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otifs in drug discovery:
sustainable synthetic strategies and emerging
biological applications
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Benzimidazole compounds have laid a strong foundation both in the domains of synthetic organic

chemistry and in biological advances. The green synthesis of these materials, which favour sustainability

with respect to nature is highly important. Photocatalysis, microwave-assisted and ultrasound-assisted

synthesis of benzimidazoles have numerous advantages over conventional methods of synthesis. Various

modes of synthesis and catalysis have been developed to take benzimidazole chemistry to different

levels, producing attractive compounds in high yields and lowering the formation of impurities. Apart

from their synthetic protocols, benzimidazoles have shown great performance in their biological actions

in antimicrobial, anticancer, anti-inflammatory and antimycobacterial evaluations. Therefore, we here

discuss recent progress in the green synthetic methods of benzimidazoles with their advances in

producing biologically active compounds – possibly future potential drug candidates!
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1 Introduction

Azoles have attracted great biological interest from chemists
and biologists worldwide.1–4 Their synthesis is a prime aspect of
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importance, focusing on their sustainability, eco-friendly
protocols, and green principles for their production.5,6 Like-
wise, benzimidazole has le an indelible mark both in the elds
of synthetic and medicinal chemistry.7,8 Benzimidazole is an
aromatic system comprising of fused six- and ve-membered
rings having two nitrogen atoms as in imidazole.9,10 Basically,
benzimidazole is amphoteric having the properties of both
acidic and basic nature. The 2-position of benzimidazole is
highly susceptible for substitution and modication and this
has been a site of medicinal interest for many years now.11,12 The
impact of benzimidazole drugs in market has been instru-
mental in boosting and accelerating research on benzimidazole
core molecules.13,14 As years progress, the cost-effectiveness of
drugs have been increasing and have kept helping mankind to
deliver good treatment for various types of ailments. Speci-
cally, benzimidazole drugs are sold worldwide as antimicro-
bials,15,16 anthelmintics,17,18 anticancer,19,20 anti-
inammatory,21,22 antitubercular23,24 agents etc. Benzimidazoles
are interesting heterocyclic molecules that have signicantly
contributed to the eld of biology. There are several drugs
available on the market, that aid in treating various diseases
and health-related ailments. Few of them, including liarozole,25

pracinostat,26–28 telmisartan,29–31 ridinilazole,32,33 omepra-
zole,34,35 tiabendazole,36 ubendazole,37,38 mebendazole,39,40 and
albendazole41,42 etc. have greatly inuenced the synthesis of
Fig. 1 Few commercially available benzimidazole-containing drugs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
similar benzimidazole-containing heterocyclic analogues
(Fig. 1).

Conventional techniques for performing organic synthetic
reactions encounter limitations, including extended reaction
durations, unsatisfactory yields, excessive use of solvents,
expensive reagents, hazardous chemicals, and elevated reaction
temperatures, ultimately resulting in products that are not
economically viable. Heterogeneous systems can lead to chal-
lenges with mass transfer resistance, which varies according to
the number and different type of phases involved. Additionally,
these systemsmay cause agglomeration of particles, a reduction
in the surface area, and consequently a decrease in the reaction
rate. To address these problems and challenges, employing
ultrasound emerges as an economical approach to enhance
a variety of reactions, including both aqueous and non-aqueous
homogeneous reactions, heterogeneous reactions, phase-
transfer reactions, metal–organic frameworks, and bio-
enzymatic processes, among others.43–46 Numerous name reac-
tions, multicomponent synthesis, cycloadditions etc., have been
reported using photocatalysis, microwave and ultrasound
techniques to produce compounds in high yields in the shortest
time possible.47–50 Likewise, they have great scope for the
synthesis of azoles such as benzimidazoles, the target
compound of this review.
RSC Adv., 2026, 16, 19470–19498 | 19471
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This review highlights the importance of sustainable
approaches for the synthesis of benzimidazoles and recent
advancements in biological insights. Green techniques have
taken a major role in synthesizing benzimidazole and their
fused derivatives. The scope of the review lies on providing
sustainable and greener impact of synthetic methods having
a coverage of past ve years. Nevertheless, his would greatly
help in understanding the chemistry behind biologically active
benzimidazoles. Their structure–activity relationship (SAR) is
discussed to understand the inuence of various substituents at
different positions of benzimidazoles. With this intent,
advances in green synthetic approaches and biological evalua-
tions, including antimicrobial, anticancer, anti-inammatory
and antimycobacterial evaluations, are discussed in detail,
which could pave the way for the growing phase of drug
discovery and benzimidazole-based chemistry.
2 Sustainable synthetic strategies of
benzimidazoles and their fused
heterocycles
2.1 Photocatalysis

Photocatalysis has been a widespread method for the develop-
ment of various heterocyclic scaffolds of medicinal interest.
Over the years, several modications have been made, resulting
in the efficient synthesis of organic compounds.51,52 It is
a wonderful phenomenon for the generation of biologically
active heterocycles.53,54 As a greenmethod of synthesis, there are
various attempts being made worldwide for the successful
production of interesting fused heterocycles such as benz-
imidazole.55,56 Various catalysts have enhanced the performance
of the reaction by signicantly accelerating the rate of reactions
and triggering the formation of products from condensations,
cyclizations etc.57,58 Likewise, their optimizations have paved
Scheme 1 ZrOSO4@C photocatalyzed synthesis of benzimidazole deriv

19472 | RSC Adv., 2026, 16, 19470–19498
a new way for scale-up processes in industries and pharma-
ceutical companies.

