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Benzimidazole, a fused bicyclic compound with benzene and pentacyclic 1,3-diazole moeities, has a simple
aromatic heterocyclic structure. The moiety has become an indispensable anchor for the development of
new pharmacologically active products, and has yielded several therapeutic agents with anticancer,
antihypertensive, antimicrobial, antifungal and antiulcer effects. Benzimidazoles, as synthetically feasible
and pharmacophoric synthons, have been relentlessly pursued for the preparation of new analogues and
derivatives, and they have successfully developed into some of the most sought-after and vital
pharmacophores for drug discovery. The use of varied substituents and differing patterns around the
benzimidazole nucleus has provided a wide spectrum of biological activities. In addition, the
benzimidazole moiety constitutes a building block for the production of several drugs, drug candidates,
new chemical entities, and lead molecules. The importance of this nucleus for bioactivity, e.g.,
antibacterial, antitubercular, antidiabetic, anticancer, antifungal, anti-inflammatory, analgesic, antioxidant,

antihistaminic, and antimalarial activity, has led us to take note and provide an overview of the synthetic
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Accepted 15th February 2025 development approaches for various benzimidazole derivatives together with their biological actions.

This review is projected to further assist in the design and development of new benzimidazole-based
DOI: 10.1039/d4ra08864f compounds for new and optimized pharmacologically active products towards new drug-development

rsc.li/rsc-advances strategies.

1. An introduction to benzimidazole: heterocyclic ring, have been categorized as indazole and ben-
) ) zopyrazole, respectively. The IUPAC name for benzimidazole is

a saga of ChemlStry and pharmacology 1H-1,3-benzimidazole. However, several other names have also
been wused, including azaindole; benzimidazole; benzo-
glyoxaline; benzimidazole; BZI; 1,3-diazaindene; and 3-azain-
dole. The molecular formula is C;HeN, with a molecular weight
of 118.1359. The IUPAC standard InChl key is 1S/C7H6N2/c1-2-
4-7-6(3-1)8-5-9-7/h1-5H,(H,8,9). The preliminary synthesis of
benzimidazole has been reported from the condensation of
phenylenediamine with formic acid, or its equivalent, trimethyl
orthoformate. The benzimidazole nucleus has been found to be
stable for the further build-up of extended new molecules
“Department of Chemistry, College of Science, Qassim University, Box: 6644, Qassim incorporating the central benzimidazole ring; these played
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a pivotal role in finding new leads and developing new drugs
and new drug templates. These provided diverse and impactful
bioactivities; some examples are under pharmacological devel-

Extensive research work on vitamin B12 highlighted the struc-
ture and importance of the benzimidazole nucleus. The 1,3-
positions of a diazole ring were fused with the 4,5-positions of
an aromatic benzene ring. This structure constitutes the basic
benzimidazole ring." Other benzo-substituted diazoles, with
1,2- and 2,3-substitutions of the five-membered aromatic diaz-
ole ring, keeping the fused benzene as an unsubstituted
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materials belonging to acid-, ester-, ortho-ester-, nitrile-, acid-
chloride-, and orthoformate-based molecular frameworks have
been used.> A plethora of compounds containing the benz-
imidazole bicyclic ring structure in their molecular framework
have displayed prominent biological activity profiles with high
therapeutic potentials in almost all fields of pharmacology and
therapeutics.* Benzimidazoles, as structural isosteres of nucle-
otides, have plentifully structures that can feasibly interact with
polymers of biological origins, culminating in a broad spectrum
of pharmacologically active compounds with lowered toxicity
and better therapeutic outcomes.*

Over the past decades, numerous studies describing
syntheses of chemical systems incorporating the benzimidazole
nucleus as part of their synthetic strategies have been prepared,
modified, and reported. Notwithstanding advances in synthetic
strategies and protocols, direct and traditional patterns of
convergent and cumulative synthesis, disconnection and ret-
rosynthetic tactics, divergent and ligation-like approaches for
synthesis/semi-synthesis, and bulk-scale preparation have also
been used. A wide and diverse range of biological activity eval-
uations of benzimidazole-based structures, molecular
templates, new chemical entities, and desired metal complexes
has been reported.® Studies reporting several classes of bioac-
tivities, including antimicrobial,*** anthelminthic,"”*** antith-
rombotic,’>'®  antiplatelet,””*  anticoagulant,®**®  anti-
inflammatory,*** antiulcer,**?° antifungal,*-*
acetylcholinesterase®~” antiprotozoal,***** antitubercular,***
antileishmanial,**-*® antimycobacterial,*”** antiviral,*>*° anti-
HIV,*"** and antitumor®*** activities, are abundantly available.
Additionally, benzimidazole targets have been described as
inhibitors of hepatitis C*®* and as an indoleamine-2,3-
dioxygenase-1 (IDO1) inhibitor, predicted from in silico SAR
(structure-activity relationship) approaches through structure-
based virtual screening. This culminated in obtaining in vivo
biological activity profiles of several compounds.*®
Benzimidazole-structure-templated compounds have also been
known to be antihypertensive in action,* in addition to acting
as a Zika virus inhibitor,** an in vitro a-glucosidase inhibitor,**>**
a NOX2 antagonist,** and as antiglycation,* antioxidant,***
antileukemic,**”* and antitubercular agents. Recently, the
benzimidazole molecular template has also been reported to be
a potent anticancer entity.”®* More recently, the benzimidazole
structural motif has been observed to be antihypertensive,***
a non-nucleoside transcriptase inhibitor,** an
anticonvulsant,’** ulcerogenic,’**” a non-peptide angiotensin-
II receptor antagonist,”®'*® an AMP-activated protein kinase
activator,’'* and an antileukemic activity agent®*''* in
terms of its biological activity profiles.

The simple and complex structural moieties derived from
the benzimidazole structural template, which are present in
various compounds as sub-structural entities, have exponen-
tially increased in number, showing vastly different biological
properties.'* The benzimidazole core template has proven to be
an exceptional chemical structure that has manifested diverse
ranges and types of biological and therapeutic activities."® In
the past, many works reporting the importance of chemical
systems incorporating a benzimidazole nucleus have broadly
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been elaborated on. The diverse biological activities of benz-
imidazoles, and their derived structures have culminated in the
development of several drugs which have been introduced to
the market, e.g., albendazole (antimicrobial); omeprazole
(antiulcer); bendamustine, nocodazole, and abemaciclib (anti-
tumor); enviradine (antiviral); candesartan (antihypertensive);
and benoxaprofen analogues (anti-inflammatory),'**'*” to name
a few.

2. Biological activity profiles of
benzimidazole-based compounds: the
current status

2.1 Antimicrobial activity

The gradual but continuous emergence of a number of drug-
resistant microbial strains over the last several decades has
pushed researchers towards searching for and developing new
antimicrobial agents that are capable of combating this situa-
tion.’**'* The benzimidazole pharmacophore as a core struc-
ture has contributed to the molecular template of several leads
which, together with benzimidazole derivatives, have served as
part of several active substances showing significant antimi-
crobial activity."® Recently, the elegant synthesis of 2-
substituted benzimidazole, benzoxazole, and benzothiazole
derivatives was achieved from the reaction of p-N,N-
diethylamino-salicylaldehyde 1 with o-phenylenediamine, o-
aminophenol, and o-amino-thiophenol, respectively, with PCl;
in ethanol as the reaction medium. The 95% yield of product 2
and its derivatives provided ample material for bioactivity
evaluations (Scheme 1). This established the potential of the
benzimidazole structural unit as an antibacterial and antifungal
template for developing new chemical entities exhibiting anti-
microbial activity against several bacteria. These benzoxazole
and benzothiazole derivatives displayed good antimicrobial
activity against E. coli and S. aureus, while the developed ben-
zothiazole derivatives showed remarkable antifungal activity
potential against Candida albicans and Aspergillus niger.""

