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Abstract: Benzimidazoles and their derivatives play an extraordinarily significant role as therapeutic
agents, e.g., antiulcer, analgesic, and anthelmintic drugs. The organic synthesis of benzimidazoles
and derivatives to obtain active pharmacological compounds represents an important research area
in organic chemistry. The use of non-environmental organic compounds and application high energy
synthetic methods, the production of waste, and the application of conventional toxic processes are a
problem for the pharmaceutical industry and for these important drugs’ synthesis. The substituted
benzimidazoles are summarized in this review to provide insight about their organic synthesis using
ecofriendly methods, as well as their pharmacological activities.

Keywords: benzimidazole; green chemistry; pharmacological activity

1. Introduction

Since Woolley proposed in 1944 that benzimidazole may behave similarly to purines,
stimulating various biological reactions, the therapeutic potential of benzimidazole nucleus
has been known [1]. Some years later, Brink determined that 5,6- dimethylbenzimida-
zole is a vitamin B12 breakdown product and discovered that several of its derivatives
had action similar to that of vitamin B12 [2,3]. Due to its presence in a variety of bioac-
tive substances, including antihypertensives, anti-inflammatories, antivirals, analgesics,
anticancer, proton pump inhibitors, anticonvulsants, antifungals, anticoagulants, antihis-
taminics, antiparasitics, and antiulcers, the development of the benzimidazole core has
emerged over the recent years [4-11]. Thus, research on the synthesis of bioactive molecules
from benzimidazole has significantly been accelerated over the last decade.

Literature study shows that the different derivatives of benzimidazole have been syn-
thesized for their pharmacological activities. The present review fits into this framework by
discussing the literature existing in recent years on strategies for the reduction and replace-
ment of hazardous solvents affording the preparation of benzimidazoles. Additionally, it
discloses numerous benzimidazole derivatives with different pharmacological activities
based on the substitution model around the nucleus.

2. Eco-Friendly Synthesis of Benzimidazoles and Derivatives

Due to synthetic importance and various bioactivities showed by benzimidazoles and
their derivatives, a major effort has gone into generating libraries of these compounds.
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In the primary nineties, numerous benzimidazole derivatives were synthesized with sub-
stitution of fluorine, propylene, tetrahydroquinoline, and cyclized molecule, obtaining
compounds with superior stability and good biological activity [12,13]. Synthetic benz-
imidazole products containing electron donating group have been demonstrated to be
effective antiulcer drugs [14,15], for example the Omeoprazole. Instead, other benzimi-
dazole derivatives have shown healing activity in diseases such as ischemia-reperfusion
injury or hypertension [16].

The initial synthetic methods described in the literature have shown o-phenylenediam-
ine reacting with carboxylic acids or their derivatives [17,18].

Mono acyl derivatives of o-phenylenediamine are converted into the corresponding
benzimidazole under a temperature above the melting point of the starting compounds in
an atmosphere of nitrogen to prevent oxidation [19].

Subsequently, synthetic methods replaced carboxylic acids with aldehydes obtaining
2-substituted and 1,2-substituted benzimidazoles. These synthetic procedures, however,
showed different complications for long reaction times, under drastic conditions, and using
toxic solvents [20-22]. Furthermore, waste production and non-recoverable and poorly
green and selective catalysts are often used.

The use of toxic solvents and the formation of a large amount of industrial waste
are grave problems for the environment and human health. Recently, green chemistry
principles have inspired the activities of pharmaceutical industries, suggesting use of
environmental solvents [23,24], reducing waste production by selective reaction methods
and recyclable reagents [25-40]. This circumstance has directed academia and industry to
make substantial efforts towards the development of alternative synthetic routes.

2.1. Use of Catalysis for the Synthesis of Benzimidazoles

Since the development of innovative synthetic processes to obtain potential drug
molecules has become a significant research field, the pursuance of more suitable and prac-
tical synthetic methods for benzimidazoles remains an active research area. Furthermore,
the use of catalysts has become very important.

The use of Lewis acids as efficient catalysts in various transformations proved to
be a greener alternative method for the synthesis of benzimidazole derivatives. A facile
synthesis of benzimidazole derivatives using o-phenylenediamines and orthoesters at room
temperature is the first example of the synthesis of these compounds (Scheme 1) [41].
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Scheme 1. ZrOCl,. 8H,0, TiCly, SnCly, 5H,0, and HfCly have been proved to be highly effective
catalysts. In contrast, other metal salts such as Mg(ClOy),, Bi(NO3)s, 5H,O, CuCl,, 2H,0, CoCly,
6H20, ZnClz, Zn(ClO4)2, NiC12.6H20, LlCl, LiBI‘.HzO, CdClz, 2.5H20, Ti(SO4)2, NH4C€(NO3)2,
SiCly, BF3.Et,O, BCl3, and Zr(SO4),.4H,O were either less active or inert as a catalyst. In the absence
of a catalyst, the reaction did not yield any product. The reaction proceeded efficiently in the presence
of ZrCly (10 mol%) and anhydrous EtOH at room temperature, with excellent yields.

Synthesis of disubstituted benzimidazole includes the use of catalysts such as TFE/HFIP,
6 Cul/L-proline [42], TMS [43], amberlite IR-120 [44], SiO, /ZnCl, [45], Dowex-50 W [46],
SDS micelles [47], silica sulfuric acid [48], FePO4 [49], CAN [50], Cu(NO3),.3H,0 [51], and
FeCl3/Al,O3 [52]. In many cases, the reaction shows poor selectivity in terms of N-1 substi-
tution, which results in the formation of a mixture of 1,2-disubstituted and 2-substituted
benzimidazoles. Furthermore, major drawbacks of present protocols include the use of
expensive reagents, long reaction times, and the use of hazardous organic solvents. Regard-
ing the latter, substituted benzimidazoles have been synthesized from o-phenylenediamine
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and ethyl a-cyanocinnamate by transfer-hydrogenation process. Kappor et al. proposed
a highly efficient and metal-free transfer-hydrogenation process from in situ generated
benzimidazolines to activated olefins. The reaction performed under solvent-free and
catalyst-free conditions. heating ethyl a-cyanocinnamate with o-phenylenediamine in
equimolar quantities at 100 °C. The starting material was found to vanish with the appear-
ance of three new components. The most polar compound was isolated by precipitation
and the remaining compounds were purified to obtain the corresponding benzimidazole
(Scheme 2) [53].

H
NH N _CN CN CN
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COOEt ] N/ COOEt  COOEt
NH, ail bath

Scheme 2. Transfer hydrogenation of electronically depleted olefins to obtain benzimidazole.

Synthesis of benzimidazole derivatives has been performed using arylaldehydes or
arylmethylene-malononitriles as starting material under solvent and catalyst-free condi-
tions, with silica gel used as a means of absorbing the starting materials [54]. The reaction
was carried out by intermittent grinding or by a microwave-assisted technique (Scheme 3).

NH, Q i
Silica-supported
O b e O
NH; 90° C, 051 h N
Scheme 3. Synthesis of benzimidazole derivatives by silica support.

Lanthanide triflates have been very successful in their application in the benzimida-
zoles catalytic synthesis as Lewis acid catalysts. Zn(OTf), has been used to synthesize novel
benzimidazole-linked triazole derivatives [55]. In addition to benzimidazoles, triazoles
also exhibit various biological activities and are widely employed as pharmaceuticals and
agrochemicals. In view of the biological importance of benzimidazole and 1,2,3-triazoles, to
know the combined effect of the two muoieties, it was considered worthwhile to synthesize
certain new chemical products having benzimidazole and 1,2,3-triazole pharmacophores in
a single molecule. The reaction performed by treatment of 2-(4-azidophenyl)-1H-benzo[d]
imidazole (6) with different types of terminal alkynes in t-BuOH/H,O, sodium ascorbate,
and Zn(OTf),.

The use of Er(OTf)3 as a commercially available and easily recyclable catalyst pro-
moted the synthesis of 1,2-disubstituted benzimidazoles [56]. Additionally, 2-substituted
benzimidazoles were selectively obtained in high yield and short reaction times in water as
solvent at 1-2 °C or at 80 °C (for electron-deficient aldehydes) (Scheme 4).
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Scheme 4. Synthesis of benzimidazole derivatives using Er(OTf)3 as catalyst.
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Next, catalytic applications of nanoporous materials in chemical synthesis have been
highly successful. The use of zeolite as a hierarchical nanoporous material for the synthesis
of benzimidazoles by the condensation of 1,2-phenylenediamine with aromatic aldehydes
was investigated. The advantages of this procedure were high chemoselectivity and
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shorter reaction time, but the procedure was performed in a toxic solvent as acetonitrile.
While numerous research studies have been conducted on the use of non-toxic solvents,
adopting methods based on solvent-free or solid-state reaction conditions are also effective
to reduce pollution. In this context, solid Lewis’s acid catalysts are usually used [57,58].
In the last years, the use of heterogeneous catalysts in solvent-free, microwave-assisted
reactions has been mainly important for industrial production. In this regard, Bonacci
et al. found it useful to use this heterogeneous catalyst for the synthesis of cyclopentenone
derivatives from furfural [59] and benzimidazole derivatives [60]. The reaction to obtain
benzimidazoles is performed under MW irradiation and in solvent-free conditions (Table 1).
The reaction to optimize the conditions takes place between 0-PDA (o-phenylenediamine)
and benzaldehyde in a 1:1 or 1:2 molar ratio at different temperature and different wt (%)
of MK10.

Table 1. Synthesis of benzimidazoles using MK10.

NH, Q (@
_»
©: * ©*H MK o N
~ O -0
N

Entry MK10 wt Molar Ratio Temp Time Conversion Selectivity

(%) 2 0-PDA:Benzaldehyde ({©®) (min) (%) ® (%) ¢
1 10 11 rt 120 19.3 12.0
2 10 1:2 rt 120 20.9 53.0
3 10 1:2 60 120 79.6 65.1
4 10 1:1 80 120 80.9 33.3
5 10 1:1 100 60 99.9 38.3
6 10 1:2 100 60 99.9 75.0
7 - 1:2 100 90 45.0 49.0
gd 20 1:1 60 5 99.9 18.2
94d 20 12 60 5 99.9 98.5

2 wt% with respect to amine.  Percent conversion of the 0-PDA calculated from GC/MS data. ¢ Percent yield
calculated from GC/MS data of the corresponding disubstituted benzimidazole derivative. By-product obtained
is constituted by mono substituted benzimidazole. ¢ MW-assisted reactions. The reactions were performed on a
Synthos 3000 instrument from Anton Paar equipped with a 4 x 24 MGS5 rotor.

The complete conversion of o-phenylendiamine occurred using 20 wt% of MK10.
The reaction was performed at 60 °C under MW irradiation. Furthermore, 2-phenyl-
benzimidazole has been the principal product (81.2% yield). Using 2 mmol of benzaldehyde,
1-benzyl-2-phenyl-benzimidazole in 98.5% yield was obtained (Table 1, entry 9).

The essential benefit that is obtained in sustainability by using a heterogeneous catalyst
is the catalyst recycling. To show this, after the complete conversion of the amine into
the benzimidazole derivative, the final reaction mixture was treated with ethyl acetate to
recover the MK10 by filtration, suitably washed, and dried. The recovered catalyst was
used for the next run, adding fresh reagents following the procedures optimized (Figure 1).

Considering the excellent activity of Er (III) in Lewis acid catalyzed reactions under
microwave irradiation [35,57,61,62] for the synthesis of benzimidazoles [61] and benzodi-
azepine [63,64] derivatives, the development of an original and environmental method
MW-assisted for the synthesis of different substituted benzimidazoles is performed. The
synthetic system does not involve the use of solvents, but involves the use of only 1%
Er(OTf); as a Lewis’s acid catalyst for the synthesis of benzimidazole derivatives [65]. The
use of only reagents to obtain desired products (91-99% yield) in faster reaction times
(5 min) represents a valid synthetic process (Figure 2).
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Figure 1. Cycling performing of MK10 in synthesis of 1-benzyl-2-phenyl-benzimidazole using the
optimal reaction conditions.

sochce
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Figure 2. The environmental synthesis of 1,2-disubstituted benzimidazoles by microwave irradiation
and Er(OTf)3.

Recently, a very efficient copper (II) salt (20 mol%) catalyzed oxidative strategy for the
amination of methyl arene using aniline and TMSNj3 as start material has been reported for
the synthesis of functionalized benzimidazoles [66].

The proposed synthetic method requires the use of high temperatures (800 °C) and a
non-recyclable external oxidant. Bhalla et al. [67] prepared PANI@Au:CuO nanocomposites
(NCS), as recyclable photocatalyst for the synthesis of 2-arylbenzimidazole derivatives
via sequential amination, azidation, and annulation reactions. The PANI-5@Au:CuO NCS
was prepared using supramolecular assemblies of pentacenequinone derivative (Figure 3)
as reactors and reducing agents. The reaction was performed using visible light as en-
ergy source over thermal conditions and in the absence of external oxidants/additives.
Substituted methyl benzene, aniline, and TMSN3 utilizing PANI-5@Au:CuO (1:1) NCS as
photocatalyst gave the benzimidazole derivative (Scheme 5).

o

L Q@ NH

HoN T S 2
o

Figure 3. Pentacenequinone derivative.
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NH,
,  Substituted PANI-5 @Au:CuO NCS (0.01 mol) corrisponding
methyl benzene benzimidazole derivative

TMSN; DMSO, hv

Scheme 5. Sequential amination/azidation/annulation reactions of toluene derivatives bearing
methyl groups at different positions with aniline and TMSN3 utilizing PANI-5@ Au:CuO (1:1) NCS
as photocatalyst.

The in situ generated polyaniline species from pentacenequinone derivative acts as an
oxidant to obtain the benzimidazoles derivative. This catalytic system does not require the
use of elevated temperature and it can be recyclable.

2.2. Synthesis of Privileged Benzimidazole Scaffolds Using Green Solvent

In the last years, the most essential pharmaceutical industries have been inspired by
green chemistry principles. The use of biomass derivatives, reduction of toxic solvents,
reductions in waste production, and eco-friendly organic synthetic methods [68] have been
introduced. In this regard, given the large amount of hazardous conventional solvents used
by the pharmaceutical industry, most of the studies are currently converging on the use
of more eco-friendly alternatives. The use of water or ionic liquids (ILs) as green media
and/or the use of organometallic catalysts have been developed.

The synthesis of 2-substituted benzimidazole derivatives with equimolar amounts of
aromatic aldehydes and o-phenylenediamine under microwave irradiation is investigated
using [BMIM]HSO; as ionic liquid. The same method was also reported for the synthesis
of 1,2-disubstituted benzimidazole derivatives by using 2-molar amounts of aromatic
aldehydes in high yield [69]. One of the salient features of this method is that electron
withdrawing as well as electron donating groups substitute aromatic aldehydes, giving
excellent yields and purity.

It must be considered that ILs are toxic and dangerous to the environment [70]. Fur-
thermore, their organic synthesis and purification are often costly and time-consuming [71].
Deep eutectic solvents (DES) are new green solvents with massive applicability in all areas
of the chemical industry [72].

DESs are like ionic liquids from physical point of view, but quite different regarding
the chemical character. Ionic liquids are composed by cations and anions, while DES are
generally a combination of two or more components, with at least one hydrogen bond
acceptor (HBA) and one hydrogen bond donor (HBD). These components (two or more
natural compounds) interact between themselves by hydrogen bonding, behaving as one
single entity. Because the production of these important solvents relies exclusively on
the physical mixture of natural compounds, their production has practically no effect on
the environment. These green solvents are also low-cost alternatives to most common
solvents [73].

Recently, seven deep eutectic solvents were reported with the study of their physico-
chemical properties. They are given in Table 2 and were used as catalysts for the synthesis
of benzimidazole derivatives [74].

Initially, the reaction was conducted between benzaldehyde and o-phenylenediamine
at 1:1 ratio in the absence of any catalyst, at room temperature, and no product was formed
even after 6 h. Later, the reaction was repeated in the presence of the seven DESs to identify
the better catalyst for the synthesis of benzimidazole derivatives, at room temperature.
Among the seven DESs, excellent yield (95%) was observed in the presence of DES 1
(a combination of ZrOCl,.8H,O and urea at 1:5 ratio).
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Table 2. Prepared DESs with their properties.
Entry DES Molar Ratio Abbreviation Viscosity (cP) pH  Catalytic Activity
1 ZrOCl,.8H,0: Urea 1:5 DES 1 52.40 2.20 Higher yield
2 ZrOCl,.8H,0: Ethylene glycol 1:2 DES 2 149.50 6.99 No reaction
3 ZrOCl,.8H,0: Glycerol 1:2 DES 3 532.73 6.99 No reaction
4 CeCl3.7H,0: Urea 1:5 DES 4 195.39 4.71 No reaction
5 CeCl3.7H,0: Ethylene glycol 12 DES 5 290.40 4.44 No reaction
6 CeCl3.7H,0O: Glycerol 1:2 DES 6 868.73 4.27 No reaction
7 CeCl3.7H,O: Lactic acid 1:4 DES7 564.64 2.02 No reaction

Viscosity was measured using Ostwald viscometer at room temperature with respect to water. pH measurements
were conducted using ELICO pH meter which was pre-calibrated with buffer solutions of pH 4.0 and 7.0.

The remaining DESs showed no conversion of o-phenylenediamine to the correspond-
ing benzimidazole derivative (Scheme 6).

H
N
O
H
Cle O :
H RT
+ DES 1 />—©
NH, 6h N
H
N
DES 2,3 DES 7©: )—@
| — N

Scheme 6. Formation of benzimidazole in the presence of DESs under mild conditions.

The model reaction was repeated to optimize the amount of DES 1 and reaction time
(Table 3). At first, the reaction was conducted using benzaldehyde and o-phenylenediamine
as starting material at 1:1 ratio in the presence of 0.2 mmol of DES 1, but low yield was
observed. The reaction was repeated using different amounts of DES 1 and good yield was
observed using 0.5 mmol of DES 1 and subsequently an increase in the amount of DES did
not show an increase in the yield of the product.

Table 3. Optimization of the reaction conditions.

E DES 1 Time Isolated Yield
ntry .
(g) (mmol) (min) (%)

1 0.124 0.2 60 65

2 0.186 0.3 60 70

3 0.248 0.4 60 76

4 0.310 0.5 60 97

5 0.373 0.6 60 96

6 0.310 0.5 30 97

7 0.310 0.5 10 97

Reaction conditions: Benzaldehyde (1 mmol), o-PDA (1 mmol), DES 1, 30 °C.

In the last years, particular interest has been shown in the synthesis of DESs, in
which one of the components of DES itself is the reactant to be converted into the reaction
product. A new synthetic route to benzimidazole derivatives has recently been presented.
The novelty of the proposed method is that in the first phase a DES is formed from o-
phenylenediamine (0-PDA) and choline chloride (ChCl) as components (Scheme 7) [75].
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(0]

, I©)K 1 mol O)k
mol
C-O i Ol e 000
80 °C, 10 min 80 °C, 10 min
J )
1b 97% yield Y 1a 95% yield

CHCl:0-PDA DES
Scheme 7. Novel synthetic route for benzimidazoles involving DES (o-PDA: ChCl).

A differential scanning calorimetry (DSC) analysis of the obtained DES and of the
individual components was performed. The analysis showed the formation of the DES.
ChCl and o-phenylenediamine showed melting points at 302 °C and 102 °C, respectively,
while the obtained mixture showed a eutectic that melts at 32 °C. This result (a melting
point significantly lower than that of its single components) demonstrated the successful
formation of a eutectic mixture (Table 4).

Table 4. Eutectic temperature (T¢) of the DES and melting point (Ti,*) of the pure HBD.