Abdelhamid and coworkers prepared benzimidazole deriva-
tives via photocatalysis promoted by metal–organic framework-
derived ZrOSO4@C. Zirconium oxosulfate was embedded in
carbon for this organic synthesis of benzimidazole motifs. UiO-
66, a metal organic framework was used as the precursor for the
synthesis involving carbonization in the presence of conc.
sulfuric acid. o-Phenylenediamine 1 was reacted with different
aldehyde derivatives 2 in the presence of DMF with minimal
incorporation of the Zr catalyst in the reaction medium. This
was subjected to light radiation for approximately one hour or
without light for 6–8 h at room temperature to yield benz-
imidazole products 3 in excellent yields ranging from 77–96%.
Here, condensation and cyclization took place in a single vessel
with the triggering action of the Zr catalyst (Scheme 1) (Fig. 2).59

Tayebee et al. demonstrated a method of using a TiO2/
AgSbO3 nanophotocatalyst for the efficient synthesis of benz-
imidazoles 5. Various benzyl alcohol substituents 4 were mixed
with o-phenylenediamine 1 in the presence of ethanol with the
desired amount of photocatalyst. The reaction vessel was illu-
minated with a green laser with an absorption maximum of
535 nm and the products were puried via column chroma-
tography to achieve yields ranging from 89–96% (Scheme 2).60

However, TiO2 remains the most widely studied photo-
catalyst for organic reactions because of its remarkable prop-
erties, such as excellent stability, good catalytic activity,
nontoxicity and low-cost. In contrast, its lower quantum effi-
ciency and wide band-gap remain crucial factors for its use to be
limited in terms of experimental aspects. However, many reac-
tions are reported to be driven by visible light, among which
NiO-doped graphitic carbon nitride photocatalyst successfully
resulted in the production of benzimidazoles. o-phenyl-
enediamine 1 when treated with various aromatic aldehydes 6
in the presence of methanol, irradiated with 12 W white LED
atives 3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Plausible mechanism for the formation of benzimidazole 3.

Scheme 2 TiO2/AgSbO3 catalyzed synthesis of benzimidazoles 5.
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light for 3–4 h furnished benzimidazole hybrids 7 in high yields.
The NiO@g-C3N4 photocatalyst showed excellent sustainability,
reusability and efficiency, highlighting its superior performance
in synthetic procedures (Scheme 3).61

Wang et al. reported a new radical route for the synthesis of
benzimidazoles 10 via a radical-induced cross-coupling reaction
between various o-phenylenediamine derivatives 8 and different
classes of alcohols 9. Here, the initiation of the reaction was
facilitated by the highly reactive C-centered radicals produced
from alcohols, preventing the formation of aldehyde intermedi-
ates and evolving H2 gas as a solar fuel, contributing to high-atom
© 2026 The Author(s). Published by the Royal Society of Chemistry
economy. The simultaneous production of H2 is the key aspect of
this work along with the synthesis of different benzimidazole
derivatives in good yields undermild conditions enabling the use
of Xe lamps. Pd-modied ZnO nanosheets were used here upon
which hydrogen evolution took place efficiently. The evolution of
H2 corresponds to high-atom economy, as it is used as a fuel
avoiding the wastage of side-products. Themechanistic approach
shows the formation of a radical driven by the introduction of Pd-
modied ZnO nanosheets, which results in charge separation
and supplies active sites for the breaking of the aC–H bonds of
alcohols (Scheme 4) (Fig. 3).62
RSC Adv., 2026, 16, 19470–19498 | 19473
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Scheme 3 NiO@g-C3N4 catalyzed synthesis of benzimidazoles 7.

Scheme 4 Photocatalysis-induced radical route for the formation of benzimidazoles 10.
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The concurrent evolution of H2 became the most interesting
aspect of the study. Therefore, several experiments were carried
out to synthesize benzimidazoles with the simultaneous
evolution of H2. Chen and coworkers used bifunctional Au4Pd5
nanoparticles embedded with a nitrogen-doped TiO2−x support
for the synthesis of benzimidazole 12. The synergistic activation
of o-phenylenediamine 1 and ethanol 11 took place because the
reinforced Pd-active centres served as Lewis acidic sites and
reinforced O-Lewis basic sites, respectively. The intermediate
path proceeds from the generation of ethoxy radical from
ethanol and the subsequent formation of acetaldehyde, leading
to the selective synthesis of 2-methyl benzimidazole 12 in yields
60–94%. Electronic modulation and oxygen vacancy engi-
neering protocols were used for the formation of Lewis acid–
base pairs. This reaction has high scalability under natural
conditions, i.e., when sunlight is used. This scalability could be
achieved naturally rather than making use of toxic chemicals to
fasten the reaction. The starting materials were rst purged
with argon for efficient initiation of the synthetic route via the
removal of dissolved oxygen (Scheme 5).63

The conversion of alcohols into value-added chemicals is
important in the eld of chemical production. Likewise, Kundu
and coworkers used hydrogen atom transfer (HAT) reagents
such as HCl, HBr, and H2SO4, along with 9-mesityl-10-
19474 | RSC Adv., 2026, 16, 19470–19498
methylacridinium perchlorate as efficient photocatalysts for
the synthesis of chlormidazole 14, a well-known antifungal
drug. HAT reagent was used to activate aliphatic alcohols which
further enables effective oxidative cyclization for the formation
of benzimidazole core molecule. The utility of HAT reagent and
their role in the synthesis is better understood in the mecha-
nistic pathway (Fig. 4). This reaction proceeded in the presence
of blue LED light at room temperature in the presence of oxygen
for 12 h to yield chlormidazole in 77% yield (Scheme 6).64

Gupta et al. used a porphyrin analogue for the photocatalytic
reaction of o-phenylenediamine 1 and various aldehydes 15
producing benzimidazole scaffolds 16. This reaction was
accelerated under air with the irradiation of blue light in the
presence of ethanol and chloroform. In contrast, there are
issues with the solubility of synthesized porphyrin catalysts with
ethanol. Hence, it was combined with various solvents, such as
DMF, MeCN, THF, CH2Cl2, chloroform and toluene and the
catalytic activity was optimized. As a result, ethanol with chlo-
roform yielded the best results compared with the other
combinations. Importantly, oxygen plays a signicant role in
this process, resulting in no reaction in the absence of oxygen.
Here, ethanol is used as a green solvent for the reaction, whose
production is done from fermenting plant-based sugars
(Scheme 7).65
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plausible mechanism for the radical-driven route for the synthesis of benzimidazole 10.

Scheme 5 Au4Pd5 nanoparticles-induced N-doped TiO2−x catalyzed
formation of 2-methylbenzimidazole 12.
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Zhang et al. illustrated a method of synthesizing mono-
substituted benzimidazole via a metal-free bipyridinium photo-
catalyst with a Lewis acid site and redox centre. In a pure oxygen
Fig. 4 Mechanism for HAT facilitated Mesityl-10-methylacridinium perc

© 2026 The Author(s). Published by the Royal Society of Chemistry
environment, the yield of the products was signicantly high.
Here, an equimolar ternary mixture of solvent (CH3CN–CH3-
CH2OH–H2O) was employed to synthesize a monosubstituted
product. The single solvent system furnished mixtures of mono-
and di-substituted compounds in trace/low yields whereas the
binary-solvent system produced di-substituted compounds 20 in
high yields. By increasing the time, major mono-substituted
product 19 was obtained. Light irradiation was also an impera-
tive factor for the reaction, where 365 nm range light furnished
products 19 in good yields and increasing the light to longer
wavelengths decreased the overall yield (Scheme 8).66
hlorate-catalyzed synthesis of chlormidazole 14.

