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ents in the synthesis of
benzimidazole derivatives

Nguyen Thi Chung,a Vo Cong Dungb and Dau Xuan Duc *a

Benzimidazoles are a class of heterocyclic compounds in which a benzene ring is fused to the 4 and 5

positions of an imidazole ring. Benzimidazole refers to the parent compound, while benzimidazoles are

a class of heterocyclic compounds having similar ring structures, but different substituents. Benzimidazole

derivatives possess a wide range of bioactivities including antimicrobial, anthelmintic, antiviral, anticancer,

and antihypertensive activities. Many compounds possessing a benzimidazole skeleton have been

employed as drugs in the market. The application of benzimidazoles in other fields has also been

documented. The synthesis of benzimidazole derivatives has attracted much attention from chemists and

numerous articles on the synthesis of this class of heterocyclic compound have been reported over the

years. The condensation between 1,2-benzenediamine and aldehydes has received intensive interest, while

many novel methods have been developed. In this article, we will give a comprehensive review of studies

on the synthesis of benzimidazole, which date back to 2013. We have also tried to describe reaction

mechanisms as much as we can. The work might be useful for chemists who work in the synthesis of

heterocycles or drug chemistry.
1. Introduction

Benzimidazole, alternatively known as 1H-benzimidazole or 1,3-
benzodiazole, is a bicyclic heterocyclic aromatic compound in
which a benzene ring is fused to the 4 and 5 positions of an
imidazole ring. Nitrogen atoms are at the 1 and 3 positions of
the ring system. Benzimidazole derivatives play a crucial role in
the eld of medicinal chemistry because they possess a wide
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range of pharmacological activities such as antimicrobial,
anticancer, antifungal, antileishmanial, antitubercular, anti-
viral and antimalarial, and some of them have beenmarketed as
well-known drugs.
1.1. Antimicrobial activity

Benomyl (1), carbendazim (2), fuberidazole (3), and thiaben-
dazole (4) are benzimidazole derivatives which have been used
as fungicidal agents in the market (Fig. 1). Among indole-based
pyrido[1,2-a]benzimidazoles synthesized by Kathrotiya and
Patel, compounds 5, 6, and 7 displayed considerable antibac-
terial activity against S. typhi (MIC 50, 62.5 and 12.5 mg mL−1,
respectively) compared to reference drugs ampicillin,
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Fig. 1 Benzimidazole compounds with antimicrobial activity.
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chloramphenicol, and ciprooxacin (MIC 100, 50 and 25 mg
mL−1, respectively), while compounds 6 and 8 showed prom-
ising antifungal activity against C. albicans (MIC 250 mg mL−1)
in comparison with standard griseofulvin (MIC 500 mg mL−1)
(Fig. 1).1 Vasantha et al. demonstrated the synthesis of a series
of N-arylidene-2-(2,4-dichlorophenyl)-1-propyl-1H-benzo[d]
imidazole-5-carbohydrazide derivatives and the evaluation of
these compounds for antimicrobial activity. Among them,
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compound 9 appeared to be a promising antibacterial and
antifungal agent with an MIC value of 3.12 mg mL−1 against
most bacterial and fungal strains (Fig. 1).2 A library of 2-
substituted benzimidazole derivatives was synthesized and
examined for antibacterial activity. Compound 10 was found to
be the most potent antibacterial agent against both Gram-
positive and Gram-negative bacteria compared to the refer-
ence cefadroxil, while compound 11 showed maximum activity
against A. niger (MIC = 0.018 mM) (Fig. 1).3 Amongst a series of
purine benzimidazole hybrids synthesized by Wang et al.,
compounds 12 and 13were the most potent antibacterial agents
with MIC values ranging between 3.9 and 7.8 mg mL−1 against
different bacterial strains (Fig. 1).4
1.2. Anthelmintic activity

Many benzimidazoles have been developed as anthelmintic
agents in the market such as albendazole (14), ciclobendazole
(15), fenbendazole (16), ubendazole (17), mebendazole (18),
oxfendazole (19), oxibendazole (20), triclabendazole (21), and
thiabendazole (4) (Fig. 2). Faruk et al. synthesized a series of 5-
nitrobenzimidazole derivatives (22) and tested them for
anthelmintic activity against the adult Indian earth worm P.
posthuma (Fig. 2). The results of preliminary biological tests
showed that all compounds exhibited signicant anthelmintic
activity.5 Vilasrao et al. described the synthesis of a library of 2-
substituted benzimidazoles and the evaluation of their anthel-
mintic activity against the adult earthworm E. fetida. Among
them, compounds 23–25 exhibited excellent anthelmintic
activities which are comparable to that of standard albendazole
(Fig. 2).6 Sreena et al. synthesized benzimidazole derivatives (26)
by the condensation reaction between o-phenylenediamine and
Fig. 2 Benzimidazole derivatives with anthelmintic activity.
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acid and screened them for anthelmintic activity (Fig. 2). All the
tested compounds exhibited signicant anthelmintic activity
compared with the standard piperazine citrate.7

1.3. Antiviral activity

Enviradine (27) and maribavir (28) are benzimidazole-based
compounds which have been used as antiviral agents (Fig. 3).
Pan et al. introduced the synthesis of benzimidazole derivatives
and the evaluation of these compounds for anti-HIV activity.
Among them, compounds 29 and 30 showed signicant activity
with IC50 values of 3.45 and 58.03 nM, respectively (Fig. 3).8

Masoudi et al. prepared a series of benzimidazole derivatives and
evaluated them for anti-HIV activity. Among the tested benz-
imidazoles, compound 31 was found to have signicant activity
with EC50 of 1.15 mgmL−1 against HIV-1 andHIV-2 (Fig. 3).9 Ferro
et al. synthesized two series of benzimidazol-2-one derivatives
and screened them for antiviral activity against HIV-1.
Compounds 32 and 33 (IC50 values of 1.3 and 0.79 mM, respec-
tively) were more potent than the standard drug nevirapine (IC50

value of 1.55 mM) (Fig. 3).10 Tsay et al. synthesized a diverse range
of benzimidazole–coumarin hybrids and evaluated them for
Fig. 3 Benzimidazole derivatives with antiviral activity.

32736 | RSC Adv., 2023, 13, 32734–32771
antiviral activity against the hepatitis C virus. Compounds 34 and
35 displayed potent activity with EC50 values of 3.0 and 5.5 nM,
respectively (Fig. 3).11 Among benzimidazoles synthesized by
Shaker et al., compounds 36–38 showed great potential to be
used as potent antiviral agents due to their inhibitory effect
against the rotavirus Wa strain (Fig. 3).12 Benzimidazole 39, ob-
tained by Dai et al., was found to be a potent antiviral agent
against Lassa virus envelope glycoprotein (LASV GP) pseudotypes
with an EC50 value of 1.1 nM (Fig. 3).13
Fig. 4 Benzimidazole derivatives with anticancer activity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Benzimidazole derivatives with anticancer activity.
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1.4. Anticancer activity

Several benzimidazole derivatives have been marketed as anti-
tumor agents such as bendamustine (40), selumetinib (41),
galeterone (42), and pracinostat (43) (Fig. 4). In a study reported
by Gohary et al., compound 44 displayed signicant anticancer
activity with IC50 values of 0.022, 0.014, and 0.015 mM against
liver cancer (HepG2), colon cancer (HCT-116), and breast cancer
(MCF-7) cells,14 respectively (Fig. 4). Wang et al. demonstrated
the synthesis and screening for anticancer activity of the chrysin
benzimidazole derivatives. Among the synthesized benzimid-
azoles, compound 45 exhibited excellent activity with IC50

values of 25.72± 3.95 mM against MCF cells (Fig. 4).15 A series of
2-((1H-benzo[d]imidazole-2-ylthio)acetamido)-N-(substituted-4-
oxothiazolidin-3-yl)acetamides was synthesized and evaluated
for anticancer activity by Yadav et al. Compound 46 and 47
showed remarkable activity with IC50 values of 0.00005 and
0.00012 mM mL−1 against the HCT116 cell line, respectively
(Fig. 4).16 Among benzimidazole hydrazones prepared by Onnis
et al., compound 48 possessed signicant anticancer activity
with an IC50 value of 0.98 ± 0.02 mM against human T-
lymphoblastic leukemia (CEM) cells (Fig. 4).17

Sharma et al. synthesized a series of benzimidazole bearing
thiazolidinedione derivatives. The bioassay study indicated that
compounds 49–51 possess remarkable cytotoxicity against PC-3,
HeLa, A549, and HT1080 cancer cell lines with IC50 values in the
range of 0.096–0.63 mM (Fig. 4).18 In a study reported by Wang
et al., compound 52 exhibited signicant activity with IC50

values in the range of 0.006–1.774 mM against the K562, A431,
HepG2, HeLa, and MDA-MB-435S cancer cell lines (Fig. 4).19

Among the 1,2,3,4-tetrahydro[1,2,4]triazino[4,5-a]
© 2023 The Author(s). Published by the Royal Society of Chemistry
benzimidazoles synthesized by Nassan et al., compound 53
displayed excellent activity with an IC50 value of 0.0390 mM
against the human breast adenocarcinoma cell line (Fig. 4).20