. T¢ Tm HBD A
ChCl HBD Molar Ratio o) ©0) e Appearance
\ + NH2
—N \/\OH 11 0 102 70 Light yellow liquid
/ _ : that tends to become greenish.
Cl NH;

The obtained eutectic mixture was tested as solvent and, at the same time, reactant in
the pilot reaction to obtain benzimidazole derivatives. To the DES synthetized, 1 mol of
benzaldehyde (respect component 0-PDA) was added and magnetically stirred for 10 min
at 80 °C. The reaction obtained the compound mono substituted (95% yield) and compound
disubstituted as the only product (97% yield) using 2 mol benzaldehyde.

Using DES solvent as starting material with different molar ratio of the aldehyde, vari-
ous 2- substituted or 1,2-disubstituted benzimidazoles can be obtained in good selectivity
and yields. An essential benefit of this solvent system is that the use of the DES enables an
easy work-up without using any purification methods, thanks to the selectivity method.

3. Pharmacological Activity of Benzimidazoles
3.1. Antihypertensive Activity

In the research and development of antihypertensive medicines, the benzimidazole
nucleus has been investigated thoroughly. Intercepting the renin-angiotensin system (RAS)
is the mechanism that allows several benzimidazole drugs to function as antihyperten-
sives [76,77]. The RAS cascade is responsible for the production of the active pressor known
as angiotensin II (Ang II) [78,79]. Angiotensinogen, which is a polypeptide, is cleaved by
renin to form a decapeptide known as Ang I. Ang I is then acted upon by angiotensin
converting enzyme (ACE), which results in the production of Ang II.

Ang Il interacts with angiotensin receptor 1 (AT1), causing vasoconstriction, Na* reten-
tion, and aldosterone release, all of which contribute to hypertensive action. Preventing the
synthesis of Ang I, as well as blocking the binding of Ang II to AT1 receptors, are two of the
many methods that can be used to regulate the effects of angiotensin II. It has been shown
that inhibition at the receptor level provides the highest levels of safety, specificity, and
efficacy. Because of this, the production of antihypertensives have been concentrated on the
development of AT1 receptor blockers [80,81], such as 2-butyl-benzimidazole-7-carboxylic
acid derivative (Compound 1, Figure 4) [82].
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Figure 4. Selected examples of benzimidazole analogs bearing antihypertensive properties.

Optimization or substitution of the benzimidazole structure has resulted in the pro-
duction of compounds with varying degrees of potency [83,84]. For example, CV-11974
was produced by optimizing the functional groups of benzimidazolel that surround the
heterocyclic backbone. This resulted in the production of a compound that lowers blood
pressure in a dose-dependent manner by inhibiting AT1 receptors in a non-competitive
manner due to its slow dissociation from AT1 receptors. It has a markedly higher activity
level compared to Losartan [85,86]. It has also been discovered that position 4 must remain
unsubstituted for there to be a good interaction between the N-3 of the nucleus and the
H-bond donor site in the AT1 receptor. On the other hand, position 1 is conserved for
the biphenyl moiety. Compounds with varying degrees of activity have been created by
replacing the tetrazole moiety with a variety of acidic heterocycles [87,88]. Among them,
tetrazole-containing derivatives are the only ones proved to be both effective and bioavail-
able in comparison to other compounds. The presence of a -COOH group at the 7-position
was shown to increase further the antihypertensive activity [89].

A series of benzimidazoles were synthesized by Zhang and colleagues by coupling an
NO-donor with a benzimidazole core. Among the synthesized compounds, derivative 2
exhibits the most impressive and longest-lasting Ang II antagonist ability [90].

In 2020, Zhu Wu and his colleagues came up with a design for a number of novel
fluoro-substituted benzimidazole derivatives, all of which were capable of binding with
the AT1 receptor, resulting in a considerable reduction in blood pressure. Compound
TG1 revealed a remarkable systolic blood pressure of 147.2 mm/Hg when tested for its
antihypertensive efficiency [91].

Acute renal hypertension in guinea pigs was used to investigate a variety of 5-
substituted benzimidazoles for antihypertensive efficacy in vivo. The series reported by
Jain and colleagues [92] revealed extraordinary activity when compared to the conventional
drug Losartan. Moreover, the activity was found to be rather better in the substituted
alkylamino group at the 5-position of the benzimidazole backbone. As shown by Dorsch
et al., a very effective benzimidazole-derived product may also be generated by the intro-
duction of a pyridazinone moiety [93]. Using a variety of substituents such as amino, nitro,
alkyl/arylsulfonamido, and alkylcarboxamido at position 5 can also considerably boost the
activity of the target compounds [94,95].

Sharma et al. have successfully synthesized a large variety of sartans by inserting
different substituents at the 2-, 5-, and 6-positions in tetrazolylbiphenyl or carboxylbiphenyl
modified benzimidazole [96,97]. In order to treat hypertension in the SHR model, Igbal
and colleagues created the new angiotensin II receptor blocker fluorophenyl benzimidazole
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(FPD) [98,99]. Estrada-Soto et al. have synthesized a series bearing a phenyl ring at the 2-
position and varied substituents (-H, -CH3, -NO,, and —CF3) at the 5- and 6-positions [100].
Derivative 3, which has an IC50 value of 0.95 and a 1 M value of 2.01, has been shown to be
the most effective compound among the former series [101].

3.2. Anti-Inflammatory Activity

The importance of the inflammatory component in numerous diseased states such
as Crohn’s disease [102], rheumatoid arthritis [103], asthma, multiple sclerosis [104],
Alzheimer’s disease [105], carcinoma, psoriasis [106], diabetes mellitus [107], viral infec-
tions, control of inflammation, etc. has become of prime importance in recent years [108,109].
Inflammatory mediators such as interleukins 1-16 (IL-1 to IL-16), tumor necrosis factor-a
(TNF-a), prostaglandins, histamine, chemokines (CXC, CC, and C subsets), leukotrienes,
serotonin, plasma proteases, and colony stimulating factors are some of the most com-
mon and widely explored points for controlling inflammation (CSF) [110,111]. These
mediators are generated through a number of distinct processes that include cyclooxyge-
nases, caspases, and kinases such as mitogen activated protein kinase 38 (MAP38) [112],
cyclin dependent kinases (CDK1 and CDK5) [113,114], serine threonine kinases (IKK1
and IKK2), c-Jun N-terminal kinase (JNK) [115], and interleukin receptor associated kina
(TNEFK) [116,117]. Benzimidazole nucleus replaced at 1-position with various heterocycles
has proved to yield strong anti-inflammatory products [118].

Compound 4 (Figure 5) of the series of 1-(substituted pyrimidin-2-yl)benzimidazoles
has been shown to have an anti-inflammatory effect by blocking the activity of Lck [119].
Buckley et al. have brought another similar 1,6-disubstituted compound as a highly
potent IRAK4 inhibitor with good TNFa inhibition [120]. Recent work by Makovec
et al. reports the discovery of a variety of heterocyclic amidines, from which 2-phenyl-5-
amidinobenzimidazoles may be produced and used to effectively suppress the generation
of IL-1b [121]. Compound 5 featuring a pyridine ring replaced with an amino group
demonstrated highly effective 5-lipoxygenase inhibition [122].
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Figure 5. Selected examples of N-substituted or substituted at position 2 benzimidazole analogs
bearing anti-inflammatory properties.

The Pharmaceutical Research Centre at Kanebo Ltd. In Japan has developed a series
of 2-(2-pyridinyl)benzimidazoles by isosteric replacement of the thiazole ring. This was
performed based on the moderate anti-inflammatory and analgesic activities of Thiabenda-
zole, which is a well-known anthelmintic [123,124]. After testing 55 different compounds,
2-(5-ethyl-2-pyridinyl)benzimidazole (KB-1043) was found to possess anti-inflammatory,
analgesic, and antipyretic properties that were superior to those of Phenylbutazone and
Tiaramide. In addition to this, it causes less irritation to the gastrointestinal tract and has a
therapeutic index that is two to three times higher than the reference compounds [125].

Taniguchi et al. have synthesized a variety of 2-aminobenzimidazole derivatives con-
taining a wide variety of plausible substituents at the 1-position [126]. It has been reported
that a structure-based design of 2-methyl-N-substituted benzimidazole containing a variety
of sugar moieties (6) has strong anti-inflammatory action. This activity is dependent on the
kind and linked-position of the sugar that is conjugated to the nucleus of the molecule [127].

SAR studies on approximately 50 compounds revealed that an electron rich group
such as -methoxy, -ethoxy, -methylamino, or —dimethylamino on para position to the phenyl
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ring increases the activity. Compounds that include a substituent in the 1-position have a
greater capacity to reduce inflammation in the body.

Strong anti-inflammatory action was shown for compounds bearing electron-releasing
methoxy group at position 6 and two-pyrrolidines (7, Figure 6). While compounds possess-
ing electron-donating groups had lesser potency, those with electron-withdrawing nitro
groups at position 6 were found to be more active [128].
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9 (R4, Rz = substituted or unsubstituted phenyl)

Figure 6. Selected examples of disubstituted and fused-ring benzimidazole analogs bearing anti-
inflammatory properties.

Mader et al. [129] have created 2-amino-1-isopropylsulfonyl 6-substituted benzimi-
dazole (8), which acts as a strong inhibitor of TNF-a and p38a MAP kinase. In comparison
to the traditional medication Diclofenac sodium, they discovered that all of the synthetic
compounds exhibited modest anti-inflammatory action. Strong anti-inflammatory action
was produced by phenyls that were either left unsubstituted or substituted at (9) R; with
2-position electron-withdrawing groups or 4-position electron-donating groups. At Ry, how-
ever, an ortho phenolic substitution favored anti-inflammatory properties [130]. Among those,
derivatives 10 and 11 were found to be the most promising anti-inflammatory candidates.

3.3. Antiviral Activity

Among the number of nucleoside benzimidazole analogues prepared through the
years, 5,6-dichloro-1-(3-d-ribofuranosyl)benzimidazole (DRB) derivatives (Figure 6) [131,132]
have gained momentum due to their activity as antiviral agents, in particular against
human cytomegalovirus (HCMYV) and other RNA viruses [133,134]. These benzimidazoles
efficiently inhibit viral RNA synthesis by blocking RNA polymerase II. Notwithstanding
their anti-viral activity, DRB derivatives are often characterized by high cytotoxicity, which
precludes their use as drugs.

A plethora of non-nucleoside benzimidazole analogues have been prepared and
reported to be active against different virus strains. Even though these benzimidazoles
were inferior in activity to the benzimidazole ribonucleosides as agents against HCMYV as a
part of broader antiviral testing, these have been shown to be potent reverse transcriptase
inhibitors (RTIs) against HIV-1 replication [135]. In this context, several amine substituted N-
(1H-benzimidazol-2ylmethyl)-5,6,7,8-tetrahydro-8-quinolinamines were synthesized [136].

C2-substituted benzimidazole-N-carbamates were reported as potential antivirals
against herpes simplex virus type 2 (HSV 2) and Coxsackievirus B2. The derivative 12
featuring isopropylcarboxamide group at 2-position was the most active at noncytotoxic
concentrations [137]. The derivative 13 featuring carboxamidine substituent at C-5 and
N-methyl-pyrrol at C-2 showed prominent activity against all four tested types of viruses
(Adenovirus 5, Herpesvirus 1, Coxsackievirus B5, Echovirus 7) while having no cytotoxic
activity (Figure 7) [138].

The N-1-substituted benzotriazole 14 was identified as a representative of a class of
respiratory syncytial virus (RSV) inhibitors. The structure-activity relationship examination
established the essential nature of a side-chain moiety appended to the benzimidazole
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nucleus for the expression of potent antiviral activity [139]. Further studies established
that alternatively to the benzotriazole moiety the Benzimidazol-2-one derivatives 15 one
forms a more effective structural background for the generation of potent inhibitors of
RSV [140,141].
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Figure 7. Selected examples of benzimidazole analogs with antiviral activity.

The 5,6-dichloro benzimidazole phthalimide derivatives based on an identified lead
were prepared and assessed for their anti-hepatitis B virus (HBV) activity. In this series,
most of the derivatives proved to be potential HBV inhibitors with high selectivity indices.
Among them, compound 16 has been identified as the most promising [142].

Several other classes of benzimidazole derivatives, such as coumarin conjugates [143,144]
and benzimidazole diamides [145,146], were considered as potential lead hepatitis C virus
NS5B (HCV NS5B). Currently, Pibrentasvir is an inhibitor of the HCV NS5A protein
approved in US and Europe.

Azzam and colleagues created a variety of novel substituted 2-pyrimidylbenzothiazoles
and evaluated their antiviral potency. These compounds either featured sulfonamide moi-
ety or an amino group at the C2 of the pyrimidine ring [147]. The novel ring structure was
synthesized via Michael addition reactions of guanidine or N-arylsulfonated guanidine
with different ylidene benzothiazole derivatives. Plaque reduction tests were utilized
to evaluate the antiviral activity of the newly synthesized compounds against HSV-1,
CBV4, HAV HM 175, HCVcc genotype 4, and HAdV7. With significant IC50, CC50, and
SI values, it was shown that 5 out of the 21 synthesized compounds exhibited greater
viral reduction in the range of 70-90% when compared to Acyclovir. In the instance of
CBV4, nine compounds have shown a reduction of more than 50%. When evaluated
against HAV, seven of these newly developed drugs had similar outcomes, with just a
couple showing 50% or more decreases against HCVcc genotype 4. Surprisingly, one com-
pound, 2-((5-(benzo[d]thiazol-2-yl)-2-((phenylsulfonyl)methyl)pyrimidin-4-yl)amino)-1-
(4-bromophenyl)ethan-1-one (Figure 8, A), showed extensive activity against all five tested
viruses, suggesting that it may be effective as an antiviral medication. The examined com-
pounds interacted hydrophobically with the active site of Phe 138 through the pyrimidine
ring of ACV (Figure 8). The molecule had a single hydrogen-bonding at a distance of 3.84 A
between the amino acid residue Asp 102 and the sulfur atom of the benzothiazole ring.
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Figure 8. Best docked position of A within the binding pocket of Hsp90 (PDB ID 3b25).

3.4. Antitumor Activity

Many benzimidazole derivatives are used as antitumor agents. Tubulin polymerization
inhibition properties of a range of benzimidazoles has been intensively studied [148,149]. In
this series, BAL27862 (Avanbulin) is currently undergoing clinical trials as a water-soluble
lysine prodrug of BAL101553 (Lisavanbulin) [150,151]. This drug is a potent inhibitor of
tumor cell growth and shows both promising anti-proliferative and vascular-disrupting
activity. Nocodazole is another notable example of a microtubule-targeting agent with
antiproliferative activity that entered clinical trials (Figure 9) [152,153].
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Figure 9. Selected examples of tubulin polymerization inhibitors.

The flexible nature of the bis-benzimidazole ring has been explored as a core in
several DNA topoisomerase inhibitors. The benzimidazole MH1 was reported as potent
topoisomerase II inhibitor [154].

Many benzimidazole derivatives have been also shown to act as DNA minor groove
binders [155]. Bis(benzimidazole) compounds are well-known to interact with DNA both by
intercalation and by groove binding [156,157]. The extensive research in this area [158,159]
led to the discovery of the dimeric bis-benzimidazole 17 with high binding affinity to the
motif [A,T]4-[G,C]-[A,T]s in the DNA sequence [160]. Bendamustine [161] is a notable ex-
ample of an FDA approved DNA alkylating agent for the treatment of chronic lymphocytic
leukemia and B-cell non-Hodgkin’s lymphoma (Figure 10).

The kinase inhibitors are one of the most explored classes of benzimidazole chemother-
apeutic agents [162,163]. The 4,5,6,7-halogenbenzimidazoles are potent protein kinase
CK2 inhibitors. In this series, the iodine derivative TIBI (Figure 11) exhibits the best
binding affinity [154-166]. Abemaciclib is currently FDA-approved for the treatment of
advanced or metastatic breast cancers and operates by cyclin-dependent kinase (CDK) inhi-
bition [167]. Dovitanib [168,169] is a multitargeted growth factor receptor kinase inhibitor
also approved for the treatment of renal cell carcinoma (RCC) patients.
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Figure 11. Selected examples of kinase inhibitors.

Benzimidazole derivatives have been reported as aromatase [170,171] and dihydro-
folate reductase (DHFR) inhibitors [172,173]. Liarozole is a notable example of a potent
aromatase inhibitor and retinoic acid metabolism-blocking agent that was shown to exhibit
cytotoxicity against several types of cancer cells [174,175].

Wang and colleagues created and tested numerous 1-benzene acyl-2-(1-methylindol-3-
yl)-benzimidazole derivatives aiming to investigate their cytotoxicity against human cancer
cell lines and potential tubulin polymerization inhibitors [176]. Comparing the examined
derivatives to the positive controls colchicine and CA-4, compound 11f had the strongest
tubulin polymerization inhibition activity (IC50 = 1.5 mM) and antiproliferative activity
against A549, HepG2, and MCF-7 (GI50 = 2.4, 3.8, and 5.1 mM, respectively). Additional
docking studies demonstrated the binding mode of compound 11f interacting with 1SAQ
protein. Docking results demonstrated that Ser178, Cys241, Leu248, and Lys352, located
in the binding pocket of protein, played crucial roles in the conformation with compound
11f, which was stabilized by two m-cation bonds and two hydrogen bonds as shown in the
2D diagram. In region A, an indole ring with five members and the amino acid Lys352
formed a 6.9-7t-cation link. The second 7-cation link with a 2.7 A- distance was created by
the amino acid Leu248 and the benzene ring C in compound 11f. Ser178 of the amino acid
formed a hydrogen bond with the methoxy oxygen atom of section A, whereas Cys241 of
the amino acid formed a hydrogen bond with the oxygen atom of section C (Figure 12).

Hashem and colleagues employed microwave irradiation and 2-phenylacetyl isoth-
iocyanate as the main starting material to design and synthesize a new series of benzimi-
dazole, 1,2,4-triazole, and 1,3,5-triazine derivatives. Using Doxorubicin as the reference
drug, all new analogues were evaluated as anticancer agents against several cancer cell
lines. Most of the substances under investigation exhibited particular cytotoxic action
against MCF-7 and A-549 cancer cell lines [177]. With an energy score of 10.88 kcal/mol,
compound 6b was determined to be the most successful inhibitor since it completed the
crucial contacts in the EGFRWT active site. Here, a 7-cation contact between the phenolic
ring and the Val702 residue and a hydrogen bond between the side chain of Lys721 and the
N-2 of the 1,2,4-triazole moiety were also established (distance: 3.63 A). It is made easier for
the enzyme to fit into its active site by the H-bond acceptor, which is situated between the
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hydroxyl oxygen and the backbone of the significant amino acid Met769 (distance: 3.27 A)
(Figure 13).

PDB code: 1SAO

Compound 11f ‘

Figure 12. Interaction between tubulin and chemical 11f’s active conformation. (A) A 2D schematic
depicts the interaction of compound 11f with the colchicine binding site. The H-bond (blue arrows)
is shown as dotted arrows, whereas the m-cation interaction is shown as orange lines. (B) A three-
dimensional illustration depicts the interaction of compound 11f with the colchicine binding site. For
convenience, only interacting residues are shown. Orange lines represent the p-cation interaction,
while dot arrows represent the H-bond (green arrows) (C).

Figure 13. A 2D and 3D schematic of binding interactions (A,B) of 6b into EGFRWT.