RSC Adv., 2026, 16, 19470–19498 | 19475
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Scheme 6 9-Mesityl-10-methylacridinium perchlorate-catalyzed synthesis of chlormidazole 14.

Scheme 7 Porphyrin-catalyzed photocatalysis for the synthesis of benzimidazoles 16.
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Zhao et al. demonstrated the use of a CuO–AgVO3 photo-
catalyst for the efficient one-pot synthesis of 2-substituted
benzimidazoles 22, similar to previous reports discussed above.
The reusability of the photocatalyst was the key factor in this
reaction. The catalytic efficacy was signicant under mild
conditions and its reusability accounts for its low-cost without
the use of toxic chemicals making it an eco-friendly method of
synthesis. The stability of the synthesized products was tested
via the hot ltration method, which enables its power to with-
stand hot conditions. The CuO–AgVO3 photocatalyst was also
incorporated with electron scavengers such as EDTA, IPA and
BQ. o-Phenylenediamine was reacted with various aldehydes in
a sun simulator for an average of 20min to yield products which
were further isolated via column chromatographic techniques
affording yields ranging from 55–96% (Scheme 9).67
19476 | RSC Adv., 2026, 16, 19470–19498
Metal–organic frameworks have also been employed for the
efficient synthesis of new benzimidazole derivatives. The
inclusion of these compounds in organic synthesis has opened
new doors for the facile production of heterocycles. Similarly,
multifunctional 2D Pt/Ni–Fe-MOF nanosheets were used to
generate benzimidazoles 25 from various o-phenylenediamines
23 and alcohols 24 initiated via light-induced synthesis. Here,
the evolution of H2 occurs along with the formation of the
product. In addition to furnishing the desired product, the
production of hydrogen gas also makes it more sensible and
reliable as the world is more focused on the production of green
fuel. The incorporation of a minimal amount of Pt nano-
particles strengthened the catalytic performance of the MOF
nanosheets. Additionally, upon several optimizations, the
benzyl alcohol/toluene (2 : 1) solvent system was found to be an
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Metal-free bipyridiunium photocatalyzed synthesis of mono-substituted benzimidazoles 19.

Scheme 9 CuO–AgVO3 photocatalyzed synthesis of 2-substituted benzimidazoles 22.

Table 1 Comparison between the benzimidazole compounds synthesized via photocatalysis

Compound Photocatalyst (mg or mol%) Reaction time Yield (%) References

3 ZrOSO4@C (20 mg) 1 h 77–96 59
5 TiO2/AgSbO3 (18 mg) 1.5 h 89–96 60
7 NiO@g–C3N4 (10 mg) 3–4 h 69–98 61
10 15 Pd/ZnO (10 mg) 4 h 70–99 62
12 Au4Pd5@N-doped TiO2−x (5 mg) 9 h 60–94 63
14 Acr-Mes+ClO4

− (6 mol%) 12 h 77 64
16 Porphyrin complex (0.25 mol%) 4–6 81–99 65
19 Bioyridinium complex (5 mol%) 5 76–92 66
22 CuO–AgVO3 (10 mg) 20 min 73–96 67
25 Pt/Ni–Fe-MOF NSs (20 mg) 24 h 61–90 68
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excellent medium for successful reactions, with yields
exceeding 75% with a maintained N2 atmosphere. This is
a metal/ligand/guest-based catalytic system merged with MOF-
based catalysis, which is one of the rare methods reported in
© 2026 The Author(s). Published by the Royal Society of Chemistry
the eld of synthetic organic chemistry (Scheme 10).68 The
overall comparison between different benzimidazole
compounds discussed under photocatalysis has been provided
in Table 1.
RSC Adv., 2026, 16, 19470–19498 | 19477
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Scheme 10 2D Pt/Ni–Fe-MOF nanosheets-based photocatalytic synthesis of benzimidazoles 25.

Scheme 11 Microwave-assisted copper catalyzed synthesis of benzimidazoles 28.
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2.2 Microwave-assisted synthesis

Microwave-mediated organic synthesis has been widely studied
for the generation of various medicinal as well as constructively
attractive heterocyclic moieties. Thus, its utility has been a great
mode of synthetic protocols. Microwave-assisted organic
synthesis has become one of the most important methods for
simplifying organic reactions.69,70 The microwave technique
offers numerous benets compared to conventional approaches
used for many years.71,72

Porcheddu et al. used microwave-promoted synthetic tech-
nique for the copper catalyzed aerobic oxidation of o-phenyl-
enediamines 26 to produce benzimidazole derivatives 28. Here,
oxone is used as an oxidant for the reaction and toluene as the
desired solvent. The scope of substrates was studied and opti-
mized for better yield, which in turn produced compounds with
both low and high yields. The use of readily available starting
materials accelerated this synthesis. However, the reaction time
was still a challenging factor, requiring almost 10 h to achieve
completion of the reaction. This factor may be due to the
additive oxone as oxidant taking prolonged time even under
microwave irradiation (Scheme 11).73

Sundharaj and Sarveswari demonstrated a microwave-
assisted organic synthetic method for the production of
benzimidazole-bearing C–C compound 37 via Suzuki coupling.
19478 | RSC Adv., 2026, 16, 19470–19498
However, acid-amine coupling was facilitated by the coupling
reagent HATU and the reaction was carried out at room
temperature for 6 h. Microwave-reaction was conned to the
Suzuki coupling, producing compounds with high yield with
the reaction time of just 5 min. The mechanism for the Suzuki
coupling is depicted below to show the incorporation of the Pd-
complex in the reaction and its recovery at the nal termination
step (Scheme 12) (Fig. 5).74