1.5. Antihypertensive

Candesartan (54) and mibefradil (55) are antihypertensive drugs
that contain benzimidazole rings (Fig. 5). Abou-Seri et al. synthe-
sized a series of 2-alkoxy-4-aryl-6-(1H-benzimidazol-2-yl)-3-
pyridinecarbonitrile derivatives. The bioactivity experiment
revealed that all compounds showed signicant vasodilation
properties. In particular, compounds 56–59 showed most prom-
inent activity with IC50 values of 0.145, 0.202, 0.210, and 0.214mM,
respectively, compared to standard prazosin hydrochloride (IC50 of
0.487 mM) (Fig. 5).21 Khan et al. prepared a set of 2-phenyl
substituted benzimidazoles and examined the antihypertensive
activity of these derivatives by using the tail cuff method.
Compound 60 exhibited excellent antihypertensive properties in
spontaneously hypertensive rats compared to standard losartan
(Fig. 5).22 Among the 5-nitro benzimidazole derivatives synthesized
by Zhu et al., compound 61 was found to be the most active agent
against AT1 with an IC50 value of 1.03 ± 0.26 nM (Fig. 5).23

1.6. Miscellaneous activities

Several benzimidazole derivatives have been used as antihista-
mines such as astemizole (63), bilastine (64), emedastine (65),
mizolastine (66), and oxatomide (67) (Fig. 6). The drug bezi-
tramide 68 has long been used as an analgesic agent (Fig. 6).
Mariappan et al. synthesized a series of 2-substituted benz-
imidazole derivatives and bioactive assay revealed that
compounds 69–71 showed signicant analgesic and anti-
inammatory activities (Fig. 6).24 In another report,
compounds 72 and 73 prepared by Kumar et al. exhibited
signicant analgesic and anti-inammatory properties.25

Among N-benzimidazol-1-yl methyl-benzamide derivatives
synthesized by Sethi et al., compound 74 displayed signicant
analgesic and anti-inammatory activity (Fig. 6).26

Hameed et al. reported that compound 75 possesses signif-
icant antitubercular activity with an MIC value of 0.19 mM
against uoroquinolone-resistant strains of M. tuberculosis
(Fig. 6).27 In another study, compounds 76 and 77 were found to
exhibit signicant antitubercular activity at anMIC value of 1.56
mg mL−1 against M. tuberculosis strains of H37Rv (Fig. 6).28

Among the benzimidazoles developed by Arora et al.,
compounds 78–80 showed remarkable antioxidant activity (IC50

values of 19.7, 13.9 and 1.2 mmol L−1, respectively) compared to
standard butylated hydroxytoluene (BHT, IC50 of 23.4 mmol L−1)
(Fig. 6).29 In a report described by Mentese et al., compounds 81
and 82 demonstrated signicant antioxidant activity (Fig. 6).30

In research accomplished by Nieto-Meneses et al., a library of N-
benzyl-1H-benzimidazol-2-amine derivatives was synthesized
and evaluated for antileishmanial activity. Among them,
compounds 83 and 84 exhibited signicant antileishmanial
activity against the amastigotes of L. mexicana and L. brazil-
iensis, with IC50 values of 2.62 and 3.21 mM (Fig. 6), respectively,
and their activities were 5.8 and 4.8 times better than standard
miltefosine (IC50 of 15.34 mM).31 The bioactivities of
RSC Adv., 2023, 13, 32734–32771 | 32737
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Fig. 6 Benzimidazole derivatives with other bioactivities.

32738 | RSC Adv., 2023, 13, 32734–32771

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/0
1/

20
26

 1
2:

01
:2

5 
PG

. 
 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
benzimidazole derivatives were also demonstrated in some
review articles.32–34

In addition, benzimidazoles are very important intermedi-
ates in dyes and polymer synthesis.35–37 They have also widely
been used in material science such as in chemosensing,38–40

crystal engineering,41,42 uorescence applications,43–47 and
corrosion science.48,49 Furthermore, they have been employed as
important intermediates in organic reactions,50–52 and as
ligands for asymmetric catalysis.53–57

Owing to the vast importance of benzimidazoles in different
areas, enormous efforts have beenmade to develop operationally
simple synthetic methods for the construction of benzimidazole
derivatives. The condensation reaction between 1,2-benzenedi-
amines and aldehydes is one of the most efficient and straight-
forward methods for the synthesis of benzimidazoles and a great
deal of studies based on this method have appeared in the
literature. Furthermore, numerous novel approaches for the
synthesis of benzimidazole-based compounds have been devel-
oped. In the literature, several benzimidazole synthesis review
articles have been published. However, most of them are quite
outdated58,59 or do not demonstrate all aspects of benzimidazole
synthesis.60,61 In addition, in these review articles, reaction
mechanisms were usually not described in detail. In this article,
we give a brief description of the bioactivities of benzimidazole
derivatives and a comprehensive overview of benzimidazole
synthesis, which covers all aspects of thiazole synthesis studies
dating back to 2012.We also try to describe reactionmechanisms
as much as possible. The article might be useful for chemists
who work in pharmaceuticals, organic synthesis, and the
synthesis of heterocycles. We have previously produced reviews
on the synthesis of furans, pyrroles, thiophenes, benzofurans,
benzothiophenes, oxazoles, isoxazoles, and thiazoles,62–69 and
this article is a continuation of our investigation into the
synthesis of aromatic ve-membered ring heterocycles.
2. Benzimidazole synthesis by
condensation of 1,2-benzenediamines
with aldehydes
2.1. Using nanomaterial catalysts

Sharma et al. achieved the synthesis of benzimidazole from 1,2-
benzenediamine and various aldehydes using a ZnO-NP catalyst
via a ball-milling technique. The catalyst was synthesized via
a sol–gel method with in situ decoration of organic ligand A on
the surface of the ZnO. The synthesis featured several advan-
tages such as short reaction times, simple product purication,
high efficiency, solvent-free conditions, recyclability of the ZnO-
NP catalyst, and scalability.70 A mechanistic study suggested
that the role of the catalyst is to activate the imine intermediate
to accept an electron (Scheme 1).

Wang et al. demonstrated a one-pot synthesis of a library of
benzimidazoles via a coupling reaction between phenylenedi-
amines and aldehydes using a cobalt nanocomposite catalyst.
Broad substrate scope, high yields of products, good functional
group, and scalability are the attractive features of the synthesis.
Furthermore, the catalyst could be recycled by a simple procedure
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1

Scheme 2

Scheme 3

Scheme 4
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and reused for ve runs without any signicant decrease in
reaction yields.71 The catalyst CoOx@NC-800 catalyzes the dehy-
drogenation of dihydrobenzimidazole to form the desired benz-
imidazole with liberation of molecular hydrogen (Scheme 2).

Kalhor et al. prepared a nickel-decorated SBA-15 nano-
composite (Ni/TCH@SBA-15) and employed this material as
a catalyst for the construction of 2-aryl-substituted benzimid-
azoles. The merits of the synthesis include mild reaction
conditions, easy work-up procedure, good functional group
tolerance, high yields of products, and reusability of the cata-
lyst.72 The Ni/TCH@SBA-15 was supposed to activate the alde-
hyde as well as the intermediate (Scheme 3).

Fazlinia and Sheikh synthesized CuO nanoparticles and
used this material for the assembly of 2-arylbenzimidazoles by
the condensation reaction between 1,2-benzenediamine and
aldehydes. Various 2-arylbenzimidazoles were obtained in high
yields under solvent-free conditions in short times.73 The cata-
lyst could be reused for eight runs without any signicant loss
in its catalytic activity (Scheme 4).

Mohammadi et al. presented the synthesis of BiOCl/FeOCl
nano rods composited with spherical nano particles of SiO2

and the use of this nano catalyst for the preparation of 2-
© 2023 The Author(s). Published by the Royal Society of Chemistry
arylbenzimidazoles. The procedure showed many advantages
such as short reaction times, high efficiency, mild reaction
conditions, simple operation and work-up, and recyclability of
the catalyst.74 The BiOCl/FeOCl/SiO2 nano material might acti-
vate the aldehyde group via the formation of a coordinate bond
with the Lewis acid site of BiOCl/FeOCl over the surface of SiO2

as a mediator agent as well as the imine intermediate for ring
closing reaction (Scheme 5).

Karami et al. described the synthesis of AlOOH–SO3 nano-
particles (BNPs'SA) and applied this material as a recyclable
catalyst for the construction of 2-aryl-1H-benzimidazoles. The
condensation between aldehydes and o-phenylenediamines was
performed under solvent-free conditions (Scheme 6). Other
advantageous features of the synthesis include short reaction
time, simple workup, and high yields of products.75

Naeimi and Babaei reported the preparation and application
of MnO2 nanoparticles as an efficient oxidant agent for the
synthesis of benzimidazoles.76 Various benzimidazoles were
RSC Adv., 2023, 13, 32734–32771 | 32739
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Scheme 5

Scheme 6

Scheme 7

Scheme 8

Scheme 9
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efficiently obtained in short times under ultrasound irradiation
(Scheme 7).