A series of pyrazoles bearing a benzimidazole core were prepared using a multistep
synthesis method starting form arylhydrazine and aralkyl ketones [178]. The hybrids were
created, and the most potent one against the two pancreatic cancer cells (SW1990 and
AsPCl) was found to be the one with a para-fluorophenyl unit tethered at the pyrazole
nucleus (6h). The benzimidazole tethered pyrazole 6h exerted its binding energy at a rate
of 8.65 kcal/mol in addition to its predicted IC50 value of 457.41 nM. With the simple
hydrophobic amino acid glycine (GLY 142) and the electrically charged acidic amino acids
glutamic acid (GLU 149) and aspartic acid (ASP 108), the molecule 6h shows van der
Waals interactions. Tyrosine (TYR 105), leucine (LEU 134), and phenyl alanine (PHE 101,
PHE 109, and PHE 150) are amino acids with hydrophobic groups. The hydrophobic and
aliphatic amino acid alanine (ALA 146) and the secondary amino group of the imidazole
scaffold were also shown to form a hydrogen bond. The aromatic ring tethered to the
pyrazole structural motif interacts with the electrically charged and basic amino acid
arginine (ARG 143) in this way. Additionally, a relationship between carbon and the
charged amino acid, arginine (ARG 143), and the fluorine-containing aromatic moiety was
observed. Additionally, there is a lone pair interaction between the aromatic nucleus that
is directly coupled to the nitrogen of the pyrazole scaffold and glutamic acid (GLU 133),
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an electrically charged acidic amino acid. In addition, the hydrophobic and aliphatic side
chains of the amino acids methionine (MET 112) and valine (VAL 153) engage with the
fused phenyl ring of the benzimidazole structural motif through alkyl interactions. The
hydrophobic and aromatic amino acid leucine (LEU 134) and another aromatic nucleus
tethered to the pyrazole scaffold, as well as the electrically charged and basic amino acid
arginine (ARG 136) and the phenyl moiety integrated with nitrogen of the pyrazole unit,
exhibit alkyl interactions (Figure 14).
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Figure 14. The 2D and 3D interactions of BCL-2 with compound 6h.

According to El-Meguid and colleagues’ research, 1-(6-benzoyl-2-(3,4-dimethoxypheny
1)-1H benzo[d] imidazol-1-yl)propan-2-one was used to prepare a series of 6-benzoyl
benzimidazole derivatives [179]. While the compounds were being investigated as cytotoxic
agents against cervical cancer cells, Doxorubicin was used as a reference drug (Hela). The
bulk of the compounds under investigation were both safe to utilize with normal cell lines
and showed promising anticancer activities. The best options, as opposed to Erlotinib,
were found to be EGFR, HER2, PDGFR-b, and VEGFR2 inhibitors. Two substances had
promising suppressing effects, it appeared. Furthermore, it was shown that the latter
compounds might cause cellular apoptosis, cell cycle arrest in the G2/M phase, and cell
accumulation in the pre-G1 phase. The ligands fit into the HER2 active site with Glide
docking scores consistent with their biological activity. The docking poses of the ligands
had favorable effects on HER2’s DFG region, catalytic loop, activation loop, G-rich loop,
phosphate binding loop, and a-C helix. Among all examined compounds, derivative 13
had Glide scores of 9.7 kcal /mol and showed excellent binding site fitting. This compound
appears to be actively interacting with Asn 850 of the catalytic loop and Asp 863 of the
DFG region via hydrogen bonding. There are 7-7 interactions with Phe 864 of the DFG
region (Figure 15).
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Figure 15. Compound 13 is shown in a 2D figure (A) and a 3D depiction (B) that demonstrate how it
interacts with the HER2 kinase active site.

3.5. Antioxidant Activity

The homeostatic balance between reactive oxygen species (ROS) and endogenous
antioxidants plays an important role in maintaining healthy tissues. Under oxidative stress,
human bodies produce excessive ROS, damaging various cell constituents (such as DNA,
lipids, and proteins), consequently causing cell death and health problems.

Increasing evidence shows that ROS-induced oxidative damage facilitates the devel-
opment of a variety of diseases including myocardial infarction, cancer, neurodegenerative
disorders, and inflammation [180]. Therefore, antioxidants are very important for pro-
tecting living organisms against excessive ROS, and there is special scientific interest to
develop diverse types of antioxidants for medical treatment.

In the last decade, the antioxidative potency of numerous benzimidazole derivatives
has been studied, focusing on incorporating different substituents on the phenyl ring or
heterocycles into the benzimidazole skeleton and on forming complexes with metals.

3.5.1. Incorporation of Heterocycles

Some heterocycles incorporated into the benzimidazole skeleton to improve its antiox-
idant properties are pyrrole, pyrazole, indole, thiophene, etc.

Kosolapov et al. (2013) studied the antioxidant activity of pyrrolo [1,2-«] benzim-
idazole derivatives on four model free-radical systems in comparison to the reference
antioxidant Trolox. Compound 18 showed excellent antioxidant activity (Figure 11) [181].
Similar results were obtained by Djuidje and colleagues in 2020. Specific features of the
chemical structure of pyrrolo [1,2-«] benzimidazole derivatives, significant 7-redundancy,
conjugated electron density of the molecule, and the presence of pyrrole ring attest to the
high antioxidant potential of these substances [182].

On the other hand, a series of new N-substituted pyrazole-containing benzimidazoles
were synthesized by Bellam [183]. Some of these derivatives with benzyl substituent at
the imidazole nitrogen exhibited good antioxidant activity. Compounds containing the
benzyl group as a substituent on imidazole nitrogen, especially compound 19, exhibit good
activity, which may be attributed to the extended resonance by the radical that is formed
from the benzyl group upon reaction (Figure 16).

Mentese et al., in 2013 [184], synthesized a novel 1H-benzo[d]imidazole derivative
containing 1,2,4-triazole (20, Figure 16), which showed anti-lipase activity in addition to a
good performance on free radical scavenging assays.

In 2014, Ujjwal et al. reported the synthesis of a series of 1,3,4-oxadiazole derivatives
bearing benzimidazole nucleus (21, Figure 16) that were found to be moderately active
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at higher concentrations as compared to ascorbic acid in 2,2-diphenyl-1-picryl hydrazide
(DPPH) method [185].
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Figure 16. Pyrrolo, pyrazole, triazole, and oxadiazole-benzimidazole derivatives.

Similarly, ALP et al. (2015) [186] revealed a selective synthesis of 2-(substitutedbenzylth
i0)-5-((2-(4-substituted phenyl)-1H -benzo[d]imidazol-1-yl)methyl)-1,3,4-oxadiazoles deriva-
tives (22, Figure 16). The compound, which bears benzyl groups, showed the best antioxi-
dant activity.

Similarly, a series of 2-(Thiophen-2-yl)-1-((thiophen-2-yl)methyl)-1H-1,3-benzimidazole
(23) were synthesized by Latha et al. (Figure 17), and antioxidant property and DNA bind-
ing behavior of the compound has been investigated, exhibiting moderate antioxidant
activity [187].

O,N

Figure 17. Thiophenyl, quinolin-2-ols, benzohydrazone, thiadiazol-5-yl, piperazine-benzimidazole
derivative structures.

In 2020, Massoud et al. reported the synthesis of 4-(1H-benz[d]imidazol-1-yl)-3-phenyl-
6-substituted quinolin-2-ols (24, Figure 17), exhibiting a slightly higher antioxidant activity
than ascorbic acid [188].

Studies accomplished by Ramprasad et al. (2015) demonstrated that compounds
derived from 2-(imidazo [2,1-b][1,3,4]thiadiazol-5-yl)-1H-benzimidazole with chlorine and
methyl as substituents (25) have an antioxidant capacity comparable with that of the
reference standard BHT (Figure 17) [189].
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Novel benzimidazole derivatives have been synthesized by Abbhi et al. (2017) through
the reaction of 2-aminobenzimidazole with substituted piperazines using acetamide as
the linker. The nitrophenyl piperazine substituted compound (26, Figure 12) showed a
considerable free radical scavenging activity in the DPPH assay [190].

Spasov et al. (2017) synthesized novel 9-N-substituted derivatives of 2-(4-biphenyl-
4-yl)-imidazo [1,2-a]-benzimidazole (27, Figure 18). The new compounds were found to
exhibit multitarget action towards a number of targets and are promising for extended phar-
macological studies of the antioxidant, PTP1B inhibitory, AMPK activating, and antiplatelet
activities [191].
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Figure 18. Imidazo-benzimidazole derivative structures.

In 2018, Ashok et al. synthesized a new series of triheterocycles containing indole-
benzimidazole-based 1,2,3-triazole hybrids, with antioxidant activity (28, Figure 18) [192].

Similarly, Gullapelli et al., in 2021, synthesized a novel 2-(1-((1-substitutedphenyl-1H-
1,2,3-triazol-4-yl)methoxy)ethyl)-1-((1-substitutedphenyl-1H-1,2,3-triazol-4-yl)methyl)-1H-
benzo[d]imidazole derivative with important antioxidant activity [193].

In Alzheimer’s disease, many chemical changes take place in the brain. One of the
earliest and biggest changes is that there is less of a chemical messenger called acetylcholine
(ACh). ACh helps the brain to work properly. Tacrine (TAC) slows the breakdown of ACh,
so it can build up and have a greater effect.

A series of tacrine-hydroxyphenyl benzimidazole (TAC-BIM) hybrid compounds
(29, Figure 18) were developed and assessed. Furthermore, these compounds exhibited
moderate antioxidant (radical scavenging) capacity but the best activity was found in the
compound which includes a hydroxyl group in the linker.

Therefore, these hybridization strategies revealed success and some compounds
are worthy of further development as potential multifunctional drug candidates for
Alzheimer’s disease (AD) therapy [194].

On the other hand, a series of new 2-(4-nitrobenzyl)-1H-benzimidazole derivatives
containing 1-substituted thiosemicarbazide, triazole, oxadiazole, thiadiazole, and imine
groups were synthesized and showed significant antioxidant activity. Additionally, among
the tested compounds, (5-{[2-(4-Nitrobenzyl)-1H-benzimidazol-1-yllmethyl}-N-phenyl-
1,3,4-thiadiazol-2-amine, 30) displays the best inhibitory effect against xanthine oxidase
(Figure 18) [195].

Similarly, Guner et al. (2019) synthesized novel 2-substituted benzimidazole molecules
with triazole, thiadiazole, and oxadiazole rings showing an increase in antioxidant levels [196].

A series of functionalized benzimidazole derivatives bearing N-(4-halophenyl)pyrrolid
in-2-one moiety were synthesized by Tumosiené et al. N’-[(2-chloro-5-nitrophenyl)methylid
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ene]-2-[2-[1-(4-chlorophenyl)-5-oxo0-3-pyrrolidinyl]-1H-benzimidazol-1-yl]acetohydrazide
(31a, Figure 19) exhibit significant antioxidant activity, higher than that of ascorbic acid [197].
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Figure 19. Triazole, thiadiazole, and oxadiazole-benzimidazole derivative structures.

A series of benzimidazole compounds containing piperazine or morpholine cycle
was designed and efficiently synthesized (31b, Figure 19). The results showed that most
of the compounds demonstrated very high scavenging activity using CUPRAC, FRAP,
DPPH, and ABTS methods. It is clear that the benzimidazole-piperazine (or morpholine)
combination has the potential to serve as a pharmaceutical source for therapy [198].

Various benzimidazole entities linked to pyrazolyl and hydrazonoyl cyanide sub-
strates carrying aryl and heteroaryl groups (32, Figure 19) were synthetized by Khalifa and
colleagues in 2019. These novel compounds presented good antioxidant and scavenging
activities, which could be explained because resonance phenomena of double bonds and
lone pair electrons on nitrogen may lead to radical formation in more than one site, espe-
cially on the benzene ring attached to the nitro group (highly electron-withdrawing) which
enabled the benzene ring to convert to a radical form and form a new covalent bond with
another radical [199].

Abdelgawad et al. synthesized novel hybrid structures of benzimidazole with a
pyrimidine scaffold (33, Figure 19). These new compounds had been evaluated for their
antioxidant and anticancer activities exhibiting good scavenger effects [200].

Recently Shatokhin et al. synthesized hybrid molecules comprising chromone and
benzimidazole rings and sterically hindered phenol fragments. Compound 34 exhibits
antioxidant activity comparable to the reference drug Trolox (Figure 19) [201].

Arya and colleagues synthesized different coumarin-benzimidazole hybrids, studying
the effect of different linkers between heterocycles. Compounds bearing thiometylene (35),
amide (36), methylene-amide (37), and the methylene (38) linkers were the most active,
displaying substantial free radical scavenging activity, comparable to that of the standard
compound butylated hydroxytoluene (BHT) (Figure 20) [202].
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Figure 20. Coumarinebenzimidazole and thiazino [3,2-a] benzimidazol-4-one hybrids structures.

Thiazines are very useful compounds in medicinal chemistry and have been reported
to exhibit a wide variety of biological activities such as antimicrobials, antivirals, anti-
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fungals, antihistamines, and antioxidants. Ramos Rodriguez et al. (2020) synthesized
2-aryl-2,3-dihydro-4H-[1,3]thiazino [3,2-a]benzimidazol-4-one with high anti-radical activ-
ity (39, Figure 20) [203].

3.5.2. Transition Metal Complexes

On the other hand, the transition metal complexes with benzimidazole have many
potential applications. Consequently, Fu et al. (2014) studied a ternary copper(Il) complex
derived from 2-(20-pyridyl)benzimidazole) and glycylglycine, (40, Figure 21). It was found
that the complex partially intercalated to DNA with high affinity. The complex cleaved
DNA efficiently at a very low concentration (~5 uM) via an oxidative mechanism in the
presence of V¢, with the HO. and O2". as the active species, and the SOD as a promoter [204].
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Figure 21. Transition metal complexes with benzimidazole.

Islas et al. (2014) reported the synthesis of a new Cu(Il) complex with the antihyperten-
sive drug telmisartan (Tlm) (41, Figure 21), [CugTIm;4]-24H,O (CuTlm). The antioxidant
measurements indicate that the complex behaves as a superoxide dismutase mimic with
improved superoxide scavenger power, as compared with native sartan [205].

Similarly, Wu et al. (2014) studied other copper(s) complexes with the benzimidazole
ligands. They reported three copper(ll) ternary complexes with the V-shaped ligand
bis(2-benzimidazolylmethyl)amine (bba), with composition [Cu(bba)(crotonate)].ClOy,
[Cu(bba)(methacrylate)].ClO; and [Cu(bba)(acrylate)(CH3OH)].NO3.H,O. Moreover, the
antioxidant assay in vitro also shows that the copper(Il) complexes possess significant
antioxidant activities, with complex 42 (Figure 21) being the most active of the series [206].

Likewise, a series of ligand complexes containing M = Ni(II) /Cu(Il) / Zn(II) ions with
the ligands 5-Fluorouracil(5-FU: A) benzimidazole were synthesized and the antioxidant
activity was evaluated, 43 (Figure 21). The results show that the mixed ligand complexes
have more potent activities than free ligands [207].

Benhassine et al. synthesized similar complexes. The complexes containing Zn in their
structure presented higher antioxidant activity [208].

Similar transition metal complexes were studied by Wu et al. (2015). Bis(N-ethylbenzim
idazol-2-ylmethyl)aniline with Cu (44, Figure 17), Mn, and Ni exhibit good hydroxyl radical
scavenging activity [209].

Both 2-aminobenzimidazole with 2,4-dihydroybezaldehyde (H3L) (45, Figure 22) and
its Cu(II), Ni(Il), and Co(II) complexes have been studied. The antioxidant activity decreases
in the order Co(Il) > free ligand >Cu(II) > Ni(II) [210].

Numerous studies have demonstrated that ligand L (45, Figure 22) and Ag(I) complex
both bind to DNA via an intercalative binding mode, and the affinity for DNA is stronger
in the case of Ag(I) complex when compared with ligand L, in a similar manner to that
which occurs with the Cu Ln complex. Moreover, Ag(I) complex also exhibited potential
antioxidant properties in vitro studies [211-213].

A series of C,N-cyclometalated osmium arene complexes containing benzimidazoles as
ligands has been studied (46, Figure 22). Biological studies showed that complexes exhibited
antioxidative properties by decreasing the levels of intracellular ROS and reducing the
NAD+ coenzyme [214].
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3.5.3. Phenyl Ring Substitutions

The main modifications are related to the incorporation of hydroxyl groups in the
benzimidazole structure.

In 2013, Khubaeva and colleagues synthesized a series of 1-(3,5-di-tert-butyl-4-hydroxy
phenyl)- 2 arylbenzimidazoles. Benzimidazole derivatives with sterically hindered phenol
substituent containing hydroxyl group in the ortho position with respect to the hindered
phenol fragment presented the highest antioxidant activity [215].

In the same year, Rusina and Zhou synthesized a series of derivatives of 5_hydrox-
ybenzimidazole (HBI) enter as a fragment into the composition of vitamin B12. They
observed that the 5-hydroxy group is crucial for the antiradical activity of HBI [216,217].

The combination of hydroxyl groups with fluorine in the structure of benzimidazole
seems to enhance antioxidant activity. This was demonstrated by the studies carried out
by Shintre. Methyl 1-(4-fluorophenyl)-2-(2,3,4-trihydroxyphenyl)-1H-benzo[d ]imidazole-5-
carboxylate and Methyl 1-(4-fluorophenyl)-2-(2-hydroxy-4,6-dimethoxy-phenyl)-1H-benzo
[d]imidazole-5-carboxylate showed good antioxidant activities, comparable to that of
ascorbic acid [218].

Cindri¢ et al. synthesized novel methoxy amidino benzimidazoles derivatives. The
compound bearing three methoxy groups on a phenyl ring and imidazolinyl amidine group
on benzimidazole nuclei (5(6)-(2-Imidazolinyl)-2-(3,4,5-trimethoxyphenyl) benzimidazole
hydrochloride) directly attached to the phenyl ring exhibited the most prominent reducing
activity as well as free-radical scavenging activity [219].

In 2019, Anastassova et al. studied a series of N, N’-disubstituted benzimidazoles
containing methoxy and hydroxyl substituents. The structural modification led to improve-
ments in in vitro antioxidant activity. All of the compounds showed ABTS scavenging
activity, while in the DPPH assay only the hydroxyl compounds were effective [220].

Three series of arylbenzimidazole derivatives have been simply synthesized and
tested for their antioxidant capacity, by Baldisserotto. The 2-arylbenzimidazoles were
tested against various radicals by the DPPH, FRAP, and ORAC tests and showed different
activity profiles. It has been observed that the number and position of the hydroxy groups
on the 2-aryl portion and the presence of a diethylamino group or a 2-styryl group are
related to a good antioxidant capacity [221].

On the other hand, Sharma et al. synthesized a series of 5-methanesulfonamide benz-
imidazole derivatives. Compounds containing butyl, pentyl, and hexyl groups exhibited
good antioxidant effects [222].

3.6. Anticoagulant Activity

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Therefore,
scientists have exerted considerable effort in researching different kinds of drugs to treat CVDs.

Thrombin is a multifunctional specific trypsin-like serine proteinase that is crucial in the co-
agulation cascade. Therefore, thrombin is an attractive target for CVD therapy. Antithrombotic
drugs have been recognized as the best for the treatment of CVDs and their complications.

The therapeutic landscape for anticoagulation management underwent a change from
the use of traditional anticlotting agents such as heparins and warfarin [221] as the only
options to the growing adoption of newer target-specific oral anticoagulants (NOACs) with
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novel mechanisms of action [223-230]. Dabigatran (47, Figure 18), the first NOAC approved
for use in the United States, is a direct competitive inhibitor of thrombin. Owing to benefits
in ease of administration, safety, and efficacy demonstrated in clinical trials, Dabigatran was
approved by the Food and Drug Administration (FDA) in 2010 via the accelerated pathway
after a 6-month review. The haste to approve novel drugs places increasing importance on
post approval data to help better understand risks and benefits [231].

Calkins et al. evaluated the efficacy of Dabigatran Etexilate compared to Warfarin in
pulmonary vein ablation. They concluded that dabigatran was associated with significantly
fewer bleeding complications than warfarin [232].

On the contrary, Rockey and Hernandez found that dabigatran seems to substantially
increase the risk of gastrointestinal bleeding compared with warfarin in patients with atrial
fibrillation (AF) [233,234] and increased bleeding and stroke compared with warfarin in
patients with mechanical heart valves [235].

