
Academic Editor: Giovanni Ribaudo

Received: 7 September 2025

Revised: 16 October 2025

Accepted: 17 October 2025

Published: 23 October 2025

Citation: Bawazir, W.A.; Ain, Q.

Indole–Imidazole Hybrids as

Emerging Therapeutic Scaffolds:

Synthetic Advances and Biomedical

Applications. Molecules 2025, 30, 4164.

https://doi.org/10.3390/

molecules30214164

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Indole–Imidazole Hybrids as Emerging Therapeutic Scaffolds:
Synthetic Advances and Biomedical Applications
Wafa A. Bawazir and Qurratul Ain *

Department of Chemistry, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia;
wbawazeer@kau.edu.sa
* Correspondence: qali0001@stu.kau.edu.sa

Abstract

Indole and imidazole structures are widely used in medicinal chemistry for their unique
electronic, steric, and pharmacophoric qualities that drive diverse biological effects. Com-
bining indole and imidazole structures enhanced structural diversity, binding affinity,
making a promising approach for creating multifunctional therapeutic agents. This re-
view presents a comprehensive overview of the synthetic strategies developed for indole–
imidazole derivatives, encompassing multistep synthesis, one-pot multicomponent conden-
sation reactions, metal-catalyzed reactions, metal-free catalysis, and various green chemistry
approaches, with particular emphasis on efficiency, yields, and practical limitations. In ad-
dition, this review critically evaluates the biological activities of indole–imidazole scaffolds,
highlighting their applications as anticancer, antioxidant, anti-microbial, neurological, and
metabolic agents. By integrating recent synthetic advances with pharmacological insights,
this review underscores both the opportunities and challenges in the hybrid design. It also
provides direction for future research aimed at developing novel drug candidates to tackle
current healthcare concerns such as antibiotic resistance, cancer, and chronic diseases.

Keywords: indole–imidazole scaffolds; heterocyclic compounds; synthetic strategies;
therapeutic applications; medicinal chemistry

1. Introduction
The importance of nitrogen-containing heterocyclic compounds in medicinal chem-

istry is well established, as they form the structural backbone of many marketed drugs and
bioactive molecules [1]. Among these, indole and imidazole scaffolds occupy a privileged
position due to their diverse pharmacological properties and ability to interact with a wide
range of biological targets. Indole derivatives are found in natural products and therapeutic
agents with activities ranging from anticancer and anti-microbial to anti-inflammatory and
antidepressant effects [2–5]. They are also used to manage infectious diseases, metabolic
disorders, and neurodegenerative disorders [6]. Indoles with well-defined functional
groups can be prepared using innovative photochemical and electrochemical techniques
with nitroarenes as the starting material. Beyond their inherent biological activity, indoles
function as versatile intermediates for derivatization into scaffolds such as isatins and oxin-
doles, thereby broadening their synthetic utility [7,8]. Several indole-based compounds,
such as indomethacin, pindolol, and indapamide, have already been approved as drugs [9].
Likewise, imidazole derivatives exhibit broad utility, attributed to their amphoteric nature,
hydrogen-bonding capacity, and the ability to coordinate with biomolecules, making them

Molecules 2025, 30, 4164 https://doi.org/10.3390/molecules30214164

https://doi.org/10.3390/molecules30214164
https://doi.org/10.3390/molecules30214164
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-7415-1782
https://orcid.org/0009-0008-6379-3518
https://doi.org/10.3390/molecules30214164
https://www.mdpi.com/article/10.3390/molecules30214164?type=check_update&version=1


Molecules 2025, 30, 4164 2 of 24

indispensable in anti-fungal, antibacterial, anticancer, antihypertensive, antioxidant [10], an-
tiulcer, analgesic, anti-inflammatory [11], and cardiovascular drugs, various agrochemicals,
artificial receptors, and biomimetic catalysts [12–15]. Imidazole derivatives can be prepared
by simple one-pot condensation techniques [10,11,16]. USFDA-approved imidazole-based
drugs include ketoconazole, clotrimazole, miconazole, and metronidazole [17].

In recent years, the indole–imidazole scaffolds, which merge the structural advantages
of both heterocycles, have gained significant attention in drug discovery and chemical
biology. The hybridization of indole and imidazole rings enhances the binding affinity [18],
modulates the physicochemical properties, and allows structural diversity through sub-
stitution at multiple positions. This structural versatility has enabled the development
of molecules with potent activities against cancer [19], microbial infections, neurological
disorders [20], and metabolic diseases. Moreover, several indole–imidazole derivatives
have progressed into pre-clinical and clinical evaluation, underscoring their translational
potential. Figure 1 displays various FDA-approved drugs containing indole and imidazole
moieties used for diverse therapeutic applications, along with indole–imidazole analogues
currently undergoing pre-clinical and clinical trials.

On the synthetic front, advances in methodologies, such as multicomponent reac-
tions [20–22], transition-metal-catalyzed couplings [19,22,23], and green chemistry ap-
proaches, have facilitated efficient access to indole–imidazole frameworks [24–26]. These
strategies not only expand the chemical space but also overcome the traditional challenges
of regioselectivity [27,28], low yields, and purification difficulties. Despite these advances,
limitations remain, including poor scalability and limited structure–activity relationship
(SAR) data for certain analogues. Addressing these challenges will provide opportunities
for further optimization and innovation.

Several reviews have summarized the importance of indole- and imidazole-based
compounds in medicinal chemistry. For instance, the authors of [2,7,9,29,30] focused
primarily on indole derivatives and their pharmacological activities, while the authors
of [13–15,21,31] emphasized imidazole-containing drugs and their therapeutic relevance.
More recent reviews, such as the study in [1], have discussed hybrid heterocycles but
provided limited coverage of indole–imidazole conjugates; the authors of [19] described
derivatives often involving substitutions at a few positions (e.g., indole C-3), while other
regions of the scaffold remained unexplored. The authors of [32] concentrated on a single
therapeutic area: anticancer activity. In [33], only articles from Jan 2015 to May 2020
were reviewed; more recent studies (post-2020) were missing. Finally, in [34], biological
applications, therapeutic potential, and SAR were not discussed; the review was purely
synthetic. To the best of our knowledge, no comprehensive review exists that systematically
integrates the synthetic strategies, structural modifications, therapeutic diversity, and
challenges associated with indole–imidazole derivatives.

The novelty of this review lies in the following: (i) providing an updated and consoli-
dated overview of synthetic methodologies (including multicomponent reactions, metal-
catalyzed couplings, and green protocols); (ii) highlighting the therapeutic spectrum of
indole–imidazole hybrids across cancer, microbial, neurological, and metabolic diseases; (iii)
critically assessing the advantages and limitations of existing strategies; and (iv) outlining
future prospects for the rational design of these scaffolds. By addressing the chemical and
biological aspects in an integrated manner, this review aims to serve as a timely resource
for medicinal chemists and drug discovery researchers.
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Figure 1. Indole-based drugs [35]: (a) indomethacin, (b) sumatriptan, and (c) sertindole; imidazole-
based drugs [17]: (d) metronidazole, (e) clotrimazole, and (f) ketoconazole; indole–imidazole-based
drugs [36,37]: (g) sabizabulin and (h) AGH-192.

2. Synthetic Approaches for Indole–Imidazole Derivatives
2.1. Multistep Synthetic Methods
Orthogonal Protection for Multistep Synthesis

Chen et al. designed and synthesized three indole–imidazole derivatives 6 (a–c) using
the ring construction method [38]. These ABI-III (2-aryl-4-benzoyl-imidazol) compounds
were synthesized after focused structure–activity relationship studies of previously discov-
ered ABI-I and ABI-II analogues. Three novel compounds were synthesized 6 (a–c) with
improved efficacy, with hydrogen, a methyl group, and a bulkier phenyl sulphonyl group
attached to the indole nitrogen atom, respectively [38]. The yields were product (6a): 60%,
product (6b): 45%, and product (6c): 75%. The synthetic pathway, reagents, reaction time,
and conditions are illustrated in Scheme 1 [38].
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Scheme 1. Synthesis of ABI-III analogues using orthogonal protection multi-step method. (* RT—
room temperature).

The study presented several strengths, including the development of potent tubulin
polymerization inhibitors with nanomolar activity and validated via cell-based assays.
Significantly, these compounds are not substrates of P-glycoprotein (P-gp), thus overcom-
ing multidrug resistance. The work was supported by SAR, molecular docking studies,
and thorough chemical characterization. However, there were also some limitations: it
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lacked in vivo pharmacokinetic profile, toxicity, and efficacy data, and provided a limited
assessment of the selectivity toward normal cells [38].