The development of 2,5-disubstituted benzimidazole deriv-
atives as products 3, 4 and 5, obtained from substituted o-
phenylenediamine and appropriately substituted aldehydes,
was realized under microwave-assisted synthesis conditions in
the presence of Na,S,0s. Moderate-to-high yields in the range of
~90% were enough for bioactivity testing of the synthesized
benzimidazoles, which exhibited antifungal and antibacterial
activity against E. coli ATCC 25922, S. aureus ATCC 25923 and
ATCC 3933, and S. epidermidis ATCC 12228. The MICs of 2-(3-
bromothiophen-2-yl)-5-chloro-1H-benzimidazole and 5-bromo-
2-(3-bromothiophen-2-yl)-1H-benzimidazole were found to be
<4 png mL™', while the lowest activity level was 2 pug mL™"
(Scheme 2).'*2

The synthesis of the benzimidazole bidental ligand 6 was
achieved from the condensation of 2-(4-aminophenyl)benz-
imidazole with a 5-bromosalicylaldehyde derivative. Metal
complexation of ligand 6 yielded the dimeric meta-complex 7
(80%  yields). The  (E)-2-((4-(1H-benzo[d]imidazol-2-yl)
phenylimino)-methyl)-4-bromophenol ligand 6 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis of 2-substituted benzimidazole templates, benzoxazole 2, and benzothiazole derivatives.
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Scheme 2 The synthesis of the 2,5-disubstituted benzimidazoles 3, 4 and 5.

corresponding Zn(u), Ni(u), and Cu(i) complexes, 7, exhibited
antibacterial activity against Gram-positive Micrococcus luteus
and Gram-negative Escherichia coli and Enterobacter aerogenes.
Evaluations of the antibacterial activities of Ni(u), Zn(u), and
Cu(u) complexes demonstrated their moderate-to-excellent
levels of activity (Scheme 3),"** therefore providing evidence
for the antimicrobial potential of benzimidazole as a core
component.

In a series of mono- and di-substituted benzimidazole
derivatives reported by Ajani et al., the 2-(2-aminophenyl)- and

Polyphosphoric acid

2-(benzyl-N-phenylsulfonyl)-benzimidazole derivatives 8 and 9
were synthesized from the NH,Cl-catalyzed condensation of o-
phenylene-diamine with the corresponding carboxylic acid to
produce the desired product. The synthesized compounds were
tested against four bacterial strains, namely, Staphylococcus
aureus, Bacillus licheniformis, Proteus vulgaris, and Pseudomonas
aeruginosa. 2-(1H-Benzimizadol-2-yl)-aniline 8 and 2-benzyl-1-
(phenylsulfonyl)-1H-benzimidazole 9 showed high antibacterial
activities with an MIC value of 15.63 mg mL ' for both
compounds (Scheme S-1, ESI filet).***
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Scheme 3 The synthesis of the benzimidazole ligand 6 and its Zn(u), Pd(u), Ni(n) and Cu(i) metallic complexes 7.
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The synthesis of the potent antibacterial 2-substituted
benzimidazoles, N-5-aryl(1,3,5-triazinane-4-thione), and
oxadiazinane-4-thione derivatives, were achieved from the
iodine-catalysed condensation reaction of thiourea with the 2-
benzimidazolyl-ethenone 10, leading the formation of corre-
sponding derivative, 2-aminothiazol-5-benzimidazolyl, product
11. This latter was reacted with aryl isothiocyanate leading to
the urea-based product 12, which underwent a series of reac-
tions of formol, and the mixture of methylamine/formol to
produce the benzimidazolyl oxadiazinane, and the benzimida-
zolyl triazinane derivatives 13 and 14, respectively. The micro-
bial growth inhibition efficacy of the synthesized benzimidazole
derivatives 13 and 14 was evaluated after screening six different
types of bacterial strains, i.e., Bacillus subtilis MTCC 441,
Bacillus cereus ATCC 9372, Staphylococcus aureus ATCC 96,
Escherichia coli ATCC 8739, Klebsiella pneumoniae MTCC 109,
and Salmonella typhi ATCC 4420. These tested compounds
possessed notable antimicrobial activities (Scheme S-2, ESI
filef).**?

The syntheses of 2-substituted benzimidazolyl isoxazole-5-
one, compound 16, pyrazol-3-one, compound 17, and
pyrimidin-4-one, compound 18, were realized through cyclo-
addition reactions of hydrazono-ethyl acetoacetate 15 with
NH,OH-HCl, hydrazine, urea, and thiourea entities. These
differently substituted benzimidazole end-product compounds
exhibited interesting antimicrobial activities (Scheme S-3, ESI
filet).*®

The synthesis of methylene-N-aryl 19, pyrazolo-3-one 20, and
the (4-fluorophenyl)-piperazin-2-substituted benzimidazole
derivative 21 were achieved via the nucleophilic substitution of
2-chloromethylene benzimidazole. These products showed
weak antimicrobial and cytotoxic activities (Scheme S-4, ESI
file)."”” On the other hand, several azo-substituted benzimid-
azole derivatives, namely benzoxazole and benzothiazole, 22
and 23, were prepared from electrophilic substitution reactions
of diaza-sulfonyl-benzimidazole salt with the corresponding
aromatic derivatives to yield the desired products. These poly-
heterocyclic compounds exhibited significant antimicrobial,
antibacterial, and antitubercular activities (Scheme S-5, ESI
filet).” As another set of compounds based on a new triaryl
benzimidazole scaffold, the derivatives 4-iodo- and 5-bromo-
phenyl-N-aryl-azidine were prepared via electrophilic tri-aza-
aromatic substitutions. The synthesized products, 23 and 24,
demonstrated high levels of bioactivity against MRSA and VRE
bacteria (Scheme S-6, ESI filet)."**

The synthesis of a polyaromatic bis(benzimidazolyl)
carbamide derivative, 26, spaced with a bi-aryl-pyridin-phenyl
derivative was accomplished through a multi-step series of
reactions. The prepared derivative, 26, manifested strong
bioactivity towards the tested bacteria (Scheme S-7, ESI filet)."*®
Contextually, a series of N-sulfoxyamide benzimidazole deriva-
tives was prepared from the reaction of benzimidazole deriva-
tives with chlorosulfonyl aromatic derivatives at moderate
temperature, which exhibited strong antibacterial activity
towards the tested bacteria (Scheme S-8, ESI filet).”* Also,
antibacterial agents from a new series of non-symmetrically
substituted  p-nitro-benzyl-containing  benzimidazole N-
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heterocyclic carbene-silver(i) complexes, 34 and 35, were
prepared through silver oxide metalation from N-(p-nitro-
benzyl)-N-(alkyl)benzimidazoliminium  hexafluorophosphate
under mild conditions (Scheme S-9, ESI filet)."** The synthesis
of the benzimidazole compound 36 was followed by reactions
with hydrazine and carbon disulphide, with cyclisation as the
final step (Scheme S-10, ESI filet)."** The antibacterially active
benzimidazole-cored compound 4-amino-5-[2-(1H-benzimida-
zol-2-yl)-3-(4-chloroanilino)propyl]-2,4-dihydro-3H-1,2,4-
triazole-3-thione, 37, was synthesized in four steps.

