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Preface

Finding new strategies for synthesizing benzimidazole derivatives and functional-
izing the benzimidazole core has proved to be important due to the compound’s
various applications in medicine, chemistry, and other areas. The development of
new domains, such as the chemistry of optically active benzimidazole compounds,
is imperative because of the compounds’ particular pharmacological properties and
their use as catalysts or as ligands.

The multitude of benzimidazole derivatives marketed as drugs has led to intensive
research in the field for the discovery of new biologically active structures. The gen-
eral applications of benzimidazole derivatives in materials chemistry, electronics,
technology, dyes, pigments, and agriculture open up new research horizons. This
book guides the rational design of benzimidazole derivatives synthesis with certain
applications. It is organized as follows:

Section I: Introduction to Chemistry and Applications of Benzimidazoles

Chapter 1 “Introductory Chapter: Short Insight in Synthesis and Applications of
Benzimidazole and Its Derivatives” summarizes the general and special methods
of synthesis of benzimidazole derivatives as well as a scheme of applications of
these compounds in the areas of medicine, pharmacology, and chemistry, among
others.

Section II: Chemistry of Benzimidazoles

Chapter 2 “Catalytic Intermolecular Functionalization of Benzimidazoles”
presents an updated review on functionalizations of nitrogen and at position C-2
in the benzimidazole scaffold. Functionalization of positions C-4 through C-7 is
more challenging as these are less activated. A key success factor for reactions is the
various catalytic systems.

Chapter 3 “X-Ray Crystal Structure Analysis of Selected Benzimidazole
Derivatives” describes the X-ray crystal structure analysis of six selected benz-
imidazole derivatives. The detailed structural analyses indicate that the planes of
benzimidazole units are associated in different modes through hydrogen bonds.

Chapter 4 “Synthesis and Pharmacological Profile of Benzimidazoles” summa-
rizes the synthetic methods of benzimidazole derivatives and discusses therapeutic
use of benzimidazole in conditions like diabetes, cancer, parasitic diseases, viruses,
and allergies, as well as for pain management.

Section III: The Therapeutic Potential of Benzimidazoles

Chapter 5 “Antidiabetogenic Features of Benzimidazoles” examines the effect of
a new cyclic aminobenzimidazole derivative, diabenol, which contains a guanidine
group and combines pharmacological effects of biguanides and sulfonylurea deriva-
tive of gliclazide. Preclinical and clinical studies are also discussed.



Chapter 6 “Development of Benzimidazole Compounds for Cancer Therapy”
discusses the synthesis and clinical pharmacology of three anticancer compounds:
bendamustine, selumetinib, and galeterone. Based on impressive preclinical data,
the University of Maryland, Baltimore, was granted an exclusive license for the
development of galeterone for the treatment of patients with castration-resistant
prostate cancer.

Chapter 7 “Benzimidazoles: From Antiproliferative to Multi-targeted
Anticancer Agents” focuses on multi-targeted benzimidazole derivatives reported
during the last decade, especially dovitinib and AT9283, reported to exhibit potent
in vitro and in vivo activities against a group of kinases and non-kinases. Dovitinib,
an anti-neoplastic benzimidazolylquinolinone, inhibits multiple growth factor
receptor tyrosine kinases important for tumor angiogenesis and tumor growth and
is effective against sixteen colorectal cancer cell lines.

Chapter 8 “Bisbenzimidazoles: Anticancer Vacuolar (H+)-ATPase Inhibitors”
presents the research on several bisbenzimidazoles as proton pump inhibitors with
good antiproliferative activity and very good cytotoxicity over most cancer cell lines.

Section IV: Benzimidazole Derivatives in Chemistry of Materials

Chapter 9 “Optical Sensing (Nano)Materials Based on Benzimidazole
Derivatives” reviews benzimidazole derivatives as important materials for multi-
functional building blocks in optical chemical sensors, materials for optical sensing,
fluorescent sensors, metal organic frameworks, and copolymers.

Chapter 10 “Benzimidazole as Solid Electrolyte Material for Fuel Cells” discusses
the application of polybenzimidazoles as economical materials for fuel cells with
excellent thermal and mechanical properties as well as chemical resistance in acidic
and alkaline media.

Chapter 11 “Supramolecular Assembly of Benzimidazole Derivatives and
Applications” focuses on the chemical and physical properties of benzimidazole and
its derivatives used for the synthesis of supramolecular materials, including metal-
organic frameworks, metal-coordination polymers, and smart nanocontainers.

I am immensely grateful to IntechOpen and Author Service Manager Ms. Ivana
Barac, who offered me the opportunity to be the editor of this book.

I would also like to thank the authors for their valuable contributions.

I hope this book will serve as a guide for students and researchers interested in
making advancements in benzimidazole chemistry and applications of these
compounds in medicinal chemistry and other areas.