Applications:
The above synthesized analogues (6a–6b) were tested against a panel of human

metastatic melanoma cell lines (A375 and WM164) and human prostate cancer lines (LNCaP,
PC-3, and Du 145). They showed significant anticancer activity with a half-maximal
inhibitory concentration (IC50) in nM, as given in Table 1 below, via inhibition of tubulin
polymerization. In addition, they were not a substrate for Pgp, and they were able to
effectively overcome P-gp-mediated multidrug resistance. This hypothesis was supported
by using the paclitaxel-resistant cell line PC-3/TxR. Table 2 shows the IC50 of ABI-III
analogues on paclitaxel-resistant cell lines [38].

Table 1. Growth inhibitory effects of ABI-III analogues on melanoma and prostate cancer cell lines.

Products IC50 ± SEM (nM) (n = 4)

Melanoma and Prostate Cancer Cell Lines

A375 WM164 LNCaP PC-3 Du 145 Average

6a 3.2 ± 1.2 5.3 ± 2.0 2.8 ± 0.6 3.7 ± 0.3 3.9 ± 1.0 3.8

6b 414.0 ± 35.4 166.2 ± 18.9 107.0 ± 17.5 105.0 ± 2.1 189.0 ± 13.5 196.2

6c 18.8 ± 3.6 24.2 ± 4.1 35.9 ± 3.3 40.7 ± 5.1 76.5 ± 4.1 39.8

Table 2. Antiproliferative activity of ABI-III analogues on paclitaxel-resistant cell lines.

Products IC50 ± SEM (nM) (n = 4)

Paclitaxel-Resistant Cancer Cell Lines

PC-3 PC-3/TxR Resistance Index

6a 3.7 ± 0.3 3.7 ± 0.8 1

6b 33.3 ± 2.1 27.6 ± 9.8 0.9

6c 20.8 ± 0.5 22.4 ± 5.1 1.1

Paclitaxel 0.4 ± 0.1 188.0 ± 22.0 437

The results showed that (6a) proves to be a highly potent anticancer agent among three
analogues, while (6b) had a bulkier phenyl sulphonyl group attached to the indole ring,
which resulted in 50 times lower anticancer activity. Likewise, substitution of indole-NH
or imidazole-NH with a smaller functional group resulted in well-tolerated, significant
anticancer activity, as shown by (6c). The ability of (6a–6c) to inhibit tubulin polymerization
while evading P-gp-mediated drug efflux distinguishes them from classical anticancer
drugs like paclitaxel, which shows a high resistance index due to efflux by P-gp [38].

2.2. One-Pot Multicomponent Reaction Methods
2.2.1. Ring Construction Methods

El-Nakkady et al. [39] synthesized two indole–imidazole derivatives (9–10) using ring
construction methods incorporating the Vilsmeier–Haack reaction with yields of product
(9) at 80% and product (10) at 82% [39]. The 2-phenyl indole moiety was formylated at C-3,
and the formyl group was replaced with several other substituents, including imidazole
and benzimidazole, respectively [39]. The synthesis process, along with the reagents and
reaction conditions, is depicted in Scheme 2 [39].
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Scheme 2. Synthesis of 2-phenyl indole derivatives using ring construction method.

The strength of this work is the potent anti-tumour activity of the synthesized scaffolds,
rational design, and well-described synthetic routes. Nevertheless, the work was restricted
to in vitro assays without in vivo assessment, pharmacokinetic, or toxicity profile, leaving
the clinical relevance uncertain. Moreover, the selectivity, resistance mechanisms, solubility,
and synthetic scalability were also insufficiently addressed [39].

Applications:
The target substances were tested against breast cancer cell lines, MCF-7 and MDA-

MB-231, via the colchicine binding site of tubulin, as depicted in Table 3. The results
showed better anti-tubulin activity against MCF-7 cancer cells as compared to the drug
Vincristine; however, when the same compounds were further tested against MDA-MB-
231, they did not show significant anti-tubulin activity. The results depicted that the
moiety with benzimidazole (9) showed better anti-tubulin activity than the one with
imidazole (10). Hence, product (10) can be considered as a potential anticancer agent for
future endeavours [39].

Table 3. Antitumor activity of 2-phenyl indole derivatives on breast cancer cell lines.

Products IC50 ± SEM (nM)

Breast Cancer Cell Lines

MCF-7 MDA-MB-231

9 23.50 ± 0.17 n.d.

10 28.40 ± 0.17 n.d.

Vincristine 2.00 ± 0.22 6.00 ± 0.14
n.d.: Not determined.

Chen et al. [27] developed a [3+2] cyclization process to regioselectively synthesize
3-(Imidazole-4-yl) Indolin-2-ones. The starting materials used for the reaction were 3-(2-
Oxo-2-ethylidene) indolin-2-ones [27]. The chemical reaction, reagents, reaction time, and
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conditions involved in the synthesis are shown in Scheme 3. Various substituents on the
starting materials (11) and (12), along with the synthesized indole–imidazole analogues
(13), and their respective yields are presented in Table 4 [27].

 

 

Scheme 3. Synthesis of 3-(Imidazole-4-yl) Indolin-2-ones using [3+2] cyclization method.

Table 4. Substituents on the starting materials (11) and (12), the indole–imidazole products (13), and
their respective yields.

Substituents on 11 Substituents on 12
Products (13) Yield

(%)Ar1 R1 R2

a. -C6H5 -H -C6H5 3-(2,5-Diphenyl-1H-imidazol-4-yl) indolin-2-one 91

b. -C6H4(4-CH3) -H -C6H5 3-(2-Phenyl-5-(p-tolyl)-1H-imidazol-4-yl) indolin-2-one 86

c. -C6H4(4-OCH3) -H -C6H5 3-(5-(4-Methoxyphenyl)-2-phenyl-1H-imidazol-4-yl) indolin2-one 85

d. -C6H4(4-F) -H -C6H5 3-(5-(4-Fluorophenyl)-2-phenyl-1H-imidazol-4-yl) indolin-2-one 85

e. -C6H4(4-Cl) -H -C6H5 3-(5-(4-Chlorophenyl)-2-phenyl-1H-imidazol-4-yl) indolin-2-one 89

f. -C6H4(4-Br) -H -C6H5 3-(5-(4-Bromophenyl)-2-phenyl-1H-imidazol-4-yl) indolin-2-one 87

g. -THNp
(1,2,3,4-tetrahydronaphthalene) -H -C6H5

3-(2-Phenyl-5-(5,6,7,8-tetrahydronaphthalen-2-yl)-1Himidazol-4-
yl) indolin-2-one 84

h. -C6H5 -CH3 -C6H5 3-(2,5-Diphenyl-1H-imidazol-4-yl)-5-methylindolin-2-one 87

i. -C6H4(4-CH3) -CH3 -C6H5 5-Methyl-3-(2-phenyl-5-(p-tolyl)-1H-imidazol-4-yl) indolin-2-one 81

j. -C6H4(4-OCH3) -CH3 -C6H5
3-(5-(4-Methoxyphenyl)-2-phenyl-1H-imidazol-4-yl)-5-
methylindolin-2-one 90

k. -C6H3(3,4-OCH3)2 -CH3 -C6H5
3-(5-(3,4-Dimethoxyphenyl)-2-phenyl-1H-imidazol-4-yl)-5-
methylindolin-2-one 83

l. -C6H5 -Cl -C6H5 5-Chloro-3-(2,5-diphenyl-1H-imidazol-4-yl) indolin-2-one 93

m. -C6H4(4-OCH3) -Cl -C6H5
5-Chloro-3-(5-(4-methoxyphenyl)-2-phenyl-1H-imidazol-4-yl)
indolin-2-one 83

n. -C6H5 -H -2-(6-MeONp)
2-methoxy naphthalene

3-(2-(6-Methoxynaphthalen-2-yl)-5-phenyl-1H-imidazol-4-yl)
indolin-2-one 83

o. -C6H4(4-CH3) -H -2-(6-MeONp)
2-methoxy naphthalene

3-(2-(6-Methoxynaphthalen-2-yl)-5-(p-tolyl)-1H-imidazol-4-yl)
indolin-2-one 79

p. -C6H4(4-OCH3) -H -2-(6-MeONp)
2-methoxy naphthalene

3-(2-(6-Methoxynaphthalen-2-yl)-5-(4-methoxyphenyl)-
1Himidazol-4-yl) indolin-2-one 81