The polyaromatic heterocyclic benzimidazole derivatives 39,
were obtained from the reaction of different 2-, 3- and 4-
substituted benzimidazole moieties (obtained from Michael
cycloaddition with 1-naphthalic carbazide as a starting mate-
rial) with the substituted benzimidazole-2-enone derivatives 38.
The p-nitro- and p-chloro-substituted products showed the
highest antibacterial activity levels (Scheme S11, ESI filef).***
Moreover, the synthesis of 2-(3-fluorobenzyl)-1H-benzimidazole
derivatives, containing various substituted functional groups
and heterocyclic ring moieties, was carried out via the N-
nucleophilic substitution reaction of the starting material 2-(4-
fluorobenzyl) benzimidazole 40 with various electrophilic
functional groups and heterocycles in several steps. The reac-
tion scheme shows the synthetic route and the prepared prod-
ucts, 41-44, which were obtained in high yields (~80%). These
products have been reported to show high antibacterial efficacy
(Scheme 4).>*

In a nutshell, the 2,5-disubstituted benzimidazole derivatives
showed high levels of bioaction at doses as low as 2 pg mL™".

2.2 Antiviral activity

Benzimidazole-based templated core compounds represent one
of the major target molecules for manifesting high levels of
antiviral activity.” A series of 2-substituted benzimidazole-N-
carbamates was prepared through the conversion of trichloro-
carbon-functionalized 2-trichlorocarbon benzimidazole, ie.,
compound 45, to obtain amide or ester groups, yielding the
products 46, and 47, which was further followed by N-acylation
with different electrophilic reagents to produce the benzimid-
azole derivatives 48-56. These products displayed antiviral
activity, and compound 48 was among the most active compared
with other compounds of the collection, while compound 57
presented moderate levels of antiviral activity, in contrast to
compound 47, which was inactive (Scheme S-12, ESI filet)."*®

Another series of benzimidazoles compounds with tetracy-
clic fused structures, 60-66, homologues to steroids in the
structural patterning of the tetracyclic set-up, was successfully
synthesized. The last step of the four stages resulted in the
formation of 2-substituted benzimidazole templated core
products through the condensation of 1,3-
bis(methoxycarbonyl)-2-methyl-2-thiopseudourea with the o-
phenylene diamine derivatives 58 and 59 in an acidic environ-
ment. The biological activity results indicated that these
compounds possessed antiviral activity against human cyto-
megalovirus (CMV) and varicella-zoster virus (VZV) (Scheme S-
13, ESI filet).*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The synthesis of 2-(3-fluorobenzyl)-1H-benzimidazole derivatives with various functional groups and heterocyclic moieties.

The condensation of 2,3-diaminobenzoic acid with different
aldehydes, followed by amidation, provided a new class of
benzimidazole derivatives, which were designated as 2-pyridyl-
1H-benzimidazole-4-carboxamide derivatives, 67-84. The
compounds showed noticeable antiviral activity. Compounds
78 and 79 displayed strong and selective antiviral activity
against coxsackievirus B3 in Vero cells under in vitro conditions
(Scheme S-14, ESI filet)."*® Further structural expansion of the
selected heterocyclic rings, via the condensation of 2,3-dia-
minobenzamidines with heterocyclic 4-imidazol-, 4-pyrol- and
4-pyridine-carboxaldehydes in absolute ethanol, yielded the
corresponding imidazole, pyrrole, and pyridine benzimidazole
structures 85-93. Biological activity studies showed that the
compounds containing pyridine rings, compounds 91-93, dis-
played strong antiviral activity against RNA-replicating entero-
viruses, whilst compound 88 manifested activity against all four
types of tested viruses (Scheme S-15, ESI filet)."* Newer deriv-
atives, 2-chloro-, 2-bromo- and 2-iodo-5,6-
dichlorobenzimidazole ribonucleosides, 101-106, obtained in
moderate-to-high  yields (68-90%), were prepared by
substituting the nitrogen atom of 5,6-dichlorobenzimidazole-2-

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

amines with bis(trimethylsilyl)acetamide, followed by reaction
with  1,2,3,5-tetra-O-acetyl-p-p-ribofuranose ~ (TAR).  The
compounds, 101-106, showed interesting antiviral activity
against two types of viruses. The brominated compound
exhibited four times more antiviral activity than the compound
containing the chlorine atom (Scheme 5).'*°

The anomeric carbon atom of tetra-acetate ribose assisted
the synthesis of a new set of benzimidazole N-riboses, 5-chloro-
2-methoxy, 2-thioalcoxy, and 2-thiones 110-121, through the N-
acetylation of the 2-chloro-5-nitrobenzimidazole compound
107. The synthesized products elicited higher levels of antiviral
activity against different types of viruses, except compounds 114
and 117, which were weakly active against the HCM virus and
possessed no cytotoxicity within their antiviral dose range
(Scheme S-16, ESI filet)."*" Another set of reactions involving
ribose anomeric acetate was used to produce 5'-modified 2,5,6-
trichlorobenzimidazole ribonucleoside compounds, 123-127,
via the N-condensation of the 2,4,5-trichlorobenzimidazole
substrate 122. The methanol group of the ribonucleoside was
converted to azidomethyl and chloromethyl groups, yielding
compound 128. The newly synthesized products also showed

RSC Adv, 2025, 15, 7571-7608 | 7575
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Scheme 5 The synthesis of 2-chloro-, bromo-, and iodo-5,6-dichlorobenzimidazole ribonucleoside derivatives.

antiviral activity against certain other viruses, especially against
HCM (Scheme S-17, ESI filet).**

The introduction of sulpho-coumarins to the benzimidazole
nucleus led to the synthesis of two series of 2-sulfurmethylene-
coumarine- and 2-sulfurmethylene-coumarine-N-(2,3,5-
triacetatooxypyran-4-yl)-benzimidazole 5,6-disubstituted deriv-
atives, 131a-k, and 134a-e, which were synthesized from the
double condensation of the benzimidazole-2-thione products
129a-f with the 3,4,5,6-tetracetoxypyrane and 3-chloromethyl-
chromen-2-one compounds 130a-c. The obtained products
showed high activity against HCV, especially the compound 2-
[(6-bromocoumarin-3-yl)methylene-thio]-5-
fluorobenzimidazole, 131i, and its derivative, 1-[(2,3,4,6-tetra-o-
acetyl)glucopyranos-1-yl]-2-[(6-bromocoumarin-3-yl)
methylenethio]benzimidazole, 134¢ (Scheme S-18, ESI filet).**
Additionally, in a single step, the 1-alkoxy-2-alkylbenzimidazole
compounds 146-150 were produced via reacting the synthon 2-
methyl-6-nitro-phenylamine, 145, with primary iodo-alkanes in
the presence of NaH as a strong base. The products 146-150
exhibited antiviral activity against certain viruses. Antiviral
testing indicated that compound 148 was the most effective
anti-HIV-1 product in the series (Scheme S-19, ESI filet)."**

7576 | RSC Adv, 2025, 15, 7571-7608

Thus, a number of benzimidazole-based products, especially
ribofuranose-containing and brominated products, and imid-
azole, pyrrole, and pyridine benzimidazole structures showed
significant antiviral activity.