Dr. Maria Marinescu
Faculty of Chemistry,
University of Bucharest,
Romania
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Chapter1

Introductory Chapter: Short
Insight in Synthesis and
Applications of Benzimidazole
and Its Derivatives

Maria Marinescu

1. Introduction

Benzimidazole is well known as an important pharmacophore among heterocy-
clic compounds due to the remarkable medicinal and pharmacological properties
of its derivatives [1-3]. Among these currently marketed benzimidazole drugs to
treat several diseases, we can mention bendamustine, selumetinib, galeterone, and
pracinostat as antitumor agents; pantoprazole, lansoprazole, esomeprazole, and
ilaprazole as proton pump inhibitors; bezitramide as an analgesic; mebendazole,
albendazole, thiabendazole, and flubendazole as antihelminthics; ridinilazole as
antibacterial; astemizole and bilastine as antihistamines; enviradine, samatasvir,
and maribavir as antivirals; and candesartan and mibefradil as antihypertensive
[1, 4-7]. Recent research recommends benzimidazole derivatives as potential
EGFR and erbB2 inhibitors [8, 9], DNA/RNA binding ligands [10, 11], antitumor
agents [12-14], anti-Alzheimer agents [15, 16], antidiabetic agents [17, 18], anti-
parasitic agents [10, 19], antimicrobial agents [20, 21], antiquorum-sensing agents
[12], and antimalarial agents [19]. Intensive studies have demonstrated the use of
the benzimidazole scaffold as key pharmacophore in clinically approved analgesic
and anti-inflammatory agents [22]. Chiral benzimidazole derivatives were found
to be Nay1.8 (voltage-gated sodium channels) blockers, which play a key role in
the transmission of pain signals, with excellent preclinical in vitro ADME and
safety profile [23]. Other benzimidazole derivatives have been shown to be anti-
HIV-1 agents through the protection of APOBEC3G protein [24]. Benzimidazoles
grafted with aromatic nuclei have been noted as antioxidant agents [25]. A cor-
relation of the grafted organic functions on the benzimidazole scaffold has been
found with their therapeutic potential [26]. Thus, carboxylic acids, carbamates,
and amidines have been shown to be effective anticancer drugs [26-28], benz-
imidazole esters were reported as antifungal agents [29], and 2-aminobenzimid-
azole derivatives possesses very good antimicrobial activity [30].

Structure-activity relationship (SAR) studies have shown that 1,2,5,6-sub-
stituted benzimidazoles with various substituents are analgesic and anti-
inflammatory agents [22]. Also, SAR studies were accomplished for antiviral,
anticancer, antihelminthic, antimicrobial, antimycobacterial, antidiabetic,
antiprotozoal, antipsychotic, antidepressant, and antioxidant benzimidazole
derivatives [1, 31-33].

3 IntechOpen
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2. Synthesis of the benzimidazole derivatives

Benzimidazole synthesis reported by Hoebrecker in 1872 has greatly improved
and diversified over last decades precisely because of its very diverse applica-
tions which will be discussed in the third part of this chapter. Classical synthesis
was improved in terms of reaction conditions: catalysts, solvents or solvent-free,
heating source, microwaves or ultrasound, and of course, nonpollutant or ‘green’
conditions. In the following, we will make (1) a very short presentation of classical
syntheses and (2) an introduction to benzimidazole syntheses by rearrangement
reactions.

2.1 Classical syntheses of benzimidazoles

Synthesis methods of the benzimidazoles have been extensively summarized in
previous studies, published by Wright [34] and Preston [35]. Actually, all classical syn-
theses of benzimidazoles represent modifications to two of the classic reactions [26]: (i)
the Phillips-Ladenburg reaction, coupling 1,2-diaminobenzenes with carboxylic acids
(see Figure 1) and (ii) Weitenhagen reaction, coupling of 1,2-diaminobenzenes with
aldehydes and ketones (pathway 3) via benzimidazoline 3. In the case of the Phillips-
Ladenburg reaction, esters, acid anhydrides, acid chlorides, and lactones (pathway 1)
can be used instead of the acids, and benzimidazoles were generated via amide 1 cycli-
zation or amides, nitriles, amidines, guanidines and benzimidazoles were resulted via
cyclization of amidine 2 (pathway 2). The Phillips synthesis of benzimidazoles uses 4 N
hydrochloric acid or glacial acetic acid, but various methods applied today use sulfuric
acid or polyphosphoric acid. Reaction temperatures are high, reaching 250-300°C.

2.2 Synthesis of benzimidazoles via rearrangement of quinoxalinones

The limitations of classical synthesis, especially with respect to the synthesis
of heterocyclic substituted benzimidazoles, have led to other methods [36].