q. -C6H4(4-F) -H -2-(6-MeONp)
2-methoxy naphthalene

3-(5-(4-Fluorophenyl)-2-(6-methoxynaphthalen-2-yl)-
1Himidazol-4-yl) indolin-2-one 91

r. -C6H4(4-Cl) -H -2-(6-MeONp)
2-methoxy naphthalene

3-(5-(4-Chlorophenyl)-2-(6-methoxynaphthalen-2-yl)-
1Himidazol-4-yl) indolin-2-one 86

s. -C6H4(4-OCH3) -CH3
-2-(6-MeONp)
2-methoxy naphthalene

3-(2-(6-Methoxynaphthalen-2-yl)-5-(4-methoxyphenyl)-
1Himidazol-4-yl)-5-methylindolin-2-one 76

t. -C6H5 -Cl -2-(6-MeONp)
2-methoxy naphthalene

5-Chloro-3-(2-(6-methoxynaphthalen-2-yl)-5-phenyl-
1Himidazol-4-yl) indolin-2-one 84

u. -C6H5 -H -CH3 3-(2-Methyl-5-phenyl-1H-imidazol-4-yl) indolin-2-one 48
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The starting material (11) had multisite reactivity and amidines (12), were also vari-
ously substituted. Thus, it resulted in polyfunctionalized 3-(Imidazole-4-yl) Indolin-2-ones,
making it attractive for generating compound libraries in drug discovery. The method used
mild conditions, with Cs2CO3 in ethylene glycol under microwave irradiation, offering
notable speed and simplicity. However, the study did not report any biological evaluation,
leaving the pharmacological relevance of the products unknown. Furthermore, the scalabil-
ity in terms of the microwave conditions and solvent choice may restrict direct industrial
applications [27].

Application:
Several studies have highlighted substituted indolin-2-ones as ligands for the

dopamine D4 receptor [40] and α-synuclein fibrils [41], while others have reported their
antibacterial [42], anticonvulsant [43], and Aurora B kinase [44] or bromodomain inhibitory
activities [45].

2.2.2. Metal-Catalyzed Coupling Methods

Hao et al. [46] reported a versatile approach for the synthesis of indole–imidazole
analogues via a base-promoted tandem reaction between N-[2-(1-alkynyl) phenyl] carbodi-
imides and isocyanides, carried out in the presence of cesium carbonate and dimethyl
sulfoxide (DMSO) at 40 ◦C. The reactions included the [3+2] cyclization reaction between
isocyanides and N-[2-(1-alkynyl) phenyl] carbodiimides. Carbodiimides feature dual sites
of reactivity, with the central carbon atom acting as an electrophile and the terminal ni-
trogen atom serving as an electron-rich centre. Owing to recent progress in carbodiimide
chemistry, N-[2-(1-alkynyl) phenyl] carbodiimides are expected to play a pivotal role as
intermediates in the construction of structurally privileged N-heterocycles. Hao and co-
workers synthesized 25 different indole–imidazole derivatives in moderate-to-good yields
using carbodiimides, thus diversifying natural-product-based libraries [46]. Scheme 4
presents the chemical reaction, reagents, and reaction conditions involved in the synthesis.
Table 5 lists the different substituents present on the starting materials (14) and (15), along
with those on the indole–imidazole product (16) and the yield of each product [46].

 

 

Scheme 4. Synthesis of indolyl-imidazole derivatives using metal-catalyzed coupling method.

The advantages of the reported synthetic method include a concise, economical one-
pot tandem protocol, relatively mild reaction conditions, and the ability to build structural
complexity in a single operation. The method used a range of substrates, thus offering
flexibility in substituent variation. However, biological evaluation of the products was
lacking; so, their utility in medicinal chemistry remains untested. In addition, the yields
were only moderate in some cases, and the method may face limitations in purification,
depending on the substituents [46].
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Table 5. Substituents on the starting materials (14) and (15), indole–imidazole products (16), and their
respective yields.

Substituents on 14 Substituents on 15 Products 16 Yield
(%)

R1 R2 R3 AR1

a. -H -C6H5 -C6H5 -COOC2H5
Ethyl 1-Phenyl-5-(2-phenyl-1H-indol-1-yl)-1H-
imidazole-4-carboxylate 62

b. -H -C6H5 -C6H5 -COOBut tert-Butyl 1-Phenyl-5-(2-phenyl-1H-indol-1-yl)-1H-
imidazole-4-carboxylate 71

c. -H -C6H5 -C6H5 -(p-tolyl-sulphonyl) 1-Phenyl-5-(2-phenyl-1H-indol-1-yl)-4-(p-tolylsulfonyl)-
1Himidazole 76

d. -H -C6H4(4-Cl) -C6H5 -COOC2H5
Ethyl 5-[2-(4-Chlorophenyl)-1H-indol-1-yl]-1-phenyl-1H-
imidazole-4-carboxylate 57

e. -H -C6H4(4-OCH3) -C6H5 -COOC2H5
Ethyl 5-[2-(4-Methoxyphenyl)-1H-indol-1-yl]-1-phenyl-
1Himidazole-4-carboxylate 66

f. -H -C6H4(4-CH3) -C6H5 -COOC2H5
Ethyl 5-[2-(p-Tolyl)-1H-indol-1-yl]-1-phenyl-1H-
imidazole-4-carboxylate 68

g. -H -C3H5
(Cyclopropyl) -C6H5 -COOC2H5

Ethyl 5-(2-Cyclopropyl-1H-indol-1-yl)-1-phenyl-1H-
imidazole-4-carboxylate 60

h. -H -C6H5 -C6H4(4-F) -COOC2H5
Ethyl 1-(4-Fluorophenyl)-5-(2-phenyl-1H-indol-1-yl)-1H-
imidazole-4-carboxylate 65

i. -H -C6H5 -C6H4(4-NO2) -COOC2H5
Ethyl 1-(4-Nitrophenyl)-5-(2-phenyl-1H-indol-1-yl)-1H-
imidazole-4-carboxylate 51

j. -H -C6H5 -C6H4(4-OCH3) -COOC2H5
Ethyl 1-(4-Methoxyphenyl)-5-(2-phenyl-1H-indol-1-yl)-
1H-imidazole-4-carboxylate 47

k. -H -C6H5 -C6H4(4-CH3) -COOC2H5
Ethyl 5-(2-Phenyl-1H-indol-1-yl)-1-(p-tolyl)-1H-
imidazole-4-carboxylate 64

l. -H -C6H5
-C4H9
(n-butane) -COOC2H5

Ethyl 1-Butyl-5-(2-phenyl-1H-indol-1-yl)-1H-imidazole-
4-carboxylate 60

m. -CH3 -C6H5 -C6H5 -COOC2H5
Ethyl 5-(5-Methyl-2-phenyl-1H-indol-1-yl)-1-phenyl-1H-
imidazole-4-carboxylate 60

n. -Cl -C6H5 -C6H5 -COOC2H5
Ethyl 5-(5-Chloro-2-phenyl-1H-indol-1-yl)-1-phenyl-1H-
imidazole-4-carboxylate 61

o. -H -C6H4(4-Cl) -C6H5 -(p-tolyl-sulphonyl) 1-Phenyl-5-[2-(4-chlorophenyl)-1H-indol-1-yl]-4-(p-
tolylsulfonyl)-1H-imidazole 76

p. -H -C6H4(4-OCH3) -C6H5 -(p-tolyl-sulphonyl) 1-Phenyl-5-[2-(4-methoxyphenyl)-1H-indol-1-yl]-4-(p-
tolylsulfonyl)-1H-imidazole 78

q. -H -C6H4(4-CH3) -C6H5 -(p-tolyl-sulphonyl) 1-Phenyl-5-[2-(p-tolyl)-1H-indol-1-yl]-4-(p-
tolylsulfonyl)-1Himidazole 80

r. -H -C6H5 -C6H4(4-F) -(p-tolyl-sulphonyl) 1-(4-Fluorophenyl)-5-(2-phenyl-1H-indol-1-yl)-4-(p-
tolylsulfonyl)-1H-imidazole 85

s. -H -C6H5 -C6H4(4-OCH3) -(p-tolyl-sulphonyl) 1-(4-Methoxyphenyl)-5-(2-phenyl-1H-indol-1-yl)-4-(p-
tolylsulfonyl)-1H-imidazole 65

t. -H -C6H5 -C6H4(4-CH3) -(p-tolyl-sulphonyl) 1-(p-Tolyl)-5-(2-phenyl-1H-indol-1-yl)-4-(p-
tolylsulfonyl)-1Himidazole 67

u. -H -C6H5
-C6H11
(Cyclohexyl) -(p-tolyl-sulphonyl) 1-Cyclohexyl-5-(2-phenyl-1H-indol-1-yl)-4-(p-

tolylsulfonyl)-1H-imidazole 77

v. -H -C6H5
-C4H9
(n-butane) -(p-tolyl-sulphonyl) 1-Butyl-5-(2-phenyl-1H-indol-1-yl)-4-(p-tolylsulfonyl)-