In a study introduced by Bahrami et al., the H2O2/TiO2 P25
nanoparticle system was employed as a catalyst for the assembly
of a series of 2-substituted benzimidazoles. Various products
were achieved in excellent yields under solvent-free conditions
from 1,2-phenylenediamines and aromatic aldehydes.77 The
proposed reaction mechanism is outlined below and the role of
the catalyst is to activate the aldehyde as well as the imine
intermediate (Scheme 8).
32740 | RSC Adv., 2023, 13, 32734–32771
Naeimi and Alishahi established an efficient protocol for the
preparation of 2-substituted benzimidazole using nanocrystal-
line magnesium oxide as a solid base catalyst. The protocol
featured some advantages such as short reaction times, mild
reaction conditions, scalability, and high yields of products.78

Moreover, the catalyst could be recovered and reused for ve
additional cycles without any considerable decrease in reaction
yield (Scheme 9).

Bahadorikhalili et al. investigated the synthesis of benz-
imidazoles from o-phenylenediamines and benzaldehydes
using a b-cyclodextrin functionalized PEGylated mesoporous
silica nanoparticle-graphene oxide hybrid (Cu@bCD-PEG-
mesoGO) as a catalyst. The catalyst was prepared from a meso-
porous silica nanoparticle-graphene oxide hybrid by function-
alization with PEG-600 ended b-cyclodextrin followed by
immobilization with Cu.79 Attractive features of the benzimid-
azole synthesis include high yield of products, simple work-up
procedure, mild reaction conditions, and recyclability of cata-
lyst (Scheme 10). The tentative reaction mechanism suggested
that the role of the catalyst is to activate the aldehyde and the
imine intermediate.

Kumara et al. introduced the employment of bare Co@Fe2O4

and SiO2/Co@Fe2O4 nanoparticles as catalysts to access 2-aryl-
benzimidazoles. A sequence of imine formation, cyclization,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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condensation, and aromatization occurs in one pot.80 The
Co@Fe2O4 and SiO2/Co@Fe2O4 nanoparticles were easily
recovered by using an external magnet, puried, and then used
for the next several cycles without affecting the reaction yield
(Scheme 11).

Paul et al. completed the synthesis of 2-benzimidazole
derivatives using zinc oxide nanoparticles (ZnO NPs) under
ultrasound (US) conditions. The catalyst was prepared using
seed extract from the tender pods of Parkia roxburghii, a tradi-
tional vegetable grown abundantly in different areas of north-
east India.81 Advantages of the benzimidazole synthesis
include mild reaction conditions, short reaction times, recy-
clability of the catalyst, and excellent yields of products
(Scheme 12).

Ghafuri et al. introduced the use of Fe3O4@SiO2/collagen
nanomaterial as a catalyst towards benzimidazole synthesis.82

Major advantages of the synthesis include good yields of prod-
ucts, short reaction times, mild reaction conditions, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
environmentally benign reaction conditions (Scheme 13). The
role of the catalyst is to activate aldehydes as well as the imine
intermediate.

Kommula et al. developed an efficient protocol for the
synthesis of benzimidazole from 1,2-diamino benzenes and
substituted aromatic aldehydes using a nano-Fe2O3 catalyst
(10 mol%).83 Short reaction times, high efficiency, aqueous
reaction medium, and recyclability of the catalyst are the main
advantages of the synthesis (Scheme 14).

Hakimi et al. examined an efficient strategy for the
construction of benzimidazole derivatives from substituted
Scheme 14
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aldehydes and o-phenylenediamines using zinc sulde nano-
particles as a catalyst (nano-ZnS).84 The strategy offered several
advantageous features such as high efficiency, mild reaction
conditions, short reaction times, and recovery and reuse of the
catalyst (Scheme 15).

Shukla et al. prepared Cu nanoparticle loaded, surfactant
free metallovesicles (CuNPs@vesicles) and used this material
for the assembly of benzimidazoles via a cascade reaction.85

Products were obtained in excellent yields and the nanocatalyst
could be recycled for up to ve runs without affecting the
reaction yields (Scheme 16).

In a study reported by Bodaghifard and Sha, a novel ionic
liquid immobilized on silica-coated cobalt-ferrite magnetic
nanoparticles (CoFe2O4@SiO2@PAF-IL) was synthesized, char-
acterized, and employed as a catalyst for the synthesis of
benzimidazole derivatives. The benzimidazole synthesis deliv-
ered many attractive features such as short reaction times,
solvent-free and environmentally-benign conditions, high effi-
ciency, and easy recyclability of the catalyst.86 The role of the
catalyst in the proposed reactionmechanism was also described
(Scheme 17).
32742 | RSC Adv., 2023, 13, 32734–32771
Kaur et al. demonstrated the synthesis of copper metal-
lovesicles (CuMVs) and applied this so nanomaterial as
a catalyst for the condensation reaction between o-phenyl-
enediamines and aromatic aldehydes in aqueous media to
access 2-aryl-benzimidazoles.87 Excellent yields of products,
mild reaction conditions, a harmless aqueous reaction
medium, and recyclability of the catalyst make the synthesis
a green and sustainable catalytic approach (Scheme 18).

Garazhian et al. established a protocol for the synthesis of
benzimidazoles using amorphous {Mo72Fe30} nanocapsules as
a safe Keplerate polyoxometalate catalyst. The condensation
reaction between aromatic 1,2-diamines and aldehydes was
performed under aerobic and mild conditions resulting in
products in high yields.88 In this procedure, the nanocatalyst
presumably activates the aldehyde substrates and imine inter-
mediates (Scheme 19).

In a study presented by Roy et al., mesoporous TiO2–Fe2O3

mixed oxide material (MTF-1E) with nanoscale porosity and
a high BET surface area was utilized as a catalyst for the
synthesis of benzimidazole derivatives.89 The merits offered by
this method include harmless solvent, mild reaction condi-
tions, high regioselectivity, broad substrate scope, recyclability
of the catalyst, and excellent yield of products (Scheme 20).

An efficient route for the construction of benzimidazole
derivatives using a nano-Ni(II)/Y zeolite catalyst was investigated
by Mobinikhaledi et al. The condensation reaction of o-phe-
nylenediamines with aromatic aldehydes or orthoesters was
Scheme 20

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed under solvent-free conditions providing the desired
products in good to excellent yields.90 The reaction mechanism
was presented for the reaction between phenylenediamines and
orthoesters (Scheme 21).

Kohli et al. described the synthesis of benzimidazole by the
reaction between o-phenylenediamine and aldehydes using an
Al2O3/CuI/PANI nanocomposite as a catalyst. A series of
Scheme 23

© 2023 The Author(s). Published by the Royal Society of Chemistry
products were produced in excellent yields under mild condi-
tions.91 Furthermore, the nanocatalyst was easily recovered and
reused for ve cycles without a signicant loss of its catalytic
activity (Scheme 22).

Pourmorteza et al. employed cobalt incorporated in the g-
C3N4-imine/TiO2 nanohybrid as a heterojunction photocatalyst
to prepare benzimidazoles from benzaldehydes and aryl
diamines.92 The protocol was also successfully applied to access
benzimidazoles from benzylic alcohols and aryl diamines via
a one-pot reaction sequence of aerobic photooxidation of
benzylic alcohols and oxidative coupling of benzaldehydes with
aryl diamines (Scheme 23).

2.2. Using acid catalysts

Shitole et al. accomplished the synthesis of 2-aryl-1-arylmethyl-
1H-benzimidazoles from phenylenediamines and aromatic
aldehydes using chlorosulfonic acid as a catalyst.93 Various
products were afforded in good to excellent yields under mild
conditions (Scheme 24).

Mathapati et al. demonstrated an efficient strategy to access
benzimidazoles through the cyclization of 1,2-phenylenedi-
amine with aldehydes.94 Products were produced in high yields
under mild reaction conditions (Scheme 25). In another report,
H2SO4@HTC(II) was used as a catalyst for the synthesis of
benzimidazole derivatives from o-phenylenediamines and
aromatic aldehydes.95 Moderate to excellent yields of products
were also obtained (Scheme 26).

Singh et al. developed an efficient protocol for the synthesis of
1,2-disubstituted benzimidazole derivatives from o-phenyl-
enediamines and aldehydes. The synthesis was catalyzed by p-
toluenesulfonic acid and performed under grinding and solvent-
free conditions.96 Short reaction time, high efficiency, simple
product isolation and purication, and mild reaction conditions
are the attractive features of the protocol (Scheme 27).
Scheme 25

Scheme 26
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An efficient procedure for the synthesis of C-2-substituted
benzimidazoles employing Brønsted acidic reduced graphene
was described by Karthik and Suresh. The catalyst was prepared
by a massive inux of sulphonic acid groups on the reduced
graphene oxide surface.97 A library of benzimidazoles was
provided in good yields under mild reaction conditions. In
addition, the catalyst could be recycled for ve runs without
a signicant decrease in reaction yields (Scheme 28). In another
study introduced by Zareyee et al., organosulfonic acid-
functionalized silica (SBA-15-Ph-PrSO3H) and sulfonic acid-
based nanoporous carbon (CMK-5-SO3H) were utilized as cata-
lysts to prepare 2-substituted benzimidazoles from aldehydes
and benzene-1,2-diamine. High yields of products were
observed for both catalysts under mild reaction conditions and
in an aqueous medium.98 The catalysts CMK-5-SO3H and SBA-
15-Ph-PrSO3H were readily recovered and reused in eight and
six consecutive runs, respectively, without any considerable loss
of activity (Scheme 29).