Katariya and coworkers constructed 1,4-dihydropyrimido
[1,2-a]benzimidazole derivatives 41 via microwave-irradiation
involving a reaction between thiophene-2-carbaldehyde 39, 4-
methyl-3-oxo-N-phenylpentanamide analogues 38 and 1H-
benzo[d]-imidazole-2-amine 40 to yield the desired products 41
in the presence of acetonitrile as ideal solvent for the reaction.
The key factor of this reaction is the maintenance of pH using
triethylamine, otherwise the reaction may arrest due to the non-
desired reaction conditions. Apart from acetonitrile, other
solvents such as ethanol, methanol, DMF, THF, toluene were
used which resulted products in lower yields when compared to
that of acetonitrile (Scheme 13).75

Kaplan et al. synthesized 2,20-bisbenzimidazol-5,60- dicar-
boxylic acid 45 in an interesting way by combining 3,4-di-
aminobenzoic acid 43 with oxalic acid 44, with nucleophilic and
electrophilic addition using microwave irradiation without any
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Microwave-assisted Suzuki cross-coupling for the synthesis of benzimidazole 37.
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use of solvents, making it a greener approach avoiding the
utility of hazardous solvents (Scheme 14).76

Verma et al. demonstrated the utility of potassium periodate
as the desired catalyst for the production of various class of
benzimidazoles 47 from o-phenylenediamines 45 and different
class of aromatic aldehydes 46 using both microwave as well as
traditional mode of synthesis. Potassium periodate serves as
a catalyst with favourable compatibility across different
substrates, straightforward removal, operational simplicity,
easy handling, and the ability to perform under ambient or mild
conditions. This condensation-cyclisation reaction performs
very well in the presence of potassium periodate, resulting
products in excellent yields. Using microwave chemistry, it was
easy to perform, took lesser time than the traditional approach,
produced products 47 in good yields; few of them even directly
recrystallized without any further purications such as column
chromatographic techniques making use of silica gel toxic to
human health (Scheme 15).77

Hashem et al. synthesized new benzimidazole residues 50
and 51 via microwave chemistry by reacting 2-phenylacetyl
isothiocyanate 48 with different classes of amines in dry
acetonitrile at room temperature for 3 h to yield four different
intermediates which upon condensation with benzoyl chloride
© 2026 The Author(s). Published by the Royal Society of Chemistry
under microwave irradiation led to the formation of benz-
imidazole core moieties in two different forms 50 and 51, which
were further recrystallized from ethanol to give products in high
yields (Scheme 16).78

Zhang and coworkers used solid and liquid phase microwave
techniques for the synthesis of triphenylamine derived benz-
imidazole derivatives 54. p-Toluenesulfonic acid (PTSA) acted as
a catalyst whereas sodium metasulte (Na2S2O5) served as both
a catalyst and an oxidant for the reaction. Here, the use of PTSA
evidently increased the yield of the products to 22%. On the
other hand, this reaction was also catalyzed using silica gel
using sodium metasulte and the yield was not as high as that
of PTSA. A plausible mechanism revealing various steps in the
synthesis of benzimidazole is depicted below. The precursor
aldehyde 53 was synthesized via a well-known Vislmeir–Haack
formylation reaction using DMF and POCl3. This reaction
produced mono- and di-substituted aldehydes over tri-
phenylamine. The obtained nal products were screened for
their luminescent properties and the increase in the uores-
cence quantum yield was inferred to be due to the increase in
the number of substituents on the triphenylamine. The lumi-
nescent properties suggested that the different substituents at
the 5th position of the benzimidazole had greater effects on the
RSC Adv., 2026, 16, 19470–19498 | 19479
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Fig. 5 Proposed Suzuki mechanism for the synthesis of benzimidazole hybrid 37.

Scheme 13 Microwave-assisted synthesis of 1,4-dihydropyrimido[1,2-a]benzimidazole derivatives 41.

19480 | RSC Adv., 2026, 16, 19470–19498 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 Microwave-promoted synthesis of bisbenzimidazole 45.

Scheme 15 KIO4-catalyzed microwave-promoted synthesis of benzimidazoles 47.

Scheme 16 Microwave-assisted synthesis of benzimidazoles 50 and 51.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19470–19498 | 19481
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Scheme 17 Solid and liquid-phase microwave assisted synthesis of benzimidazole derivatives 54.

Fig. 6 Proposed mechanism for the synthesis of benzimidazoles 54.

19482 | RSC Adv., 2026, 16, 19470–19498 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Microwave-assisted synthesis of trinuclear benzimidazole-fused analogues 57 via transition-metal free tandem catalysis.

Fig. 7 Plausible mechanism for the formation of trinuclear benzimidazole 57.

Table 2 Comparison between the benzimidazole compounds synthesized via microwave-assisted synthesis

Compound Catalyst Reaction time (h or min) Yield (%) References

28 Cu(OAc)2 (10 mol%) 10 h 59–87 73
37 PdCl2(dppf)Cl2 (0.05 eq.) 5 min 80 74
41 Triethylamine (5 mol%) 15 min 60–77 75
45 HCl (0.1 eq.) 15 min 94% 76
47 KIO4 (20 mol%) 20 min 80–92 77
50 — 3 min 80 78
51 — 3 min 96
54 Na2S2O5 (1 eq.) 20–25 min 37–91 79
57 — 2 h 51–76 80
59 NaH2PO2 (10% mmol) 4–6 64–80 81

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19470–19498 | 19483
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Scheme 19 Microwave-promoted sodium hypophosphite catalyzed synthesis of benzimidazoles 59.

Scheme 20 MK-10 catalyzed ultrasound-promoted synthesis of benzimidazole-quinoline hybrids 62.
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luminescence. However, this microwave-promoted reaction
could furnish products in lesser time than taking long hours
using conventional heating procedures. The comparative yields
could be observed between solid-phase and liquid-phase
synthesis enabling to choose appropriate method of synthe-
sizing such benzimidazole derivatives in upcoming years
(Scheme 17) (Fig. 6).79