2.3 Antifungal compounds

The versatility of the benzimidazole molecular framework has
been confirmed based on the strong antifungal activities'*>**¢ of
the prepared derivatives. New analogues containing tertiary
amine, substituted benzimidazole, and triazole moieties have
been synthesized, and screened against Candida albicans spores
with significant levels of bioaction. Among the N-methyl- and N-
phenyl-substituted benzimidazole derivatives, 144a-i, contain-
ing an asymmetric carbon atom bound to C2, hydrogen, chlo-
rine, or the hydroxyl group present on C5, the tertiary amine
and 1,2,4-triazole substructures were synthesized in moderate
yields through the reaction of difluoro-phenyl amino methyl
triazole with the 2-chloromethylene benzimidazole derivatives
142 and 143. The products manifested strong antifungal activity
(Scheme 6)."*” However, the inherent toxicity of this series of
compounds and the anti-bacterial resistance pushed the
discovery of newer derivatives with improved antifungal activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 The synthesis of asymmetric-carbon-containing 144a—i, where a benzimidazole moiety is C2-bonded with an N-methylene 1,2,4-

triazole-N-(2,4-difluorophenyl) derivative.

Compound 147, a 4-amino-5-phenyl-2,4-dihydro-[1,2,4]
triazol-3-one benzimidazole derivative, was successfully
prepared through the substitution of 5-chloro-2-(1-chlor-
obenzyl)-1H-benzoimidazole 145 with amino-triazolone,
compound 146. Compound 147 was evaluated for its anti-
fungal properties against Candida glabrata. The compound
possessed a polar side chain and OH and SH groups, which
culminated in it exhibiting higher potential for antifungal
action (Scheme S-20, ESI filet).**®

Another interesting new series of benzimidazole-based
Schiff base derivatives, 150, was synthesized via the condensa-
tion of 1,6-disubstituted benzimidazole-2-carbaldehydes, 148,
and phenyl hydrazine derivative compounds, 149. The anti-
fungal activities of the final compounds were tested. The
bioassay results indicated that noticeable inhibitory activity
against R. solani and M. oryzaein was shown by most of the
synthesized compounds. The highest in vitro inhibition activi-
ties, which exceeded the reference drug's ECs, value at 1.20 ug
mL " and 1.85 pg mL™", respectively, were shown by the
compounds bearing 2,4-difluoro groups in their structures
(Scheme S-21, ESI filet).'*

Moreover, recently, 10 new 2-aryl benzimidazole derivatives,
151a-g, were also synthesized through the cycloaddition of
substituted phenyl carbaldehydes and 4-substituted 1,2-phe-
nelenediamine, catalysed in the presence of H,S0,/SiO, and
reacted under microwave heating. The antifungal activities were
evaluated against several filamentous fungi, i.e., Candida albi-
cans, C. dubliniensis, C. parapsilosis, C. krusei, C. tropicalis,

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

Cryptococcus neoformanse, Aspergillus flavus, Aspergillus clavatus,
Alternaria alternate, Microsporum canis, and Trichophyton men-
tagrophytes. Among the synthesized derivatives, the compound
containing fluorine at the para-position of the benzene ring
exhibited the highest antifungal activity at a dose of 8.64 g
mL~" (Scheme S-22, ESI filet).*

Thus, the pharmacophoric value of the benzimidazole
molecular template was also demonstrated in terms of anti-
fungal potency. Nonetheless, another benzimidazole derivative,
a benzimidazole triazole, 156, was obtained through a sequence
of five steps. The benzimidazole compound, 152, obtained
through the condensation of 4-methyl-o-phenylenediamine
with p-formyl methyl benzoate, after undergoing a reaction with
hydrazine, produced the hydrazide 153. The hydrazide 153
further underwent a reaction with isothiocyanate to yield the
corresponding thiosemicarbazide 154. Cyclization in a basic
medium produced the corresponding 4-substituted-5-[4-(5-
methyl-1H-benzoimidazol-2-yl)-phenyl]-4H-[1,2,4]triazole-3-
thiol compound 155, which, finally, upon reacting with 2-
bromo-1-phenylethanone yielded the final product 156. All the
new compounds in the synthetic sequence were evaluated for
their antifungal activity against Candida glabrata, Candida kru-
sei, Candida parapsilosis, and Candida albicans. According to
biological evaluation assays, the majority of the derivatives
showed moderate to strong antifungal activity against all the
tested fungal strains. Compounds possessing 3,4-dihydroxy
phenyl groups manifested the highest inhibitory activities
against the fungal strains, with MICs, values ranging from 0.78
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to 1.56 pg mL . The products were also non-toxic at their bio-
effective concentrations (Scheme S-23, ESI filet).***
Furthermore, various benzimidazolium N-phenyl methyl-
thioformates, 158 and 159, spirano-benzimidazolium, 160,
methyl dithioformic esters, 161 and 162, and a 2-ethane nitrile
1,3-disubstituted benzimidazole compound, 163, were synthe-
sized. Synthesis was achieved by reacting the 3,1’-disubstituted-
1,3’-diphenylethyl-2,2'2,2']bibenzoimidazolylidene compound
157 with isothiocyanate, isocyanate, carbon disulphide, and
acetonitrile, which produced a number of products, 158-163, of
which compound 160 was the most active compound as an
antifungal product (Scheme S-24, ESI filet).**> Another synthetic
scheme involving the use of a benzimidazole molecular
template produced 1,2-bis-(2-mercapto-benzoimidazol-1-yl)-
ethane-1,2-dione, compound 165, via the double condensation
of the mercapto-benzimidazole synthon derivative 164 upon
reacting with diethyl carbonate. Reaction with copper(u) and
nickel(n) metal complexes of bis(ethane diamine) yielded the
corresponding diiminic bis-(2-thiol benzimidazole) complexes
166. The Cu(u) complex was far more active against fungi than
the Ni(n) analogue due to the effects of the metal ion on the cells
(Scheme S-25, ESI filet)."** Another interesting benzimidazole-
oxadiazole framework-based derivative, 170, was produced as
an antifungal agent. The corresponding carbohydrazide
compound 168 was transformed, in the first step, via conden-
sation with p-formyl methyl benzoate and 4-substituted o-
phenylene-diamine, followed by the reaction of hydrazine
hydrate with the corresponding benzimidazole phenyl ester
167. Cyclization with carbon disulphide led to the mercapto-
oxadiazole product 169, which, when reacted with various
derivatives of phenacyl bromides, produced multiple compo-
nents. The compounds 186h and 186p were found to be
promising candidates for further development towards the
treatment of fungal infections (Scheme S-26, ESI filet)."*
Additionally, a series of fused thiazolo-benzimidazole benzox-
azole products, 173, was also synthesized in three consecutive
steps. The first step involved the reaction of 5-substituted 2-
mercapto-benzimidazole with benzofuran-2-yl-ethanone in an
acidic medium, leading to the corresponding sulfanyl ketone
171. Compound 171 was later converted through an intra-
molecular cycloaddition reaction, catalysed in the presence of
PPA (polyphosphoric acid), to the corresponding 3-benzofuran-
2-yl-benzo[4,5]imidazo[2,1-b]thiazole compound 172. Further,
through a one-pot three-component reaction, the latter
compound reacted with a secondary amine and formaldehyde
to yield the fused benzimidazole-thiazole analogue 173. Bio-
logical activity testing results showed that the dibromo-
substituted compounds were the most active products against
the tested fungi, compared to the mono-bromo-substituted
compounds (Scheme S-27, ESI filet)."* A synthetically inter-
esting agricultural fungicide, a benzo-[4,5]-imidazo[1,2-d][1,2,4]
triazine derivative, was also synthesized through the conden-
sation of 2-chloroacetic acid or 2-bromopropionic acid with o-
phenylene-diamine to form the corresponding benzimidazole
product 174, which, when reacted with substituted phenyl-
hydrazine, produced the corresponding hydrazino-
benzimidazole compound 176. Compound 176, when treated
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with an excess of a mixture of chloroformate and triethylamine,
was converted to yield a 1,2,4-triazol-3-one fused benzimidazole
through an intramolecular cyclization reaction. The product
exhibited fungicidal activity at 50 ug mL ™" (Scheme S-28, ESI
filet).**