R'CO.H
R'CO,R’
(RCORO o
R'COCI, R‘l_—f’

Phillips-Ladenburg

: Weidenhagen
reaction

I 8 MH2
T X reaction

R
X = NH3, Br, NO;

R'CONHR"
R'CN

R'CMHNH;
R'MHCHNHMH;

elimination

Figure 1.
Classical methods for synthesis of benzimidazoles.
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Synthesis of 2-heteroaryl benzimidazoles by rearranging the quinoxalinones.

| B P
-
@, N f\lrph NH,NHPh @: N AOH @
= reﬂux reflux
Z NS0 2H0
8 10

Figure 3.
Synthesis of 2-(1,5-diphenyl-1H-pyrazol-3-yl)-1H-benzo[d]imidazole 10.

Rearrangements of quinoxalinones represent the most advantageous methods of
synthesis currently reported [26, 36]. Hereinafter, some newer syntheses of benz-
imidazole derivatives are presented by quinoxalinone rearrangements. These new
syntheses represent a combination of rearrangements, multicomponent reactions,
and tandem sequences [26].

Thus, synthesis of benzimidazoles by the Hinsberg reaction implies condensa-
tion between 1,2-diaminobenzene and quinoxalin-2-one 4 to afford 2-benzimid-
azolylquinoxaline 5 in a 97% yield (see Figure 2). 2-(Indolizinyl) benzimidazoles 6
were obtained in high yields using a Chichibabin reaction, by refluxing quinoxalin-
2-one 4 with a-picoline [37].

2-(Pyrol-3-yl)benzimidazole 7 was synthesized by a Knorr reaction between
a-aminoketone of quinoxalinone 4 and ethyl acetoacetate [37].

Reaction of phenylhydrazine with 3-arylacylidene-3,4-dihydroquinoxalin-
2(1H)-one 8 in boiling acetic acid implies the formation of spiro-compound 9,
which rearranges into pyrazolylbenzimidazole 10 (see Figure 3) [26].

3. Applications of benzimidazole derivatives in other fields than
medicinal and pharmaceutical chemistry

There are a large number of published scientific papers that refer to the synthe-
sis, properties, and applications of benzimidazoles. Thus, if we search the keyword
“benzimidazole” on Science Direct, we get 26,386 results, of which 915 are pub-
lished in the last 4 months.

Particular attention has been paid to improving the synthesis of chiral benz-
imidazoles, a relatively young branch of chiral chemistry, due to their impor-
tance in the field of therapeutic agents [38]. Also, chiral benzimidazoles were
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used as organocatalysts in Diels-Alder reaction, asymmetric aldol type reactions,
asymmetric Michael addition, or enantioselective a-chlorination reactions as
well as in palladium and rhodium benzimidazole complexes used as catalysts

in Mizoroki-Heck [39] and Suzuki-Miyaura coupling reactions or in reduction
reactions [40].

But recent research shows that benzimidazole scaffold is important not only
for its therapeutic applications but also for its different uses in (nano) materials
chemistry as optical chemical sensors [41], with special applications in medicine,
environmental science, and chemical technology and has obvious advantage over
other sensing devices, such as ease of operation and low cost (see Figure 4).

Supramolecular assemblies with interesting properties and with a wide range of
applications like adsorbent materials, thermostable polymers, nanocontainers for
small molecules, or liquid crystals for electronic conduction make up another use of
benzimidazole and its derivatives [42—45].

Polybenzimidazole (PBI) derivatives: solid electrolyte for fuel cells [46], fibers
[47], thin coatings [48], protective coatings for aerospace applications [49], or for
the removal of uranium, thorium, and palladium from aqueous medium [50] are
intensively studied in recent years. With an experience of 32 years, PBI Performance
Products from Charlotte, North Carolina, is the leader in firefighter safety in
Europe, USA, and the Middle East. PBI fabrics protect firefighters in a number of
fire services, being renowned for their proven protection from heat and flame [51].
Another use of polybenzimidazoles is as PBI-based mixed matrix membranes with
exceptional high water vapor permeability and selectivity [52].

In addition, the organic compounds are the most preferred for future photonic
technology. Thus, several benzimidazoles with very good non-linear optic (NLO)
properties, from very small molecules, such as 2-mercaptobenzimidazole, 2-phenyl
benzimidazole, and 2-hydroxybenzimidazole [53], till molecules with more compli-
cated structures [54], were studied.

Benomyl and carbendazim are recommended as benzimidazole fungicides having
low toxicities in low doses and also are not carcinogenic, mutagenic, or teratogenic [55].

i B h ==,
| Optical /" pedicinal \ \
o — __3'.21']5”19 | chemtslw | MLO |
{ | | materials/
\ Electrolyte \ i - :
Y, for fuelcells |

Supramalecular |

/.-'"' . .
/ Light _ assembies /
{ emitting Applicati
devices benzimidazole — :
e § derivatives Cortasion ™
- — 3 \
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fibers # Lo
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Figure 4.
Applications of benzimidazole derivatives.