Pramanik et al. discovered an environmentally friendly
strategy for the assembly of 2-aryl-1-arylmethyl-1H-benzimid-
azoles using alumina-sulfuric acid as a solid acid catalyst. A
wide range of products were achieved in good to excellent yields
under mild reaction conditions. Furthermore, the heteroge-
neous solid acid catalyst could be efficiently recycled seven
times.99 A plausible reaction mechanism was also provided
based on isotope labelling experiments, in which the catalytic
behavior of alumina-sulfuric acid was explained (Scheme 30).

In a study reported by Thimmaraju et al., a ZrO2–Al2O3 solid
acid synthesized by a solution combustion method was
Scheme 29

32744 | RSC Adv., 2023, 13, 32734–32771
employed as a catalyst for the synthesis of substituted benz-
imidazoles. In general, benzimidazoles were isolated in good
yields under thermal conditions. The catalyst could be recycled
and reused for up to ve consecutive reaction cycles in the
synthesis of benzimidazoles.100 A proposed reactionmechanism
was also described (Scheme 31).

Senapak et al. established an efficient protocol for the
synthesis of 2-substituted benzimidazoles by the condensation
reaction of o-phenylenediamines with aldehydes using
Brønsted acidic ionic liquid [DodecIm][HSO4] as a reusable
catalyst. A library of benzimidazoles were afforded in high yield
under mild reaction conditions. Noticeably, the protocol was
also successfully employed for the construction of 1,2-disub-
stituted benzimidazoles via sequential one-pot reactions, when
alkyl halides were added.101 Moreover, the catalyst could be
recycled at least four times without signicant loss in activity
(Scheme 32).

Raja et al. utilized glucose as a methine source for the
synthesis of benzimidazoles from o-phenylenediamines via an
oxidative cyclization reaction. A wide range of N-substituted
benzimidazoles was provided in good yields using TsOH as
a catalyst.102 A plausible reaction pathway was also suggested
(Scheme 33).

Roudsari et al. designed an efficient approach for the
synthesis of 2-substituted benzimidazoles using polymeric-
based solid acid [PVP-SO3H]HSO4 as a catalyst. The synthesis
could be performed in EtOH at room temperature or in solvent-
free conditions at 80 °C.103 Products were obtained in excellent
yields in both cases. The solid acid catalyst could be recovered
and reused for several runs without signicant decrease in
reaction yields (Scheme 34).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3. Using metal catalysts

Ghosh and Subba performed the condensation reaction of o-
phenylenediamines with aldehydes to prepare 2-substituted
benzimidazoles using MgCl2$6H2O as a catalyst.104 A series of
products were obtained in high yields in short times
(Scheme 35). In another report, Nagasawa et al. employed
a small amount of MgI2 as a catalyst to access benzimidazoles
from aromatic aldehydes and diamines. The photooxidative
synthesis used molecular oxygen as the terminal oxidant and
showed broad substrate scope.105 A diverse series of products
was obtained in high yields (Scheme 36).

Sun et al. demonstrated a method for the preparation of 2-
aminovinyl benzimidazoles using bis(cyclopentadienyl)-
© 2023 The Author(s). Published by the Royal Society of Chemistry
zirconium(IV) dichloride (Cp2ZrCl2) as a catalyst.106 The
condensation reaction between 1,2-phenylenediamines and N-
arylated/N,N-dialkylated 3-aminoacroleins under microwave
irradiation gave the desired products in short times (Scheme
37). Sajjadifar et al. prepared and applied a Zn3(BTC)2 metal–
organic framework as a catalyst for the construction of 2-aryl-
1H-benzimidazole from aldehydes and o-phenylenediamines.107

A wide range of products was produced in excellent yields under
mild reaction conditions and the catalyst could be recycled for
four additional runs without a signicant loss of its catalytic
activity (Scheme 38). Nale et al. employed N-substituted form-
amides as C1 sources for the synthesis of a series of NH-benz-
imidazoles via the condensation reaction with 1,2-
phenylenediamines.108 A diverse range of products were ach-
ieved in moderate to excellent yields under solvent-free condi-
tions (Scheme 39).

Bardajee et al. demonstrated the use of periodic mesoporous
silica (SBA-15) containing a Cu(II) organometallic complex as
RSC Adv., 2023, 13, 32734–32771 | 32745
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a catalyst for the synthesis of benzimidazoles. The catalyst was
obtained by coordination of Cu(II) ions with the dia-
minosarcophagine ligand and then graing onto the surface of
SBA-15.109 Eight benzimidazoles were formed in good yields
under solvent-free conditions (Scheme 40).

Agrahari et al. synthesized new pincer type Ni(II)–Schiff base
complexes including [NiL1(PPh3)], [NiL2(PPh3)], [NiL3(PPh3)],
[NiL4(PPh3)], and [NiL4(4-MePy)] and utilized these compounds
as catalysts for the condensation reaction between aldehydes
and o-phenylenediamine. The reactions proceeded smoothly at
room temperature with low catalyst loading affording products
in good to excellent yields.110 A proposed reaction mechanism
was also presented (Scheme 41).
32746 | RSC Adv., 2023, 13, 32734–32771
Martins et al. developed a strategy for the assembly of 2-
substituted benzimidazoles starting from 1,2-diaminobenzene
and aldehydes in good yields.111 The synthesis used air as an
efficient oxidant and Ce(NO3)3$6H2O as a promoter (Scheme 42).

Digwal et al. described an efficient method for the
construction of benzimidazoles using VOSO4 as a catalyst.112

The method featured many merits such as high yields of
products, mild reaction conditions, broad substrate scope,
scalability, and recyclability of catalyst (Scheme 43).

Azizian et al. established an efficient approach for the
synthesis of benzimidazoles by the condensation reaction of o-
phenylenediamine with aldehydes using TiCl3OTf as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a catalyst.113 Thirteen products were afforded in good to excel-
lent yields under mild reaction conditions. The proposed
reaction mechanism is also included (Scheme 44).

Mahire et al. accomplished the synthesis of 2-substituted
benzimidazole and 1,2-disubstituted benzimidazole derivatives
using bismuth nitrate as a catalyst.114 A wide range of products
were produced in good yields at room temperature. A tentative
reaction mechanism describing the role of the bismuth nitrate
catalyst was also suggested (Scheme 45).

Bai et al. investigated an efficient strategy to access 2-
substituted benzimidazoles by the reaction of aldehydes and o-
phenylenediamine using sodium iodide and ammonium
molybdate as co-catalysts and hydrogen peroxide as an
oxidant.115 The products were obtained in high yields under
Scheme 46

© 2023 The Author(s). Published by the Royal Society of Chemistry
ultrasound irradiation. A plausible reaction mechanism was
also outlined (Scheme 46).

A simple, convenient, and highly efficient procedure for the
assembly of 2-arylbenzimidazoles using a chromium(III)–salen
complex as a catalyst and air as a green oxidant was completed
by Sharghi et al. Mild reaction conditions, short reaction times,
scalability, simple isolation of products, and excellent yields are
the main attractive features of the synthesis.116 Moreover, the
catalyst could be simply recovered and used for at least eight
consecutive runs without considerable loss of its catalytic
activity (Scheme 47).

Soleimani and Khodaei designed a facile protocol for the
construction of 2-substituted benzimidazoles by reactions of
1,2-phenylenediamines with aryl aldehydes using Ag2CO3/celite
as a solid catalyst.117 A library of products was delivered in
excellent yields in short times in ethanol (Scheme 48).

A palladium catalyzed, one-pot approach for the synthesis of
benzimidazoles using molecular oxygen as a sole oxidant and
Pd(OAc)2 as a catalyst was disclosed by Shaikh et al. A variety of
products was isolated in moderate yields.118 A reaction pathway
was also proposed (Scheme 49).

Merroun et al. discovered a green methodology to prepare
benzimidazoles through a condensation reaction of 1,2-
Scheme 48

Scheme 49
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diamino benzene and aromatic aldehydes using SnP2O7 as
a catalyst.119 The catalyst was obtained by adding MAP to
a solution of SnCl2. Ten products were produced with excellent
yields in short reaction times, and the catalyst was reused ve
times without a signicant decrease in the reaction yield
(Scheme 50).

Sankar et al. designed a facile procedure for the synthesis of
various benzimidazoles using NH2-MIL-125(Ti) MOF as a cata-
lyst.120 The products were delivered in good yields and the
catalyst could be recycled for ve consecutive cycles without
considerable loss of activity (Scheme 51).

Vallés-Garćıa et al. described the preparation of a nitro
functionalized chromium terephthalate [MIL-101(Cr)-NO2]
metal organic framework and the application of this material
for the construction of benzimidazoles.121 Fieen compounds
were produced in high yields with good catalyst recyclability
(Scheme 52).