A series of 2-chloromethyl-1H-benzimidazole derivatives was
achieved through multistep reactions. The initial step consisted
of the condensation of 2-chloroacetic acid with o-phenylenedi-
amine derivatives in acidic media, leading to 2-chlor-
omethylbenzimidazole structures. These intermediates were
later reacted with acyl-chloride and methyl sulphate to produce
N-methylated benzimidazole and N-acylated benzimidazole
products, 178 and 181. Benzimidazole derivatives also reacted
with  2-chloro-N-methyl-N-(2-methylamino-phenyl)-acetamide,
179, and o-phenylenediamine, thereby yielding the corre-
sponding targeted benzimidazole derivatives 180a-q and 183a-
n. Several of these alkoxymethyl-1H-benzimidazole products
were effective against a number of agricultural fungi (Scheme S-
29, ESI filet)."” An extension of substituted o-phenylene-
diamine and substituted phenyl acrylic acids also produced
compounds as a series of novel 5-(nitro/bromo)-substituted 2-
styryl benzimidazole derivatives. In this context, compound 184
was synthesized in ethylene glycol, which showed that bromo-
containing compounds were more biologically active than
nitro-containing compounds against fungi for this specific
molecular framework (Scheme S-30, ESI filet)."**

Furthermore, a library of 2-benzimidazolylimino-5-
arylidene-4-thiazolidinones, compounds 188a-k, was also
synthesized. The approach started with the condensation of
chloro-acetyl chloride to 2-aminobenzimidazole, yielding the
corresponding chloro-acetamide, compound 185, which
underwent intramolecular cyclization to produce the fused
tricyclic compound 1H-1,3a,8-triaza-cyclopenta[a]inden-2-one,
186. Compound 185 was also reacted with ammonium thiocy-
anate to yield 2-(1H-benzoimidazol-2-ylamino)-thiazol-4-one,
compound 187, which, when treated with substituted benzal-
dehydes, produced the targeted pharmacophores 188a-k. These
compounds were tested for their potential antifungal effects
and showed positive activity against agricultural fungi, espe-
cially against the phytopathogens B. elliptica, Fusarium grami-
nearum,P. nicotianae, and R. solani (Scheme S-31, ESI filef)."** A
simple and effective approach towards the synthesis of the
benzimidazole derivative 189 was established using o-
phenylene-diamine and a substituted aldehyde, which were
reacted in the presence of a mild catalyst, nano-SnCl,/SiO,. The
compound was active in bioactivity testing against various
yeasts and filamentous fungi, based on the broth microdilution
method of testing (Scheme S-32, ESI fileT).'*

2.4 Anti-protozonal activities

Strong levels of antiprotozoal activity are reportedly shown by
benzimidazole-derived compounds.®”*** A series of benzimid-
azole pentamidine compounds was synthesized in which the
peripheral amidine groups of the pentamidine moiety were
transformed into substituted benzimidazole groups, which led
to better antiprotozoal activity being shown by the products,
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especially compound 190. Another concurrent approach
produced compounds 190a-j in 68-90% yields, with diversified
substitutions; these also exhibited desired levels of anti-
protozoal activity (Scheme 7).%*
2-(2-Amino-4(5)-nitro-1H-benzimidazol-1-yl)-N-arylaceta-

mides were also synthesized as antiprotozoal compounds. First,
bromo-cyanogen was reacted with activated 4-nitro-o-phenyl-
enediamine to produce the corresponding product 2-amino-5-
nitrobenzimidazole. The intermediate was then condensed
with 2-chloro-N-aryl-acetamide to afford a mixture of regio-
isomeric products, 4- and 5-nitrobenzimidazole-N-aryl-
acetamides, as the compounds 191 and 192. These
compounds were found to be antiprotozoal products (Scheme S-
33, ESI filet).”® In another attempt, a synthetic strategy for
biphenyl benzimidazole diamidines was developed, which
primarily consisted of the synthesis of 5-cyano-2-(cyanoaryl)
benzimidazoles, 194a-i, through the condensation of
a substituted 3'-formyl-biphenyl-carbonitrile, 3a, with 3,4-
phenylene-diamines, yielding the desired active products. The
two cyano groups of compounds 194a-i, when treated with
hydrochloric hydroxylamine, were transformed into the corre-
sponding N-hydroxy amidines (compounds 195a-i). These
intermediates were later reduced into the corresponding ami-
dine groups (compounds 196a-i). These compounds displayed
remarkable biological activities, and compounds 196¢, 196d,

NH
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196f, 196h, and 196i were good antiprotozoal products. Also,
there were three compounds, 196f, 196h, and 196i, which
showed significant improvements in bioactivity compared to
the furamidines ITa and III (Scheme S-34, ESI filet).***