Introductory Chapter: Short Insight in Synthesis and Applications of Benzimidazole and Its...
DOI: http://dx.doi.org/10.5772/intechopen.87174

The literature shows the conditions of using common benzimidazole pesticides and
reported the use of benzimidazoles as herbicides and insecticides [56].

More and more research is being reported on the use of benzimidazoles as corro-
sion inhibitors for various metals (Cu, Fe, and Zn) under acidic conditions [57-58].

Other authors have shown that benzimidazole is a versatile and essential chro-
mophore for organic dyes with photophysical, electrochemical, and photovoltaic
properties due to the position of donors, acceptors, and n-linkers in the benzene
ring [59]. A broad range of nuances in watercolor painting and electrophotographic
developer toner has been made over three decades using benzimidazol-2-one
derivatives, highly appreciated for their durability and light resistance [36].
Benzimidazole proved to be an essential core for organic light emitting devices
(OLEDs) with superior phosphorescence, thermal properties, and morphological
stabilities [60].

4. Conclusion

Benzimidazole occupies a central place in the class of heterocyclic compounds
used in pharmaceutical and medicinal chemistry. The chemistry and applications
of benzimidazole and its derivatives are in continuous development, especially in

the last decades. In the coming years, we expect new synthesis strategies and more
exciting applications to meet world market requirements.
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Abstract

This chapter describes contemporary strategies for selective catalytic inter-
molecular functionalization of the benzimidazole scaffold. Functionalization at
nitrogen and position C-2 is well developed employing copper, palladium, rhodium,
nickel, and cobalt catalysis. Direct CH activation is the predominant approach to
C-2 functionalization. Nickel-based catalysts can activate C—O bonds in conjunc-
tion with C—H activation at benzimidazole which grants access to a very broad
range of phenols and enols as convenient functionalization precursors in this
chemistry. The remaining carbon positions of benzimidazoles are typically func-
tionalized via a sequential halogenation/coupling strategy to ensure selectivity. A
key success factor in enabling these chemistries has been the fine-tuning of catalyst-
ligand combinations.

Keywords: benzimidazoles, catalysis, C—H activation, cross-coupling, late-stage
functionalization

1. Introduction

Benzimidazoles are tremendously important heterocycles in chemistry. They
play a vital part in modern medicinal chemistry due to the importance of the
benzimidazole as a pharmacophore in natural products and pharmaceuticals [1].
Benzimidazoles have a central role in contemporary homogeneous catalysis, par-
ticularly as ligands in metal catalysis and as a source of N-heterocyclic carbenes [2].
Moreover, they are important components of organic materials, e.g., optoelectronic
materials [3]. Thus, the generation of a broad range of structurally diverse benz-
imidazoles is of paramount importance for enabling novel applications and unique
properties to emerge.

Substituted benzimidazoles are typically synthesized de novo using a range of
methods [1]. This is by far the most common approach, and new methods emerge
steadily [4]. However, large libraries of benzimidazoles are needed in medicinal
chemistry, catalysis, and materials science in order to discover fine-tuned proper-
ties and to optimize these. Thus, de novo synthesis makes for a rather inefficient
approach since the benzimidazole scaffold must be constructed for each new
analogue needed. A more powerful strategy would be to start with available benz-
imidazoles and be able to do functionalization with desired groups directly onto the
scaffold—so-called late-stage functionalization [5].
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Figure 1.
The benzimidazole scaffold and its functionalization sites.

In this chapter the current catalytic strategies and methods for the intermolecu-
lar functionalization of benzimidazoles will be presented. These are surprisingly
few, which illustrates the complexity involved when trying to selectively functional-
ize specific positions in the scaffold (Figure 1). The current strategies to solve this
problem, and thus greatly streamline the synthesis of substituted benzimidazoles,
will be presented herein with selected examples appearing since around 2003.

We consider only catalytic strategies for intermolecular functionalization and aim
to provide a good overview of state of the art in late-stage functionalization of
benzimidazoles.

2. Catalytic functionalization chemistry
2.1 N-functionalization

Functionalization at nitrogen is perhaps the most straightforward. Classical
bimolecular substitution can be used to alkylate in the presence of suitable bases.
Nucleophilic aromatic substitutions or Ullmann couplings give rise to a number of
N-arylated heterocycles, albeit with major limitations [1]. In recent years, catalytic
methods and more sophisticated reaction conditions facilitate arylation and alkyla-
tion of this position with groups unavailable via classical chemistry [6].

A selectivity issue must be mentioned for unsymmetrical benzimidazoles with
afree N—H. There is a rapid tautomeric equilibrium in which the proton shuffles
between the two nitrogen sites. Thus, a particular tautomer must be “locked” in
advance of the functionalization by substitution in order to obtain one distinct isomer.