Zhou et al. synthesized a novel organoantimony complex of
6-cyclohexyl-6,7-dihydrodibenzo[c,f][1,5]azastibocin-12(5H)-yl
nitrate and employed this material as a catalyst for the prepa-
ration of benzimidazole derivatives starting from aldehydes and
arylenediamines.122 A wide range of products were furnished in
Scheme 52

32748 | RSC Adv., 2023, 13, 32734–32771
good to excellent yields. Furthermore, the complex could be
easily recycled ve times in scale enlarged synthesis without any
signicant loss of catalytic activity (Scheme 53).

2.4. Without using a catalyst

Mekala et al. used polyethylene glycol (PEG-400) as an effective
medium for the one-pot synthesis of 1,2-disubstituted benz-
imidazoles from 1,2-phenylenediamines and aryl aldehydes.123

A set of products was synthesized in high yields and PEG-400
could be reused three times without loss of activity. A sug-
gested reaction mechanism was also presented (Scheme 54).

Bala et al. obtained 2-substituted benzimidazoles from 1,2-
phenylenediamines and aryl aldehydes by heating this mixture
in water at 80 °C.124 Various products were prepared in excellent
yields without using a catalyst (Scheme 55). In another report,
Scheme 54

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Mahato et al. demonstrated a metal-free approach for the
synthesis of 1,2-disubstituted benzimidazoles. The synthesis
was performed in water in the presence of air.125 Products were
provided in high yields and the method could be applied on the
gram scale (Scheme 56).

In research described by Elumalai et al., MeOH was chosen
as the medium for the assembly of 2-substituted benzimid-
azoles by the condensation of 1,2-diaminoarenes and aldehydes
in the presence of air.126 A library of products was achieved in
good yields in a short time under mild, catalyst and additive-
free reaction conditions. The synthesis could also be
expanded to the multi-gram scale (Scheme 57). Chaturvedia
et al. introduced the construction of 2-arylbenzimidazoles with
antimycobacterial activity in a molecular sieve-MeOH system
from o-phenylenediamines and aromatic aldehydes. In
Scheme 58

© 2023 The Author(s). Published by the Royal Society of Chemistry
general,127 products were afforded in good yields in a relatively
short time (Scheme 58). All synthesized compounds were
screened for antitubercular activity againstM. tuberculosis using
the BACTEC radiometric method. Compounds A and B showed
potential antitubercular activity against M. tuberculosis H37RV
with MIC values of 16 mM and 24 mM, respectively (Scheme 58).

Sutapin et al. carried out the condensation of phenylenedi-
amines with aromatic aldehydes to give benzimidazoles under
harsh conditions without using any catalyst.128 Two products
were formed in excellent yields under reduced pressure at 66.6
Pa and at room temperature (Scheme 59).

2.5. Using natural sources as catalysts

Prabakaran et al. developed an efficient methodology for the
synthesis of 2-substituted benzimidazole derivatives using
water extract of onion as a catalyst. The methodology provided
2-substituted benzimidazoles from aromatic aldehydes pos-
sessing electron-withdrawing groups, whereas aromatic alde-
hydes having electron donating groups selectively produced 1,2-
disubstituted benzimidazoles.129 The products were obtained in
high yields under mild reaction conditions (Scheme 60).
Scheme 60
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Gulati et al. introduced a facile protocol for the synthesis of
benzimidazoles mediated by fruit juices including Cocos
nucifera L. juice, Citrus limetta juice and Citrus sinensis L. juice,
by the condensation of substituted aldehydes and o-phenyl-
enediamine. Eight compounds were furnished under solvent-
free conditions at room temperature.130 All synthesized
compounds were evaluated for herbicidal activity against
Raphanus sativus L. (radish) seeds, antifungal activity against R.
Solani and C. gloeosporioides, and antibacterial activity against
Erwinia cartovora and Xanthomonas citri. The bioassay results
indicated that strong electron-withdrawing groups at the phenyl
ring showed a better activity prole than electron-donating
groups. A reaction pathway involving ascorbic acid catalysis
was also suggested (Scheme 61).
Scheme 63

32750 | RSC Adv., 2023, 13, 32734–32771
Kadu et al. utilized the aqueous extract of Acacia concinna
pods as a catalyst for the synthesis of 1,2-disubstituted benz-
imidazole derivatives.131 A series of products were achieved in
excellent yields under mild reaction conditions in short reac-
tion times (Scheme 62).
2.6. Using other catalysts

Kovvur et al. demonstrated a facile method for the synthesis of
functionalized benzimidazoles from o-phenylenediamines and
aldehydes using rose bengal as a photocatalyst. A huge library of
benzimidazoles were afforded under mild reaction condi-
tions.132 A plausible reaction mechanism was also proposed
(Scheme 63).

Shi et al. developed a practical method for the synthesis of
2,5-disubstituted benzimidazoles using Na2S2O5 as a catalyst
and an oxidant. A wide range of products was obtained in
moderate to excellent yields under microwave irradiation.133

Some synthesized compounds showed strong antibacterial and
antifungal activity (Scheme 64). Bioassay study revealed that
several synthesized compounds exhibited good antifungal
activity and broad-spectrum antibacterial activity. The MIC of
compounds C and D against the tested bacteria were both less
than 4 mg mL−1, and the lowest one was 2 mg mL−1. In addition,
compound D showed good antifungal activity against C. albi-
cans with an MIC of 4 mg mL−1.

Tayade and Pawar illustrated the synthesis of 2-substituted
benzimidazoles from aldehydes and o-phenylenediamine using
Scheme 65

Scheme 66

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sodium hypophosphite as a catalyst.134 The method featured
some advantages such as high yield, clean and easy work-up,
readily available catalyst, and short reaction time (Scheme 65).

Hossein Naeimi and Zahra Babaei completed a mild and
facile method for the synthesis of a series of 2-substituted
benzimidazoles in the presence of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) in acetonitrile.135 Fourteen products were
formed under mild reaction conditions in excellent yields
(Scheme 66).

Benzekri et al. introduced a protocol for the preparation of
benzimidazole derivatives using a hybrid crystal NH3(CH2)4-
NH3SiF6 as a mild and efficient heterogeneous catalyst.136 The
protocol offered some merits such as short reaction times,
absence of solvent, high efficiency, and recyclability of the
catalyst (Scheme 67).

Alapati et al. reported an efficient strategy for the synthesis of
substituted benzimidazoles from o-phenylenediamines and aryl
aldehydes using UHP and I2 in DMSO.137 A wide range of
products were isolated in good to excellent yields (Scheme 68).

Ramya et al. demonstrated a highly efficient approach for the
synthesis of a variety of 2-arylbenzimidazoles using Koser's
reagent [PhI(OH)OTs] as a catalyst. The advantageous features
of the synthesis include short reaction time, simple operation,
high efficiency, low catalyst loading, and scalability of the
catalyst.138 Some synthesized benzimidazoles displayed signi-
cant antiproliferative activity (Scheme 69).

Nile et al. established a simple method to access 2-aryl-1-
arylmethyl-1H-benzimidazoles using Amberlite IR-120 cata-
lyst.139 The method exhibited several salient features such as
green solvent, simple work-up procedure, short reaction time,
and good to excellent yields of products (Scheme 70).
Scheme 68

Scheme 69

© 2023 The Author(s). Published by the Royal Society of Chemistry
Kottayil et al. prepared a polyamine by the ring opening
polymerization of epichlorohydrin and employed it for the
synthesis of 2-arylbenzimidazoles from o-phenylenediamine
and different aldehydes.140 Low catalyst loading, short reaction
time, mild reaction conditions, high efficiency, simple work up
and easy product purication, and recyclability of the catalyst
are the salient features of the synthesis. A tentative reaction
pathway was also illustrated (Scheme 71).

Akande et al. performed the synthesis of a diverse library of
arylated benzimidazoles using sodium metabisulte (Na2S2O5)
as a catalyst.141 Products were obtained in modest to excellent
yields under thermal conditions. Some synthesized compounds
showed remarkable antidiabetic and antioxidant activities
(Scheme 72).

Tian et al. achieved a methodology for the synthesis of N-
thiomethyl benzimidazoles from o-phenylenediamines, thio-
phenols, and aldehydes. Three C–N bonds and one C–S bond
were formed in one pot with high chemoselectivity.142 A vast
variety of products were delivered in acceptable yields
(Scheme 73).

Hu et al. investigated a practical method for the construction
of N-protected benzimidazoles based on intramolecular C–H
amidation using molecular iodine as an oxidant.143 A diverse
series of products were achieved in modest to excellent yields at
Scheme 72
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room temperature with a broad substrate scope (Scheme 74). A
reaction mechanism was also illustrated.

3. Benzimidazole synthesis by
condensation of 1,2-benzenediamine
or its analogues with other substrates
3.1. By condensation of 1,2-benzenediamines with primary
alcohol

Daw et al. developed a base-metal-catalyzed dehydrogenative
strategy for the synthesis of 2-substituted benzimidazoles from
Scheme 75

32752 | RSC Adv., 2023, 13, 32734–32771
primary alcohols and aromatic diamines.144 A diverse series of
products were provided in good yields (in most cases) under
cobalt pincer complex catalysis (Scheme 75).

