. These inclusion
complexes signicantly outperformed individual surfactants,
offering shorter reaction times, high product selectivity, and
mild, environmentally friendly conditions. Furthermore, the
ICs were reusable with minimal activity loss, thereby reinforc-
ing their eco-friendly potential.
2.9. Electrochemical approach

Electrochemical methods have gained attention as an efficient
and sustainable approach for synthesizing 3-substituted
indoles. By utilizing electrodes and phase-transfer catalysts,
these methods offer a unique, environmentally friendly alter-
native to traditional catalytic systems. In 2017, Vinay K. Singh
and coworkers have developed an electrochemical method for
synthesis of 3-substituted indoles.111 This method involved the
condensation of various aldehydes, indole, and malononitrile
in the presence of LiClO4 as the phase-transfer catalyst or sup-
porting electrolyte, using inexpensive graphite and iron plate
electrodes under an open-air atmosphere. The electrolysis was
performed in ethanol at an applied potential of 1.5 V and
a current density of 10mA cm−2. This procedure worked well for
a broad range of substrates including; both aromatic and
aliphatic aldehydes and various N-substituted indoles. Electron-
ndolyl)methylmalononitriles.
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withdrawing substituted aldehydes generally favored the reac-
tion, while steric hindrance appeared to have little effect
(Scheme 53). They suggested that the reaction proceeds at the
anode by deprotonating malononitrile via its reaction with in
situ generated ethoxide ions in ethanol solvent. Aer the
formation of a desired active anion, the process is followed with
a Knoevenagel condensation and subsequent Michael addition
sequence.

3 Conclusion

In conclusion, the synthesis of 3-substituted indoles has
undergone remarkable evolution driven by the development of
diverse and innovative catalytic methodologies. These advances
offer a range of advantages regarding efficiency, selectivity, and
sustainability, demonstrating the potential of modern synthetic
chemistry. From traditional base-catalyzed reactions and bio-
inspired amino acid catalysts to the innovative use of ionic
liquids, surfactants, Lewis acids, and even electrochemical
techniques, the eld has consistently pushed boundaries. The
emergence of heteropolyacid-based catalysts and surfactant
inclusion complexes further underscores the growing emphasis
on green chemistry principles. This impressive array of
methods, coupled with their broad substrate compatibility,
positions 3-substituted indoles as crucial building blocks in
both academic and industrial settings. Looking ahead, key
areas for future research include catalyst recyclability, reaction
optimization (particularly concerning reaction times), and the
continued pursuit of truly sustainable synthetic strategies.
These efforts will undoubtedly enhance the utility of 3-
substituted indoles and solidify their importance across diverse
elds, including medicinal chemistry, materials science, and
the synthesis of complex natural products.
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