Among other antiprotozoal products, the synthetic approach
to 2-{[2-(1H-imidazol-1-yl)ethyl|sulfanyl}-1H-benzimidazole has
been outlined in detail. The compound 2-mercapto-1,5,6-
trisubstituted-1H-benzoimidazole, 197, which was obtained
from the condensation of carbon disulphide with the corre-
sponding 1,2-diaminobenzene, showed bioactivity. Compound
197 reacted with 1-(2-chloro-ethyl)-1H-imidazole to yield the
corresponding thioether 198. The developed series of
compounds, 198d-g, was treated with methyl iodide to produce
the corresponding benzimidazolium salts. These benzimid-
azole derivatives manifested higher biological activities than
the reference standard compound. Compounds 198p-s were the
most active of all in the series and showed strong antiprotozoal
activities (Scheme S-35, ESI filet).”® Contextually, sulphur
heterocycles containing a series of benzimidazole derivatives of
thieno[2,3-d]-pyrimidin-4-ones, prepared through the conden-
sation of substituted benzimidazole, 2-mercaptobenzimidazole,
and 2-mercaptomethylbenzimidazole with 2-(2-chloro-ethyl)-
5,6-disubstuted-3H-thieno[2,3-d]pyrimidin-4-one, showed
considerable levels of antiprotozoal activity (Scheme S-36, ESI
filet).**
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Scheme 7 The synthesis of the spaced bis(2-arylbenzimidazole)s 190a-j.
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The synthetic route to N-methylated benzimidazole esters
and amides, 205-208, involved the synthesis of an intermediate,
5,6-disubstituted-1-methylbenzimidazole-2-carbaldehyde,
compound 204, which was prepared in two steps from o-phe-
nylenediamine and 2-hydroxyacetic acid; it was easily converted
to the corresponding ester and amide derivatives. Bioactivity
testing exhibited moderate antiprotozoal activity, thereby indi-
cating that the ester analogue compounds were more active
than others in the series (Scheme S-37, ESI filet)."® Another
series of new benzimidazole-benzothiazole entities connected
with an amide moiety, obtained from N-methyl-2-nitro
benzoate, was synthesized through saponification in the first
step, followed by condensation with 2-amino-5-nitrothiazole,
yielding the product. The study also mentioned that the
compounds 211 and 212 were strongly active as antiprotozoal
agents (Scheme S-38, ESI filet).*®

Moreover, the condensation of o-phenylenediamine with
both 3-trifluoromethly cinnamic acid and iso-nicotinic acid
yielded the corresponding 2-substituted-benzimidazole inter-
mediates 213 and 214, which were further reacted with ami-
nopyridines under microwave conditions, in the presence of
formaldehyde, yielding the corresponding 2,3-disubstituted
benzimidazoles, 215 and 216, which possessed high anti-
protozoal activity (Scheme S-39, ESI filet).*

2.5 Antimalarial compounds

Several benzimidazole derivatives were proposed, synthesized,
and investigated for their bioactivity as antimalarial agents
against several malaria-causing pathogenic Plasmodium species,'>
e.g., P. falciparum, P. ovale, P. malariae, P. vivax, and P. knowlesi.*®®
For the synthesis of antimalarial agents, 6-O-, and N-substituted
diamino pyridine derivatives, 217, were condensed with cyanogen
bromide to yield the 2-aminobenzimidazole analogue compounds
218, which were later reacted with phenacyl bromide to produce
the 6-substituted 2-amino-3-benzoylbenzimidazole compounds
219. Upon reduction, they yielded the corresponding alcohols,
220. Many 2-amino-pyridin-benzimidazole derivative products
were also produced, which displayed antimalarial activity. These
newly synthesized products were quick to kill pathogens, and
showed an absence of cross-resistance, together with a low
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frequency of pathogenic resistance re-emergence. The products
also showed excellent oral bioavailability (Scheme 8).'* These
products had the distinction of being active and non-cross-
resistant against the studied pathogens.

Recently, a new antimalarial compound, identified as the
fused pyrido[1,2-a] benzimidazole 223, was synthesized under
microwave conditions through the nucleophilic substitution of
the chlorine atom of the tetracyclic compound 222, obtained
from 3,4-disubstituted aniline 221. The bioactivity was tested
under in vivo and in vitro conditions (Scheme S-40, ESI filet).***

2.6 Antitubercular compounds

New benzimidazole derivatives containing nitrogen heterocy-
cles are conspicuously present in the antitubercular drug
domain.'® Heterocycles containing N-atom(s) have been
pursued in search of new chemical entities and new drug lead(s)
for developing newer anti-tubercular agents.'® In this context,
a library of 5-methyl-carboxylate-substituted benzimidazole
derivatives, 225, was prepared via the condensation of N-alkyl
diaminobenzoate with sodium phenyl methane sulfonate with
DMF as the solvent at 90 °C, with high yields (75-84%). The
antitubercular activities of derivative compounds with the base
structure 225 were evaluated against mycobacteria. The results
demonstrated that the most effective compound contained
a trifluoromethyl group in its structure (Scheme 9).'**

Moreover, a novel series of compounds, 2-styryl-benzoyl-1H-
benzimidazols, was synthesized from the base compound 30 by
the condensation of 3,4-diaminobenzophenone with malonic
acid (method 1) or acetic acid to produce the corresponding 2-
methyl benzimidazole derivatives, which were later reacted with
aromatic aldehydes (method 2). 5-Nitro homologous structures
based on template 31 were prepared. Antitubercular activity
screening of the products showed better bioactivity with
electron-donating-group substitution, ie., Cl, O, and S, in the
structural frameworks (Scheme S-41, ESI filet).'*

2.7 Anti-inflammatory and analgesic compounds

Benzimidazole-core-derived compounds have also been shown
to possess anti-inflammatory activity in parallel to nonsteroidal

NH _
| X 2 BrCN, MeOH:H,0(1:1) JL/TN\ Phenacyl bromide,
>—NH,
R-X" N7 ONH, 90°C, 3h RXT N7 \H K,CO3, DMF, r.t
#1e 218 (60%)
R-X (X = OH, NH,)
NaBH N
N 4 A
- \
ﬁ \>_NH2 MeOH, r.t /E:[ >_NH2
N R-X~ N N
RX”T N o OH
R4 R,
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219 (50%) "
Ry Ry=Cl 2
R,=H, Cl
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Scheme 8 The synthesis of 3-N-trisubstitued phenylethanol-3H-imidazopyridin-2-amines in three steps from substituted diamino-pyridines.
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Scheme 9 The synthesis of 5-methyl-carboxylate 2,3-disubstituted benzimidazoles 225.

anti-inflammatory drugs (NSAIDs). The compound N-(4-(2-
phenyl-1H-benzo[d]imidazol-1-yl) phenyl)acetamide, 232, was
synthesized according to Scheme 10.'*® The 2-p-substituted-aryl
benzimidazoles 228 were reacted with p-nitro-fluorobenzene to
produce the corresponding 3-p-nitrophenyl-2-p-substituted-aryl
benzimidazole compounds 229a-g. When treated with
concentrated HCI, the cyano group of compound 229a was
transformed into the carboxylic acid derivative 230. In the
presence of HCl and Sn, compounds 229c-g underwent the
reduction of the nitro group into an amine. This functional

group was then transformed into the corresponding acetamide
by simple treatment with acetyl chloride to produce the target
compound 232. During bioactivity testing, 1,2-diphenyl benz-
imidazoles (DPBIs) with para-nitro and para-bromo substitu-
tions at N1-Ph and C2-Ph (232, R = p-NO,, R = p-Br), obtained in
relatively low yields (48-57%), exhibited high anti-inflammatory
activities under in vitro and in vivo conditions.