Sharma et al. described the synthesis of four complexes [(h5-
Cp*)Ir(L)Cl][PF6] by treatment of different lignans with [(h5-
Cp*)IrCl(m-Cl)]2, at 25 °C, followed by NH4PF6. These
complexes then were examined as catalysts for the preparation
of 1,2-disubstituted benzimidazoles from benzylic alcohols
and o-phenylenediamines.145 Products were obtained in good
to excellent yields under thermal and aerobic conditions
(Scheme 76).

Mogharabi-Manzari et al. designed the synthesis of a high-
performance heterogeneous catalyst by separately immobiliz-
ing laccase and TEMPO on magnetic nanoparticles. This cata-
lyst was applied for the synthesis of benzimidazole from
benzylic alcohols and o-phenylenediamines. Various products
were afforded in good yields and the catalyst could be recycled
for several runs without signicant loss of catalytic activity.146 A
reaction pathway was also described (Scheme 77).

Wang et al. employed an amphiphilic catalyst TEMPO–
PEG4000–NHC–Cu(II) complex for the one-pot aerobic oxidative
Scheme 77

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesis of benzimidazoles from benzyl alcohols and o-phe-
nylenediamines.147 Moderate to excellent yields of products
were observed and the catalyst could be recycled and reused
without considerable decrease in reaction yields aer six runs
(Scheme 78). A reaction mechanism was also suggested.

Marri et al. designed an efficient procedure for the one-pot
synthesis of benzimidazoles by the reaction between benzyl
alcohols and 1,2-diaminoarenes.148 A diverse library of products
was produced in moderate to excellent yield under solvent- and
catalyst-free conditions (Scheme 79).

Zuo et al. demonstrated the synthesis of a Co(II) complex
from quinalic acid and Co(OAc)2$4H2O and the use of this
complex as a catalyst for a dehydrogenative coupling of
aromatic diamines and primary alcohols to prepare 2-
substituted benzimidazoles. A wide range of products were
furnished in good to excellent yields under aerobic mild reac-
tion conditions.149 A plausible reaction mechanism was
proposed based on functional theory study (Scheme 80). In
particular, a compound with anti-Parkinson activity was ob-
tained on the gram-scale.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. By condensation of 1,2-benzenediamines with primary
amines

A novel strategy for the synthesis of benzimidazoles from 1,2-
diaminoarenes and various benzylamines was completed by
Naresh et al.150 The iodine-mediated synthesis was performed
under aerobic andmild conditions to give products inmoderate
to good yields (Scheme 81).

Dong et al. disclosed an oxidative coupling of benzylamines
with 1,2-diaminoarenes to prepare benzimidazole derivatives.151

Fourteen products were delivered in moderate to excellent
yields under an atmosphere of oxygen by using a 4,6-dime-
thoxysalicylic acid catalyst (Scheme 82).

Yu et al. established an efficient approach to access benz-
imidazoles by the reaction between aromatic primary amines
and o-phenylenediamines using Fe(NO3)3 and TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxyl) as a catalytic system and air as an
oxidant.152 Various products were formed in good to excellent
yields under aerobic and solvent-free conditions (Scheme 83). A
tentative reaction pathway was presented.

Vasu et al. described a straightforward approach for the
assembly of benzimidazoles using an Al-MCM-41 heteroge-
neous catalyst. Numerous products were afforded in good
yields.153 Furthermore, the synthesis could be expanded to
a gram scale reaction and the catalyst could be recycled for up to
Scheme 82
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ve cycles without considerable loss of its catalytic activity
(Scheme 84).

Bermejo-López et al. discovered a new approach for the
synthesis of benzimidazole, aerobic photo-oxidative cross-
condensation of o-phenylenediamines with benzylic amines
using a PCN-222 Pd complex as a catalyst. Products were ob-
tained in moderate to excellent yields under mild conditions
and blue light irradiation.154 The catalyst PCN-222(Pd) could be
recycled maintaining yields over 90% aer ve runs. The
approach was efficiently applied for the synthesis of an anti-
tumor agent PMX-610 (Scheme 85).
Scheme 87
3.3. By condensation of 1,2-benzenediamines with b-keto
ester

Liu et al. introduced the synthesis of 2-substituted benzimid-
azoles from o-phenylenediamines and diverse b-ketoesters
using a-chymotrypsin as a catalyst. A wide range of benzimid-
azole derivatives were produced in good to excellent yields.155 A
reaction mechanism was also suggested for the synthesis
(Scheme 86).
32754 | RSC Adv., 2023, 13, 32734–32771
Dayakar et al. developed a protocol for the construction of
1H-benzimidazoles through the condensation of o-phenyl-
enediamines with ethyl 4-chloro-3-oxobutanoate using an SnCl2
catalyst.156 A reaction pathway was also described for the reac-
tion (Scheme 87).

The Maiti group introduced an efficient methodology to
access substituted benzimidazoles via the reaction between b-
ketoesters or amides and o-phenylenediamines using silica
supported ferric chloride (3 mol%) as a catalyst.157 Products were
isolated in high yields and the catalyst could be recycled for up to
ve cycles without a considerable decrease in the reaction yields
(Scheme 88). A reaction mechanism involving the role of the
catalyst was proposed. The group also employed 1-butyl-3-methyl
imidazolium bromide as a catalyst for the assembly of benz-
imidazoles. The condensation reaction between 1,2-dia-
minobenzenes and b-ketoesters or amides occurred at elevated
temperature and formed products in good to excellent yields.158 A
reaction pathway involving the formation of a 1,5-benzodiaze-
pinone intermediate was presented (Scheme 89).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Deb et al. established a straightforward approach for the
synthesis of dimethyl acetal protected benzimidazole-2-
carboxaldehydes from 1,2-diaminobenzenes and methyl 4,4-
dimethoxy-3-oxobutanoate using imidazolium ionic liquid
HBIm$TFA as a catalyst.159 Advantages of the approach include
short reaction times, mild reaction conditions, high efficiency,
easy purication of products, recyclability of the catalyst, and
scalability (Scheme 90).

Man et al. demonstrated a novel procedure for the prepara-
tion of N-aryl benzimidazoles through the condensation of N1-
(aryl)benzene-1,2-diamines with multicarbonyl compounds. A
huge library of products was achieved in high yields with
excellent enantioselectivity. In addition, the synthesis could be
expanded to the gram scale.160 A reaction mechanism
describing the catalyst's role was outlined (Scheme 91).
Scheme 91
3.4. By condensation of 1,2-benzenediamines with
carboxylic acid and its derivatives

Basuri et al. designed a novel route for the synthesis of benz-
imidazoles from 1,2-aromatic diamines and carboxylic acids.
The condensation reaction occurs in electrostatically charged
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 32734–32771 | 32755
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microdroplets generated using a nano-electrospray (nESI) ion
source.161 Ten of eleven products were obtained in high yields
(Scheme 92).

Castillo-Aguilera et al. accomplished the synthesis of a range
of benzimidazol-2-yl alkylalkanols and benzimidazol-2-yl alkyl-
amines through the reaction of o-phenylenediamine with
lactones or lactams.162 The synthesis was suitable for a wide
range of substrates (Scheme 93).

Saptal et al. prepared ruthenium nanoparticles (Ru NPs)
supported on polymeric ionic liquids (PILs) and employed this
material as a catalyst for the synthesis of benzimidazoles from
1,2 diamines and carbon dioxide.163 Products were afforded in
high yields and the catalyst could be recycled for ve consecutive
runs without signicant decrease in reaction yield (Scheme 94).
Interestingly, this protocol also could be also applied for the
tandem reduction of 2-nitroamines and CO2 to synthesize
benzimidazoles, although lower yields were observed.

Khatun et al. synthesized copper nanoparticle embedded
COF (Cu-NPs@COF) and utilized this material as a catalyst to
access benzimidazoles via the incorporation of carbon dioxide
in o-phenylenediamines.164 Products were achieved in moderate
to excellent yields. Furthermore, the catalyst could be reused for
up to six cycles without considerable loss of its catalytic activity
(Scheme 95).

Li et al. utilized CO2 as a low-cost C1 resource to obtain
benzimidazole based on a base-promoted reductive function-
alization with 1,2-phenylenediamines.165 The synthesis used
Scheme 94

32756 | RSC Adv., 2023, 13, 32734–32771
inexpensive acetate salt CH3COOK as a catalyst and delivered
products in moderate to excellent yields under mild conditions
(40 °C, 1 bar CO2) (Scheme 96). A reaction pathway was also
suggested.

Huang et al. reported the synthesis of benzimidazoles
starting from N-formyl imide and 1,2-phenylenediamines.166

Moderate to excellent reaction yields were observed for a wide
variety of products (Scheme 97).

Gan et al. discovered a facile strategy for the construction of
benzimidazoles and 2-substituted benzimidazoles by the reac-
tion between o-phenylenediamines and DMF derivatives.167 The
imidazolium chloride-catalyzed cyclization reaction formed
products in moderate to excellent yields with broad substrate
scope (Scheme 98). A tentative reaction pathway was also
suggested.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5. By reactions of 1,2-benzenediamines with other
functional groups

Shaabani and Hezarkhani synthesized biopolymer-supported
ferrite nanocatalysts and applied them as catalysts for the
assembly of 2-aryl-1H-benzimidazole using air as an oxidant.168

A diverse range of products were achieved inmodest to excellent
yields and the catalysts could be recycled several times without
loss of their activity (Scheme 99).