Shieh and co-workers have reported an effective 1,4-diazabicyclo[2.2.2]octane
(DABCO)-catalyzed N-benzylation reaction using dibenzyl carbonate (2) in the
presence of a stoichiometric amount of the ionic liquid tetraoctyl ammonium
bromide (Figure 2) [7]. The ionic liquid had a dramatic effect on both the reaction
rate and yield, and the model benzylation of benzimidazole (1) afforded excellent
95% yield of 3.

Buchwald et al. have reported one of the most general catalytic systems for
efficient and mild N-arylations of benzimidazoles 4 (Figure 3) [8]. The bidentate
ligand 6 in combination with dimethyl sulfoxide (DMSO) as solvent enabled this
copper(I)-catalyzed coupling to occur even with unactivated aryl bromides 5 and
afford 2-substituted benzimidazoles 7 in 71-98% yields. Notably, the coupling is
also efficient with ortho-substituted aryl bromides.

The authors propose a mechanism for this transformation initiated by
N-coordination of the benzimidazole to a Cu(I)Br-6 complex followed by deprot-
onation of the N—H by the base. Subsequent oxidative addition of the aryl bromide
to generate a cationic Cu(II) intermediate followed by reductive elimination
releases the N-arylated benzimidazole 7 and regenerates the active Cu(I) catalyst.
The method appears general and is a powerful tool for direct N-arylation of benz-
imidazoles [8].
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Bao et al. have reported practical copper-catalyzed methods for N-vinylation
[9]. In the most practical version, employing copper(I) oxide in the presence of
a p-ketoester ligand precursor, they were able to couple electronically diverse
E-bromostyrenes 8 with benzimidazole 1 to generate N-vinylated products 9 in
54-91% yields (Figure 4). Notably, the products retained the E-stereochemistry in
the reaction with excellent >95:5 selectivity.

2.2 Functionalization at C-2

Catalytic functionalization at position C-2 is by far the most predominant in the
literature. This is likely due to the more reactive nature of this particular C—H bond
as it is situated between the two electron-withdrawing nitrogen sites. Although pal-
ladium, nickel, and rhodium play the major roles in this chemistry, some examples
of copper-catalyzed C-2 functionalization exist. For example, copper(II) acetate
in the presence of air has been employed for oxidative couplings of benzimidazoles
at C-2 [10]. Furthermore, one exciting example of a copper(I) iodide (10 mol%)-
catalyzed arylation with iodobenzene at C-2 of N-methylbenzimidazole was
reported by Daugulis et al. to proceed in 89% yield [11]. Despite these promising
results, there are no extensive studies of copper-catalyzed functionalizations at C-2
of benzimidazoles in particular.

2.2.1 Arylation and vinylation
An early example of palladium-catalyzed C-2 arylation by Bellina and Rossi

involves the coupling of aryl iodides 10 with benzimidazole 1 under ligandless and
base-free conditions [12]. They employed 5 mol% of palladium(II) acetate and a

Doty Br (1 aquiv.) %-"Nk}

"'-"C;h M |
= O DABCO {10 mol%) -
| /I \> N Jx o 7z N
- BnO” "OBn  MeCN, 85°C, 23 h (\“‘x
1 2 95% yield 3 L/
Figure 2.
Selective N-benzylation.
2 N
N . Cus0 (5-10 mal%) ( -
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I\,-rm >R |ft\\§1—r{2 = N
=N e Cs;CO4/PEG )
DMS0, 110-130°C ; P!
4 5 §-24 h =i
T1-98% yield
OMe #ﬂ:‘jﬂ-N |"*~“; ,N> M
- e 05 OO
T b-’ ~ N>_ ~ 2N xf:'-"’“"N>
| wh e OMe L NH: i
M R /—_;I,II ,}//_ F:I/ //' 3
E Nc_\-:____.-' _::}'OME I'l._—_\-.: II'-::_—
824% 71% B1% F

Figure 3.
Cu-catalyzed N-arylation.
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Cu-catalyzed N-vinylation.
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Early Pd-catalyzed C-2 arylation under ligandless conditions.

superstoichiometric amount of copper(I) iodide in dimethylformamide (DMF) at
high temperatures to afford 2-arylbenzimidazoles 11 in high purities and 81-89%
yields. This demonstrated for the first time the possibility of using base-sensitive,
unprotected N—H containing heterocycles without prior protection in this chem-
istry. A major drawback of the ligandless approach is relatively long reaction times
(>48 hrs) at elevated temperatures in addition to the large amounts of copper(I)
salt needed [12] (Figure5).