1Himidazole 70

w. -CH3 -C6H5 -C6H5 -(p-tolyl-sulphonyl) 5-(5-Methyl-2-phenyl-1H-indol-1-yl)-1-phenyl-4-(p-
tolylsulfonyl)-1H-imidazole 81

x. -Cl -C6H5 -C6H5 -(p-tolyl-sulphonyl) 5-(5-Chloro-2-phenyl-1H-indol-1-yl)-1-phenyl-4-(p-
tolylsulfonyl)-1H-imidazole 79

y. -H -C6H4(4-Cl) -C6H5 -COOBut tert-Butyl 5-[2-(4-Chlorophenyl)-1H-indol-1-yl]-1-
phenyl-1Himidazole-4-carboxylate 75
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Mahmoodi et al. [22] reported a powerful, efficient, reliable, and highly selective
method for the synthesis of mono-indolyl imidazole and bis-indolyl imidazole frameworks
using Zn+2 supported on montmorillonite KSF. Indole-3-carbaldehydes were allowed to
react with substituted anilines, benzil, using Zn+2 on KSF, ammonium acetate, and ethanol
via nucleophilic addition and condensation reactions [22]. Refer to Scheme 5a,b for the
reagents used, reaction setup, and detailed synthetic methods of the indolyl imidazole
derivatives, respectively. Table 6 illustrates the substitution patterns for the starting com-
pounds (17), (18), and (21) and their corresponding indole–imidazole derivatives (20) and
(22), as well as their respective yields [22].

Table 6. Substituents on the starting materials (17), (18), and (21), indole–imidazole products (20) and
(22), and their respective yields.

Substituents on 17 Substituents on 18 Substituents on 21
Products Yield (%)

R1 R2 AR1 AR2 N

a. -H -H -H -H - 20a. 3-(1,4,5-Triphenyl-1H-imidazol-2-yl)-1H-
indole 77

b. -H -H -OCH3 -H - 20b. 3-(1-(4-Methoxyphenyl)-4,5-diphenyl-1H-
imidazol-2-yl)-1H-indole 78

c. -H -H -OC2H5 -H - 20c. 3-(1-(4-Ethoxyphenyl)-4,5-diphenyl-1H-
imidazol-2-yl)-1H-indole 81

d. -H -H -OCH3 -OCH3 - 20d. 3-(1-(3,4-Dimethoxyphenyl)-4,5-diphenyl-
1H-imidazol2-yl)-1H-indole 78

e. -H -Br -H -H - 20e. 5-Bromo-3-(1,4,5-triphenyl-1H-imidazol-2-
yl)-1H-indole 57

f. -Br -Br -OCH3 -H - 20f. 2,5-Dibromo-3-(1-(4-methoxyphenyl)-4,5-
diphenyl1H-imidazol-2-yl)-1H-indole 66

g. -H -Br -OC2H5 -H - 20g. 5-Bromo-3-(1-(4-ethoxyphenyl)-4,5-
diphenyl-1H-imidazol2-yl)-1H-indole 66

h. -CH3 -H -H - - 20h. 2-Methyl-3-(1,4,5-triphenyl-1H-imidazol-2-
yl)-1H-indole 80

i. -CH3 -H -OC2H5 - - 20i. 3-(1-(4-Ethoxyphenyl)-4,5-diphenyl-1H-
imidazol-2-yl)-2-methyl-1H-indole 84

j. - - - - 1 22a. 1,4-Bis(3-(1,4,5-triphenyl-1H-imidazol-2-yl)-
1H-indol1-yl) butane 87

k. - - - - 2 22b. 1,5-Bis(3-(1,4,5-triphenyl-1H-imidazol-2-yl)-
1H-indol1-yl) pentane 93

l. - - - - 3 22c. 1,6-Bis(3-(1,4,5-triphenyl-1H-imidazol-2-yl)-
1H-indol1-yl) hexane 91

The method is efficient and environmentally friendly, and the catalyst is recyclable,
aligning with green chemistry principles. Column chromatography was not required for
this method. The antibacterial evaluation revealed that some derivatives exhibit promising
activity against the selected bacterial strains. However, the study lacked detailed mechanis-
tic insights and did not fully explore the antibacterial spectrum or potential cytotoxicity.
Moreover, the scalability and the practical application of the catalyst in industrial settings
were unaddressed [22].

Applications:
The above synthesized bis- and mono-indolyl imidazoles were assessed for antibac-

terial activity against various Gram-positive and Gram-negative bacteria, including Pseu-
domonas aeruginosa (P. aeruginosa), Salmonella enteritis (S. enteritis), Bacillus subtilis (B. subtilis),
and Micrococcus luteus (M. luteus). A total of 100 µg in 0.1 mL DMSO solution of each
compound was prepared, and zones of inhibition for each bacterium were checked and
compared to commonly used antibiotics, i.e., erythromycin and tetracyclin. The results
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are mentioned in Table 7. All the compounds exhibited significant antibacterial activity.
However, the mono-indolyl imidazoles showed higher anti-microbial activity than the
bis-indolyl imidazoles [22].

 
(a) 

(b) 

 
H
N

CHO

Substituted Indole-3-
carbaldehyde (17)

+

O

O

Benzil (19)

Zn @KSF
NH4OAc, Ethanol

H
N

N
N

Mono indolyl imidazole Derivatives (20)

+

H2N

Substituted Anilines (18)

R1

R2 Ar2

Ar1

R2

R1

Ar2

Ar1

Stir 40 min, 70 oC

Yields (20a–20i): 57–84%

Scheme 5. (a). Synthesis of mono-indolyl-imidazole derivatives using metal-catalyzed coupling
method. (b). Synthesis of bis-indolyl-imidazole derivatives using metal-catalyzed coupling method.
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Table 7. Anti-microbial activity of mono-indolyl imidazoles and bis-indolyl imidazoles.

Products Anti-Microbial Activity (Zone of Inhibition in mm)

P. aeruginosa S. enteritis B. subtilis M. Luteus

20a - - 10 25

20b - 13 11 21

20c - - - 14

20d - - 12 -

20e - - 13 17

20f - - 9 11

20g - - 11 15

20h - - 11 14

20i - - 16 18

22a - 11 10 13

22b - - - -

22c - - 9 -

Erythromycin 10 8 12 10

Tetracycline 18 7 14 16

2.2.3. Metal-Free Coupling Methods

Naureen et al. [47] prepared tetra aryl imidazole and indole derivatives using multiple
components. The reactants used were 2-arylindole-3-carbaldehydes (synthesized using
the Vilsmeier–Haack reaction [48,49], via formylation of 2-aryl indoles (synthesized via
Fischer indole synthesis [50])), ammonium acetate, benzil, and substituted anilines. Benzil
and anilines were used to construct the imidazole ring on the 3-position of 2-arylindole-
2-carbaldehydes in the presence of NH4OAc and CH3COOH [47]. Scheme 6 outlines the
reagents, reaction time, reaction conditions, and chemical reactions used in the synthesis. A
list of the substituents on precursors (23) and (24), the product (27), and the yield of each
product is provided in Table 8 [47].

Table 8. Substituents on the starting materials (23) and (24), indole–imidazole products (27), and their
respective yields.