Bohm and Abraham analyzed changes in renal function in patients with AF who were
assigned to receive either dabigatran or warfarin in the RE-LY trial (randomized evaluation
of long-term anticoagulation therapy) [236,237].

These findings led researchers around the world to design synthetic modifications to
the dabigatran molecule to reduce its unwanted effects.

So, the chemical class of benzimidazole derivatives is promising for the identification
and development of effective platelet aggregation inhibitors.

In order to identify the structural features required for anticoagulant efficacy, Li et al.
studied the structures of existing drugs by docking their molecular structures with the
protein receptor. The structural features include: (1) there is an open-chain carboxylic acid
attached to amine group; (2) the sites for hydrophobic interactions, electrostatic interactions,
and hydrogen bonding interactions; (3) the presence of a carbonyl group and a terminal
amidine which can form hydrogen bonding interactions and electrostatic interactions with
amino acid residues [238].

A number of dabigatran derivatives were designed, synthesized, and evaluated as
thrombin inhibitors.

When the different alkyl side chains were substituted at N-1 of benzimidazole, they
influenced the inhibitory activities of the resultant molecule. This may be because of the
limited steric effects. This trend demonstrates decreases in activity with increasing length
or size of side chains.

The methyl and ethyl group can improve all the active pockets and have hydropho-
bic/lipophilic interactions with the surrounding amino acid residues. It was found ethyl
group substitution at N-1 of benzimidazole exhibited better anticoagulant activity against
thrombin (48 a-b, Figure 18) [239].

Complementary studies carried out by Yang et al. [240,241] established that intro-
ducing two fluorine atoms at the phenyl ring improved anticoagulant activity, as well as
introducing fluorine at the para position, whereas the methyl group at this position inhibits
this activity (49, Figure 23).

Bharadwaj et al. studied the beneficial role of benzimidazole-containing quinolinyl oxa-
diazoles on thrombotic disorders. The compound 2-(2-(5-Bromothiophen-2-yl)-1-methyl-
1H-benzo[d]-imidazol-5-yl1)-5-(2-(3,5-difluorophenyl)quinolin-4-y1)-1,3,4-oxadiazole exhib-
ited anticoagulant and antiplatelet properties [242] (50, Figure 24).

In patients with peptic ulcer bleeding, an intravenous (IV) proton pump inhibitor (PPI)
has been primarily used for the prevention of recurrent or delayed bleeding.

Omeprazole [243] was the first registered PPI and is one of the most frequently pre-
scribed drugs worldwide; thus, its interaction with clopidogrel has been the most exten-
sively characterized.
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Figure 23. Dabigatran and its analog structures.

Figure 24. Quinolinyl oxadiazole benzimidazole derivative.

Subsequently, other PPIs were developed and launched on the market, including
lansoprazole, pantoprazole, etc. [244]. The next advancement was the introduction of a
new generation of long-term-acting PPls, characterized by extended plasma half-life.

Spasov et al. studied antithrombotic activity of compound DAB-15 and compared
it to known antiplatelet agents (acetylsalicylic acid, ticlopidine, and clopidogrel) in rat
experimental model of arterial thrombosis induced by ferric chloride. The results suggest
that compound DAB-15 exerted a dose-dependent antithrombotic effect and was superior
to acetylsalicylic acid, ticlopidine, and clopidogrel [245].

During the past decades, clarifications of the mechanisms of heparin and progress
in oligosaccharide chemistry have facilitated the development of synthetic oligosaccha-
rides [246]. Synthetic oligosaccharides also exhibit antiplatelet properties. Encouraged
by these observations to discover new biologically active benzimidazole oligosaccharide
compounds, Yen et al. developed a new derivative, M3BIM, from D-maltotriose to achieve
stronger antiplatelet effects. This study provided the first evidence that the novel com-
pound M3BIM can be developed further into a new class of antiplatelet agents [247] (51,

Figure 25).
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Figure 25. Oligosaccharide benzimidazole derivative.
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3.7. Psychoactive Agents

The number of new psychoactive substances (NPS) that have emerged on the European
market has been rapidly growing in the last years, with a particularly high number of new
compounds from the group of synthetic cannabinoid receptor agonists. There have been
various political efforts to control trade and the use of NPS worldwide.

In this new act two groups of substances were defined: the group ‘cannabimimetic/
synthetic cannabinoids’, covering indole, indazole, and benzimidazole core structures, and
a second group named ‘compounds derived from 2-phenethylamine’.

Before 2019, the solely available benzimidazole opioid was etonitazene (52, Figure 26),
an extremely potent opioid, originally developed as a veterinary anesthesia, but never
approved for medical use. Isotonitazene (53, Figure 26), has about half the potency of etoni-
tazene, and several deaths involving isotonitazene (N,N-diethyl-2-[5-nitro-2-({4-[ (propan-2-
yl)oxy]phenyljmethyl)-1H-benimidazol-1-yl]ethan-1-amine) have occurred since it started
circulating in the United States and Europe [248,249]. The substance was quickly risk-
assessed by the EMCDDA, and the European Commission issued legislation banning
isotonitazene in all member states [250].

{
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Figure 26. Etonitazene, isotonitazene, and etonitazepyne structures.

In 2020 Blanckaert and colleagues reported on the identification and full chemical
characterization of isotonitazene (53, Figure 26), a potent NPS opioid and the first member
of the benzimidazole class of compounds to be available on online markets [251].

Based on this work, they managed to synthesize another analog, “etonitazepyne” (2-(4-
ethoxybenzyl)-5-nitro-1-(2-(pyrrolidin-1-yl) ethyl)-1H-benzo[d]imidazole) (54, Figure 26),
a novel member of the benzimidazole class of NPS opioids that structurally arises from
cyclization of the two ethyl substituents of etonitazene to a pyrrolidine [252].

4. Conclusions

In this manuscript, a collection of eco-sustainable syntheses of benzimidazoles useful
for the industrial production of drugs has been reported. In this regard, the known drugs
derived from benzimidazole, their structure, and their pharmacological properties have
been reported.

Author Contributions: M.N., N.C.H.C. and S.S. designed the original idea, wrote, and reviewed the
manuscript. R.B., AK,, RS, D.W. and A.P. wrote and reviewed the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: We gratefully acknowledge financial support from the National Scientific Pro-
gram “VIHREN" (grant KIT-06-/IB-1); Consejo Nacional de Investigaciones Cientifcas y Técnicas
(CONICET) and Secretaria de Ciencia y Tecnologia (SECYT-UNC).

Conflicts of Interest: The authors declare no conflict of interest.



Catalysts 2023, 13, 392 26 of 35

References

1. Woolley, D. Some biological effects produced by benzimidazole and their reversal by purines. J. Biol. Chem. 1944, 152, 225-232.
[CrossRef]

2. Emerson, G.; Brink, N.G.; Holly, EW.; Koniuszy, F; Heyl, D.; Folkers, K. Vitamin B12. VIII. Vitamin B12-like activity of
5,6-dimethylbenzimidazole and tests on related compounds. J. Am. Chem. Soc. 1950, 72, 3084-3085. [CrossRef]

3. Brink, N.G.; Folkers, K. Vitamin B12. VI. 5,6-Dimethylbenzimidazole, a degradation product of vitamin B12. . Am. Chem. Soc.
1949, 71, 2951. [CrossRef]

4. Bansal, Y.; Silakari, O. The therapeutic journey of benzimidazoles: A review. Bioorg. Med. Chem. 2012, 20, 6208-6236. [CrossRef]

5. Narasimhan, B.; Sharma, D.; Kumar, P. Benzimidazole: A medicinally important heterocyclic moiety. Med. Chem. Res. 2012, 21,
269-283. [CrossRef]

6. Rossignol, J.; Maisonneuve, H. Benzimidazoles in the treatment of trichuriasis: A review. Ann. Trop. Med. Parasitol. 1984, 78,
135-144. [CrossRef]

7. McKellar, Q.; Scott, E. The benzimidazole anthelmintic agents—A review. J. Vet. Pharmacol. Ther. 1990, 13, 223-247. [CrossRef]

8. Dubey, A ; Sanyal, P. Benzimidazoles in a wormy world. Vet. Scan. Online Vet. Med. ]. 2010, 5, 63.

9. Spasov, A.; Yozhitsa, I.; Bugaeva, L.; Anisimova, V. Benzimidazole derivatives: Spectrum of pharmacological activity and
toxicological properties (a review). Pharm. Chem. ]. 1999, 33, 232-243. [CrossRef]

10. Boiani, M.; Gonzélez, M. Imidazole and benzimidazole derivatives as chemotherapeutic agents. Mini Rev. Med. Chem. 2005, 5,
409-424. [CrossRef]

11. Patil, A.; Ganguly, S.; Surana, S. A systematic review of benzimidazole derivatives as an antiulcer agent. Rasayan J. Chem. 2008, 1,
447-460.

12. Kubo, K,; Oda, K.; Kaneko, T.; Satoh, H.; Nohara, A. Synthesis of 2-(4- Fluoroalkoxy-2-pyridyl) methyl] sulfinyl]-1H-
benzimidazoles as Antiulcer Agents. Chem. Pharm. Bull. 1990, 38, 2853-2858. [CrossRef]

13.  Uchida, M.; Chihiro, M.; Morita, S.; Yamashita, H.; Yamasaki, K.; Kanbe, T.; Yabuuchi, Y.; Nakagawz, K. Synthesis and Antiulcer
Activity of 4- Substituted 8-[(2-Benzimidazolyl) sulfinylmethyl]-1,2,3,4-tetrahydroquinolines and Related Compounds. Chem.
Pharm. Bull. 1990, 38, 1575-1586. [CrossRef]

14. Grassi, A.; Ippen, J.; Bruno, M.; Thomas, G. BAY P 1455, a thiazolylamino benzimidazole derivative with gastroprotective
properties in the rat. Eur. J. Pharmacol. 1991, 195, 251-259. [CrossRef]

15. Ozkay, Y.; Tunali, Y.; Karaca, H.; Isikdag, I. Antimicrobial activity and a SAR study of some novel benzimidazole derivatives
bearing hydrazones moiety. Eur. ]. Med. Chem. 2010, 45, 3293-3298. [CrossRef]

16. Algul, O.; Karabulut, A.; Canacankatan, N.; Gorur, A.; Sucu, N.; Vezir, O. Apoptotic and anti-angiogenic effects of benzimidazole
compounds: Relationship with oxidative stress mediated ischemia/reperfusion injury in rat hind limb. Antiinflamm. Antiallergy
Agents Med. Chem. 2012, 11, 267-275. [CrossRef]

17.  Thakuria, H.; Das, G. An expeditious one-pot solvent-free synthesis of benzimidazole derivatives. Arkivoc 2008, 15, 321-328.
[CrossRef]

18. Rithe, S.R; Jagtap, R.S.; Ubarhande, S.S. One Pot Synthesis of Substituted Benzimidazole Derivatives and Their Characterization.
RASAYAN J. Chem. 2015, 8,213-217.

19. Kelly, C.E; Day, A.R. Preparation of 2-phenylnaphth [1,2] imidazole and 2-methylnaphth [1,2] imidazole. . Am. Chem. Soc. 1945,
67,1074. [CrossRef]

20. Saberi, A. Efficient synthesis of Benzimidazoles using zeolite, alumina and silica gel under microwave irradiation. Iran. J. Sci.
Technol. 2015, 39, 7-10.

21. Mobinikhaledi, A.; Hamta, A.; Kalhor, M.; Shariatzadeh, M. Simple Synthesis and Biological Evaluation of Some Benzimidazoles
Using Sodium Hexafluroaluminate, Na3 AlF6, as an Efficient Catalyst. Iran. ]. Pharm. Res. 2014, 13, 95-101. [PubMed]

22. Birajdar, S.S.; Hatnapure, G.D.; Keche, A.P,; Kamble, V.M. Synthesis of 2-substituted-1 H-benzo[d]imidazoles through oxidative
cyclization of O-phenylenediamine and substituted aldehydes using dioxanedibromide. Res. J. Pharm. Biol. Chem. Sci. 2014, 5,
487-493.

23.  Nelson, M.W. Green Solvents for Chemistry: Perspectives and Practice; Oxford University Press: Oxford, UK, 2003.

24. Mikami, K; Jodry, ].J. Green Reaction Media in Organic Synthesis; Mikami, K., Ed.; Wiley-Blackwell: Oxford, UK, 2005; pp. 9-15.

25. Clark, J.H,; Tavener, S.J. Alternative Solvents: Shades of Green. Org. Process Res. Dev. 2007, 11, 149-155. [CrossRef]

26. Procopio, A.; Dalpozzo, R.; De Nino, A.; Maiuolo, L.; Nardi, M.; Romeo, G. Mild and efficient method for the cleavage of
benzylidene acetals by using erbium (III) triflate. Org. Biomol. Chem. 2005, 3, 4129-4133. [CrossRef] [PubMed]

27.  Procopio, A.; Dalpozzo, R.; De Nino, A.; Nardi, M.; Oliverio, M.; Russo, B. Er(OTf); as new efficient catalyst for the stereoselective
synthesis of C-pseudoglycals. Synthesis 2006, 15, 2608-2612. [CrossRef]

28. Procopio, A.; De Luca, G.; Nardi, M.; Oliverio, M.; Paonessa, R. General MW-assisted grafting of MCM-41: Study of the
dependence on time dielectric heating and solvent. Green Chem. 2009, 11, 770-773. [CrossRef]

29. Procopio, A.; Cravotto, G.; Oliverio, M.; Costanzo, P; Nardi, M.; Paonessa, R. An Eco-Sustainable Erbium(III)-Catalysed Method
for Formation/Cleavage of O-tert-butoxy carbonates. Green Chem. 2011, 13, 436—443. [CrossRef]

30. Oliverio, M.; Costanzo, P.; Macario, A.; De Luca, G.; Nardi, M.; Procopio, A. An Erbium-Based Bifuctional Heterogeneous Catalyst

Erbium-Based: A Cooperative Route Towards C-C Bond Formation. Molecules 2014, 19, 10218-10229. [CrossRef]


http://doi.org/10.1016/S0021-9258(18)72045-0
http://doi.org/10.1021/ja01163a078
http://doi.org/10.1021/ja01176a532
http://doi.org/10.1016/j.bmc.2012.09.013
http://doi.org/10.1007/s00044-010-9533-9
http://doi.org/10.1080/00034983.1984.11811787
http://doi.org/10.1111/j.1365-2885.1990.tb00773.x
http://doi.org/10.1007/BF02510042
http://doi.org/10.2174/1389557053544047
http://doi.org/10.1248/cpb.38.2853
http://doi.org/10.1248/cpb.38.1575
http://doi.org/10.1016/0014-2999(91)90543-Y
http://doi.org/10.1016/j.ejmech.2010.04.012
http://doi.org/10.2174/1871523011202030267
http://doi.org/10.3998/ark.5550190.0009.f28
http://doi.org/10.1021/ja01223a014
http://www.ncbi.nlm.nih.gov/pubmed/24734060
http://doi.org/10.1021/op060160g
http://doi.org/10.1039/b511314h
http://www.ncbi.nlm.nih.gov/pubmed/16267593
http://doi.org/10.1055/s-2006-942443
http://doi.org/10.1039/b820417a
http://doi.org/10.1039/c0gc00728e
http://doi.org/10.3390/molecules190710218

Catalysts 2023, 13, 392 27 of 35

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Procopio, A.; Das, G.; Nardi, M.; Oliverio, M.; Pasqua, L. A Mesoporous Er(III)-MCM-41 Catalyst for the Cyanosilylation of
Aldehydes and Ketones under Solvent-free Conditions. Chem. Sus. Chem. 2008, 1, 916-919. [CrossRef]

Procopio, A.; Gaspari, M.; Nardi, M.; Oliverio, M.; Romeo, R. MW-assisted Er(OTf); -catalyzed mild cleavage of isopropylidene
acetals in Tricky substrates. Tetrahedron Lett. 2008, 49, 1961-1964. [CrossRef]

Procopio, A.; Celia, C.; Nardi, M.; Oliverio, M.; Paolino, D.; Sindona, G. Lipophilic hydroxytyrosol esters: Fatty acid conjugates
for potential topical administration. . Nat. Prod. 2011, 74, 2377-2381. [CrossRef] [PubMed]

Nardi, M.; Bonacci, S.; De Luca, G.; Maiuolo, ].; Oliverio, M.; Sindona, G.; Procopio, A. Biomimetic synthesis and antioxidant
evaluation of 3,4-DHPEA-EDA [2-(3,4-hydroxyphenyl) ethyl (3S,4E)-4-formyl-3-(2-oxoethyl)hex-4-enoate]. Food Chem. 2014, 162,
89-93. [CrossRef]

Nardi, M.; Oliverio, M.; Costanzo, P,; Sindona, G.; Procopio, A. Eco-friendly stereoselective reduction of o, 3-unsaturated carbonyl
compounds by Er(OTf)3 /NaBHy in 2-MeTHF. Tetrahedron 2015, 71, 1132-1135. [CrossRef]

Nardi, M.; Herrera Cano, N.; Costanzo, P,; Oliverio, M.; Sindona, G.; Procopio, A. Aqueous MW eco-friendly protocol for amino
group protection. RSC Adv. 2015, 5, 18751-18760. [CrossRef]

Nardi, M.; Di Gioia, M.L.; Costanzo, P.; De Nino, A.; Maiuolo, L.; Oliverio, M.; Olivito, F.; Procopio, A. Selective acetylation of
small biomolecules and their derivatives catalyzed by Er(OTf)s. Catalysts 2017, 7, 269. [CrossRef]

Nardi, M.; Costanzo, P.; De Nino, A.; Di Gioia, M.L.; Olivito, F.; Sindona, G.; Procopio, A. Water excellent solvent for the synthesis
of bifunctionalized cyclopentenones from furfural. Green Chem. 2017, 19, 5403-5411. [CrossRef]

Nardi, M.; Bonacci, S.; Cariati, L.; Costanzo, P.; Oliverio, M.; Sindona, G.; Procopio, A. Synthesis and antioxidant evaluation of
lipophilic oleuropein aglycone derivatives. Food Funct. 2017, 8, 4684-4692. [CrossRef]

Bonacci, S.; Di Gioia, M.L.; Costanzo, P.; Maiuolo, L.; Tallarico, S.; Nardi, M. Natural Deep Eutectic Solvent as Extraction Media
for the Main Phenolic Compounds from Olive Oil Processing Wastes. Antioxidants 2020, 9, 513. [CrossRef]

Zhang, Z.H,; Yin, L.; Wang, Y. An expeditious synthesis of benzimidazole derivatives catalyzed by Lewis acids. Catal. Commun.
2007, 8, 1126-1131. [CrossRef]

Perumal, S.; Mariappan, S.; Selvaraj, S. A microwave assisted synthesis of 2-aryl-1-arylmethyl-1H-benzimidazoles in the presence
of montmorilloinite K-10. Arkivoc 2004, 8, 46-51. [CrossRef]

Zou, B.; Yuan, Q. Ma, D. Synthesis of 1,2-Disubstituted Benzimidazoles by a Cu-Catalyzed Cascade Aryl Amina-
tion/Condensation Process. Angew. Chem. Int. Ed. 2007, 46, 2598-2601. [CrossRef] [PubMed]

Pasha, M.A.; Nizam, A. Amberlite IR-120 catalyzed, microwave-assisted rapid synthesis of 2-aryl-benzimidazoles. J. Saudi Chem.
Soc. 2012, 16, 237-240. [CrossRef]

Jacob, R.G.; Dutra, L.G.; Radatz, C.S.; Mendes, S.R.; Perin, G.; Lenardao, E.J. Synthesis of 1,2-disubstitued benzimidazoles using
SiO, /ZnCly. Tetrahedron Lett. 2009, 50, 1495-1497. [CrossRef]