Additionally, 2-methylthiobenzimidazole compounds with
different combinations of aromatic and heterocyclic substitu-
ents were synthesized in multiple steps. This approach started
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Scheme 10 The synthetic approach to 3-p-acetamide phenyl-2-p-substituted-aryl benzimidazoles 232.
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with the synthesis of 4-(2-methylthiobenzoimidazol-1-yl)-
thiazol-2-ylamine 233, which was obtained from the treatment
of 2-methylthio-1H-benzoimidazole with chloro-acetyl chloride,
thiourea and hydroxylamine. The heterocyclic nitrogen atom of
substrate 233 acted as a nucleophile to yield the iminic salt 234.
In certain other reactions, the primary amine functional group
of the same substrate reacted as a nucleophilic species with
halogen derivatives to generate the corresponding amino-
ketones 235a-b and the amide 236. In particular, compound
234 underwent intramolecular cycloaddition upon refluxing in
(2 N) HCI solution and then washing with aq. NH,OH to yield
the fused heterobicyclic imidazo[2,1-b] thiazole benzimidazole
product 237. In turn, compound 235b underwent a reaction
with phenyl thiosemicarbazide to produce the corresponding
product 238, which was reacted with p-substituted and unsub-
stituted phenacyl bromide and methyl bromo acetate to afford
the target products 239 and 240, thereby incorporating a second
thiazole ring (Scheme S-42, ESI filet)."s” In vitro screening
showed that benzimidazole-thiazole hybrids linked to the
acetyl moiety, phenyl thiosemicarbazone, 1,3-thiazolines, 4-
thiazolidinedione, and 1,3-thiazoline substituted with p-chlor-
ophenyl moieties were the highest inhibitors of the COX-2
enzyme. The benzimidazole-thiazole derivative possessing a 4-
thiazolidinedione substructure exhibited the highest inhibition
under in vivo assay conditions.

Furthermore, a novel compound, the 2-methyl-
aminobenzimidazole derivative 241, was also synthesized via
the N-alkylation of 2-chloromethylbenzoimidazole and p-
substituted aniline. The analgesic and in vivo anti-inflammatory

Y
-~
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biological activities were tested. Most of the new compounds
showed potent analgesic and anti-inflammatory activity
compared to the corresponding reference drugs (Scheme S-43,
ESI filet)."® Moreover, a number of substituted 2-(2-
hydroxynaphtyl)-3-alkyl benzimidazole derivatives, 241, were
synthesized via the condensation of substituted o-phenyl-
enediamines with 2-hydroxynaphthaldehyde. The appropriately
obtained benzimidazole derivative 242 was later reacted with an
alkyl iodide. The target compound 243 possessed analgesic
activity (Scheme S-44, ESI filet).’* The products 241 and 243
and benzimidazole-thiazole extended products were active at
higher levels as analgesic and anti-inflammatory compounds.
The thiazole derivative was the highest level COX-2 inhibitor.

2.8 Antihistamine compounds

Another set of benzimidazole-derived multiple-ring expanded
phenyl-pyrazole conjugated benzimidazole-quinoxaline deriva-
tives was synthesized. The products showed considerable levels
of antihistaminic activity. The synthetic processes utilized the
condensation of benzimidazole, 2,3-diphenylquinoxaline, and
formaldehyde to yield the corresponding methylene-spaced
hybrid benzimidazole-quinoxaline derivative 244. The ob-
tained product was reacted with chloroacetone to introduce
a methyl ketone group, forming molecule 245, which was
further condensed with p-substituted benzaldehyde(s), leading
to the corresponding aromatic enone-derivative-based products
247 in 45-80% yields. The compounds were later reacted with
aryl carbazide to afford the corresponding N-substituted 4,5-

<\::© ’ @EN/ O

=

@CHO

244 (72%)

%

CICH2COCH3
K2CO03
dry Acetone

246 a-e (67-73%)

(ArCONHNH,)

ArCO gla. acetic acid

L e

247a-k (45-80%)

NaOH 10%

o0

245 (68%)

X =H, OH, CI, F, OCHj
Ar = CgHg, CgH4OH, CgH,CI

Scheme 11 The synthetic route to N-substituted 4,5-dihydropyrazolic benzimidazole-quinoxaline derivatives 247.
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dihydropyrazolic benzimidazole-quinoxaline derivatives 247
(Scheme 11).*°

Another series of extended-ring benzimidazole derivatives, 2-
(3-aminopiperidin)-benzimidazoles, was proposed as a H1-
antihistamine for insomnia therapy. One of these new deriva-
tives exhibited activity equivalent to the currently used H1-
antihistamine. The synthetic route was implemented through
the condensation of o-phenylenediamine with piperidine-1,3-
dicarboxylic acid 1-tert-butyl ester, yielding the corresponding
2-substituted benzimidazole derivative 248, which underwent
two successive alkylation reactions with halogen derivatives to
yield the expected target product 250 (Scheme S-45, ESI filet).'”*
The 2-(3-aminopiperidin)-benzimidazole was very active as
a Hil-antihistamine, and it holds promise for the future.

2.9 Antihypertensive activity

A set of 5-nitro benzimidazoles bearing 1,4-disubstituted and
1,5-disubstituted indole components was prepared through the
N-acylation of 4-nitro-o-phenylenediamine, yielding the amidic
compound 251, which underwent an intramolecular cyclization
reaction to produce the corresponding benzimidazole product
252. Condensation with  (4-(bromomethyl)-1H-indol-1-
yl)(phenyl)methanone 253 yielded the corresponding product
1-(1H-indol-4-ylmethyl)-5-nitro-2-alkyl-1H-benzoimidazole 254.
The nitrogen atom of the indole moiety was reacted with 2-
fluorobenzonitrile, which led to the corresponding benzimid-
azole-indole-benzonitrile, product 255. Product 255 was
refluxed under basic conditions to transform it into a carboxylic
acid, the final target product 256 (Scheme S-46, ESI filet)."”> The
results of bioactivity studies showed antihypertensive activity.
The compound 11,2-(4-((2-butyl-5-nitro-1H-benzo[d]imidazole-
1-yl) methyl)-1H-indol-1-yl)benzoic acid, 256¢, was the most
active product.

Additionally, another series of 6-substituted benzimidazole—
indole derivatives was prepared from 1,4-disubstituted or 1,5-
disubstituted indole and benzoic acid moieties. According to
Scheme S-47, the 2-(2-substituted-7-methyl-3H-benzoimidazol-
5-yl)-4,6-disubstituted benzoxazole 257 reacted with the 4- or 5-
bromomethyl-1-(2-methylcarboxylate) indoles 258a-b to yield
the corresponding N-alkylated indole carboxylate derivatives
259 and 260, which, when converted by refluxing in basic
media, produced the targeted benzimidazole-oxazole-indole
carboxylic acid derivatives 261 and 262. The bioactivity results
indicated that compounds 261b and 262b effectively reduced
blood pressure, and they were considered effective against
hypertension (Scheme S-47, ESI filet)."”* Another di-substituted
benzimidazole product, 2,5-disubstituted benzimidazole 263,
was produced by condensing 4-substituted o-phenylenediamine
with salicylaldehyde and p-anisaldehyde under microwave
irradiation conditions. The expected target products manifested
antihypertensive activity. The reaction was extended to differ-
ently substituted compounds. Among the prepared products,
compounds 263c-f were the most active of the series (Scheme S-
48, ESI filet).”* Other structurally extended benzimidazole
compounds, bis-benzimidazole-indole-benzoic acid deriva-
tives 266, were reported in terms of their synthesis and
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biological  activity. = The  2-(4-bromomethyl-indol-1-yl)-
benzonitrile 264 was reacted with 2’-substituted-1,7’-dimethyl-
1H,3'H-[2,5']bis-benzoimidazolyl, which yielded the corre-
sponding product 265; after hydrolysis in a basic medium, this
yielded the expected target product, 266. Among these benz-
imidazole derivatives, compound 266¢ was an effective antihy-
pertensive product (Scheme S-49, ESI filet).'”