Yaragorla and Babu established an oxidative Csp3–H func-
tionalization of 2-methylazaarenes for the construction of 2-
azaarenyl benzimidazoles.169 The I2–DMSO-promoted reaction
generated products in good to excellent yields (Scheme 100). A
proposed reaction mechanism was illustrated for the 2-methyl
quinoline substrate.

Garrido et al. demonstrated a straightforward approach for
the preparation of functionalized benzimidazoles by the reac-
tion between 3,3-dihalogenoacrolein and diaminobenzenes.170

The one-pot reaction afforded products in good yields under
metal-free and mild conditions (Scheme 101). A plausible
reaction mechanism was also described.

Duangkamol et al. discovered an efficient oxidative cyclo-
desulfurization method to access substituted 2-amino-
benzazoles starting from isothiocyanates and o-
phenylenediamines using periodate as a terminal oxidant.171 A
wide range of products were furnished in moderate to excellent
yields (Scheme 102).
Scheme 99

© 2023 The Author(s). Published by the Royal Society of Chemistry
Kasthuri et al. illustrated a facile synthesis of 2-amino-
benzimidazole derivatives from N-cyano-N-phenyl-p-toluene-
sulfonamide (NCTS) with various benzene-1,2-diamines.172

Products were isolated in moderate to good yields in a relatively
short reaction time (Scheme 103).

Xia et al. disclosed an efficient methodology for the
construction of benzimidazoles containing chiral side chains
starting from cyclopropyl ketones with aryl 1,2-diamines under
Sc(III) complex catalysis. A sequence of ring-opening/cyclization/
retro-Mannich reactions was proposed to occur.173 A huge
library of products was achieved in moderate to excellent yields
with excellent enantioselectivities (Scheme 104).

Rapolu et al. described an efficient one-pot procedure for the
preparation of 2-ethylamino benzimidazole from o-phenyl-
enediamines with EDC$HCl.174 The microwave-assisted
synthesis gave products in high yields in a short reaction
time. A reaction mechanism was also outlined (Scheme 105).

Li et al. obtained benzimidazoles by treatment of nitroolens
and o-phenylenediamine with silica gel catalyst in water.175

Products were generated in high yields with operational
simplicity. A plausible reaction mechanism was described
(Scheme 106).
RSC Adv., 2023, 13, 32734–32771 | 32757
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Liu et al. designed a protocol to access 2-amino-
benzimidazoles from 2-aminoanilines and isonitriles.176 The
cobalt-catalyzed synthesis delivered 2-aminobenzimidazoles in
modest to excellent yields (Scheme 107).
32758 | RSC Adv., 2023, 13, 32734–32771
Zhu et al. illustrated a practical protocol to access 2-unsub-
stituted benzimidazoles by treatment of 2-aminoanilines with
DMSO at elevated temperature.177 The NH4OAc-promoted reac-
tion provided products in acceptable yields with broad
substrate scope (Scheme 108).

Almansour et al. disclosed a versatile green method for the
highly selective construction of 2-aryl benzimidazoles from
aromatic 1,2-diamines with a series of substituted arylthiopro-
lines.178 Five products were afforded in very good yields in short
reaction times under mild reaction conditions (Scheme 109).

Yu et al. established an efficient procedure to access benz-
imidazoles from imine derivatives with o-phenylenediamines by
a Fe(NO3)3$9H2O catalyzed aerobic oxidation reaction.179 A huge
© 2023 The Author(s). Published by the Royal Society of Chemistry
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library of products was furnished inmoderate to excellent yields
(Scheme 110).

Thapa et al. developed an iron-catalyzed oxidative coupling
approach to access 1,2-disubstituted benzimidazoles from
mono- and di-substituted ortho-phenylenediamines.180 The
synthesis used O2 as an oxidant and was suitable for a wide
range of substrates (Scheme 111).

Ma et al. prepared 1,2-disubstituted benzimidazoles from
N,N′-dialkyl o-phenylenediamines via intramolecular dehydro-
genative coupling under the oxidation of DDQ.181 Products were
furnished in high yields under mild conditions. A plausible
reaction mechanism was suggested (Scheme 112).

A facile methodology for the synthesis of 2-substituted
benzimidazole was introduced by Patil et al. via a tandem
reaction following sp3 C–H functionalization using tert-butyl
hydroperoxide (TBHP) as an oxidant.182 A diverse range of
products were generated in moderate to excellent yields under
mild conditions (Scheme 113).
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.6. By reactions of o-nitroaniline

Naeimi et al. examined an efficient protocol to access 2-
substituted benzimidazoles from o-nitroaniline and aryl alde-
hydes using Na2S2O4 as a catalyst.183 A series of products was
provided in excellent yields in a short time under microwave
irradiation (Scheme 114).

Arya et al. prepared silver nanoparticles using green algae
(Botryococcus braunii) and employed this material as a catalyst
for the synthesis of benzimidazoles from o-nitroaniline and
aldehydes.184 Products were generated in moderate to good
yields under mild reaction conditions (Scheme 115).
RSC Adv., 2023, 13, 32734–32771 | 32759
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Özil et al. designed the synthesis of a series of 2-(aryl)-6-
morpholin-4-yl(or 4-methylpiperazin-1-yl)-1H-benzimidazole
derivatives from 5-morpholin-4-yl(or 4-methylpiperazin-1-yl)-2-
nitroaniline and various aldehydes. The microwave synthesis
gave better yields than the conventional heating method. All the
synthesized species exhibited very high radical scavenging
activities using the ABTSc+ and DPPHc methods. Some
compounds showed much better a-glucosidase inhibitory
activity than the standard acarbose.185 The a-glucosidase
inhibitory study indicated that the hydroxyl group at the para
position is essential to the exhibition of biological activity, and
that the introduction of a piperazine or morpholine group
would potentially increase the binding affinity and yield higher
inhibitory activity. A reaction mechanism was proposed for the
formation of benzimidazoles (Scheme 116).

Rodŕıguez-Huerto et al. developed an efficient method to
access N-arylmethyl-2-substituted benzimidazoles from
32760 | RSC Adv., 2023, 13, 32734–32771 © 2023 The Author(s). Published by the Royal Society of Chemistry
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nitroarenes and aldehydes.186 The synthesis was performed in
a tin(II) chloride dihydrate/choline chloride eutectic mixture to
provide products in good to excellent yields. A reaction pathway
was also described (Scheme 117).

Kumar et al. introduced an efficient approach to construct
1,2-disubstituted benzimidazole-5-carboxylates from 4-(alkyl/
arylamino)-3-nitrobenzoates and aldehydes via a one-pot
nitroreductive cyclization process using sodium dithionite.187

A diverse library of products was produced in good to excellent
yields in a very short reaction time (Scheme 118). A reaction
mechanism was also presented.

Nguyen et al. completed the synthesis of benzimidazoles
starting from o-nitroanilines and benzyl alcohols through an
unbalanced redox condensation reaction using sodium sulde
(40 mol%) in combination with iron(III) chloride hexahydrate
(1 mol%) as a catalyst system.188 A wide range of products was
furnished in modest to excellent yields (Scheme 119).
Scheme 118

Scheme 119

Scheme 121

© 2023 The Author(s). Published by the Royal Society of Chemistry
Li et al. used [1,10-bis(diphenylphosphino)ferrocene]
dichloropalladium(II) (Pd(dppf)Cl2) as a catalyst for the
synthesis of 2-substituted benzimidazoles via a hydrogen-
transfer strategy.189 A set of 2-substituted benzimidazoles were
obtained in good to excellent yields (Scheme 120).

Putta et al. demonstrated an iron-catalyzed hydrogen trans-
fer protocol to access benzimidazoles via the redox condensa-
tion of o-nitroanilines with primary alcohol.190 Various products
were generated in good yields under thermal conditions
(Scheme 121).

Feng et al. utilized a Cu–Pd/g-Al2O3 catalyst for the assembly
of benzimidazole derivatives via a sequence of hydrogenation
transfer and cyclization coupling. The use of Cu and Pd was
responsible for the dehydrogenation of the primary alcohol and
hydrogenation of o-nitroaniline.191 Various products were fur-
nished in high yields and the catalyst could be recycled for
several runs without a signicant decrease in reaction yields
(Scheme 122).

Duan et al. demonstrated a methodology to access 2,5-
disubstituted benzimidazoles from 2-nitro-5-substituted
anilines by a reductive cyclization reaction using stannous
chloride dihydrate as a catalyst.192 All products were furnished
in excellent yield under mild reaction conditions (Scheme 123).
Scheme 122
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Rasal et al. developed a method for the one-pot synthesis of
benzimidazole from o-nitroanilines and DMF using CuFe2O4 as
a catalyst.193 The catalyst was easily recovered by an external
magnetic eld and reused at least three times without consid-
erable loss of its activity (Scheme 124).
Scheme 126
4. Benzimidazole synthesis without
using 1,2-benzenediamine or its
analogues

The Mamedov group explored a facile approach for the
assembly of 7-(benzimidazol-2- yl)lumazines (7-(benzimidazol-
2-yl)pteridine-2,4(1H,3H)-diones) from quinoxalin-2-one deriv-
atives and 2,4,5-triamino-6-oxypyrimidines. A sequence of
addition of nucleophile, ring opening, and ring closure was
proposed to occur in one pot.194 A vast number of products was
achieved in high yields (Scheme 125). The group also achieved
an efficient strategy for the construction of substituted 2,2′-
bibenzimidazoles starting from 3-cyanoquinoxalin-2(1H)-ones
and 1,2-diaminobenzenes.195 The reaction proceeded via
a sequence of nucleophilic addition, electrophilic substitution,
and Mamedov rearrangement. A wide range of products was
obtained in high yields (Scheme 126).
32762 | RSC Adv., 2023, 13, 32734–32771
Mahesh et al. established a novel methodology toward
substituted benzimidazoles from anilines, aldehydes, and
TMSN3.196 The one-pot, multicomponent reaction proceeds
smoothly to afford products inmodest to good yields with broad
substrate scope (Scheme 127). A reaction pathway was also
described.