Mukhopadhyay, C.; Datta, A.; Butcher, R.J.; Paul, B.K,; Guchhait, N.; Singha, R. Water mediated expeditious and highly
selective synthesis of 2-aryl-1-arylmethyl-1H-1,3-benzimidazoles by Dowex 50W: Fluorescence properties of some representative
compounds. Arkivoc 2009, 8, 1-22. [CrossRef]

Bahrami, K.; Khodaei, M.M.; Nejati, A. Synthesis of 1,2-disubstituted benzimidazoles, 2-substituted benzimidazoles and 2-
substituted benzothiazoles in SDS micelles. Green Chem. 2010, 12, 1237-1241. [CrossRef]

Salehi, P.; Dabiri, M.; Zolfigol, M.A.; Otokesh, S.; Baghbanzadeh, M. Selective synthesis of 2-aryl-1-arylmethyl-1H-1,3-
benzimidazoles in water at ambient temperature. Tetrahedron Lett. 2006, 47, 2557-2560. [CrossRef]

Behbahani, FK; Parisa, Z. A Green Route for the One-Pot Synthesis of 1,2-Disubstituted Benzimidazoles Using Iron(III) Phosphate
under Solventless Conditions. Chin. J. Chem. 2012, 30, 65-70. [CrossRef]

Sadek, K.U.; Al-Qalaf, F.; Mekheimer, R.A.; ElInagdi, M.H. Cerium (IV) ammonium nitrate-mediated reactions: Simple route to
benzimidazole derivatives. Arab. . Chem. 2012, 5, 63—-65. [CrossRef]

Durgareddy, G.A.N.K,; Ravikumar, R.; Ravi, S.; Adapa, S.R. A Cu (NO3),.3H;O catalysed facile synthesis of substituted
4(3H)-quinazolinones and benzimidazoles. J. Chem. Sci. 2013, 125, 175-182. [CrossRef]

Chen, G.; Dong, X.Y. Facile and selective synthesis of 2-substituted benzimidazoles catalyzed by FeClz/Al,O3. E-J. Chem. 2012, 9,
289-293. [CrossRef]

Kumar, S.; Kapoor, K.K. Unprecedented Reaction between Ethyl a-Cyanocinnamate and o-Phenylenediamine: Development of
an Efficient Method for the Transfer Hydrogenation of Electronically Depleted Olefins Transfer Hydrogenation of Electronically
Depleted Olefins. Synlett 2007, 18, 2809-2814. [CrossRef]

Chuanming, Y.; Peng, G.; Can, ].; Weike, S. The synthesis of benzimidazole derivatives in the absence of solvent and catalyst. J.
Chem. Res. 2009, 5, 333-336. [CrossRef]

Harkala, K.J.; Eppakayala, L.; Maringanti, T.C. Synthesis and biological evaluation of benzimidazole-linked 1,2,3-triazole
congeners as agents. Org. Med. Chem. Lett. 2014, 4, 14. [CrossRef] [PubMed]

Herrera Cano, N.; Uranga, ].G.; Nardi, M.; Procopio, A.; Wunderlin, D.A.; Santiago, A.N. Selective and eco-friendly procedures
for the synthesis of benzimidazole derivatives. The role of the Er(OTf); catalyst in the reaction selectivity. Beilstein J. Org. Chem.
2016, 12, 2410-2419. [CrossRef] [PubMed]

Procopio, A.; Gaspari, M.; Nardi, M.; Oliverio, M.; Tagarelli, A.; Sindona, G. Simple and efficient MW-assisted cleavage of acetals
and ketals in pure water. Tetrahedron Lett. 2007, 48, 8623-8627. [CrossRef]


http://doi.org/10.1002/cssc.200800183
http://doi.org/10.1016/j.tetlet.2008.01.089
http://doi.org/10.1021/np200405s
http://www.ncbi.nlm.nih.gov/pubmed/22014120
http://doi.org/10.1016/j.foodchem.2014.04.015
http://doi.org/10.1016/j.tet.2014.12.005
http://doi.org/10.1039/C4RA16683C
http://doi.org/10.3390/catal7090269
http://doi.org/10.1039/C7GC02303K
http://doi.org/10.1039/C7FO01105A
http://doi.org/10.3390/antiox9060513
http://doi.org/10.1016/j.catcom.2006.10.022
http://doi.org/10.3998/ark.5550190.0005.807
http://doi.org/10.1002/anie.200700071
http://www.ncbi.nlm.nih.gov/pubmed/17348051
http://doi.org/10.1016/j.jscs.2011.01.004
http://doi.org/10.1016/j.tetlet.2009.01.076
http://doi.org/10.3998/ark.5550190.0010.d01
http://doi.org/10.1039/c000047g
http://doi.org/10.1016/j.tetlet.2006.02.049
http://doi.org/10.1002/cjoc.201180461
http://doi.org/10.1016/j.arabjc.2010.07.024
http://doi.org/10.1007/s12039-012-0343-0
http://doi.org/10.1155/2012/197174
http://doi.org/10.1055/s-2007-991087
http://doi.org/10.3184/030823409X447763
http://doi.org/10.1186/s13588-014-0014-x
http://www.ncbi.nlm.nih.gov/pubmed/26548990
http://doi.org/10.3762/bjoc.12.235
http://www.ncbi.nlm.nih.gov/pubmed/28144309
http://doi.org/10.1016/j.tetlet.2007.10.038

Catalysts 2023, 13, 392 28 of 35

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Procopio, A.; Gaspari, M.; Nardi, M.; Oliverio, M.; Rosati, O. Highly efficient and versatile chemoselective addition of amines to
epoxides in water catalyzed by erbium(IIl) triflate. Tetrahedron Lett. 2008, 49, 2289-2293. [CrossRef]

Bonacci, S.; Nardi, M.; Costanzo, P.; De Nino, A.; Di Gioia, M.L.; Oliverio, M.; Procopio, A. Montmorillonite K10-Catalyzed
Solvent-Free Conversion of Furfural into Cyclopentenones. Catalysts 2019, 9, 301. [CrossRef]

Bonacci, S.; Iriti, G.; Mancuso, S.; Novelli, P.; Paonessa, R.; Tallarico, S.; Nardi, M. Montmorillonite K10: An efficient organo-
heterogeneous catalyst for synthesis of benzimidazole derivatives. Catalysts 2020, 10, 845. [CrossRef]

Maiuolo, L.; Merino, P.; Algieri, V.; Nardi, M.; Di Gioia, M.L.; Russo, B.; Delso, I.; Tallarida, M.A.; De Nino, A. Nitrones and
nucleobase-containing spiro-isoxazolidines derived from isatin and indanone: Solvent-free microwave-assisted stereoselective
synthesis and theoretical calculations. RSC Adv. 2017, 7, 48980-48988. [CrossRef]

Bortolini, O.; D’Agostino, M.; De Nino, A.; Maiuolo, L.; Nardi, M.; Sindona, G. Solvent-free, microwave assisted 1,3-cycloaddition
of nitrones with vinyl nucleobases for the synthesis of N, O-nucleosides. Tetrahedron 2008, 64, 8078-8081. [CrossRef]

Nardi, M.; Cozza, A.; Maiuolo, L.; Oliverio, M.; Procopio, A. 1,5-Benzoheteroazepines through eco-friendly general condensation
reactions. Tetrahedron Lett. 2011, 52, 4827-4834. [CrossRef]

Nardi, M.; Cozza, A.; De Nino, A.; Oliverio, M.; Procopio, A. One-pot synthesis of dibenzo[b,e][1,4]diazepin-1-ones. Synthesis
2012, 44, 800-804. [CrossRef]

Nardi, M.; Bonacci, S.; Herrera Cano, N.; Oliverio, M.; Procopio, A. The Highly Efficient Synthesis of 1,2-Disubstituted Benzimi-
dazoles Using Microwave Irradiation. Molecules 2022, 27, 1751. [CrossRef] [PubMed]

Mahesh, D.; Satheesh, V.; Kumar, S.V.; Punniyamurthy, T. Copper(Il)-Catalyzed Oxidative Coupling of Anilines, Methyl Arenes,
and TMSN3 via C(sp3/sp2)-H Functionalization and C-N Bond Formation. Org. Lett. 2017, 19, 6554-6557. [CrossRef] [PubMed]
Chopra, R.; Kumar, M.; Neelam; Bhalla, V. Visible light promoted PANI@Au:CuO catalyzed sequential amination, azidation and
annulation for the preparation of 2-arylbenzimidazoles. Green Chem. 2019, 21, 3666-3674. [CrossRef]

Chemat, E; Abert Vian, M.; Ravi, HK.; Khadhraoui, B.; Hilali, S.; Perino, S.; Tixier, A.F. Review of Alternative Solvents for Green
Extraction of Food and Natural Products: Panorama, Principles, Applications and Prospects. Molecules 2019, 16, 3007. [CrossRef]
[PubMed]

Sapkal, S.B.; Shelke, K.E; Sonar, S.S.; Shingate, B.B.; Shingare, M.S. Acidic ionic liquid catalyzed environmentally friendly
synthesis of benzimidazole derivatives. Bull. Catal. Soc. India 2009, 2, 78-83.

Ranke, J.; Stolte, S.; Stormann, R.; Arning, ]J.; Jastorff, B. Design of sustainable chemical products—the example of ionic liquids.
Chem. Rev. 2007, 107, 2183-2206. [CrossRef]

Deetlefs, M.; Seddon, K.R. Assessing the greenness of some typical laboratory ionic liquid preparations. Green Chem. 2010, 12,
17-30. [CrossRef]

Smith, E.L.; Abbott, A.P.; Ryder, K.S. Deep eutectic solvents (DESs) and their applications. Chem. Rev. 2014, 114, 11060-11082.
[CrossRef]

Di Gioia, M.L.; Nardi, M.; Costanzo, P.; De Nino, A.; Maiuolo, L.; Oliverio, M.; Procopio, A. Biorenewable deep eutectic solvent
for selective and scalable conversion of furfural into cyclopentenone derivatives. Molecules 2018, 23, 1891. [CrossRef]

Shaibuna, M.; Hiba, K.; Shebitha, A.M.; Kuniyil, M.].K.; Sherly mole, P.B.; Sreekumara, K. Sustainable and selective synthesis of
benzimidazole scaffolds using deep eutectic solvents. Curr. Opin. Green Sustain. Chem. 2022, 5, 100285. [CrossRef]

Di Gioia, M.L.; Cassano, R.; Costanzo, P.; Herrera Cano, N.; Maiuolo, L.; Nardi, M.; Nicoletta, EP.; Oliverio, M.; Procopio, A.
Green Synthesis of Privileged Benzimidazole Scaffolds Using Active Deep Eutectic Solvent. Molecules 2019, 24, 2885. [CrossRef]
Fountain, ].H.; Lappin, S.L. Physiology, Renin Angiotensin System. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2020.

Carey, RM.; Padia, S.H. Physiology and regulation of the renin-angiotensin—-aldosterone system. In Textbook of Nephro-
Endocrinology, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1-25. [CrossRef]

McKinley, M.].; Oldfield, B.J. Angiotensin II. In Encyclopedia of Neuroscience; Elsevier: Amsterdam, The Netherlands, 2010;
pp. 389-395. [CrossRef]

Dandona, P.; Dhindsa, S.; Ghanim, H.; Chaudhuri, A. Angiotensin II and inflammation: The effect of angiotensin-converting
enzyme inhibition and angiotensin II receptor blockade. . Hum. Hypertens. 2007, 21, 20-27. [CrossRef] [PubMed]

Naik, P; Murumkar, P.; Giridhar, R.; Yadav, M.R. Angiotensin II receptor type 1 (AT1) selective nonpeptidic antagonists—A
perspective. Bioorg. Med. Chem. 2010, 18, 8418-8456. [CrossRef] [PubMed]

Trimarco, B.; Santoro, C.; Pepe, M.; Galderisi, M. The benefit of angiotensin AT1 receptor blockers for early treatment of
hypertensive patients. Intern. Emerg. Med. 2017, 12, 1093-1099. [CrossRef]

Kubo, K,; Inada, Y.; Kohara, Y.; Sugiura, Y.; Ojima, M.; Itoh, K.; Furukawa, Y.; Nishikawa, K.; Naka, T. Nonpeptide angiotensin II
receptor antagonists. Synthesis and biological activity of benzimidazoles. . Med. Chem. 1993, 36, 1772-1784. [CrossRef]
Yagupolskii, L.M.; Fedyuk, D.V. 2-Alkyl-1-(2-aryl-1,1-difluoro-2-hydroxyethyl)benzimidazoles: Potential angiotensin II receptor
antagonists. Tetrahedron Lett. 2000, 41, 2265-2267. [CrossRef]

Thomas, A.P; Allott, C.P; Gibson, K.H.; Major, ].S.; Masek, B.B.; Oldham, A.A.; Ratcliffe, A.H.; Roberts, D.A.; Russell, S.T.;
Thomason, D.A. New nonpeptide angiotensin II receptor antagonists. 1. Synthesis, biological properties and structure-activity
relationships of 2-alkylbenzimidazole derivatives. J. Med. Chem. 1992, 35, 877-885. [CrossRef]

Vanderheyden, P; Fierens, F; Vauquelin, G.; Verheijen, I. The in vitro binding properties of non-peptide AT1 receptor antagonists.
J. Clin. Basic Cardiol. 2002, 5, 75-82.


http://doi.org/10.1016/j.tetlet.2008.02.010
http://doi.org/10.3390/catal9030301
http://doi.org/10.3390/catal10080845
http://doi.org/10.1039/C7RA09995A
http://doi.org/10.1016/j.tet.2008.06.074
http://doi.org/10.1016/j.tetlet.2011.06.029
http://doi.org/10.1055/s-0031-1289691
http://doi.org/10.3390/molecules27051751
http://www.ncbi.nlm.nih.gov/pubmed/35268852
http://doi.org/10.1021/acs.orglett.7b03264
http://www.ncbi.nlm.nih.gov/pubmed/29166025
http://doi.org/10.1039/C9GC00350A
http://doi.org/10.3390/molecules24163007
http://www.ncbi.nlm.nih.gov/pubmed/31430982
http://doi.org/10.1021/cr050942s
http://doi.org/10.1039/B915049H
http://doi.org/10.1021/cr300162p
http://doi.org/10.3390/molecules23081891
http://doi.org/10.1016/j.crgsc.2022.100285
http://doi.org/10.3390/molecules24162885
http://doi.org/10.1016/B978-0-12-803247-3.00001-5
http://doi.org/10.1016/B978-008045046-9.00464-2
http://doi.org/10.1038/sj.jhh.1002101
http://www.ncbi.nlm.nih.gov/pubmed/17096009
http://doi.org/10.1016/j.bmc.2010.10.043
http://www.ncbi.nlm.nih.gov/pubmed/21071232
http://doi.org/10.1007/s11739-017-1713-x
http://doi.org/10.1021/jm00064a011
http://doi.org/10.1016/S0040-4039(00)00148-9
http://doi.org/10.1021/jm00083a011

Catalysts 2023, 13, 392 29 of 35

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.
107.

108.
109.

110.
111.
112.

113.
114.

Lee, H,; Shim, H.; Lee, H. Simultaneous determination of losartan and active metabolite EXP3174 in rat plasma by HPLC with
column switching. Chromatographia 1996, 42, 39-42. [CrossRef]

Ferrari, B.; Taillades, J.; Perreaut, P.; Bernhart, C.; Gougat, J.; Guiraudou, P.; Cazaubon, C.; Roccon, A.; Nisato, D.; Le Fur, G.
Development of tetrazole bioisosteres in angiotensin II antagonists. Bioorg. Med. Chem. Lett. 1994, 4, 45-50. [CrossRef]

Kohara, Y.; Kubo, K.; Imamiya, E.; Wada, T.; Inada, Y.; Naka, T. Synthesis and angiotensin II receptor antagonistic activities
of benzimidazole derivatives bearing acidic heterocycles as novel tetrazole bioisosteres. |. Med. Chem. 1996, 39, 5228-5235.
[CrossRef] [PubMed]

Cho, N.; Kubo, K.; Furuya, S.; Sugiura, Y.; Yasuma, T.; Kohara, Y.; Ojima, M.; Inada, Y.; Nishikawa, K.; Naka, T. A new class of
diacidic nonpeptide angiotensin II receptor antagonists. Bioorg. Med. Chem. Lett. 1994, 4, 35-40. [CrossRef]

Wu, Z.; Xia, M.-B.; Bertsetseg, D.; Wang, Y.-H.; Bao, X.-L.; Zhu, W.-B.; Chen, P.-R.; Tang, H.-S.; Yan, Y.-].; Chen, Z.-L. Design,
synthesis and biological evaluation of novel fluoro-substituted benzimidazole derivatives with anti-hypertension activities.
Bioorg. Chem. 2020, 101, 104042. [CrossRef]

Sethy, S.; Mandal, S.K.; Ewies, E.F,; Dhiman, N.; Garg, A. Synthesis, Characterization and Biological Evaluation of Benzimidazole
and Benzindazole Derivatives as Anti-hypertensive Agents. Egypt. J. Chem. 2021, 64, 3659-3664. [CrossRef]

Jain, A.; Sharma, R.; Chaturvedi, S.C. A rational design, synthesis, characterization, and antihypertensive activities of some new
substituted benzimidazoles. Med. Chem. Res. 2013, 22, 4622-4632. [CrossRef]

Dorsch, D.; Mederski, WW.; Beier, N.; Luies, I.; Minck, K.-O.; Schelling, P. (6-oxo-3-pyridazinyl)-benzimidazoles as potent
angiotensin II receptor antagonists. Bioorg. Med. Chem. Lett. 1994, 4, 1297-1302. [CrossRef]

Kaur, N.; Kaur, A.; Bansal, Y.; Shah, D.I; Bansal, G.; Singh, M. Design, synthesis, and evaluation of 5-sulfamoyl benzimidazole
derivatives as novel angiotensin II receptor antagonists. Bioorg. Med. Chem. 2008, 16, 10210-10215. [CrossRef]

Bali, A.; Bansal, Y.; Sugumaran, M.; Saggu, J.S.; Balakumar, P; Kaur, G.; Bansal, G.; Sharma, A.; Singh, M. Design, synthesis, and
evaluation of novelly substituted benzimidazole compounds as angiotensin II receptor antagonists. Bioorg. Med. Chem. Lett. 2005,
15, 3962-3965. [CrossRef]

Sharma, M.; Kohli, D.; Sharma, S. Design; Synthesis and Antihypertensive activity of 4’-(2-{2-[(2-chloro-benzylidene)-amino]-
phenyl}-5-nitro-benzoimidazol-1-ylmethyl)] biphenyl-2-carboxylic acid. Int. . Adv. Pharm. 2010, 1, 119-127. [CrossRef]
Sharma, M.C.; Kohli, D.V.; Sharma, S. Benzimidazoles derivates with (2-{6-Chloro-5-nitro-1-[2-(1H-tetrazol-5-yl)biphenyl-4-
ylmethyl]1H-benzoimidazol-2-yl}-phenyl-)-(substituted-benzylidene)-amine with potential angiotensin II receptor antagonists as
antihypertensive activity. Int. . Drug Deliv. 2010, 2, 228-237. [CrossRef]

Igbal, H.; Verma, A K,; Yadav, P.; Alam, S.; Shafiq, M.; Mishra, D.; Khan, E; Hanif, K.; Negi, A.S.; Chanda, D. Antihypertensive
Effect of a Novel Angiotensin II Receptor Blocker Fluorophenyl Benzimidazole: Contribution of cGMP, Voltage-dependent
Calcium Channels, and BKCa Channels to Vasorelaxant Mechanisms. Front. Pharmacol. 2021, 12, 611109. [CrossRef] [PubMed]
Igbal, H.; Yadav, P.; Verma, A K.; Mishra, D.; Vamadevan, B.; Singh, D.; Lugman, S.; Negi, A.S.; Chanda, D. Anti-inflammatory,
anti-oxidant and cardio-protective properties of novel fluorophenyl benzimidazole in L-NAME-induced hypertensive rats. Eur. J.
Pharmacol. 2022, 929, 175132. [CrossRef]

Estrada-Soto, S.; Villalobos-Molina, R.; Aguirre-Crespo, F.; Vergara-Galicia, J.; Moreno-Diaz, H.; Torres-Piedra, M.; Navarrete-
Vazquez, G. Relaxant activity of 2-(substituted phenyl)-1H-benzimidazoles on isolated rat aortic rings: Design and synthesis of
5-nitro derivatives. Life Sci. 2006, 79, 430-435. [CrossRef]

Dorsch, D.; Cezanne, B.; Mederski, W.; Tsaklakidis, C.; Gleitz, ]J.; Barnes, C. Benzimidazole Derivatives. U.S. Patent US7566789B2,
28 July 2009.