The contemporary power of palladium-catalyzed coupling chemistry lies in
ligand design [13]. The size and nature of the ligand play a crucial role in determin-
ing the possible pathways, selectivity, and kinetics, and, as such, optimization of
ligand structure to suit the needs of the desired coupling reaction is key to modern
catalytic reaction design. The number of ligands with vast spread in electronic
and steric properties for palladium catalysis available today is large and expand-
ing rapidly. This area lies at the forefront of modern catalysis research in organic
chemistry [14].

A major step forward from the ligandless C-2 arylation reported above is the
C—H arylation of N-substituted benzimidazoles 12 and aryl/heteroaryl chlorides
13 in the presence of the well-defined N-heterocyclic carbene-imidazole catalyst 14
(Figure 6). The reaction afforded moderate to good yields (56-97%) of a variety of
C-2-arylated benzimidazoles 15 [15].

The first Ni-catalyzed C—H arylation and vinylation at C-2 of benzimidazoles
were reported by Itami et al. in 2015 [16]. A major advance in the chemistry was the
use of carbamate derivatives of phenols (16) or enols (17) as the source of aryl and
vinyl groups, respectively (Figure 7). The catalytic system consists of nickel(II)
triflate with potassium phosphate as base and bis-phosphine ligands; the latter are
crucial. The use of a tertiary alcohol (AmylOH) as solvent was also crucial for this
chemistry. 1,2-Bis(dicyclohexylphosphino)ethane (dcype) was the optimal ligand
for the arylation chemistry and afforded C-2-arylated benzimidazoles 15 in 53-95%
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Figure7.
Ni-catalyzed arylation and vinylation by domino C—H/C—O activation.

yield. This catalytic system could also facilitate arylations with aryl chlorides (13) in
64-86% yield. The potential synthetic power of this arylation approach was dem-
onstrated by performing a functionalization of the nonsteroidal anti-inflammatory
drug indomethacin with N-methylbenzimidazole at the chlorine site (26% yield). A
different ligand, 1,2-bis(dicyclohexylphosphino)thiophene (dcypt), was employed
as the optimal to achieve efficient C-2 vinylations with enol derivatives (17) to
afford 2-vinylbenzimidazoles 18 in 29-87% yields [16].

The proposed mechanism for the nickel(II)-catalyzed approach involves
reduction to a nickel(0) species by action of the bisphosphines or benzimidazole
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to initiate a Ni(0)-Ni(II) catalytic cycle [16]. Oxidative addition of the carbamate
aryl C—O bond onto the activated Ni(0)-bisphosphine complex followed by C—H
nickelation assisted by departure of the corresponding carbamic acid generates a
key intermediate for reductive elimination of the product and regeneration of the
active Ni(0) species [16].

The ability of nickel to undergo C—O activation enables the use of a range of
practical and available substrates for functionalization. Wang and co-workers
have recently disclosed C-2 arylations of benzimidazoles using methoxyarenes
as functionalization agents in the presence of Grignard reagents [17]. Thus, the
reaction system effects tandem C—O/C—H activation with subsequent coupling.
The Grignard reagent was critical in order to minimize nonproductive couplings.
A major demonstration of the applicability of this method is the reaction between
steroidal hormone p-estradiol methoxy derivative 19 and N-methylbenzimidazole
which afforded the C-2 steroid-functionalized benzimidazole 20 in very good 74%
yield (Figure 8). The selectivity of aromatic methoxy group activation is striking,
as the aliphatic methoxy group is left intact. The unusual dicarbene ligand carbodi-
carbene (CDC) was crucial for this reactivity and also demonstrates the importance
of benzimidazoles as components of ligands for transition metal catalysis [17].

C-2 vinylation with alkynes as functionalization reagents has been reported,
and these reactions occur under mild conditions with nickel or cobalt complexes
in the presence of phosphine ligands. In a nickel-catalyzed process reported by
Nakao et al., N-methylbenzimidazole reacts with internal alkynes to afford the
C-2 vinylated products in 80-92% yields [18]. The cobalt-catalyzed vinylation of
N-pyrimidylbenzimidazole 21 with alkyne 22 affords vinylation product 23 in 82%
yield (Figure 9) in the presence of the phosphine ligand 2-[2-(diphenylphosphanyl)
ethyl]pyridine (pyphos) and an equivalent of a Grignard reagent in tetrahydrofuran
(THF) at ambient temperatures [19]. The N-pyrimidyl group is required for direct-
ing the chemistry to the C-2 site but can be easily removed from the scaffold after
functionalization.