Substituents on 23 Substituent on 24
Products 27

Yield
(%)R1 R2 AR1

a. -H -Cl -CH3 2-(p-Chlorophenyl)-3-(4,5-diphenyl-1-(p-tolyl)-1H-imidazol-2-yl)-1Hindole 57

b. -H -Cl -Br 3-(1-(p-Bromophenyl)-4,5-diphenyl-1H-imidazol-2-yl)-2-(p-chlorophenyl)-1H-indole 68

c. -Br -H -F 5-Bromo-3-(1-(p-fluorophenyl)-4,5-diphenyl-1′H-imidazol-2-yl)-2-phenyl-1H-indole 83

d. -H -Br -CH3 2-(p-Bromophenyl)-3-(4,5-diphenyl-1-(p-tolyl)-1H-imidazol-2-yl)-1Hindole 52

e. -H -Br -CL 2-(p-Bromophenyl)-3-(1-(p-chlorophenyl)-4,5-diphenyl-1H-imidazol2-yl)-1H-indole 86

f. -H -CH3 -H 2-(p-Tolyl)-3-(1,4,5-triphenyl-1H-imidazol-2-yl)-1H-indole 54

g. -H -CH3 -CH3 3-(4,5-Diphenyl-1-(p-tolyl)-1H-imidazol-2-yl)-2-(p-tolyl)-1H-indole 68

h. -H -CH3 -Br 3-(1-(p-Bromophenyl)-4, 5-diphenyl-1H-imidazol-2-yl)-2-(p-tolyl)-1Hindole 48

i. -H -CH3 -F 3-(1-(p-Fluorophenyl)-4,5-diphenyl-1H-imidazol-2-yl)-2-(p-tolyl)-1Hindole 54

j. -H -CH3 -OCH3 3-(1-(p-Methoxyphenyl)-4,5-diphenyl-1H-imidazol-2-yl)-2-(p-tolyl)-1H-indole 46
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Scheme 6. Synthesis of tetra aryl imidazole–indole Derivatives using Metal-Free Coupling Method.

The reaction procedure was simple, incorporating one-pot synthesis with easily avail-
able solvents, enabling rapid access to structurally diverse tetra aryl imidazoles. Biological
evaluation revealed that the scaffolds possess potent anti-urease activity and notable an-
tioxidant potential, underscoring their pharmacological relevance. However, the study
provided limited mechanistic insight and lacked data about in vivo testing, as well as
broader assessments of toxicity and selectivity [47].

Applications:
The newly synthesized compounds showed significant anti-urease activity but were

not proven to be good radical scavengers/antioxidants. Table 9 shows the anti-urease and
antioxidant activity of tetra aryl imidazole–indole derivatives, indicating the percentage
inhibition at a concentration of 0.5 mM and IC50 (µM) of each analogue synthesized. The
decreasing order of anti-urease activity was 27j > 27g > 27h > 27i > 27f > 27d > 27c > 27e
> 27a > 27b, whereas only 27a–27f were active radical scavengers, with decreasing order
of antioxidant activity being 27b > 27d > 27f > 27a > 27c. In general, the results indicated
that compounds with electron-donating functional groups, such as halogens and methyl
groups, act as more potent agents for anti-urease activity. The data also suggested that the
compounds are weak antioxidants as compared to Quercetin [47].
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Table 9. Anti-urease and antioxidant activity of tetra aryl imidazole and indole derivatives.

Products Anti-Urease Activity Antioxidant Activity

Inhibition (%) IC50 (µM) Inhibition (%) IC50 (µM)

27a 76.44 ± 0.8 47.53 ± 0.12 62.58 ± 0.7 175.26 ± 1.24

27b 76.54 ± 0.8 47.64 ± 0.15 71.74 ± 0.2 146.27 ± 1.09

27c 92.58 ± 0.3 11.35 ± 0.07 71.87 ± 0.5 181.26 ± 1.1

27d 87.44 ± 0.8 9.95 ± 0.05 90.39 ± 0.5 148.26 ± 1.2

27e 89.44 ± 0.3 20.25 ± 0.03 20.97 ± 0.5 -

27f 85.77 ± 0.6 4.85 ± 0.07 67.61 ± 0.3 162.27 ± 1.2

27g 86.73 ± 0.7 0.16 ± 0.04 44.21 ± 0.7 -

27h 87.38 ± 0.46 1.45 ± 0.05 7.11 ± 0.2 -

27i 89.73 ± 0.9 4.31 ± 0.02 18.91 ± 0.6 -

27j 87.63 ± 0.9 0.12 ± 0.02 23.03 ± 0.5 -

Thiourea 88.7 ± 0.8 21.25 ± 0.15 - -

Quercetin - 93.21 ± 0.9 16.96 ± 0.1

Wu et al. [51] developed an efficient, regioselective, and metal-free coupling reac-
tion for the synthesis of three indole–imidazole derivatives. The substituted indoles and
imidazoles underwent C-N coupling using iodine and a saturated aqueous solution of
NH4OOCH in 1,4-dioxane at room temperature [51]. This method was effective for both
free and alkyl-substituted indoles, leading to the synthesis of a diverse series of novel
indole–imidazole derivatives. The yields were moderate-to-excellent, and the pH signif-
icantly affected the yield. Hence, the pH environment was closely monitored. Scheme 7
presents the chemical transformations employed in the synthesis. Table 10 lists the sub-
stituents on the starting materials (28) and (29), the indole–imidazole derivatives formed in
reaction (30), and the yields of the derivatives [51].

 

 

Scheme 7. Synthesis of C-N-coupled indole–imidazole derivatives using metal-free coupling method.
(* RT—room temperature).

Table 10. Substituents on the starting materials (28) and (29); indole–imidazole products (30), and
their respective yields.

Substituents on 28 Substituents on 29 Products 30 Yields
(%)

R1 R2 AR1

a. -H -H -H 2-Imidazol-1-yl-1H-indole 90

b. -H -CH3 -H 2-Imidazol-1-yl-1-methyl-1H-indole 64

c. -H -CH3 -CH3 1-Methyl-2-(2-methyl-imidazol-1-yl)-1H-indole 61
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This synthetic approach is environmentally friendly, avoids toxic metal catalysts, and
proceeds under mild conditions, making it practical and sustainable. It demonstrates
regioselectivity, and the broad substrate scope allows efficient access to diverse indole
derivatives. However, the reported derivatives were not biologically evaluated; so, the
pharmacological potential of the products remains untested [51].

Jasiewicz et al. [19] synthesized C-3-substituted indole derivatives from gramine
[3-(dimethyl amino methyl) indole], an alkaloid present in barley (Hordeum vulgare), via
a nucleophilic substitution reaction. Gramine with a good leaving group was used as
a substrate, and various alkyl-substituted imidazole moieties were heated at reflux in
the presence of toluene [19]. The reactions utilized for the synthesis, reaction reagents,
and reaction parameters are illustrated in Scheme 8. Various substituents attached to
precursors (32) and the products (33), as well as the yields of products (33) and (35), are
presented in Table 11 [19].

 

 

Scheme 8. Synthesis of C-3-substituted indolyl methane–imidazole derivatives using metal-free
coupling method.

Table 11. Substituents on the starting material (32), the indole–imidazole products (33) and (35), and
their respective yields.

Substituents on 32 Product 33 Yields
(%)

R1 R2 R3

a. -H -H -CH3 3-((2-methyl-1H-imidazol-1-yl) methyl)-1H-indole 85

b. -H -H -C2H5 3-((2-ethyl-1H-imidazol-1-yl) methyl)-1H-indole 89

c. -H -H -CH(CH3)2 3-((2-isopropyl-1H-imidazol-1-yl) methyl)-1H-indole 88

d. -H -CH3 -C2H5 3-((2-ethyl-4-methyl-1H-imidazol-1-yl) methyl)-1H-indole 69

e. -Cl -Cl -H 3-((4,5-dichloro-1H-imidazol-1-yl) methyl)-1H-indole 50

f. -H -H -C6H5 3-((2-phenyl-2,5-dihydro-1H-imidazol-1-yl) methyl)-1H-indole 56

35. 1-((1H-indol-3-yl)methyl)-1H-benzo[d]imidazol 95

The method was a simple, innovative hybridization strategy, using starting materials
from natural origins, and it did not require column chromatography. The synthesized
derivatives were comprehensively characterized (spectroscopy and crystallography) and
biologically evaluated, covering antioxidant, cytoprotective, antibacterial, and fungicidal
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effects. However, the work was limited to a relatively small library of only ten compounds,
and there was a lack of in-depth mechanistic or molecular docking studies and an absence
of in vivo validation to establish therapeutic relevance. Moreover, the cytotoxicity against
normal mammalian cells was not fully explored, preventing conclusions on safety for drug
development [19].