Roda, G.; Chien Ng, S.; Kotze, P.G.; Argollo, M.; Panaccione, R.; Spinelli, A.; Kaser, A.; Peyrin-Biroulet, L.; Danese, S. Crohn’s
disease. Nat. Rev. Dis. Prim. 2020, 6, 22. [CrossRef]

Weyand, C.M.; Goronzy, J.J. The immunology of rheumatoid arthritis. Nat. Immunol. 2021, 22, 10-18. [CrossRef]

McGinley, M.P,; Goldschmidt, C.H.; Rae-Grant, A.D. Diagnosis and treatment of multiple sclerosis: A review. Jama 2021, 325,
765-779. [CrossRef]

Srivastava, S.; Ahmad, R.; Khare, S.K. Alzheimer’s disease and its treatment by different approaches: A review. Eur. J. Med. Chem.
2021, 216, 113320. [CrossRef]

Raharja, A.; Mahil, S.K.; Barker, ].N. Psoriasis: A brief overview. Clin. Med. 2021, 21, 170. [CrossRef]

Alam, S.; Hasan, M.K,; Neaz, S.; Hussain, N.; Hossain, M.F.; Rahman, T. Diabetes Mellitus: Insights from epidemiology,
biochemistry, risk factors, diagnosis, complications and comprehensive management. Diabetology 2021, 2, 36-50. [CrossRef]
Grivennikov, S.I; Greten, ER.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883-899. [CrossRef]

Veerasamy, R.; Roy, A.; Karunakaran, R.; Rajak, H. Structure—-activity relationship analysis of benzimidazoles as emerging
anti-inflammatory agents: An overview. Pharmaceuticals 2021, 14, 663. [CrossRef]

Feghali, C.A.; Wright, TM. Cytokines in acute and chronic inflammation. Front. Biosci.-Landmark 1997, 2, 12-26. [CrossRef]
Nathan, C. Points of control in inflammation. Nature 2002, 420, 846-852. [CrossRef]

Yang, L.; Sun, X;; Ye, Y;; Lu, Y.; Zuo, ].; Liu, W.; Elcock, A.; Zhu, S. p38« mitogen-activated protein kinase is a druggable target in
pancreatic adenocarcinoma. Front. Oncol. 2019, 9, 1294. [CrossRef] [PubMed]

Malumbres, M. Cyclin-dependent kinases. Genome Biol. 2014, 15, 122. [CrossRef] [PubMed]

Plattner, F.; Bibb, J.A. Serine and threonine phosphorylation. In Basic Neurochemistry; Elsevier: Amsterdam, The Netherlands,
2012; pp. 467-492. [CrossRef]


http://doi.org/10.1007/BF02271053
http://doi.org/10.1016/S0960-894X(01)81120-3
http://doi.org/10.1021/jm960547h
http://www.ncbi.nlm.nih.gov/pubmed/8978851
http://doi.org/10.1016/S0960-894X(01)81118-5
http://doi.org/10.1016/j.bioorg.2020.104042
http://doi.org/10.21608/ejchem.2021.79840.3931
http://doi.org/10.1007/s00044-012-0462-7
http://doi.org/10.1016/S0960-894X(01)80348-6
http://doi.org/10.1016/j.bmc.2008.10.056
http://doi.org/10.1016/j.bmcl.2005.05.054
http://doi.org/10.5138/ijaps.2010.0976.1055.01029
http://doi.org/10.5138/ijdd.2010.0975.0215.02033
http://doi.org/10.3389/fphar.2021.611109
http://www.ncbi.nlm.nih.gov/pubmed/33859561
http://doi.org/10.1016/j.ejphar.2022.175132
http://doi.org/10.1016/j.lfs.2006.01.019
http://doi.org/10.1038/s41572-020-0156-2
http://doi.org/10.1038/s41590-020-00816-x
http://doi.org/10.1001/jama.2020.26858
http://doi.org/10.1016/j.ejmech.2021.113320
http://doi.org/10.7861/clinmed.2021-0257
http://doi.org/10.3390/diabetology2020004
http://doi.org/10.1016/j.cell.2010.01.025
http://doi.org/10.3390/ph14070663
http://doi.org/10.2741/A171
http://doi.org/10.1038/nature01320
http://doi.org/10.3389/fonc.2019.01294
http://www.ncbi.nlm.nih.gov/pubmed/31828036
http://doi.org/10.1186/gb4184
http://www.ncbi.nlm.nih.gov/pubmed/25180339
http://doi.org/10.1016/B978-0-12-374947-5.00025-0

Catalysts 2023, 13, 392 30 of 35

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Yarza, R.; Vela, S.; Solas, M.; Ramirez, M.J. c-Jun N-terminal kinase (JNK) signaling as a therapeutic target for Alzheimer’s disease.
Front. Pharmacol. 2016, 6, 321. [CrossRef] [PubMed]

Dinarello, C.A. Anti-inflammatory agents: Present and future. Cell 2010, 140, 935-950. [CrossRef]

Bhagwat, S.S. Kinase inhibitors for the treatment of inflammatory and autoimmune disorders. Purinergic Signal. 2009, 5, 107-115.
[CrossRef]

Sondhi, S.M.; Singhl, N.; Johar, M.; Reddy, B.; Lown, J. Heterocyclic compounds as inflammation inhibitors. Curr. Med. Chem.
2002, 9, 1045-1074. [CrossRef]

Sabat, M.; VanRens, ].C.; Laufersweiler, M.].; Brugel, T.A.; Maier, ].; Golebiowski, A.; De, B.; Easwaran, V.; Hsieh, L.C.; Walter, R.L.
The development of 2-benzimidazole substituted pyrimidine based inhibitors of lymphocyte specific kinase (Lck). Bioorg. Med.
Chem. Lett. 2006, 16, 5973-5977. [CrossRef]

Buckley, G.M.; Ceska, T.A.; Fraser, J.L.; Gowers, L.; Groom, C.R.; Higueruelo, A.P; Jenkins, K.; Mack, S.R.; Morgan, T.; Parry, D.M.
IRAK-4 inhibitors. Part II: A structure-based assessment of imidazo [1,2-a] pyridine binding. Bioorg. Med. Chem. Lett. 2008, 18,
3291-3295. [CrossRef]

Makovec, F; Giordani, A.; Artusi, R.; Mandelli, S.; Verpilio, I.; Zanzola, S.; Rovati, L.C. Anti-Inflammatory and Analgesic
Heterocyclic Amidines that Inhibit Nitrogen Oxide (NO) Production. Canada Patent CA2498644C, 13 May 2010.

Bukhari, SN.A.; Lauro, G.; Jantan, I; Fei Chee, C.; Amjad, M.W.; Bifulco, G.; Sher, H.; Abdullah, I.; Rahman, N.A. Anti-
inflammatory trends of new benzimidazole derivatives. Future Med. Chem. 2016, 8, 1953-1967. [CrossRef]

Ito, K.; Kagaya, H.; Satoh, L.; Tsukamoto, G.; Nose, T. The studies of the mechanism of antiinflammatory action of 2-(5-ethylpyridin-
2-yl)benzimidazole (KB-1043). Arzneim. Forsch. 1982, 32, 117-122.

Tsukamoto, G.; Yoshino, K.; Kohno, T.; Ohtaka, H.; Kagaya, H.; Ito, K. 2-Substituted azole derivatives. 1. Synthesis and
antiinflammatory activity of some 2-(substituted-pyridinyl)benzimidazoles. J. Med. Chem. 1980, 23, 734-738. [CrossRef]
Dunwell, D.W.; Evans, D.; Smith, C.E.; Williamson, W.N. Synthesis and antiinflammatory activity of some 2-substituted alpha.-
methyl-5-benzimidazoleacetic acids. J. Med. Chem. 1975, 18, 692—694. [CrossRef]

Taniguchi, K.; Shigenaga, S.; Ogahara, T.; Fujit su, T.; Matsuo, M. Synthesis and antiinflammatory and analgesic properties of
2-amino-1H-benzimidazole and 1, 2-dihydro-2-iminocycloheptimidazole derivatives. Chem. Pharm. Bull. 1993, 41, 301-309.
[CrossRef]

El-Nezhawy, A.O.; Gaballah, S.T.; Radwan, M. A ; Baiuomy, A.R.; Abdel-Salam, O.M. Structure-based design of benzimidazole
sugar conjugates: Synthesis, SAR and in vivo anti-inflammatory and analgesic activities. Med. Chem. 2009, 5, 558-569. [CrossRef]
Rao, G.M.; Reddy, Y.N.; Kumar, B.V. Evaluation of Analgesic and Anti-Inflammatory Activities of N-Mannich Bases of Substituted
2-Mercapto-1H-Benzimidazoles. Int. |. Appl. Biol. 2013, 4, 38—46.

Mader, M.; de Dios, A.; Shih, C.; Bonjouklian, R.; Li, T.; White, W.; de Uralde, B.L.; Sanchez-Martinez, C.; del Prado, M;
Jaramillo, C. Imidazolyl benzimidazoles and imidazo [4,5-b] pyridines as potent p38x MAP kinase inhibitors with excellent
in vivo antiinflammatory properties. Bioorg. Med. Chem. Lett. 2008, 18, 179-183. [CrossRef] [PubMed]

Ravindernath, A.; Reddy, M.S. Synthesis and evaluation of anti-inflammatory, antioxidant and antimicrobial activities of densely
functionalized novel benzo [d] imidazolyl tetrahydropyridine carboxylates. Arab. J. Chem. 2017, 10, S1172-51179. [CrossRef]
Tamm, L; Folkers, K.; Shunk, C.H.; Horsfall, EL., Jr. Inhibition of Influenza Virus Multiplication By N-Glycosides Of Benzimida-
zoles. J. Exp. Med. 1954, 99, 227-250. [CrossRef]

Pothier, P; Dru, A.; Beaud, G. The Inhibition of Vaccinia Virus Replication by 5,6-Dichloro-1-3-d-ribofuranosylbenzimidazole
(DRB): An Effect at the Assembly Stage. J. Gen. Virol. 1981, 55, 87-94. [CrossRef]

Tamm, I.; Nemes, M.M.; Osterhout, S. On the role of ribonucleic acid in animal virus synthesis: I. studies with 5,6-dichloro-1-8-d-
ribofuranosylbenzimidazole. . Exp. Med. 1960, 111, 339-349. [CrossRef]

Townsend, L.B.; Devivar, R.V.; Turk, S.R.; Nassiri, M.R.; Drach, J.C. Design, Synthesis, and Antiviral Activity of Certain
2,5,6-Trihalo-1-(beta.-D-ribofuranosyl)benzimidazoles. J. Med. Chem. 1995, 38, 4098-4105. [CrossRef]

Singh, A.; Yadav, D.; Yadav, M.; Dhamanage, A.; Kulkarni, S.; Singh, R.K. Molecular Modeling, Synthesis and Biological
Evaluation of N-Heteroaryl Compounds as Reverse Transcriptase Inhibitors Against HIV-1. Chem. Biol. Drug Des. 2015, 85,
336-347. [CrossRef]

Kumar, S.; Ranjan, N.; Kellish, P.; Gong, C.; Watkins, D.; Arya, D.P. Multivalency in the recognition and antagonism of a HIV TAR
RNA-TAT assembly using an aminoglycoside benzimidazole scaffold. Org. Biomol. Chem. 2016, 14, 2052-2056. [CrossRef]
Garuti, L.; Roberti, M.; Gentilomi, G. Synthesis and antiviral assays of some 2-substituted benzimidazole-N-carbamates. Il Farmaco
2000, 55, 35-39. [CrossRef]

Star¢evi¢, K.; Kralj, M.; Ester, K.; Sabol, I.; Gree, M.; Paveli¢, K.; Karminski-Zamola, G. Synthesis, antiviral and antitumor activity
of 2-substituted-5-amidino-benzimidazoles. Bioorg. Med. Chem. 2007, 15, 4419-4426. [CrossRef]

Yu, K.-L.; Zhang, Y.; Civiello, R.L.; Kadow, K.F,; Cianci, C.; Krystal, M.; Meanwell, N.A. Fundamental structure-Activity
relationships associated with a new structural class of respiratory syncytial virus inhibitor. Bioorg. Med. Chem. Lett. 2003, 13,
2141-2144. [CrossRef] [PubMed]

Yu, K.-L.; Zhang, Y.; Civiello, R.L.; Trehan, A.K,; Pearce, B.C.; Yin, Z.; Combrink, K.D.; Gulgeze, H.B.; Wang, X.A.; Kadow, K.E;
et al. Respiratory syncytial virus inhibitors. Part 2: Benzimidazol-2-one derivatives. Bioorg. Med. Chem. Lett. 2004, 14, 1133-1137.
[CrossRef]


http://doi.org/10.3389/fphar.2015.00321
http://www.ncbi.nlm.nih.gov/pubmed/26793112
http://doi.org/10.1016/j.cell.2010.02.043
http://doi.org/10.1007/s11302-008-9117-z
http://doi.org/10.2174/0929867024606678
http://doi.org/10.1016/j.bmcl.2006.08.132
http://doi.org/10.1016/j.bmcl.2008.04.039
http://doi.org/10.4155/fmc-2016-0062
http://doi.org/10.1021/jm00181a007
http://doi.org/10.1021/jm00241a009
http://doi.org/10.1248/cpb.41.301
http://doi.org/10.2174/157340609790170461
http://doi.org/10.1016/j.bmcl.2007.10.106
http://www.ncbi.nlm.nih.gov/pubmed/18039577
http://doi.org/10.1016/j.arabjc.2013.02.011
http://doi.org/10.1084/jem.99.3.227
http://doi.org/10.1099/0022-1317-55-1-87
http://doi.org/10.1084/jem.111.3.339
http://doi.org/10.1021/jm00020a025
http://doi.org/10.1111/cbdd.12397
http://doi.org/10.1039/C5OB02016F
http://doi.org/10.1016/S0014-827X(99)00117-2
http://doi.org/10.1016/j.bmc.2007.04.032
http://doi.org/10.1016/S0960-894X(03)00383-4
http://www.ncbi.nlm.nih.gov/pubmed/12798322
http://doi.org/10.1016/j.bmcl.2003.12.072

Catalysts 2023, 13, 392 31 of 35

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Ji, D.; Ye, W.; Chen, H. Revealing the binding mode between respiratory syncytial virus fusion protein and benzimidazole-based
inhibitors. Mol. Biosyst. 2015, 11, 1857-1866. [CrossRef]

Li, Y.-F; Wang, G.-E; He, P.-L.; Huang, W.-G.; Zhu, F-H.; Gao, H.-Y.; Tang, W.; Luo, Y.; Feng, C.-L.; Shi, L.-P.; et al. Synthesis and
Anti-Hepatitis B Virus Activity of Novel Benzimidazole Derivatives. J. Med. Chem. 2006, 49, 4790-4794. [CrossRef]

Hwu, J.R;; Singha, R.; Hong, S.C.; Chang, Y.H.; Das, A.R,; Vliegen, I.; De Clercq, E.; Neyts, ]. Synthesis of new benzimidazole—
coumarin conjugates as anti-hepatitis C virus agents. Antivir. Res. 2008, 77, 157-162. [CrossRef] [PubMed]

Tsay, 5.-C.; Hwu, J.R.; Singha, R.; Huang, W.-C.; Chang, Y.H.; Hsu, M.-H.; Shieh, F.-K.; Lin, C.-C.; Hwang, K.C.; Horng, J.-C.; et al.
Coumarins hinged directly on benzimidazoles and their ribofuranosides to inhibit hepatitis C virus. Eur. J. Med. Chem. 2013, 63,
290-298. [CrossRef]

Goulet, S.; Poupart, M.-A; Gillard, J.; Poirier, M.; Kukolj, G.; Beaulieu, P.L. Discovery of benzimidazole-diamide finger loop
(Thumb Pocket I) allosteric inhibitors of HCV NS5B polymerase: Implementing parallel synthesis for rapid linker optimization.
Bioorg. Med. Chem. Lett. 2010, 20, 196-200. [CrossRef]

Henderson, J.A.; Bilimoria, D.; Bubenik, M.; Cadilhac, C.; Cottrell, K.M.; Dietrich, E.; Denis, F.; Ewing, N.; Falardeau, G.; Giroux,
S.; et al. Benzimidazole-containing HCV NS5A inhibitors: Effect of 4-substituted pyrrolidines in balancing genotype 1a and 1b
potency. Bioorg. Med. Chem. Lett. 2015, 25, 944-947. [CrossRef]

Azzam, R.A; Osman, R.R.; Elgemeie, G.H. Efficient synthesis and docking studies of novel benzothiazole-based pyrimidinesul-
fonamide scaffolds as new antiviral agents and Hsp90« inhibitors. ACS Omega 2020, 5, 1640-1655. [CrossRef]

Perin, N.; Hok, L.; Be¢, A.; Persoons, L.; Vanstreels, E.; Daelemans, D.; Vianello, R.; Hranjec, M. N-substituted benzimidazole
acrylonitriles as in vitro tubulin polymerization inhibitors: Synthesis, biological activity and computational analysis. Eur. ]. Med.
Chem. 2021, 211, 113003. [CrossRef]

Zhang, Y.-L.; Yang, R.; Xia, L.-Y;; Man, R.-J.; Chu, Y.-C,; Jiang, A.-Q.; Wang, Z.-C.; Zhu, H.-L. Synthesis, anticancer activity
and molecular docking studies on 1,2-diarylbenzimidazole analogues as anti-tubulin agents. Bioorg. Chem. 2019, 92, 103219.
[CrossRef]

Bachmann, F; Burger, K.; Pohlmann, J.; Kellenberger, L.; Lane, H. Abstract C229: BAL27862: A novel anticancer agent which
dissociates microtubules and creates a distinct cellular phenotype. Mol. Cancer Ther. 2009, 8, C229. [CrossRef]

Kristeleit, R.; Evans, J.; Molife, L.R.; Tunariu, N.; Shaw, H.; Slater, S.; Haris, N.R.M.; Brown, N.E,; Forster, M.D.; Diamantis, N.; et al.
Phase 1/2a trial of intravenous BAL101553, a novel controller of the spindle assembly checkpoint, in advanced solid tumours. Br.
J. Cancer 2020, 123, 1360-1369. [CrossRef]

Kale, S.S.; Jedhe, G.S.; Meshram, S.N.; Santra, M.K.; Hamel, E.; Sanjayan, G.J. Novel hybrid nocodazole analogues as tubulin
polymerization inhibitors and their antiproliferative activity. Bioorg. Med. Chem. Lett. 2015, 25, 1982-1985. [CrossRef]

Khattab, M.; Al-Karmalawy, A.A. Revisiting Activity of Some Nocodazole Analogues as a Potential Anticancer Drugs Using
Molecular Docking and DFT Calculations. Front. Chem. 2021, 9, 1. [CrossRef]

Hegde, M.; Sharath Kumar, K.S.; Thomas, E.; Ananda, H.; Raghavan, S.C.; Rangappa, K.S. A novel benzimidazole derivative
binds to the DNA minor groove and induces apoptosis in leukemic cells. RSC Adv. 2015, 5, 93194-93208. [CrossRef]