Another series of benzimidazole analogues, 4’-2-butyl-5-
sulfamoylbenzoimidazolmethyl-biphenyl-2-carboxylic acids
269, was prepared when an amine was mixed with 5-chlor-
osulfonyl benzimidazole 268, which was obtained by treating 4-
(2-butyl-benzoimidazol-1-ylmethyl)-biphenyl-2-carboxylic acid
267 with chlorosulfonic acid. Among the series of 5-alkylsulfa-
moyl benzimidazole derivatives, compounds 269g and 269h
showed significant antihypertensive activity (Scheme S-50, ESI
filet).””® The compounds in the series 266 and 269 exhibited
promising anti-hypertensive activity.

2.10 Antidiabetic compounds

A benzimidazole core template has also been utilized as
a bioactive pharmacophore for developing antidiabetic
compounds. Hyperglycaemia is widespread in the global pop-
ulation and is almost endemic to a large extent. Several drug
candidates and lead compounds have been developed to
maintain glucose levels below a recommended control value
and within prescribed limits. Benzimidazole derivatives
demonstrated high levels of antidiabetic activity."”” Two new
compounds, namely 3,6-dimethyl-5-oxo-pyrido[3,4-f][1,2,4]tri-
azepino[2,3-a]benzimidazole 271 and 10-amino-2-methyl-4-oxo-
pyrimido[1,2-a]benzimidazole 272, were synthesized. When
reacted with DMF-DMA, 6-methyl-7H,9H-4b,5,9,10-tetra-aza-
benzo[alazulen-8-one, compound 270, containing a benzimid-
azole moiety, transformed into the fused tetra-heterocyclic
product 271 in 58% yield. After treatment with an excess of
methyl sulphate in an aqueous medium, the same substrate
underwent an intramolecular rearrangement, yielding the fused
tricyclic amino product 272 in 67% yield. Compound 271
exhibited high biological activity against both a-amylase and a-
glucosidase enzymes, while the latter derivative, compound
272, showed comparatively lower levels of bioactivity against
both enzymes (Scheme 12).'7

2-Mercapto-benzimidazole, a sulfurized benzimidazole
derivative, was utilized for producing another set of antidiabetic
compounds; it was reacted with ethyl 2-chloroacetate through
a nucleophilic reaction to yield the thio-ester 273. When treated
with hydrazine hydrate, the thio-ester functional group was
transformed into the corresponding thio-semicarbazide-benz-
imidazole, intermediate 274, which later underwent a reaction
with various carboxylic acid derivatives in the presence of
POCl;, forming the corresponding 1,3,4-oxadiazole-based
structure 275. However, when compound 274 was reacted with
an aldehyde followed by a reaction with 2-thioacetic acid, this
yielded the amidic thiazolidin-4-one benzimidazole product
277. The thiazolidinone 275 and oxadiazole 277 products, pos-
sessing a 2-mercapto benzimidazole nucleus, were tested in vivo
for their antidiabetic activity using the oral glucose tolerance
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Scheme 12 The synthesis of 3,6-dimethyl-5-oxo-pyrido[3,4-f][1,2,4]triazepinol2,3-albenzimidazole 271 and 10-amino-2-methyl-4-oxo-pyr-
imidol[1,2-albenzimidazole 272, which are described to be antidiabetic agents.

test (OGTT), and superior antidiabetic activity was shown by the
compounds with NO,, OH, and Cl substituents (Scheme S-51,
ESI filet)."”®

Based on predictive studies, the compound (52)-5-[3(4)-(1H-
benzimidazol-2-yl-methoxy)benzylidene]-1,3-thiazolidine-2,4-
dione 279 was synthesized when 2-chloromethylbenzimidazole
reacted with phenols to form the equivalent benzimidazole
intermediate coupled with a phenoxy group, 278. This
compound underwent an electrophilic substitution at the meta-
position with a thiazolidine-2,4-dione moiety. The three newly
synthesized benzimidazole-pharmacophore-possessing
compounds showed antihyperglycemic activity related to
insulin sensitization (Scheme S-52, ESI filet).'*

Another novel antidiabetic product, N-substituted-2-[4-(2-
substituted-benzoimidazol-1-ylmethyl)-[1,2,3] triazol-1-yl}-
acetamide 280, was synthesized. The condensation of 2-
substituted benzimidazole with propargyl bromide yielded the
corresponding N-propargylated benzimidazole intermediate.
The intermediates were later reacted with a mixture of sodium
azide and 2-bromo-ketone, in the presence of copper(i) as
a catalyst, through a click chemistry approach to yield the 1,4-
disubstituted 1,2,3-triazole product 280. The new analogues of
product 280 were screened for their antidiabetic activity. All the
compounds manifested significant activity toward the o-
amylase and a-glucosidase enzymes in antidiabetic testing
(Scheme S-53, ESI filet).'®' 26 new derivatives resulting from the
structural diversification of fused benzimidazoles and oxadia-
zoles were synthesized. The synthetic approach involved the
condensation of 3-methy-o-phenylenediamine and 4-formyl-
methylbenzoate, leading to the corresponding 4-(7-methyl-1H-
benzoimidazol-2-yl)-methyl benzoate product 281, which was
transformed into the hydrazide intermediate 282, which, when
treated with hydrazine hydrate and different aryl carbaldehydes,
produced the hydrazone derivative 283. The hydrazine
compound underwent intramolecular cyclisation and, catalysed
by PhI(AcO),, was transformed into the 2-substituted-[1,3,4]
oxadiazole product 284. The product and its several deriva-
tives displayed strong enzymatic inhibition activity against a-
glucosidase. The compound activities were also validated
through molecular docking studies (Scheme S-54, ESI filet).**>
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Recently, a library of benzimidazole-triazolothiadiazole
derivatives was prepared. The compound 4,5-dimethyl-o-phe-
nylenediamine was reacted with 4-carboxybenzaldehyde to
produce the corresponding compound 4,5-dimethyl-
benzimidazole-benzoic acid 285. When treated with thio-
semicarbazide, the obtained compound was converted into 4-
amino-4H-benzimidazole-[1,2,4]triazole-3-thiol 286, which was
then reacted with carboxylic acid in the presence of POCI; to
produce the fused bicyclic 6-substituted-[1,2,4]triazolo[3,4-b]
[1,3,4]thiadiazole benzimidazole derivative 287. The product
287 and its derivatives were evaluated as P-glucuronidase
inhibiting agents, and they manifested higher antidiabetic
activity compared to the reference standard agent p-saccharic
acid 1,4-lactone (Scheme S-55 ESI filet).*®*

Another new benzimidazole-based derivative, benzoyl aryl
benzimidazole 289, was synthesized using ammonium chloride
or a mixture of ammonium chloride and sodium metabisu