2.2.2 Alkylation
In the area of catalytic C-2 alkylations, rhodium(I) and nickel(0) complexes

play a major role. Rhodium(I)-catalyzed linear C-2 alkylation was reported first
by Bergman and Ellman [20]. In 2012, Shih et al. reported alkylations with full

. Me PMe
e N Ni(cods ey
ﬂ % coc H r >
S i o-tolyitdgBr, LiCl - e
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Figure 8.
Complex Ni-catalyged C-2 arylation with estradiol dimethyl ether.
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AlMe; as a chemical switch for branched vs. linear alkylations at C-2.

control of linear versus branched selectivity using AlMe; as a chemical switch
(Figure 10) [21]. In the presence of 10 mol% of Ni(cod); (cod = cyclooctadiene)
and the bidentate N-heterocyclic carbene (NHC) ligand 24 in toluene, the reaction
between N-methylbenzimidazole and substituted styrenes 25 afforded exclusively
branched alkylation products 26 in 50-98% yields. The addition of 10 mol% of
AlMe; completely switched the selectivity toward linear alkylation products 27

in 55-99% yields. The branched product is electronically favored, but the linear
product arises in the presence of AlMe; because the benzimidazole nitrogen at
position 3 will generate a Lewis acid/base adduct causing a steric switch in the
preferred binding orientation of the styrene during the catalytic cycle. Thus, the
linear product is formed predominantly [21].

Obtaining branched selectivity in C-2 alkylations has been one of the major
challenges in this chemistry, and the above example is the only report appearing
before 2017 demonstrating this. As is often the case, fine-tuned selectivity control
can be a matter of discovering fine-tuned ligand properties. Thus, Tran and Ellman
recently reported a rhodium(I)-catalyzed C-2 alkylation of benzimidazoles 28
using acrylic systems 29 in the presence of the bidentate phosphine ligand dAr"pe
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yielding exclusively branched alkylation products 30 in 12-96% yields (Figure 11)
[22]. The use of ethyl methacrylate afforded products with a quaternary carbon at
the C-2 site. The amide group can easily be converted to an aldehyde, thus making
these products useful building blocks in medicinal chemistry.

2.3 Functionalization at C-4/C-7

Catalytic functionalizations at positions 1-3 are rather common in benzimid-
azoles. The activated nature of these positions makes direct functionalization
chemistry feasible with a variety of catalytic systems as surveyed in Sections 2.1
and 2.2. Selective catalytic functionalization at positions 4-7 is significantly more
challenging since these positions are less activated and also less chemically distin-
guishable from each other. Benzimidazoles that are pre-functionalized with some
reactive functional group (mostly halogens), generated by de novo synthesis, are
commonly used to achieve selectivity in these cases.

In order to obtain a key monomer for the construction of crystalline covalent
organic frameworks (COFs), Xu et al. reported the double functionalization of
4,7-dibromobenzimidazole 31 using a Suzuki-Miyaura approach (Figure 12) [23].
Under rather standard cross-coupling conditions with 10 mol% of palladium(0)
tetrakistriphenylphosphine and two equivalents of pinacol boronic ester 32, double
functionalization was achieved in 90% yield [23]. This is an example of the utility
of benzimidazole functionalization in materials chemistry.

A great example of the utility of benzimidazole functionalization at C-4/C-7 in
medicinal chemistry was reported by Auberson et al. in 2015 [24]. The 4-bromo-
6-carbomethoxybenzimidazole 33 was treated with bisboronic ester 34 under cata-
lytic action of Pd(dppf)Cl, (dppf = 1,1'-ferrocenediyl-bis(diphenylphosphine)),
which afforded 92% yield of the boronic acid 35 (Figure 13). 35 was next employed
as a coupling partner in a Suzuki-Miyaura coupling with heterocyclic bromide 36
to afford the complex product 37 in 77% yield [24]. This demonstrates an interest-
ing strategy in which an accessible bromobenzimidazole can be transformed into a

Rs
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Ris o N dArFpe (125 mal%) v N NMe,
| \>—H - | N -
= R
N N
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___________ CF__F_C-___ 18 examples
; 'y : 12-96% yield

R, = H, CO,Et, SO,Me,
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Figure 11.
Rh(1)-catalyzed branched alkylation at C-2.
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boronic acid for cross-coupling chemistry. Thus, it is overall a cross-coupling of two
aryl bromides, really harnessing the full power of palladium catalysis.

Another powerful cross-coupling transformation of aryl halides is the
Buchwald-Hartwig amination. The selective formation of C—N bonds clearly has
numerous applications in medicinal chemistry. De la Fuente et al. have reported
Buchwald-Hartwig functionalization with N-tert-butoxycarbonyl (Boc)-protected
piperazine at position 4 of 4-chlorobenzimidazole 38 in the presence of Pd,dba;
and a phosphine ligand P(¢tBu); (Figure 14) [25]. The [2-(trimethylsilyl)ethoxy]
methyl acetal (SEM) protecting group at nitrogen was installed indiscriminately at
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the two nitrogen sites, so the starting material was effectively a 1:1 mixture of the
4- and 7-chlorobenzimidazole. However, the desired isomer was the 4-piperazinyl-
benzimidazole 39 which could be isolated in a very good 43-49% yield (50% is
theoretical maximum yield of one isomer) [25].