Applications:
The synthesized indolyl methane–imidazole derivatives had a wide range of therapeu-

tic effects. They showed excellent antioxidant properties when the chelating activity was
assessed based on the inhibition of Fe2+–ferrozine complex formation, following incubation
of the synthesized scaffolds with Fe2+. Compounds 33 (a–d) proved to be the best chelators,
compound (33e) did not show any activity, (33f) had moderate chelating activity, and (35)
also showed negligible chelating activity. They also proved to be good cytoprotective
agents when evaluated against oxidative hemolysis induced by free radicals generated
by AAPH (2,2′-azobis(2-amidinopropane) dihydrochloride). Compounds 33 (a–d) with
electron-donating substituents showed the least hemolytic activity; hence, they can be
considered for further evaluation as they proved to be biocompatible compounds. While
compounds 33 (e–f) showed slightly higher hemolytic activity, (35) was the highest with
23% hemolytic activity and was not a biocompatible compound. The cytoprotective prop-
erty was based on electron-donating or electron-withdrawing groups attached to the indole
and imidazole rings. Compounds 33 (a–d) have electron-donating substituents, and the
cytoprotective activity is in the order 33a > 33b > 33c > 33d. (33f) showed a bit higher
cytoprotective activity, while (33e) and (35) showed the least cytoprotective activity [19].

Indolyl methane with imidazoles also showed significant antibacterial activity when
tested against Bacillus subtilis (B. subtilis), Micrococcus luteus (M. luteus), Escherichia coli
(E. coli), and Pseudomonas fluorescens (P. fluorescens). Table 12 displays the antibacterial
activity of the analogues by determining the zones of inhibition in mm of each bacterial
strain. The data showed that compounds (33b) and (33f) exhibit strong antibacterial
effects, while the rest of the compounds did not show significant antibacterial activity. The
synthesized agents were also studied for their anti-fungal activity against four strains, i.e.,
Coiolus versicolor (C. versicolor), Poria placenta (P. placenta), Coniophora puteana (C. puteana),
and Gloeophyllum trabeum (G. trabeum). All the compounds showed 100% inhibition at 0.1%
concentration. Among all the tested products, (33e) showed significant anti-fungal activity
against P. placenta and C. puteana, which are resistant to commonly used fungicides. Table 13
lists the percentage concentration of each compound used and percentage inhibition of
each fungal strain, respectively [19].

Table 12. Antibacterial activity of indolyl methane–imidazole derivatives.

Products Antibacterial Activity (Zone of Inhibition in mm)

M. Luteus B. subtilis E. coli P. fluorescens

33a 3 1 1 16

33b 8.8 4.3 3.8 3

33c 3 1.8 3 0

33d 6 2.4 3.5 2.3

33e 5 8.7 4.3 0

33f 8.6 3.7 5 0

35 4.3 2.7 3 0
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Table 13. Anti-fungal activity of indolyl methane–imidazole derivatives.

Products Concentration of
Products

Fungicidal Effect
Inhibition (%)

(%) C. puteana G. trabeum P. placenta C. versicolor

33a

0.1 100 100 100 100
0.01 48 44 48 35
0.001 0 19 0 1
0.0001 0 15 0 0

33b

0.1 100 100 100 100
0.01 37 30 32 43
0.001 15 11 18 13
0.0001 13 8 16 6

33c

0.1 100 100 100 100
0.01 26 17 21 43
0.001 14 16 6 12
0.0001 13 12 1 13

33d

0.1 100 100 100 100
0.01 49 27 41 44
0.001 37 9 0 19
0.0001 40 13 4 19

33e

0.1 100 100 100 100
0.01 74 91 78 96
0.001 46 51 35 23
0.0001 0 28 0 0

33f

0.1 100 100 100 100
0.01 48 53 45 41
0.001 0 18 17 13
0.0001 0 13 0 7

35

0.1 100 100 100 100
0.01 40 48 37 44
0.001 0 28 23 6
0.0001 0 17 0 0

Another notable feature was the good ADME (absorption, distribution, metabolism,
and excretion) parameters of these derivatives; therefore, they can be considered good
agents for the development of novel antioxidants [19].

2.2.4. Green Chemistry Approaches

Nirwan et al. [52] synthesized eight different indole–imidazole derivatives via con-
densation of indole-3-carbaldehyde, various substituted aromatic amines, and ammonium
acetate in the presence of the Amberlyst A-15 catalyst via irradiation with microwaves
under solvent-free conditions [24,25,52]. The synthetic pathway with reaction conditions
is depicted in Scheme 9. Table 14 presents the different groups attached to the starting
materials (36) and (38), the indole–imidazole derivative (39), and the comparison of their
yields [24,25,52].
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Scheme 9. Synthesis of indolyl-imidazole derivatives via condensation under solvent-free conditions
using Amberlyst A-15 catalyst.

Table 14. Substituents on the starting materials (36) and (38), the indole–imidazole products (39), and
their respective yields.

Substituents on 36 Substituents on 38
Products 39

Yield
(%)R AR1

a. -H -H 3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 97

b. -Br -H 5-bromo-3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 92

c. -Cl -H 5-Chloro-3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 89

d. -I -H 5-Iodo-3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 90

e. -H -C6H5 3-(1,4,5-triphenyl-1H-imidazol-2-yl)-1H-indole 94

f. -H -C6H4(4-CH3) 3-(4,5-diphenyl-1-(p-tolyl)-1H-imidazol-2-yl)-1H-indole 93

g. -H -C6H4(4-OCH3) 3-(1-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 96

h. -H -C6H4(4-OC2H5) 3-(1-(4-ethoxyphenyl)-4,5-diphenyl-1H-imidazol-2-yl)-1H-indole 97

The mentioned one-pot multicomponent methodology was eco-friendly and cost-
effective, with short reaction times, excellent yields, and a reusable catalyst, thus making
the strategy sustainable and practical. The synthesized derivatives were well character-
ized (FTIR, NMR, and MS) and showed promising antibacterial and anti-fungal activities.
The study had certain limitations, including the relatively small number of synthesized
compounds, the lack of molecular-level biological evaluation, and the lack of an in vivo
evaluation to confirm the pharmacological relevance [24,25,52,53].

Applications:
The indolyl imidazole derivatives synthesized were tested against four bacterial

strains, i.e., Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis),
Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and one fungal strain, i.e.,
Candida albicans (C. albicans), as depicted in Table 15. Among the tested compounds, (39c)
showed significant antibacterial activity, showing maximum zone of inhibition for S. aureus
when compared to Ampicillin and Amikacin. However, the products did not exhibit
significant anti-fungal activity as compared to fluconazole [53].
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Table 15. Anti-microbial activity of indolyl-imidazole derivatives.

Products Anti-Microbial Activity (Zone of Inhibition in Mm)

S. aureus
ATCC 29213

S. epidermidis
ATCC 35984

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

C. albicans
ATCC 10231

39a 13.32 ± 12 07.62 ± 51 10.66 ± 21 18.96 ± 21 08.14 ± 11

39b 16.12 ± 22 14.33 ± 05 14.06 ± 62 17.66 ± 37 09.59 ± 03

39c 20.68 ± 31 18.68 ± 30 18.54 ± 32 13.54 ± 08 10.24 ± 07

39d 15.68 ± 68 11.82 ± 02 08.98 ± 11 10.44 ± 32 11.55 ± 41

39e 08.20 ± 38 09.38 ± 09 12.22 ± 06 09.24 ± 64 09.74 ± 03

39f 07.57 ± 41 05.62 ± 16 05.52 ± 45 08.49 ± 09 06.30 ± 03

39g 08.98 ± 82 06.38 ± 15 08.44 ± 27 12.87 ± 61 08.37 ± 83

39h 05.64 ± 76 08.58 ± 55 07.57 ± 87 09.68 ± 69 06.82 ± 05

Ampicillin 15.03 ± 38 15.00 ± 53 07.53 ± 08 12.09 ± 09 -

Amikacin 19.03 ± 6 17.69 ± 08 18.13 ± 64 18.82 ± 62 -

Fluconazole - - - - 21.23 ± 06

Nikoofar et al. [26] developed a simple and efficient one-pot multicomponent method-
ology to synthesize 3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole and 3-(1,4,5-triphenyl-
1H-imidazol-2-yl)-1H-indole via cyclization and the condensation of benzil/benzoin, 1H-
indole-3-carbaldehyde, ammonium acetate, and amine using a heterogeneous and eco-
friendly catalyst, nitric acid, supported on nano silica at 100 ◦C under solvent-free condi-
tions. The yields were as follows: product (44) with benzil: 74%, and with benzoin-67%;
product (46) with benzil: 76%, and with benzoin: 74% [26]. Scheme 10a,b outlines the
methods used for the formation of 3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole and 3-
(1,4,5-triphenyl-1H-imidazol-2-yl)-1H-indole, respectively, along with the reagents used
and reaction conditions [26].