Matsuba, Y.; Edatsugi, H.; Mita, I.; Matsunaga, A.; Nakanishi, O. A novel synthetic DNA minor groove binder, MS-247: Antitumor
activity and cytotoxic mechanism. Cancer Chemother. Pharmacol. 2000, 46, 1-9. [CrossRef]

Kubota, Y.; Iwamoto, T.; Seki, T. The interaction of benzimidazole compounds with DNA: Intercalation and groove binding
modes. Nucleic Acids Symp. Ser. 1999, 42, 53-54. [CrossRef]

Kubota, Y.; Fujii, H.; Liu, J.; Tani, S. Synthesis and DNA binding properties of alkyl-linked bis(benzimidazole) compounds. Nucleic
Acids Symp. Ser. 2001, 1, 101-102. [CrossRef]

Neidle, S.; Rayner, E.L.; Simpson, L].; Smith, N.J.; Mann, J.; Baron, A.; Opoku-Boahen, Y.; Fox, K.R.; Hartley, ].A.; Kelland, L.R.
Symmetric bis-benzimidazoles: New sequence-selective DNA-binding molecules. Chem. Comm. 1999, 10, 929-930. [CrossRef]
Mann, J.; Baron, A.; Opoku-Boahen, Y.; Johansson, E.; Parkinson, G.; Kelland, L.R.; Neidle, S. A New Class of Symmetric
Bisbenzimidazole-Based DNA Minor Groove-Binding Agents Showing Antitumor Activity. . Med. Chem. 2001, 44, 138-144.
[CrossRef]

Joubert, A.; Sun, X.-W.; Johansson, E.; Bailly, C.; Mann, ].; Neidle, S. Sequence-Selective Targeting of Long Stretches of the DNA
Minor Groove by a Novel Dimeric Bis-benzimidazole. Biochemistry 2003, 42, 5984-5992. [CrossRef]

Leoni, L.M.; Bailey, B.; Reifert, J.; Bendall, H.-H.; Zeller, RW.; Corbeil, J.; Elliott, G.; Niemeyer, C.C. Bendamustine (Treanda)
Displays a Distinct Pattern of Cytotoxicity and Unique Mechanistic Features Compared with Other Alkylating Agents. Clin.
Cancer Res. 2008, 14, 309-317. [CrossRef]

Hasegawa, M.; Nishigaki, N.; Washio, Y.; Kano, K.; Harris, P.A.; Sato, H.; Mori, I.; West, R.I.; Shibahara, M.; Toyoda, H.; et al.
Discovery of Novel Benzimidazoles as Potent Inhibitors of TIE-2 and VEGFR-2 Tyrosine Kinase Receptors. J. Med. Chem. 2007, 50,
4453-4470. [CrossRef]

Celik, I.; Ayhan-Kilcigil, G.; Guven, B.; Kara, Z.; Onay-Besikci, A. In Vitro and in Silico Evaluation of Some New 1H-
Benzimidazoles Bearing Thiosemicarbazide and Triazole as Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor.
Polycycl. Aromat. Compd. 2021, 43, 444-455. [CrossRef]

Bistrovi¢, A.; Krstulovi¢, L.; Harej, A.; Grbci¢, P; Sedi¢, M.; Kostrun, S.; Paveli¢, S.K.; Baji¢, M.; Rai¢-Mali¢, S. Design, synthesis
and biological evaluation of novel benzimidazole amidines as potent multi-target inhibitors for the treatment of non-small cell
lung cancer. Eur. |. Med. Chem. 2018, 143, 1616-1634. [CrossRef]


http://doi.org/10.1039/C5MB00036J
http://doi.org/10.1021/jm060330f
http://doi.org/10.1016/j.antiviral.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17977606
http://doi.org/10.1016/j.ejmech.2013.02.008
http://doi.org/10.1016/j.bmcl.2009.10.136
http://doi.org/10.1016/j.bmcl.2014.12.045
http://doi.org/10.1021/acsomega.9b03706
http://doi.org/10.1016/j.ejmech.2020.113003
http://doi.org/10.1016/j.bioorg.2019.103219
http://doi.org/10.1158/1535-7163.TARG-09-C229
http://doi.org/10.1038/s41416-020-1010-8
http://doi.org/10.1016/j.bmcl.2015.03.019
http://doi.org/10.3389/fchem.2021.628398
http://doi.org/10.1039/C5RA16605E
http://doi.org/10.1007/s002800000120
http://doi.org/10.1093/nass/42.1.53
http://doi.org/10.1093/nass/1.1.101
http://doi.org/10.1039/a901074b
http://doi.org/10.1021/jm000297b
http://doi.org/10.1021/bi026926w
http://doi.org/10.1158/1078-0432.CCR-07-1061
http://doi.org/10.1021/jm0611051
http://doi.org/10.1080/10406638.2021.2015404
http://doi.org/10.1016/j.ejmech.2017.10.061

Catalysts 2023, 13, 392 32 of 35

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Gianoncelli, A.; Cozza, G.; Orzeszko, A.; Meggio, F; Kazimierczuk, Z.; Pinna, L.A. Tetraiodobenzimidazoles are potent inhibitors
of protein kinase CK2. Bioorg. Med. Chem. 2009, 17, 7281-7289. [CrossRef]

Kubinski, K.; Mastyk, M.; Orzeszko, A. Benzimidazole inhibitors of protein kinase CK2 potently inhibit the activity of atypical
protein kinase Riol. Mol. Cell. Biochem. 2017, 426, 195-203. [CrossRef]

Goetz, M.P; Toi, M.; Campone, M.; Sohn, ].; Paluch-Shimon, S.; Huober, J.; Park, I.H.; Trédan, O.; Chen, S.-C.; Manso, L.; et al.
MONARCH 3: Abemaciclib as Initial Therapy for Advanced Breast Cancer. J. Clin. Oncol. 2017, 35, 3638-3646. [CrossRef]
Trudel, S.; Li, Z.H.; Wei, E.; Wiesmann, M.; Chang, H.; Chen, C.; Reece, D.; Heise, C.; Stewart, A.K. CHIR-258, a novel,
multitargeted tyrosine kinase inhibitor for the potential treatment of t(4;14) multiple myeloma. Blood 2005, 105, 2941-2948.
[CrossRef]

Huynh, H.; Chow, PK.H.; Tai, W.M.; Choo, S.P.; Chung, A.Y.F,; Ong, H.S.; Soo, K.C.; Ong, R.; Linnartz, R.; Shi, M.M. Dovitinib
demonstrates antitumor and antimetastatic activities in xenograft models of hepatocellular carcinoma. J. Hepatol. 2012, 56,
595-601. [CrossRef]

Acar Cevik, U.; Kaya Cavusoglu, B.; Saglik, B.N.; Osmaniye, D.; Levent, S.; ligin, S.; Ozkay, Y.; Kaplancikli, Z.A. Synthesis,
Docking Studies and Biological Activity of New Benzimidazole- Triazolothiadiazine Derivatives as Aromatase Inhibitor. Molecules
2020, 25, 1642. [CrossRef]

Saglik, B.N.; Sen, AM.; Evren, A.E,; Cevik, U.A.; Osmaniye, D.; Cavusoglu, B.K.; Levent, S.; Karaduman, A.B,; Ozkay, Y,;
Kaplancikli, Z.A. Synthesis, investigation of biological effects and in silico studies of new benzimidazole derivatives as aromatase
inhibitors. Z. Nat. C 2020, 75, 353-362. [CrossRef]

Singla, P.; Luxami, V.; Paul, K. Triazine-benzimidazole hybrids: Anticancer activity, DNA interaction and dihydrofolate reductase
inhibitors. Bioorg. Med. Chem. 2015, 23, 1691-1700. [CrossRef]

Bastien, D.; Ebert, M.C.C.J.C.; Forge, D.; Toulouse, ].; Kadnikova, N.; Perron, F.; Mayence, A.; Huang, T.L.; Vanden Eynde, ].J.;
Pelletier, ].N. Fragment-Based Design of Symmetrical Bis-benzimidazoles as Selective Inhibitors of the Trimethoprim-Resistant,
Type Il R67 Dihydrofolate Reductase. J. Med. Chem. 2012, 55, 3182-3192. [CrossRef]

Goss, PE,; Strasser, K.; Marques, R.; Clemons, M.; Oza, A.; Goel, R.; Blackstein, M.; Kaizer, L.; Sterns, E.E.; Nabholtz, ].-M.; et al.
Liarozole Fumarate (R85246): In the Treatment of ER Negative, Tamoxifen Refractory or Chemotherapy Resistant Postmenopausal
Metastatic Breast Cancer. Breast Cancer Res. Treat. 2000, 64, 177-188. [CrossRef]

Van heusden, J.; Wouters, W.; Ramaekers, F.C.S.; Krekels, M.; Dillen, L.; Borgers, M.; Smets, G. The antiproliferative activity of
all-trans-retinoic acid catabolites and isomers is differentially modulated by liarozole-fumarate in MCF-7 human breast cancer
cells. Br. J. Cancer 1998, 77, 1229-1235. [CrossRef]

Wang, Y.-T.; Qin, Y.-].; Yang, N.; Zhang, Y.-L.; Liu, C.-H.; Zhu, H.-L. Synthesis, biological evaluation, and molecular docking
studies of novel 1-benzene acyl-2-(1-methylindol-3-yl)-benzimidazole derivatives as potential tubulin polymerization inhibitors.
Eur. J. Med. Chem. 2015, 99, 125-137. [CrossRef]

Hashem, H.E.; Amr, A.E.-G.E.; Nossier, E.S.; Anwar, M.M.; Azmy, E.M. New Benzimidazole-, 1,2,4-Triazole-, and 1,3,5-Triazine-
Based Derivatives as Potential EGFRWT and EGFRT790M Inhibitors: Microwave-Assisted Synthesis, Anticancer Evaluation, and
Molecular Docking Study. ACS Omega 2022, 7, 7155-7171. [CrossRef]

Sivaramakarthikeyan, R.; Iniyaval, S.; Saravanan, V.; Lim, W.-M.; Mai, C.-W.; Ramalingan, C. Molecular hybrids integrated with
benzimidazole and pyrazole structural motifs: Design, synthesis, biological evaluation, and molecular docking studies. ACS
Omega 2020, 5, 10089-10098. [CrossRef]

Abd El-Meguid, E.A.; El-Deen, EM.M.; Nael, M.A.; Anwar, M.M. Novel benzimidazole derivatives as anti-cervical cancer agents
of potential multi-targeting kinase inhibitory activity. Arab. J. Chem. 2020, 13, 9179-9195. [CrossRef]

Mittal, M.; Siddiqui, M.R;; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.
Redox Signal. 2014, 20, 1126-1167. [CrossRef]

Kosolapov, V.A,; Eltsova, L.V,; Spasov, A.A.; Anisimova, V.A. Antioxidant properties of pyrrolobenzimidazole derivative RU-792:
Experimental study. Bull. Exp. Biol. Med. 2013, 155, 461-463. [CrossRef]

Djuidje, E.N.; Durini, E.; Sciabica, S.; Serra, E.; Balzarini, J.; Liekens, S.; Baldisserotto, A. Skin damages—Structure activity
relationship of benzimidazole derivatives bearing a 5-membered ring system. Molecules 2020, 25, 4324. [CrossRef]

Bellam, M.; Gundluru, M.; Sarva, S.; Chadive, S.; Netala, V.R,; Tartte, V.; Cirandur, S.R. Synthesis and antioxidant activity of some
new N-alkylated pyrazole-containing benzimidazoles. Chem. Heterocycl. 2017, 53, 173-178. [CrossRef]

Mentese, E.; Karaali, N.; Yilmaz, F; Ulker, S.; Kahveci, B. Microwave-Assisted Synthesis and Biological Evaluation of Some
Benzimidazole Derivatives Containing a 1,2,4-Triazol Ring. Arch. Pharm. 2013, 346, 556-561. [CrossRef]

Ujjwal, S.; Seth, A.K.; Balaraman, R. Design, Synthesis of some Novel 1,3,4-Oxadiazole derivatives bearing Benzimidazole
Nucleus and Biological evaluation of their possible in-vitro Anti-inflammatory and Antioxidant activity. Int. J. ChemTech Res.
2014, 6, 2427-2437.

Alp, AS; Kilcigil, G.; Ozdamar, ED.; Coban, T; Eke, B. Synthesis and evaluation of antioxidant activities of novel 1,3,4-oxadiazole
and imine containing 1H-benzimidazoles. Turk. |. Chem. 2015, 39, 42-53. [CrossRef]

Latha, P; Kodisundaram, P.; Sundararajan, M.L.; Jeyakumar, T. Synthesis, characterization, crystal structure and theoretical study
of a compound with benzodiazole ring: Antimicrobial activity and DNA binding. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2014,
129, 429-437. [CrossRef]


http://doi.org/10.1016/j.bmc.2009.08.047
http://doi.org/10.1007/s11010-016-2892-x
http://doi.org/10.1200/JCO.2017.75.6155
http://doi.org/10.1182/blood-2004-10-3913
http://doi.org/10.1016/j.jhep.2011.09.017
http://doi.org/10.3390/molecules25071642
http://doi.org/10.1515/znc-2020-0104
http://doi.org/10.1016/j.bmc.2015.03.012
http://doi.org/10.1021/jm201645r
http://doi.org/10.1023/A:1006480504790
http://doi.org/10.1038/bjc.1998.207
http://doi.org/10.1016/j.ejmech.2015.05.021
http://doi.org/10.1021/acsomega.1c06836
http://doi.org/10.1021/acsomega.0c00630
http://doi.org/10.1016/j.arabjc.2020.10.041
http://doi.org/10.1089/ars.2012.5149
http://doi.org/10.1007/s10517-013-2178-1
http://doi.org/10.3390/molecules25184324
http://doi.org/10.1007/s10593-017-2036-6
http://doi.org/10.1002/ardp.201300050
http://doi.org/10.3906/kim-1403-44
http://doi.org/10.1016/j.saa.2014.03.067

Catalysts 2023, 13, 392 33 of 35

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Massoud, M.A.; El Bialy, S.A.; Bayoumi, W.A.; El Husseiny, W.M. Synthesis of new 2-and 3-hydroxyquinoline-4-carboxylic acid
derivatives as potential antioxidants. Heterocycl. Comm. 2014, 20, 81-88. [CrossRef]

Ramprasad, J.; Nayak, N.; Dalimba, U.; Yogeeswari, P.; Sriram, D.; Peethambar, S.K.; Kumar, H.S. Synthesis and biological
evaluation of new imidazo [2,1-b][1,3,4] thiadiazole-benzimidazole derivatives. Eur. ]. Med. Chem. 2015, 95, 49-63. [CrossRef]
Abbhi, V.; Saini, L.; Mishra, S.; Sethi, G.; Kumar, A.P,; Piplani, P. Design and synthesis of benzimidazole-based Rho kinase
inhibitors for the treatment of glaucoma. Bioorg. Med. Chem. 2017, 25, 6071-6085. [CrossRef]

Spasov, A.A.; Zhukovskaya, O.N.; Brigadirova, A.A.; Abbas, H.S.A.; Anisimova, V.A.; Sysoeva, V.A.; Morkovnik, A.S. Synthesis
and pharmacological activity of 2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazoles. Russ. Chem. Bull. 2017, 66, 1905-1912. [CrossRef]
Ashok, D.; Gundu, S.; Aamate, V.K,; Devulapally, M.G. Conventional and microwave-assisted synthesis of new indole-tethered
benzimidazole-based 1,2,3-triazoles and evaluation of their antimycobacterial, antioxidant and antimicrobial activities. Mol.
Divers. 2018, 22, 769-778. [CrossRef]

Gullapelli, K.; Ravichandar, M.; Srinivas, B.; Gouthami, D.; Gullapelli, S. Design and synthesis of novel benzimidazoles containing
1,2,3-triazolesas in vitro, anticancer and anti-oxidant agents. Res. J. Chem. Environ. 2021, 25, 11. [CrossRef]

Hiremathad, A.; Keri, R.S.; Esteves, A.R.; Cardoso, S.M.; Chaves, S.; Santos, M.A. Novel Tacrine-Hydroxyphenylbenzimidazole
hybrids as potential multitarget drug candidates for Alzheimer’s disease. Eur. . Med. Chem. 2018, 148, 255-267. [CrossRef]
Karaali, N.; Baltas, N.; Mentese, E. Synthesis and antioxidant, antiurease and anti-xanthine oxidase activities of some new
benzimidazoles bearing triazole, oxadiazole, thiadiazole and imin function. IJCB 2018, 57B, 374-384.

GUNER, A; Polatli, E.;; Akkan, T.; BEKTAS, H.; Albay, C. Anticancer and antiangiogenesis activities of novel synthesized
2-substituted benzimidazoles molecules. Turk. J. Chem. 2019, 43, 1270-1289. [CrossRef]

Tumosiené, I.; Peleckis, A.; Jonuskieng, I.; Vaickelioniené, R.; Kantminiené, K.; giugidaité, J.; Mickevicius, V. Synthesis of novel 1,2-
and 2-substituted benzimidazoles with high antibacterial and antioxidant activity. Monatsh. Chem. 2018, 149, 577-594. [CrossRef]
Ozil, M.; Parlak, C.; Baltas, N. A simple and efficient synthesis of benzimidazoles containing piperazine or morpholine skeleton
at C-6 position as glucosidase inhibitors with antioxidant activity. Bioorg. Chem. 2018, 76, 468-477. [CrossRef]

Khalifa, M.E.; Gobouri, A.A.; Kabli, EM.; Altalhi, T.A.; Almalki, A.S.; Elemshaty, A.M. Synthesis and pharmacological in-
vestigations of novel pyrazolyl and hydrazonoyl cyanide benzimidazole entities. ]. Heterocycl. Chem. 2019, 56, 1426-1436.
[CrossRef]

Abdelgawad, M.A; Bakr, R.B.; Ahmad, W.; Al-Sanea, M.M.; Elshemy, H.A. New pyrimidine-benzoxazole/benzimidazole hybrids:
Synthesis, antioxidant, cytotoxic activity, in vitro cyclooxygenase and phospholipase A2-V inhibition. Bioorg. Chem. 2019, 92,
103218. [CrossRef] [PubMed]

Shatokhin, S.S.; Tuskaev, V.A.; Gagieva, S.C.; Markova, A.A.; Pozdnyakov, D.I.; Melnikova, E.K.; Oganesyan, E.T. Synthesis,
cytotoxic and antioxidant activities of new n-substituted 3-(benzimidazol-2-yl)-chromones containing 2,6-di-tert-butylphenol
fragment. J. Mol. Struct. 2022, 1249, 131683. [CrossRef]

Arya, C.G.; Ramesh, G.; Yupeng, L.; Janardhan, B. Coumarin-benzimidazole hybrids: A review of developments in medicinal
chemistry. Eur. J. Org. Chem. 2022, 227,113921-113939. [CrossRef]

Rodriguez, O.A.R.; Vergara, N.E.M.; Sanchez, ] PM.; Martinez, M.T.S.; Sandoval, Z.G.; Cruz, A.; Organillo, AR Synthesis, crystal
structure, antioxidant activity and dft study of 2-aryl-2,3-dihydro-4H-[1,3]thiazino[3,2-a]benzimidazol-4-One. |. Mol. Struct. 2020,
1199, 127036. [CrossRef]

Fu, X.B,; Lin, Z.H.; Liu, HF; Le, X.Y. A new ternary copper (II) complex derived from 2-(2/ -pyridyl) benzimidazole and
glycylglycine: Synthesis, characterization, DNA binding and cleavage, antioxidation and HSA interaction. Spectrochim. Acta A
Mol. Biomol. Spectrosc. 2014, 122, 22-33. [CrossRef] [PubMed]