Dao et al. used microwave technique for the construction of
trinuclear benzimidazole-fused analogues 57 via transition-
metal free tandem catalysis. 2-(2-bromovinyl)- and 2-(2-
bromoaryl)-benzimidazoles 55 were coupled along with their
cyclization with 2-methoxybenzimdiazoles 56 to generate tri-
nuclear N-fused benzimidazole scaffolds 57 in the presence of
CsF. The proposed mechanism involves the initial attachment
of the nucleophile to generate a resonance stabilized carbanion
known as the Meisenheimer complex, which is a key step in the
entire reaction. This is followed by a nucleophilic aromatic
substitution reaction to generate further intermediates and
nal elimination of alcohol to give the desired trinuclear N-
fused benzimidazole core molecule (Scheme 18) (Fig. 7).80
19484 | RSC Adv., 2026, 16, 19470–19498
Another efficient synthesis usingmicrowave assistedmethod
was used via catalysis by sodium hypophosphite as the catalyst
for the generation of benzimidazoles 59 in high yields. Sodium
hypophosphite being inexpensive, water soluble and easy to
handle, and serves as a good catalyst for the reaction. Micro-
wave technique afforded desired products within shortest time
span of 4–6 min without the use of complicated purication
procedures (Scheme 19).81 The comparison between different
benzimidazole compounds discussed under microwave-assis-
ted synthesis is provided in Table 2.
2.3 Ultrasound-assisted synthesis

Ultrasound has been utilized as a tool for process intensica-
tion in the frequency range of 20 kHz to 5 MHz, aiding in the
removal of biologically active substances in nanoscale opera-
tions and the development of pharmaceuticals.71,82,83 The
activity of the chemicals is enhanced by ultrasound due to the
creation and collapse of cavitation bubbles within a liquid
medium. Ultrasound waves travel through a liquid by alter-
nating between compression and rarefaction, leading to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Proposed mechanism for MK-10-catalyzed benzimidazole-quinoline 62 synthesis.

Scheme 21 Vitamin B1-catalyzed ultrasound-mediated synthesis of 1,2-disubstituted benzimidazoles 65.
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formation of cavities. When the attractive forces of the liquid
are exceeded during the rarefaction phase, these cavities expand
to their maximum size and subsequently implode, resulting in
the release of energy.84–86
© 2026 The Author(s). Published by the Royal Society of Chemistry
Pavan et al. designed benzimidazole tethered quinoline
hybrids using Montmorillonite K-10 (MK10) powder as an effi-
cient catalyst for the synthesis via ultrasonication. This facile
synthesis produced products in moderate to high yields at room
RSC Adv., 2026, 16, 19470–19498 | 19485
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Scheme 22 CuO-rGO nanocomposite catalyzed ultrasound-mediated synthesis of benzimidazoles 69.

Scheme 23 Ultrasound assisted neat synthesis of benzimidazole-fused pyrimidine analogues 72.

Scheme 24 Catalyst free ultrasound-promoted synthesis of benzimidazoles 74.

19486 | RSC Adv., 2026, 16, 19470–19498 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 25 Ultrasound-assisted ZnFe2O4 catalyzed synthesis of benzimidazoles 77.

Table 3 Comparison between benzimidazole compounds synthesized via ultrasound-assisted synthesis

Compound Catalyst Reaction time (h or min) Yield (%) References

62 MK-10 (15 mg) 30 min 80–93 87
65 20% Vitamin-B1 (0.2 eq.) 15–20 68–95 88
69 CuO-rGO (10 wt%) 10 65–97 89
72 — 1 h 61–95 90
74 — 30 min 82–95 91
77 ZnFe2O4 (10 mol%) 30 min 80–95 92
81 Fe3O4@keratin-Cu(II) (10 wt%) 2 h 70–86 93
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temperature with shorter reaction times. The MK10 catalyst was
reused for up to 4 cycles, thus highlighting the reusability and
recycling performance of the catalyst. 2-Chloroquinoline-3-
carbaldehydes 61 were reacted with different o-phenyl-
enediamines 60 in methanol and irradiated with ultrasonic
waves of 20 kHz and 120 W power for 30 min to obtain desired
products 62. The induction of MK-10 into the aldehyde plays
a key role in the mechanism followed by the addition of the
amine (Scheme 20) (Fig. 8).87

Liu et al. synthesized 1,2-disubstituted benzimidazoles 65 via
ultrasonication facilitated by vitamin B1-catalyzed one pot
synthesis. This reaction is metal-free, easy to handle, inexpen-
sive and eco-friendly, making the synthesis simple and easy.
20% of Vitamin B1 in the presence of equal amounts of ethanol
and water solvent system aided the production of benzimid-
azoles (Scheme 21). On the other hand, PTSA was also used here
for the incorporation of sulfonyl groups in the moieties.88

Dandia et al. used CuO-decorated reduced graphene oxide
(rGO) nanocomposite for the ultrasonic synthesis of 2-
substituted benzimidazoles 69. 2-haloanilines 66 when treated
with aldehydes 67 and sodium azide 68 in aqueous medium,
furnished benzimidazoles 69 in good yields. In comparison
with the traditional methods, the use of CuO-rGO nano-
composite increased the yield of the products up to 20 folds.
This is due to the synergistic effects between water, catalyst
functionalities and ultrasonication played a vital role in the
synthesis as well as the major factor responsible for the
© 2026 The Author(s). Published by the Royal Society of Chemistry
increased yield. The catalyst could be easily recovered by
centrifugation and reused for other slots of reactions (Scheme
22).89

Lin et al. reported a new method that produces considerable
quantities of CF3-substituted benzo[4,5]imdazo[1,2-a]pyrimi-
dine analogues 72 from readily available starting materials 70
and 71 in an eco-friendly and efficient manner. This technique
was particularly benecial for synthesizing physiologically
active compounds that feature the benzimidazopyrimidine
unit, a versatile building block for creating N-fused heterocy-
cles. This synthetic method operates without metals, solvents,
additives, or catalysts. Moreover, by using ultrasound in an
open-air setting, a variety of polyuoro-ynones 70 with 2-ami-
nobenzimidazole 71 produced polyuoroimidazo[1,2-a]
pyrimidine hybrids 72 in signicant yields (Scheme 23).90

Shah et al. synthesized benzimidazoles 74 via a catalyst-free
green approach in an ultrasonicator reacting o-phenyl-
enediamine 1 and various aromatic aldehydes 73 in ethanol at 50 °
C to give products in high yields ranging from 82–95% (Scheme
24).91 Likewise, ZnFe2O4 when used as a catalyst furnished prod-
ucts 77 in excellent yields in the presence of ethanol at 70 °C under
ultrasonic conditions (Scheme 25).92