The methodology incorporated nano acid catalysis that led to high atom efficiency,
a convenient technique for product purification, high yields, short reaction times, an
eco-friendly solvent-free medium, and regeneration of the catalyst. However, the study
was limited to a small number of tested recycling cycles (only three) for the catalyst, the
absence of industrial applicability studies, and a lack of evaluation of the synthesized
derivatives [26].

Applications:
The scaffolds synthesized above can be evaluated for antibacterial, anti-fungal, antiox-

idant, and various other biological applications [21,47,52].
Shaterian et al. [54] synthesized a Bronsted acid-liquid reusable catalyst, i.e.,

triphenyl(propyl-3-sulphonyl) phosphonium toluene sulfonate (TPSPT), and used it to syn-
thesize 3-[1-(4-methylphenyl)-4,5-diphenyl 1H-imidazol-2-yl]-1H-indole via the coupling
reaction of benzil/benzoin with indole-3-carbaldehyde and p-toluidine in a solvent-free
environment at 100 ◦C. Ionic liquid technology is an innovative and environmentally safe
approach for the synthesis of indole–imidazole derivatives. This one-pot four-component
synthetic strategy was quite efficient and provided good yields, i.e., product (52) (with
benzil: 82%, with benzoin: 89%) [54]. The complete synthetic approach, chemical reagents,
and experimental conditions are shown in Scheme 11 [54].
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(a) 
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Scheme 10. (a). Synthesis of 3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-indole via condensation under
solvent-free conditions using HNO3@nano SiO2 catalyst. (b). Synthesis of 3-(1,4,5-triphenyl-1H-imidazol-
2-yl)-1H-indole via condensation under solvent-free conditions using HNO3@nano SiO2 catalyst.
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Scheme 11. Synthesis of 3-[1-(4-methylphenyl)-4,5-diphenyl 1H-imidazol-2-yl]-1H-indole via con-
densation under solvent-free conditions using TPSPT catalyst.

This method demonstrated high efficiency, mild reaction conditions, short reaction
times, excellent yields, and the reusability of the ionic liquid catalyst, which makes the
method cost-effective and environmentally friendly. Ionic liquid technology is an innovative
and environmentally safe approach for the synthesis of indole–imidazole derivatives. It
also avoids the need for hazardous mineral acids, aligning with green chemistry principles.
Nonetheless, the study was subject to certain limitations, including the lack of detailed
studies on the catalyst stability over many recycling runs, the high cost of ionic liquid
preparation compared to conventional catalysts, and limited biological evaluation data of
the synthesized imidazoles, restricting its broader application in therapeutics or industrial
chemistry [54].

Applications:
The study lacks the biological data, but the compound 3-[1-(4-methylphenyl)-4,5-

diphenyl 1H-imidazol-2-yl]-1H-indole has been evaluated by Nirwan et al. [53] for its
antibacterial and anti-fungal activity, which was moderate when tested against S. aureus
(ATCC 29213), S. epidermidis (ATCC 35984), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853),
and C. albicans (ATCC 10231).

3. Conclusions
The collective evidence indicates that indole–imidazole scaffolds represent a versatile

class of heterocycles, distinguished by their broad therapeutic applications and innovative
avenues of synthetic accessibility. Recent advances in multicomponent and metal-catalyzed
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reactions have not only expanded the chemical space but also improved reaction effi-
ciency (reduced reaction times and improved yields) and functional diversity. Despite
these advances, critical gaps persist, including limited scalability of synthetic methods,
scarcity of in vivo evaluations, and lack of structural-activity relationship data, which
collectively hinder the translation of many promising analogues into clinical applications.
To overcome these challenges, future studies should focus on greener synthetic protocols,
scalable synthetic routes, structural-activity relationship exploration, and robust pre-clinical
evaluation of pharmacokinetics and toxicity. Furthermore, coupling computational drug
design with high-throughput screening could significantly expedite the discovery and opti-
mization of promising drug candidates. By bridging synthetic innovation with biological
validation, indole–imidazole hybrids hold significant potential for the development of next-
generation therapeutic agents against cancer, microbial infections, neurological disorders,
and metabolic diseases. This review not only underscores their current achievements but
also outlines future pathways, aiming to continue exploration of these highly promising
molecular frameworks.
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23. Babijczuk, K.; Warżajtis, B.; Starzyk, J.; Mrówczyńska, L.; Jasiewicz, B.; Rychlewska, U. Synthesis, Structure and Biological Activity
of Indole–Imidazole Complexes with ZnCl2: Can Coordination Enhance the Functionality of Bioactive Ligands? Molecules 2023,
28, 4132. [CrossRef]

24. Nirwan, N.; Pareek, C.; Swami, V.K. An Efficient Green Synthesis of Substituted Indolylimazole Derivatives by Employing
Reusable Catalyst under Microwave Irradiation. Indian J. Heterocycl. Chem. 2018, 28, 249–253.

25. Nirwan, N.; Pareek, C. Synthesis of 2,4,5-Trisubstituted Imidazole and 4,5-Disubstituted Indolylimidazole Derivatives by Using
Amberlyst A-15 as Green, Recyclable Catalyst. Int. J. Sci. Res. Sci. Technol. 2017, 3, 76–82.

26. Nikoofar, K.; Dizgarani, S.M. HNO3@nano SiO2: An Efficient Catalytic System for the Synthesis of Multi-Substituted Imidazoles
under Solvent-Free Conditions. J. Saudi Chem. Soc. 2017, 21, 787–794. [CrossRef]

27. Chen, K.; Dai, M.; Pan, Y.; Zhang, C.; Tu, S.; Hao, W. Regioselective Synthesis of 3-(Imidazol-4-yl) Indolin-2-Ones under
Microwave Heating. J. Heterocycl. Chem. 2016, 54, 1479–1485. [CrossRef]

28. Ghosh, S.K.; Nagarajan, R. NIS-Mediated Regioselective Amidation of Indole with Quinazolinone and Pyrimidone. RSC Adv.
2014, 4, 20136–20144. [CrossRef]

29. Kaushik, N.K.; Kaushik, N.; Attri, P.; Kumar, N.; Kim, C.H.; Verma, A.K.; Choi, E.H. Biomedical Importance of Indoles. Molecules
2013, 18, 6620–6662. [CrossRef]

30. Taber, D.F.; Tirunahari, P.K. Indole Synthesis: A Review and Proposed Classification. Tetrahedron 2011, 67, 7195–7210. [CrossRef]
31. Molina, P.; Aller, E.; Lorenzo, A. Pyrido Annelation Reaction by a Tandem Aza Wittig/Electrocyclic Ring-Closure Strategy:

Preparation of Pyrazolo[4,3-c]- and Pyrazolo[3,4-c]Pyridine Derivatives. Tetrahedron 1991, 47, 6737–6746. [CrossRef]
32. James, D.A.; Koya, K.; Li, H.; Chen, S.; Xia, Z.; Ying, W.; Wu, Y.; Sun, L. Conjugated Indole-Imidazole Derivatives Displaying

Cytotoxicity against Multidrug Resistant Cancer Cell Lines. Bioorg. Med. Chem. Lett. 2006, 16, 5164–5168. [CrossRef] [PubMed]
33. Song, F.; Li, Z.; Bian, Y.; Huo, X.; Fang, J.; Shao, L.; Zhou, M. Indole/Isatin-Containing Hybrids as Potential Antibacterial Agents.