Islas, M.S.; Martinez Medina, J.J.; Lopez Tevez, L.L.; Rojo, T.; Lezama, L.; Griera Merino, M.; Williams, P.A. Antitumoral,
antihypertensive, antimicrobial, and antioxidant effects of an octanuclear copper (II)-telmisartan complex with an hydrophobic
nanometer hole. Inorg. Chem. 2014, 53, 5724-5737. [CrossRef]

Wu, H.; Wang, H.; Wang, X.; Pan, G.; Shi, F.; Zhang, Y.; Kong, J. V-shaped ligand bis (2-benzimidazolylmethyl) amine containing
three copper (II) ternary complexes: Synthesis, structure, DNA-binding properties and antioxidant activity. New J. Chem. 2014, 38,
1052-1061. [CrossRef]

Shobana, S.; Subramaniam, P.; Dharmaraja, J.; Narayan, A. Morphological and pharmacological investigation on some biopotent
materials derived from substituted pyrimidine and imidazole enzyme constituents. Spectrochim. Acta A Mol. Biomol. Spectrosc.
2014, 126, 242-253. [CrossRef]

Benhassine, A.; Boulebd, H.; Anak, B.; Bouraiou, A.; Bouacida, S.; Bencharif, M.; Belfaitah, A. Copper (II) and zinc (II) as
metal-carboxylate coordination complexes based on (1-methyl-1H-benzo [d] imidazol-2-yl) methanol derivative: Synthesis,
crystal structure, spectroscopy, DFT calculations and antioxidant activity. . Mol. Struct. 2018, 1160, 406—414. [CrossRef]

Wu, H.; Peng, H.; Zhang, Y.; Wang, F; Zhang, H.; Wang, C.; Yang, Z. Synthesis, crystal structure, electrochemistry and
antioxidative activity of copper (II), manganese (II) and nickel (II) complexes containing bis (N-ethylbenzimidazol-2-ylmethyl)
aniline. Appl. Organomet. Chem. 2015, 29, 443-449. [CrossRef]

El-wakiel, N.; El-keiy, M.; Gaber, M. Synthesis, spectral, antitumor, antioxidant and antimicrobial studies on Cu (II), Ni (II) and
Co (II) complexes of 4-[(1H-Benzoimidazol-2-ylimino)-methyl]-benzene-1, 3-diol. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015,
147,117-123. [CrossRef]


http://doi.org/10.1515/hc-2013-0163
http://doi.org/10.1016/j.ejmech.2015.03.024
http://doi.org/10.1016/j.bmc.2017.09.045
http://doi.org/10.1007/s11172-017-1965-7
http://doi.org/10.1007/s11030-018-9828-1
http://doi.org/10.25303/2511rjce104109
http://doi.org/10.1016/j.ejmech.2018.02.023
http://doi.org/10.3906/kim-1904-46
http://doi.org/10.1007/s00706-017-2066-x
http://doi.org/10.1016/j.bioorg.2017.12.019
http://doi.org/10.1002/jhet.3522
http://doi.org/10.1016/j.bioorg.2019.103218
http://www.ncbi.nlm.nih.gov/pubmed/31536956
http://doi.org/10.1016/j.molstruc.2021.131683
http://doi.org/10.1016/j.ejmech.2021.113921
http://doi.org/10.1016/j.molstruc.2019.127036
http://doi.org/10.1016/j.saa.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24291450
http://doi.org/10.1021/ic500483p
http://doi.org/10.1039/c3nj01145c
http://doi.org/10.1016/j.saa.2014.01.089
http://doi.org/10.1016/j.molstruc.2018.02.033
http://doi.org/10.1002/aoc.3313
http://doi.org/10.1016/j.saa.2015.03.020

Catalysts 2023, 13, 392 34 of 35

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Tang, X.; Mao, S.; Shi, X.; Shen, K.; Wu, H. Synthesis, crystal structure and biological activities of a Ag (I) complex based on the
V-shaped ligand 1, 3-bis (1-benzylbenzimidazol-2-yl)-2-thiapropane. Z. Nat. B 2017, 72, 281-288. [CrossRef]

Mao, S.; Shen, K,; Shi, X.; Wu, H.; Han, X,; Li, C.; Huang, G. Synthesis, crystal structure and biological activity of two binuclear
Ag (I) complexes with bis-benzimidazole thioether ligands. Inorg. Chim. Acta 2018, 471, 82-90. [CrossRef]

Wu, H.; Yuan, J.; Pan, G.; Zhang, Y.; Wang, X.; Shi, F; Fan, X. The V-shaped ligand bis (N-allylbenzimidazol-2-ylmethyl)
benzylamine and its Ag (I) complex: Synthesis, crystal structure, DNA-binding properties and antioxidation. J. Photochem.
Photobiol. B Biol. 2013, 122, 37-44. [CrossRef]

Ortega, E.; Yellol, ].G.; Rothemund, M.; Ballester, FJ.; Rodriguez, V.; Yellol, G.; Ruiz, J. A new C, N-cyclometalated osmium (II)
arene anticancer scaffold with a handle for functionalization and antioxidative properties. Chem. Comm. 2018, 54, 11120-11123.
[CrossRef]

Khubaeva, T.O.; Khubaeva, I.V. Study of 1-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-arylbenzimidazoles antioxidant activity. Russ. .
Gen. Chem. 2013, 83, 1703-1706. [CrossRef]

Rusina, LE,; Karpukhin, O.N.; Kasaikina, O.T. Chemiluminescent methods for studying inhibited oxidation. Russ. |. Phys. Chem. B
2013, 7, 463-477. [CrossRef]

Zhou, B,; Li, B.; Yi, W,; Bu, X.; Ma, L. Synthesis, antioxidant, and antimicrobial evaluation of some 2-arylbenzimidazole derivatives.
Bioorg. Med. Chem. Lett. 2013, 23, 3759-3763. [CrossRef]

Shintre, S.A.; Ramjugernath, D.; Singh, P.; Mocktar, C.; Koorbanally, N.A. Microwave synthesis, biological evaluation and
docking studies of 2-substituted methyl 1-(4-fluorophenyl)-1H-benzimidazole-5-carboxylates. Med. Chem. Res. 2017, 26, 484-498.
[CrossRef]

Cindri¢, M.; Sovi¢, I.; Martin-Kleiner, I.; Kralj, M.; Masek, T.; Hranjec, M.; Star¢evi¢, K. Synthesis, antioxidative and antipro-
liferative activity of methoxy amidino substituted benzamides and benzimidazoles. Med. Chem. Res. 2017, 26, 2024-2037.
[CrossRef]

Anastassova, N.O.; Yancheva, D.Y.; Argirova, M.A.; Hadjimitova, V.V.; Hristova-Avakumova, N.G. In vitro assessment of the
antioxidant activity of new benzimidazole-2-thione hydrazone derivatives and DFT study of their mechanism of action. Bulg.
Chem. Comm. 2019, 51, 186-192.

Baldisserotto, A.; Demurtas, M.; Lampronti, I.; Tacchini, M.; Moi, D.; Balboni, G.; Onnis, V. Synthesis and evaluation of antioxidant
and antiproliferative activity of 2-arylbenzimidazoles. Bioorg. Chem. 2020, 94, 103396. [CrossRef] [PubMed]

Sharma, R.; Bali, A.; Chaudhari, B.B. Synthesis of methanesulphonamido-benzimidazole derivatives as gastro-sparing antiinflam-
matory agents with antioxidant effect. Bioorg. Med. Chem. Lett. 2017, 27, 3007-3013. [CrossRef] [PubMed]

Michota, F. Transition of care in anticoagulated patients. |. Multidiscip. Healthc. 2013, 6, 215Y228. [CrossRef] [PubMed]

Rider, O.].; Rider, E.B. The changing face of oral anticoagulants. Br. Dent. J. 2013, 215, 17-20. [CrossRef]

Shapiro, S.; Laffan, M. New oral anticoagulants: Their role and future. Clin. Med. 2013, 13, s53—-s57. [CrossRef]

Rognoni, C.; Marchetti, M.; Quaglini, S.; Liberato, N.L. Apixaban, dabigatran, and rivaroxaban versus warfarin for stroke
prevention in non-valvular atrial fibrillation: A cost-effectiveness analysis. Clin. Drug Investig. 2014, 34, 9-17. [CrossRef]
Fenger-Eriksen, C.; MUNSTER, AM.; Grove, E.L. New oral anticoagulants: Clinical indications, monitoring and treatment of
acute bleeding complications. Acta Anaesthesiol. Scand. 2014, 58, 651-659. [CrossRef]

Wang, Y.; Bajorek, B. New oral anticoagulants in practice: Pharmacological and practical considerations. Am. J. Cardiovasc. Drugs
2014, 14, 175-189. [CrossRef]

Tran, H.; Joseph, J.; Young, L.; McRae, S.; Curnow, J.; Nandurkar, H.; McLintock, C. New oral anticoagulants: A practical guide
on prescription, laboratory testing and peri-procedural /bleeding management. Intern. Med. ]. 2014, 44, 525-536. [CrossRef]
[PubMed]

Breen, K.A.; Hunt, B.J. The new oral anticoagulants. Clin. Med. 2011, 11, 467. [CrossRef] [PubMed]

Van Ryn, J.; Goss, A.; Hauel, N.; Wienen, W.; Priepke, H.; Nar, H.; Clemens, A. The discovery of dabigatran etexilate. Front. Pharm.
2013, 12, 4-12. [CrossRef]

Calkins, H.; Willems, S.; Gerstenfeld, E.P.; Verma, A.; Schilling, R.; Hohnloser, S.H.; Grimaldi, M. Uninterrupted dabigatran
versus warfarin for ablation in atrial fibrillation. N. Engl. J. Med. 2017, 376, 1627-1636. [CrossRef]

Rockey, D.C. Gastrointestinal bleeding risk is increased by novel anticoagulants. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 131-132.
[CrossRef]

Hernandez, I.; Baik, S.H.; Pifiera, A.; Zhang, Y. Risk of bleeding with dabigatran in atrial fibrillation. JAMA Intern. Med. 2015, 175,
18-24. [CrossRef]

Eikelboom, ].W.; Connolly, S.J.; Brueckmann, M.; Granger, C.B.; Kappetein, A.P.; Mack, M.].; Van de Werf, F. Dabigatran versus
warfarin in patients with mechanical heart valves. N. Engl. |. Med. 2013, 369, 1206-1214. [CrossRef]

Bohm, M.; Ezekowitz, M.D.; Connolly, S.J.; Eikelboom, ].W.; Hohnloser, S.H.; Reilly, P.A.; Wallentin, L. Changes in renal function
in patients with atrial fibrillation: An analysis from the RE-LY trial. |. Am. Coll. Cardiol. 2015, 65, 2481-2493. [CrossRef]
Abraham, N.S,; Singh, S.; Alexander, G.C.; Heien, H.; Haas, L.R.; Crown, W.; Shah, N.D. Comparative risk of gastrointestinal
bleeding with dabigatran, rivaroxaban, and warfarin: Population based cohort study. BM]J 2015, 350, h1857. [CrossRef]

Ji, D.; Xu, M.; Udenigwe, C.C.; Agyei, D. Physicochemical characterisation, molecular docking, and drug-likeness evaluation of
hypotensive peptides encrypted in flaxseed proteome. Curr. Res. Food Sci. 2020, 3, 41-50. [CrossRef] [PubMed]


http://doi.org/10.1515/znb-2016-0233
http://doi.org/10.1016/j.ica.2017.10.038
http://doi.org/10.1016/j.jphotobiol.2013.03.004
http://doi.org/10.1039/C8CC06427J
http://doi.org/10.1134/S1070363213090120
http://doi.org/10.1134/S1990793113040192
http://doi.org/10.1016/j.bmcl.2013.05.004
http://doi.org/10.1007/s00044-016-1763-z
http://doi.org/10.1007/s00044-017-1912-z
http://doi.org/10.1016/j.bioorg.2019.103396
http://www.ncbi.nlm.nih.gov/pubmed/31677860
http://doi.org/10.1016/j.bmcl.2017.05.017
http://www.ncbi.nlm.nih.gov/pubmed/28512025
http://doi.org/10.2147/JMDH.S44068
http://www.ncbi.nlm.nih.gov/pubmed/23818798
http://doi.org/10.1038/sj.bdj.2013.628
http://doi.org/10.7861/clinmedicine.13-6-s53
http://doi.org/10.1007/s40261-013-0144-3
http://doi.org/10.1111/aas.12319
http://doi.org/10.1007/s40256-013-0061-0
http://doi.org/10.1111/imj.12448
http://www.ncbi.nlm.nih.gov/pubmed/24946813
http://doi.org/10.7861/clinmedicine.11-5-467
http://www.ncbi.nlm.nih.gov/pubmed/22034708
http://doi.org/10.3389/fphar.2013.00012
http://doi.org/10.1056/NEJMoa1701005
http://doi.org/10.1038/nrgastro.2015.7
http://doi.org/10.1001/jamainternmed.2014.5398
http://doi.org/10.1056/NEJMoa1300615
http://doi.org/10.1016/j.jacc.2015.03.577
http://doi.org/10.1136/bmj.h1857
http://doi.org/10.1016/j.crfs.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32914119

Catalysts 2023, 13, 392 35 of 35

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Zhang, T.; Liu, Q.; Ren, Y. Design, synthesis and biological activity evaluation of novel methyl substituted benzimidazole
derivatives. Tetrahedron 2020, 76, 131027. [CrossRef]

Yang, H.; Liu, Q.; Gao, X.; Ren, Y.; Gao, Y. Novel dabigatran derivatives with a fluorine atom at the C-2 position of the terminal
benzene ring: Design, synthesis and anticoagulant activity evaluation. Eur. ]. Med. Chem. 2017, 126, 799-809. [CrossRef] [PubMed]
Yang, H.; Ren, Y,; Gao, X.; Gao, Y. Synthesis and anticoagulant bioactivity evaluation of 1,2,5-trisubstituted benzimidazole
fluorinated derivatives. Chem. Res. Chin. Univ. 2016, 32, 973-978. [CrossRef]

Bharadwaj, S.S.; Poojary, B.; Nandish, S.K.M.; Kengaiah, ].; Kirana, M.P,; Shankar, M.K.; Sannaningaiah, D. Efficient synthesis
and in silico studies of the benzimidazole hybrid scaffold with the quinolinyloxadiazole skeleton with potential x-glucosidase
inhibitory, anticoagulant, and antiplatelet activities for type-II diabetes mellitus management and treating thrombotic disorders.
ACS Omega 2018, 3, 12562-12574. [CrossRef] [PubMed]

Zhou, Q.; Chan, E. Effect of omeprazole on the anticoagulant activity and the pharmacokinetics of warfarin enantiomers in rats.
Eur. J. Pharm. Sci. 2003, 20, 439-449. [CrossRef] [PubMed]

Shang, Y.-S.; Zhong, P.; Ma, Y.; Bai, N.; Niu, Y.; Wang, Z.-L. Efficacy and Safety of Proton Pump Inhibitors in Patients with
Coronary Artery Diseases Receiving Oral Antiplatelet Agents and/or Anticoagulants: A Systematic Review and Meta-Analysis.
J. Cardiovasc. Pharm. 2022, 80, 1-12. [CrossRef] [PubMed]

Spasov, A.A.; Kucheryavenko, A.F; Sirotenko, V.S.; Gaidukova, K.A.; Morkovnik, A.S.; Anisimova, V.A.; Kuz'menko, T.A.
Antithrombotic activity of DAB-15, a novel diazepinobenzimidazole compound. Bull. Exp. Biol. Med. 2017, 162, 636—639.
[CrossRef]

Herbert, ].M.; Herault, ].P; Bernat, A.; Savi, P.; Schaeffer, P.; Driguez, P.A.; Duchaussoy, P.; Petitou, M. SR123781A, a synthetic
heparin mimetic. Thromb. Haemost. 2001, 85, 852-860. [CrossRef]

Yen, T.L.; Wu, M.P; Chung, C.L. Novel synthetic benzimidazole-derived oligosaccharide, M3BIM, prevents ex vivo platelet
aggregation and in vivo thromboembolism. J. Biomed. Sci. 2016, 23, 26. [CrossRef]

EMCDDA. New Psychoactive Substances: Global Markets, Glocal Threats and the COVID-19 Pandemic. An Update from the EU
Early Warning System. Publications Office of the European Union. 2020. Available online: https://www.emcdda.europa.eu/
publications/rapid-communication/new-psychoactive-substances-global-markets-glocal-threats-andcovid-19-pandemic_en
(accessed on 26 February 2021).

Krotulski, A.J.; Papsun, D.M.; Kacinko, S.L.; Logan, B.K. Isotonitazene quantitation and metabolite discovery in authentic forensic
casework. J. Anal. Toxicol. 2020, 44, 521-530. [CrossRef]

EU Commission. European Commission Delegated Directive on Isotonitazene. 2021. Available online: https://www.emcdda.
europa.eu/drugs-library /commission-delegated-directive-isotonitazene_en (accessed on 2 March 2021).

Blanckaert, P.; Balcaen, M.; Vanhee, C.; Risseeuw, M.; Canfyn, M.; Desmedt, B.; Van Calenbergh, S.; Deconinck, E. Report
on a novel emerging class of highly potent benzimidazole NPS opioids: Chemical and in vitro functional characterization of
isotonitazene. Drug Test. Anal. 2020, 12, 422-430. [CrossRef] [PubMed]

Blanckaert, P.; Balcaen, M.; Vanhee, C.; Risseeuw, M.; Canfyn, M.; Desmedt, B.; Van Calenbergh, S.; Deconinck, E. Analytical
characterization of “etonitazepyne”, a new pyrrolidinyl-containing 2-benzylbenzimidazole opioid sold online. Drug Test. Anal.
2021, 13, 1627. [CrossRef] [PubMed]

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


http://doi.org/10.1016/j.tet.2020.131027
http://doi.org/10.1016/j.ejmech.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/27951488
http://doi.org/10.1007/s40242-016-6205-4
http://doi.org/10.1021/acsomega.8b01476
http://www.ncbi.nlm.nih.gov/pubmed/30411010
http://doi.org/10.1016/j.ejps.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14659488
http://doi.org/10.1097/FJC.0000000000001284
http://www.ncbi.nlm.nih.gov/pubmed/35512058
http://doi.org/10.1007/s10517-017-3675-4
http://doi.org/10.1007/s10517-017-3675-4
http://doi.org/10.1186/s12929-016-0245-4
https://www.emcdda.europa.eu/publications/rapid-communication/new-psychoactive-substances-global-markets-glocal-threats-andcovid-19-pandemic_en
https://www.emcdda.europa.eu/publications/rapid-communication/new-psychoactive-substances-global-markets-glocal-threats-andcovid-19-pandemic_en
http://doi.org/10.1093/jat/bkaa016
https://www.emcdda.europa.eu/drugs-library/commission-delegated-directive-isotonitazene_en
https://www.emcdda.europa.eu/drugs-library/commission-delegated-directive-isotonitazene_en
http://doi.org/10.1002/dta.2738
http://www.ncbi.nlm.nih.gov/pubmed/31743619
http://doi.org/10.1002/dta.3113
http://www.ncbi.nlm.nih.gov/pubmed/34145779

	Introduction 
	Eco-Friendly Synthesis of Benzimidazoles and Derivatives 
	Use of Catalysis for the Synthesis of Benzimidazoles 
	Synthesis of Privileged Benzimidazole Scaffolds Using Green Solvent 

	Pharmacological Activity of Benzimidazoles 
	Antihypertensive Activity 
	Anti-Inflammatory Activity 
	Antiviral Activity 
	Antitumor Activity 
	Antioxidant Activity 
	Incorporation of Heterocycles 
	Transition Metal Complexes 
	Phenyl Ring Substitutions 

	Anticoagulant Activity 
	Psychoactive Agents 

	Conclusions 
	References