Bougrin et al. doped Fe3O4@keratin nanocomposite in
Cu(II) as a reusable heterogeneous catalyst for the synthesis
of benzimidazoles fused with triazoles and pyrimidines 81.
Ultrasound cavitation signicantly enhanced the reaction
rate. Keratin was extracted from chicken feathers using
RSC Adv., 2026, 16, 19470–19498 | 19487
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Scheme 26 Fe3O4@keratin nanocomposite doped Cu(II)-catalyzed ultrasonic synthesis of benzimidazopyrimidine tethered 1,2,3-triazole
analogues 81.
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ultrasound-mediated alkaline-oxidative hydrolysis. Benzimi-
dazopyrimidines 78 were propargylated using propargyl
bromide 79 to respective alkynes 80 and then carried out with
click reaction using Cu-catalyzed alkyne azide cycloaddition
(CuAAC) with azides to give 1,2,3-triazole derivatives linked
with benzimidazo-pyrimidines 81 in greater yields
(Scheme 26).93 The comparison between benzimidazole
compounds discussed under ultrasound-assisted synthesis is
given in Table 3.
19488 | RSC Adv., 2026, 16, 19470–19498
3 Biological potential of
benzimidazole motifs
3.1 Antibacterial and antifungal activity

Pochampally et al. investigated the antibacterial activity of
benzimidazole conjugated 1,2,3-triazole compounds against E.
coli and reported that compounds 85–87 were active with a zone
of inhibition of 22 mm in diameter at a concentration of 50 mg
ml−1. These results were closely associated with those of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 Synthesis of benzimidazole conjugated 1,2,3-triazole derivatives 85–87 with antibacterial action.

Scheme 28 Synthesis of homodrimenoyl benzimidazole 91 as antibacterial agent.
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standard reference drug ampicillin. The SAR analysis high-
lighted the potential of the electron-donating methyl groups to
be responsible for the antibacterial action. On the other hand, –
CF3 group also contributed to antibacterial action due to the
strong electron-withdrawing tendency. Triazole moiety
enhanced the antibacterial action along with the variants
substituted to the phenyl ring attached to it (Scheme 27).94

Lungu et al. synthesized homodrimenoyl benzimidazole 91
from its precursor acid moiety 88 and evaluated its antibacterial
activity and found that compound 91 was active against Pseu-
domonas aeruginosa with minimal inhibitory concentration
(MIC) of 0.05 mg ml−1 when compared to those with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
standard reference drugs kanamycin and caspofungin. The
benzimidazole core molecule contributed to the drug-like
properties and the homodrimenoyl group, being a source
from natural products possessed antibacterial effects. Such
kind of modication makes it possible for the researchers to
explore different kinds of optimizations with the structural
properties (Scheme 28).95

Singh and coworkers constructed benzimidazole derivatives
and investigated their antimicrobial and antifungal efficacy and
reported that compounds 93 and 94 showed good activity.
Compounds 93 and 94 displayedMIC value (mgml−1) of 450 and
500 against E. coli resembling the activity exhibited by the
RSC Adv., 2026, 16, 19470–19498 | 19489
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Table 4 Comparative antibacterial/antifungal action of active bio-
logical compoundsa

Compound
MICs
(mg ml−1)

Target
organism

Reference
drug

91 0.05 P. aeruginosa Kanamycin and
caspofungin

93 450 E. coli Streptomycin
94 500 C. albicans Amphotericin B
97 10 C. albicans Amphotericin A
98 10 C. albicans Amphotericin A
99 10 C. albicans Amphotericin A
100 10 C. albicans Amphotericin A

a Compounds 85–87 showed antibacterial action with zone of inhibition
of 22 mm (in diameter) against E. coli [concentration: 50 mg ml−1] with
the standard drug ampicillin.

Scheme 29 Synthesis of benzimidazole derivatives 93 and 94 with antibacterial and antifungal activity.
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standard drug streptomycin. Both of these compounds showed
MIC value (mg ml−1) of 400 and 300 against fungal strain
Candida albicans with reference to drug Amphotericin B. The
structure activity relationship (SAR) studies revealed that
inspite of having no substituents on compound 93, it possessed
good cytotoxicity whereas compound 94 having a nitro group
was more active among all the synthesized derivatives. There-
fore, it shows that the benzimidazole core ring itself bears
inherent activity, due to good DNA interaction or cell perme-
ability. The cytotoxic activity revealed that compound 93 and 94
showed sharp decrease in cell viability 87.245%/ 21.671% and
89.825% / 13.835% (Scheme 29).96

Salam et al. designed benzimidazole linked pyrimidine
derivatives for the evaluation of antifungal activity. Compounds
97–100 showed antifungal action against C. albicans with MICs
of 10 mg ml−1 each with reference to the standard drug
Amphotericin. The presence of electron-withdrawing –Cl group
enhanced fungicidal effect whereas the presence of electron-
donating methoxy group also contributed for the fungal inhi-
bition. Apart from electron-donating and electron-withdrawing
nature, bulky aromatic systems like naphthyl and indolyl
substituents also increased the antifungal action (Scheme 30).97
19490 | RSC Adv., 2026, 16, 19470–19498
A comparative summary on antibacterial/antifungal action of
active benzimidazole compounds has been provided in Table 4.
3.2 Anticancer activity

Ahmed et al. designed benzimidazole-triazole derivatives 104
and 105 and screened them for anticancer evaluation. Their
synthesis started with the propargylation of 2-mercaptobenzi-
midazole 101 followed by the Cu-catalyzed click reaction to
construct 1,2,3-triazole ring linked to mercaptobenzimidazoles.
These derivatives 104 and 105 showed good activity against
MCF-7 breast cancer cell line with IC50 values (mg ml−1) of 29.8
± 1.8 and 14.6 ± 0.84 compared with the standard reference
drug 5-uorouracil. The SAR studies provided more insights
suggesting the role of halogenated substitutions such as –F in
compounds 104 and 105 accounted for the potency. Further-
more, the presence of electron donating methyl moiety at the
terminal phenyl ring connected to triazole increases the potency
and selectivity against MCF-7 breast cancer cells (Scheme 31).
Similarly, when benzyl-amide linker 106 is attached to the 2-
mercaptobenzimidazole 102, compound 107 showed good
activity against Hep-G2 and MCF-7 cancer cell line with IC50

values (mg ml−1) of 7.76± 0.54 and 22.3± 0.69, respectively. The
pharmacokinetic features of the target compounds had no
violations with Lipinski's rule of ve, thereby suggesting its
utility as a oral bioavailability of the compounds (Scheme 32).98

Souleymane and coworkers synthesized benzimidazole-
based retrochalcones 110 for the anticancer activity.
Benzimidazole-2-carbaldehyde 108 on treatment with 2-m-
ethoxyacetophenone 109 undergoes Claisen–Schmidt conden-
sation to give respective chalcone linked benzimidazole 110.
This benzimidazole derivative 110 exhibited anticancer activity
against MCF-7 with IC50 value (mg ml−1) of 1.56 closely resem-
bling with that of standard drug Paclitaxel. The SAR studies
suggested that the presence of electron-donating methoxy
substituent on the phenyl ring enhanced the anticancer effi-
cacy. However, the benzimidazole core moiety itself possessed
anticancer efficacy and the increase was due to the presence of –
OMe group (Scheme 33).99

Messaoudi et al.100 constructed benzophenone amine
derived benzimidazole derivatives 113–115 for the examination
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 30 Synthesis of antifungal benzimidazole-pyrimidine analogues 97–100.