Arch Pharm 2020, 353, e2000143. [CrossRef] [PubMed]
34. Diana, E.J.; Jose, J.; Mathew, T.V. Recent Development in the Synthesis of Imidazo[1, 5-a]Indole Derivatives: An in-Depth

Overview. Org. Biomol. Chem. 2024, 22, 7560–7581. [CrossRef]
35. Zeng, W.; Han, C.; Mohammed, S.; Li, S.; Song, Y.; Sun, F.; Du, Y. Indole-Containing Pharmaceuticals: Targets, Pharmacological

Activities, and SAR Studies. RSC Med. Chem. 2024, 15, 788–808. [CrossRef]
36. Butler, M.S.; Capon, R.J.; Blaskovich, M.A.T.; Henderson, I.R. Natural Product-Derived Compounds in Clinical Trials and Drug

Approvals. Nat. Prod. Rep. 2025. [CrossRef]

https://doi.org/10.1039/c2ob06808g
https://doi.org/10.1007/s10593-011-0754-8
https://doi.org/10.1007/s00044-010-9472-5
https://doi.org/10.3390/ph13030037
https://www.ncbi.nlm.nih.gov/pubmed/32138202
https://doi.org/10.1515/hc-2022-0173
https://doi.org/10.1002/cbdv.202403020
https://www.ncbi.nlm.nih.gov/pubmed/40062971
https://doi.org/10.1080/00387010.2025.2546897
https://doi.org/10.3390/molecules28020708
https://doi.org/10.3390/pr11030846
https://doi.org/10.1016/j.bioorg.2017.12.014
https://doi.org/10.5560/znb.2014-4026
https://doi.org/10.3390/molecules28104132
https://doi.org/10.1016/j.jscs.2015.11.006
https://doi.org/10.1002/jhet.2734
https://doi.org/10.1039/C4RA02417F
https://doi.org/10.3390/molecules18066620
https://doi.org/10.1016/j.tet.2011.06.040
https://doi.org/10.1016/S0040-4020(01)82325-5
https://doi.org/10.1016/j.bmcl.2006.07.020
https://www.ncbi.nlm.nih.gov/pubmed/16870446
https://doi.org/10.1002/ardp.202000143
https://www.ncbi.nlm.nih.gov/pubmed/32667714
https://doi.org/10.1039/D4OB01131G
https://doi.org/10.1039/D3MD00677H
https://doi.org/10.1039/D5NP00031A


Molecules 2025, 30, 4164 24 of 24

37. Hogendorf, A.S.; Hogendorf, A.; Popiolek-Barczyk, K.; Ciechanowska, A.; Mika, J.; Satala, G.; Walczak, M.; Latacz, G.; Handzlik, J.;
Kiec-Kononowicz, K.; et al. Fluorinated Indole-Imidazole Conjugates: Selective Orally Bioavailable 5-HT(7) Receptor Low-Basicity
Agonists, Potential Neuropathic Painkillers. Eur. J. Med. Chem. 2019, 170, 261–275. [CrossRef]

38. Chen, J.; Ahn, S.; Wang, J.; Lu, Y.; Dalton, J.T.; Miller, D.D.; Li, W. Discovery of Novel 2-Aryl-4-Benzoyl-Imidazole (ABI-III)
Analogues Targeting Tubulin Polymerization as Antiproliferative Agents. J. Med. Chem. 2012, 55, 7285–7289. [CrossRef]

39. El-Nakkady, S.S.; Hanna, M.M.; Roaiah, H.M.; Ghannam, I.A. Synthesis, Molecular Docking Study and Antitumor Activity of
Novel 2-Phenylindole Derivatives. Eur. J. Med. Chem. 2012, 47, 387–398. [CrossRef]

40. Li, G.C.; Zhang, B.L.; Xia, J.Y.; Fang, Z.J. Synthesis and Receptor Binding Assay of Indolin-2-One Derivatives as Dopamine D4
Receptor Ligands. Pharmazie 2015, 70, 511–514.

41. Hsieh, C.J.; Xu, K.; Lee, I.; Graham, T.J.A.; Tu, Z.; Dhavale, D.; Kotzbauer, P.; Mach, R.H. Chalcones and Five-Membered
Heterocyclic Isosteres Bind to Alpha Synuclein Fibrils in Vitro. ACS Omega 2018, 3, 4486–4493. [CrossRef]

42. Reinhardt, T.; Lee, K.M.; Niederegger, L.; Hess, C.R.; Sieber, S.A. Indolin-2-One Nitroimidazole Antibiotics Exhibit an Unexpected
Dual Mode of Action. ACS Chem. Biol. 2022, 17, 3077–3085. [CrossRef]

43. Husain, A.; Ahmad, A.; Al-Abbasi, F.; Khan, S.A. Synthesis and Anticonvulsant Activity of Indolo-Imidazolone Hybrid Molecules.
J. Med. Org. Chem. 2015, 1, 23–28.

44. Dokla, E.M.E.; Abdel-Aziz, A.K.; Milik, S.N.; Mahmoud, A.H.; Saadeldin, M.K.; McPhillie, M.J.; Minucci, S.; Abouzid, K.A.M.
Indolin-2-One Derivatives as Selective Aurora B Kinase Inhibitors Targeting Breast Cancer. Bioorg. Chem. 2021, 117, 105451.
[CrossRef]

45. Xue, X.; Zhang, Y.; Liu, Z.; Song, M.; Xing, Y.; Xiang, Q.; Wang, Z.; Tu, Z.; Zhou, Y.; Ding, K.; et al. Discovery of Benzo[Cd]Indol-
2(1H)-Ones as Potent and Specific BET Bromodomain Inhibitors: Structure-Based Virtual Screening, Optimization, and Biological
Evaluation. J. Med. Chem. 2016, 59, 1565–1579. [CrossRef]

46. Hao, W.; Jiang, Y.; Cai, M. Synthesis of Indolyl Imidazole Derivatives via Base-Promoted Tandem Reaction of N-[2-(1-
Alkynyl)Phenyl]Carbodiimides with Isocyanides. J. Org. Chem. 2014, 79, 3634–3640. [CrossRef]

47. Naureen, S.; Ijaz, F.; Munawar, M.A.; Asif, N.; Chaudhry, F.; Ashraf, M.; Khan, M.A. Synthesis of Tetrasubstitutd Imidazoles
Containing Indole and Their Antiurease and Antioxidant Activities. J. Chil. Chem. Soc. 2017, 62, 3583–3587. [CrossRef]

48. Jones, G.; Stanforth, S.P. The Vilsmeier Reaction of Non-Aromatic Compounds. Org. React. 2004, 56, 355–686. [CrossRef]
49. El-Gendy, A.A.; Said, M.M.; Ghareb, N.; Mostafa, Y.M.; El-Ashryel, S.H. Synthesis and Biological Activity of Functionalized

Indole-2-Carboxylates, Triazino- and Pyridazino-Indoles. Arch Pharm 2008, 341, 294–300. [CrossRef]
50. Gribble, G.W. Fischer Indole Synthesis. In Indole Ring Synthesis; John Wiley & Sons: Hoboken, NJ, USA, 2016; pp. 41–115.
51. Wu, W.-B.; Huang, J.-M. Highly Regioselective C–N Bond Formation through C–H Azolation of Indoles Promoted by Iodine in

Aqueous Media. Org. Lett. 2012, 14, 5832–5835. [CrossRef]
52. Pareek, C.; Pareek, D.; Nirwan, N.; Jain, A. An Efficient Combinatorial Approach for Beta-Lactam Antibiotics with Novel

Adjuvants against Gram-Negative Organisms to Combat Multi-Drug Resistance. In Proceedings of the International Academic
Conference on Applied Research in Engineering, Science and Technology, Brussels, Belgium, 14–15 September 2018; pp. 134–143.
[CrossRef]

53. Nirwan, N.; Pareek, C.; Chohadia, A.K.; Verma, K.K. Synthesis, Antibacterial, and Antifungal Activities of 3-(4,5-Diphenyl-1H-
Imidazol-2-Yl)-1H-Indole Derivatives. J. Sci. Res. 2023, 15, 159–170. [CrossRef]

54. Shaterian, H.R.; Ranjbar, M.; Azizi, K. Synthesis of Highly Substituted Imidazoles Using Brønsted Acidic Ionic Liquid,
Triphenyl(Propyl-3-Sulphonyl)Phosphonium Toluenesulfonate, as Reusable Catalyst. J. Iran. Chem. Soc. 2011, 8, 1120–1134.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejmech.2019.03.017
https://doi.org/10.1021/jm300564b
https://doi.org/10.1016/j.ejmech.2011.11.007
https://doi.org/10.1021/acsomega.7b01897
https://doi.org/10.1021/acschembio.2c00462
https://doi.org/10.1016/j.bioorg.2021.105451
https://doi.org/10.1021/acs.jmedchem.5b01511
https://doi.org/10.1021/jo402552c
https://doi.org/10.4067/s0717-97072017000303583
https://doi.org/10.1002/0471264180.or056.02
https://doi.org/10.1002/ardp.200700161
https://doi.org/10.1021/ol302609m
https://doi.org/10.33422/icarest.2018.09.47
https://doi.org/10.3329/jsr.v15i1.59004
https://doi.org/10.1007/BF03246570

	Introduction 
	Synthetic Approaches for Indole–Imidazole Derivatives 
	Multistep Synthetic Methods 
	One-Pot Multicomponent Reaction Methods 
	Ring Construction Methods 
	Metal-Catalyzed Coupling Methods 
	Metal-Free Coupling Methods 
	Green Chemistry Approaches 


	Conclusions 
	References