Chen et al. demonstrated an efficient protocol to access
benzimidazole derivatives starting from N-alkyl-2-iodoaniline
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05960j


Scheme 127

Scheme 129

Scheme 130

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/0
1/

20
26

 1
2:

01
:2

5 
PG

. 
 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
and sodium azide via copper-catalyzed double C–N bond
formation.197 A sequence of SNAr reaction, aerobic oxidation of
C(sp3)–H bonds and intramolecular C–N bond formation under
CuI catalysis was proposed to occur. A library of products was
obtained in acceptable yields (Scheme 128).

Xie et al. developed an efficient strategy for the preparation
of benzimidazole from arylboronic acid and aldehydes, and
TMSN3.198 A mechanistic study revealed that a sequence of
copper-promoted Chan–Evans–Lam coupling, C–H amination,
and oxidative cycloaddition occurred (Scheme 129).

Somayeh Behrouz disclosed a highly efficient procedure for
the assembly of 1-H-2-substituted benzimidazole derivatives
from various 2-bromoanilines, aldehydes, and [Bmim]N3. The
one-pot three-component reaction was catalyzed by copper-
doped silica cuprous sulfate (CDSCS) and gave products in
good to excellent yields.199 Furthermore, the catalyst could be
Scheme 128

© 2023 The Author(s). Published by the Royal Society of Chemistry
recovered and reused for several runs without considerable loss
of its activity (Scheme 130).

Boratyński et al. introduced the synthesis of new enantio-
meric benzimidazoles from enantiomeric trans-1,2-dia-
minocyclohexane in several steps200 (Scheme 131).

Li et al. discovered an efficient protocol to access 2-
substituted benzimidazoles based on an NNP-type pincer ligand
promoted Cu-catalyzed Ullmann condensation reaction of o-
halobenzanilides with ammonia.201 A diverse library of products
was afforded in high yields. A tentative reaction mechanism was
also presented (Scheme 132).

Zhang et al. described a methodology for the preparation of
N-Ts benzimidazoles via a Beckmann-type rearrangement of o-
aminoaryl N–H ketimines, which were generated by condensa-
tion of ammonia with ketones. (Diacetoxyiodo)benzene might
act as an efficient oxidant to trigger the [1,2]-aryl migration.202

The method was successfully applied to the preparation chlor-
midazole and clemizole, two marketed drugs (Scheme 133).

Ansari et al. obtained N-alkoxy-2H-benzimidazoles from 2-
nitro-N-(2-methyl-1-propen-1-yl)benzenamines by treatment
with potassium tert-butoxide followed by the addition of MeI.203
Scheme 131
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Various products were produced in moderate to excellent yields
under mild reaction conditions. A reaction pathway was also
proposed (Scheme 134).

Joardar et al. achieved a one-pot intramolecular nitro
reduction/cyclization reaction for the synthesis of substituted
benzimidazoles.204 A wide range of products was isolated in
moderate to excellent yields under mild conditions
(Scheme 135).
Scheme 134

32764 | RSC Adv., 2023, 13, 32734–32771
Maitia and Mala introduced an efficient approach to access
substituted benzimidazoles via phenyliodine diacetate (PIDA)-
mediated C(sp2)–H amidation.205 A huge number of benzimid-
azole products were furnished in good to excellent yields under
mild reaction conditions in the open air (Scheme 136).

Yu et al. developed a procedure for the assembly of 1,2-
disubstituted benzimidazoles from 1,2-dihaloarenes and N-
arylamidines using copper oxide nanoparticles as a catalyst. In
general, the products were formed in good to excellent yields.206

In addition, the catalyst could be recycled and reused without
any considerable loss of the catalytic activity (Scheme 137).

Shaik et al. investigated the synthesis of 2-(N-aryolamino)
benzimidazoles involving a C–N cross-coupling reaction.207 A
diverse range of products was achieved in moderate to excellent
yields (Scheme 138).

Mirza and Zeeb established a novel method to access benz-
imidazole derivatives from 1-uoro-2-nitrobenzene and various
arylamines.208 The CuBr-catalyzed oxidation and cyclization
reaction provided products in good yields (Scheme 139).
Scheme 136

Scheme 137

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Liu et al. demonstrated a metal-free synthesis of N-1-alkyl-2-
unsubstituted benzimidazoles from o-uoro aryl formamidines
and primary amines.209 The one-pot displacement of –F by the
primary amine and cyclization was performed in a microwave
reactor (Scheme 140).

Kurhade et al. disclosed an efficient one-pot protocol for the
construction of N-substituted benzimidazoles starting from 2-
Scheme 140

© 2023 The Author(s). Published by the Royal Society of Chemistry
uoro-5-nitrophenylisocyanide and primary amines.210 Various
products were generated in modest to excellent yields
(Scheme 141).

Quadri et al. completed the preparation of 2-substituted
benzimidazoles from 2(3H)-benzimidazolones and amines
mediated by 2-nitropyridine and triic anhydride.211 Eight
products were achieved in excellent yields (Scheme 142).

Chen et al. prepared benzimidazole derivatives by treatment
of 2-(N-Boc-amino)phenylisocyanide with carboxylic acids In
DCE.212 Five products were obtained in good yields under
microwave irradiation (Scheme 143).

In a study reported by Saha et al., 2-substituted benzimid-
azoles were synthesized from 2-aminobenzyl alcohol/2-
aminobenzamide and different coupling partners (nitriles,
aldehydes and 1,3-diketones). A sequence of C–N bond forma-
tion, cyclization, subsequent ring contraction and dehydroge-
nation was proposed to occur.213 The iodine and TBHP
Scheme 143
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promoted syntheses furnished products in modest to good
yields under mild reaction conditions (Scheme 144).

Liu et al. introduced a facile strategy to access 2-substituted
benzimidazoles from o-haloarylcarbodiimides with active
methylene compounds.214 The copper-catalyzed synthesis was
performed under mild reaction conditions and resulted in
products in good yields (in most cases) for a wide range of
substrates (Scheme 145).

Park et al. developed a methodology for the assembly of
benzimidazoles starting from oxadiazolines through nitrene
intermediates. A sequence of homolytic N–O bond cleavage and
concomitant C–N bond cleavage was proposed to generate
nitrene, which the underwent intramolecular aromatic substi-
tution to furnish functionalized benzimidazoles.215 A wide
Scheme 145

Scheme 148

32766 | RSC Adv., 2023, 13, 32734–32771
range of products were afforded in acceptable to excellent yields
under mild photocatalytic reaction conditions (Scheme 146).

Bie et al. investigated a novel approach to access N-
substituted benzimidazoles using aromatic formamidines and
primary amines as starting materials.216 The Pd-catalyzed reac-
tion furnished products in moderate to good yields with broad
substrate scope (Scheme 147).

Chen et al. examined a procedure to prepare 1-aryl-1H-
benzimidazoles from 4-methoxyazobenzenes.217 The products
were generated in good yields when the reactants were
Scheme 149

© 2023 The Author(s). Published by the Royal Society of Chemistry
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irradiated in acetal containing 0.16 M hydrochloric acid for 40
minutes (Scheme 148).

Xu et al. achieved an efficient protocol for the construction of
2-triuoromethyl-benzimidazoles starting from tri-
uoroacetimidoyl chlorides and amines using a copper doped
g-C3N4 catalyst.218 Various products were furnished in good to
excellent yields (Scheme 149).

5. Conclusion

In conclusion, this article has summarized studies on the
synthesis of benzimidazole derivatives over a decade and given
brief descriptions of the biological applications of benzimid-
azole derivatives. The condensation of 1,2-benzenediamine or
its analogues with aldehydes or primary alcohols has received
much attention from chemists, and numerous studies based on
this method have been published recently. Furthermore, many
novel methods using different substrates with high efficiency or
employing environmentally benign procedures have been
investigated. Undoubtedly, more facile, environmentally
friendly, and efficient strategies to prepare benzimidazole-
based compounds will be developed in the near future. The
application of benzimidazole synthesis to natural product
synthesis and drug synthesis is probably the next challenge in
the eld. This review article summarizes up-to-date articles,
deals with a great number of studies, covers all aspects of
benzimidazole synthesis, and describes the reaction pathways
in most studies.
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468–477.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05960j


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/0
1/

20
26

 1
2:

01
:2

5 
PG

. 
 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
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