Scheme 31 Synthesis of benzimidazole-triazole derivatives 104 and 105 (anticancer agents).

Scheme 32 Synthesis of benzyl-amide linked benzimidazole-triazole 107 (anticancer agent).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19470–19498 | 19491
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Scheme 33 Synthesis of benzimidazole-based retrochalcone 110 (anticancer agent).

Table 5 Comparative anticancer action of active biological compounds

Compound IC50 (mg ml−1) Cell line Reference drug

104 29.8 � 1.8 MCF-7 5-Flurouracil
105 14.6 � 0.84 MCF-7 5-Flurouracil
107 7.76 � 0.54, 22.3 � 0.69 Hep-G2, MCF-7 5-Flurouracil
110 1.56 MCF-7 Paclitaxel
113 0.3 � 0.01, 0.5 � 0.1, 0.2 � 0.01 MCF-7, Hep-G2 and HCT 116 Doxorubicin
114 0.1 � 0.02, 0.3 � 0.1, 0.06 � 0.001 MCF-7, Hep-G2 and HCT 116 Doxorubicin
115 0.001 � 0.0004 Hep-G2 Doxorubicin

Scheme 35 Synthesis of benzimidazole compounds 117 and 118 (anti-
inflammatory agents).

Scheme 34 Synthesis of benzoyl aryl benzimidazole compounds 113–115 with anticancer effects.

19492 | RSC Adv., 2026, 16, 19470–19498
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of anticancer prole. 10 mol% of ammonium chloride was used
as a specic catalyst for the condensation of benzophenone
amine 111with various aromatic aldehydes 112. Compound 113
showed activity against MCF-7, Hep-G2 and HCT 116 cancer
lines with IC50 values (mg ml−1) of 0.3 ± 0.01, 0.5 ± 0.1, 0.2 ±

0.01, respectively. Also, compound 114 displayed good activity
against the above three cancer cell lines with IC50 values (mg
ml−1) of 0.1 ± 0.02, 0.3 ± 0.1, 0.06 ± 0.001 when compared to
those of standard reference drug doxorubicin. On the other
hand, compound 115 was active against Hep-G2 cell line with
IC50 value (mg ml−1) of 0.001 ± 0.0004. The SAR studies provide
great reection on the active compounds on their various
substituents impacting on anticancer efficacy. The 4-bromo and
4-chloro substituents are mainly responsible for enhancing the
anticancer activity in compounds 113 and 115, thus stabilizing
negative charges or strongly binding towards the biological
targets (Scheme 34).100 A comparative summary between anti-
cancer activity of active benzimidazole compounds has been
given in Table 5.
© 2026 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/d6ra00850j


Scheme 36 Synthesis of benzimidazole derivatives 120–122 (anti-inflammatory agents).

Table 6 Comparative anti-inflammatory action of biological
compounds

Compound

% Paw edema
inhibition

Reference drug1 h 2 h 3 h 4 h

117 76 76 71 73 Diclofenac sodium
118 80 88 80 66 Diclofenac sodium
120 34 48 56 55 Diclofenac sodium
121 42 57 66 65 Diclofenac sodium
122 37 51 63 67 Diclofenac sodium
125 71 86 76 58 Celecoxib and indomethacin
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3.3 Anti-inammatory activity

The benzimidazole derivatives 117 and 118 exhibited prom-
inent anti-inammatory activity by inhibition of paw edema in
rats. Compound 117 displayed 73–76% of inhibition in the rst
4 hours of administration whereas compound 118 66–80% of
inhibition in paw edema. These results were close to that of
Scheme 37 Construction of benzimidazole-indole 125 (anti-inflammato

© 2026 The Author(s). Published by the Royal Society of Chemistry
standard reference drug diclofenac sodium. Furthermore,
compound 118 also exhibited analgesic activity with the
writhing inhibition of 59%. The molecular docking studies
revealed the strong and highest binding affinity of compound
118 towards cyclooxygenase-1 and cyclooxygenase-2 (COX-1 and
COX-2) with scores of −8.7 and −8.9 kcal mol−1, respectively.
Thus, inhibition of COX enzymes led to the anti-inammatory
as well as analgesic activity in the above-mentioned benzimid-
azole compounds. The presence of bulkier groups possessed
higher binding affinities towards COX. This gradual increase
was not found in the rest of the derivatives having simpler
substituents (Scheme 35).101

Bano and coworkers synthesized benzimidazole analogues
120–122 for the evaluation of their anti-inammatory action
using oxidative burst assay. Compounds 120 was prominent in
its action of inhibiting with IC50 value (mgml−1) of 0.177± 0.004
and compound 121 showed IC50 value (mg ml−1) of 0.23 ± 0.01
at the end of fourth hour of administration. Due to the presence
of pyrrolidine moiety in compound 122, it also showed better
ry agent).

RSC Adv., 2026, 16, 19470–19498 | 19493
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Scheme 38 Synthesis of benzimidazole scaffolds 127 and 128 (antimycobacterial agents).

Scheme 39 Synthesis of benzimidazole tethered thiazolidine-2,4-dione derivatives 133 and 134 with antimycobacterial action.
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activity with IC50 value (mg ml−1) of 0.18 ± 0.008. These three
compounds 120–122 showed much better activity than the
standard drug ibuprofen highlighting their potential in
impacting as future anti-inammatory drug candidates. The
percentage inhibition was in the range of 34–65% within the
four hours of administration (Scheme 36).102
Table 7 Comparative antimycobacterial action of biological
compounds

Compounds MICs (mM) Target organism Reference drug

127 0.8 M. tuberculosis Isoniazid
128 0.8 M. tuberculosis Isoniazid
133 0.32 � 0.08 M. tuberculosis H37Rv Isoniazid
134 0.21 � 0.04 M. tuberculosis H37Rv Isoniazid
137 3.96 M. smegmatis Streptomycin

19494 | RSC Adv., 2026, 16, 19470–19498
Khanum et al. produced benzimidazole compound bearing
indole and benzophenone 125 with high anti-inammatory
activity with the inhibition of 71.3, 86.4, 76.3, and 58.3% at
the successive rst four hours of administration. These results
were interesting and were close to that of standard reference
drugs celecoxib and indomethacin. The SAR studies showed the
effect of the uoro substituent at the para position to the
benzoyl ring and two –CH3 groups at the ortho positions of
phenyl ring led to the enhancement of the anti-inammatory
effect causing less ulcerogenecity. Also, this compound 125
inhibited the production of COX-2 enzyme with the IC50 value
(mM) of 39.43 ± 1.13 (Scheme 37).103 A comparative summary
between anti-inammatory action of benzimidazole
compounds has been given in Table 6.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 40 Synthesis of benzimidazole with antimycobacterial activity.
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3.4 Antimycobacterial activity

Thapa et al. constructed benzimidazoles 127 and 128 having
antitubercular activity following the synthetic protocol, resulted
in action with MIC (mg ml−1) of 0.8 each. This is an exceptional
activity displayed by these two compounds; better than the
standard reference drug isoniazid. Furthermore, through
molecular docking, it was reported that these compounds
possessed highest binding activity with the scores of −7.36 and
−7.17 kcal mol−1. Thus, their results show that they are the
potential drug candidates as Mycobacterium tuberculosis inhib-
itors. The SAR studies highlighted the importance of -chloro
group at ortho and para position to the amino group. These
electron-withdrawing –Cl substituents enhanced the antitu-
bercular efficacy, while the rest of the compounds without halo
moieties showed lesser activity than compounds 127 and 128.
The replacement of chloro groups with –CHO abolished the
activity. Furthermore, –Cl and –NH2 groups were responsible for
the cytotoxic behaviour and found to be nontoxic for acute
inhalation and sensitization of the epidermis (Scheme 38).104

Raghu et al. designed benzimidazole tethered thiazolidine-
2,4-dione derivatives 133 and 134 for testing their efficacy
against antimycobacterial activity. They possessed MICs (mM)
of 0.32 ± 0.08 and 0.21 ± 0.04 against M. tuberculosis H37Rv
strain, respectively. Additionally, they showed their prominent
effect on multidrug resistant-TB and extensively drug
resistant-TB with the MIC (mM) range of 0.21 to 47.84. The SAR
studies showed that the presence of -triuoromethyl group on
the phenyl ring of compound 134 demonstrated greater
inhibitory effects. The –NO2 substitution also enhanced the
rate of inhibition due to the electronic withdrawing nature
from the aromatic system. Additionally, the lipophilicity
control is regulated by the variants –NO2 and –CF3. Thiazoli-
dine ring makes the whole structure more active and the drug–
likeness properties are due to the benzimidazole core moiety
(Scheme 39).105

Mohapatra and Ganguly worked on antimycobacterial
activity of their synthesized benzimidazole compounds and
found that analogue 137 showed best action in inhibiting M.
smegmatis strain with an MIC (mM) of 3.96 with the standard
drug streptomycin. The ADME studies displayed no violation
with the Lipinski's rule of ve suggesting it's potential for oral
bioavailability and high ligand efficiency. The presence of
electron-withdrawing –Cl group and electron-donating hydro-
phobic dimethyl groups could be considered as target scaffolds
© 2026 The Author(s). Published by the Royal Society of Chemistry
allowing the substitutions of electronegative groups at various
position of phenyl ring to bring out newer compounds with
good therapeutic efficacy (Scheme 40).106 A comparative
summary between antimycobacterial action of benzimidazole
compounds has been provided in Table 7.
4 Conclusion and future outlook

Benzimidazole-containing heterocyclic compounds have great
potential and scope because of their diverse routes of organic
synthesis. As we have come across various synthetic method-
ologies including photocatalysis, microwave-assisted and
ultrasound-mediated synthesis of benzimidazoles, the proto-
cols involved vary greatly from the traditional conventional
methods. With respect to the eco-friendly approach, these
methods have been useful for the generation of benzimidazole
scaffolds.

The utility of photocatalysis in synthesis has created its own
hallmark because of its facile synthesis, which results in prod-
ucts being produced in high yields and following sustainability
principles. Concurrent evolution of hydrogen gas is one of the
prominent aspects in addition to the production of benzimid-
azole core molecules. As the world is approaching greener
methods of hydrogen production, this photocatalytic method
could be more helpful in the future to conduct detailed studies
and research. This would indeed help the pharmaceutical
industries in utilizing photocatalytic methods for the develop-
ment of biologically active benzimidazole hybrids in a sustain-
able way.

Microwave-assisted and ultrasound-promoted syntheses
have greatly reduced the reaction time in the reactions di-
scussed in this review. Faster reactions promote high yields
with less impurity formation in the products. Most of the
named reactions such as Suzuki reactions, can be performed
with microwave and probe sonicators. Scale-up processes are
still challenging with respect to target production. Therefore,
batch-reactions are still dependent on the conventional mode of
production in both academia and the pharmaceutical industry.
Microwave and ultrasound techniques are used widely in
industrial section for developing heterocyclic motifs of medic-
inal importance. The research and development areas of
industries focus on producing small molecules in small-scale,
while their large-scale production is still a big question to
answer.
RSC Adv., 2026, 16, 19470–19498 | 19495
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Benzimidazole-containing molecules have shown remark-
able and benecial performance in various biological tests and
assays discussed in this review. Most of the compounds di-
scussed here, have performed better than the standard drugs
that are commercially available today. Therefore, further in-
depth research on the structure–activity relationships, ADME
properties, molecular docking, and molecular dynamics may
signicantly enhance the scope of benzimidazole-targeted drug
discovery process. Many benzimidazole-containing hybrids
have exhibited excellent activity with respect to antibacterial,
antifungal, anticancer, anti-inammatory and anti-
mycobacterial effects. Few compounds have even shown dual
activity providing more wider scope for their study in future
years.
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