2.4 Functionalization at C-5and C-6

Although most reported halogenated benzimidazoles are generated by de novo
synthesis, in which the halogen is pre-functionalized on the starting materials used
for assembling the benzimidazole scaffold, some examples exist of selective cata-
lytic halogenations directly onto benzimidazole.

A practical and selective monobromination at C-5 has been reported by Das
et al. in which sulfonic-acid functionalized silica acts as a heterogeneous acid
catalyst system [26]. With only 13 wt% catalyst in the presence of an equivalent of
N-bromosuccinimide (NBS), 77% yield of 5-bromobenzimidazole 40 was observed
(Figure 15). Although the catalyst system is heterogeneous, its reactive Brensted
acidic sites are highly mobile on the catalyst surface and therefore achieve efficiency
similar to that of homogeneous catalysts. Moreover, the catalyst could be recycled
up to three times without loss of activity. The above study is interesting, particularly
since no C-2 bromination was observed [26]. An early study by Smith et al. also
used NBS as a brominating agent, but in the presence of pure silica gel acting as the
heterogeneous catalyst, which yielded C-2 bromination only (67% yield), unless
this position was occupied. They predominantly achieved C-2/C-5 dibromination
when using two equivalents of NBS (60% yield) [27].

Cui et al. report a strategy for iodination at C-6 of 41 involving a pre-installed
C-6 bromo substituent (Figure 16) [28]. By using a Pd(0)-catalyzed stannylation
reaction, the C-6 tributyltin-substituted benzimidazole 42 can be generated albeit
in low yields (14-29%). These products can further undergo oxidative iodination
in the presence of molecular iodine in low to moderate yields (27-47% yields). The
method was applied to radioiodination at C-6 with 125-I derived from ['*I]Nal
under oxidative conditions and afforded 43% radiochemical yield of the desired
labeled product [28].

The strategy of bromination/Pd-catalyzed coupling has been employed for
installment of various groups at positions C-5/C-6 in benzimidazoles. However,
many are described only in the patent literature which often presents little informa-
tion about conditions and chemical yields. Notably, this strategy has been employed
for regioselective cyanation and carboxylation [29], alkylation (Negishi coupling)

s N
HM NBoc

3 ; Eoc

Cl Pdodbas (10 mol%) [ ]

N P(fBu)s (40 Mol%) N

| ; -
=N NaO'Bu (1.4 equiv.} N\>
¢ K o

38 SEM  o-xylene, 110°C, 24 h N

43-49% yield 39 SEM

Figure 14.
Buchwald-Hartwig amination functionalization at C-4.
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Pd-catalyzed stannylation and subsequent vadioiodination at C-5/C-6.

[30], alkynylation (Hiyama coupling) [31], and heteroarylation (Suzuki-Miyaura
coupling) [32], thus demonstrating that a variety of combinations of halogens and
cross-coupling chemistries are possible for synthesis of diverse benzimidazoles.

3. Conclusions

The need for new benzimidazoles with unique appendages and well-defined
regioselectivity is undeniable from the viewpoints of medicinal and materials
chemistry. The numerous applications, some of which are described herein, warrant
further studies into the synthesis of novel analogues. This chapter has described
the role of state-of-the-art catalytic chemistry in intermolecular functionalization
of de novo assembled benzimidazole scaffolds. Particularly well developed are
functionalizations at nitrogen and at position C-2 in the scaffold. N-Arylation and
vinylations are effectively mediated by copper catalysts, whereas C-2 functional-
ization can be affected by a wider spectrum of palladium, rhodium, nickel, and
cobalt catalysts involving direct C—H activation chemistry. A key success factor
in enabling these chemistries has been the fine-tuning of ligand properties in the
various catalytic systems. Functionalization of positions C-4 through C-7 is more
challenging as these are less activated and less chemically distinguishable, so the use
of pre-functionalization by de novo installment of halogens followed by contempo-
rary cross-coupling chemistries is the most successful strategy to date. Even more
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powerful methods are anticipated to emerge in this area to make these positions also
available for selective late-stage functionalization through direct C—H activation.
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Chapter 3

X-Ray Crystal Structure Analysis
of Selected Benzimidazole
Derivatives
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Abstract

This chapter describes the X-ray crystal structure analysis of selected benz-
imidazole derivatives, viz. BIP: 2-(1H-benzimidazol-2-yl) phenol, MBMPBI:
1-(4-methylbenzyl)-2- (4-methylphenyl) -1H-benzimidazole, DPBI: 1,2-diphenyl-
1H-benzimidazole, PBIP: 2-(1-phenyl-1H-benzimidazol-2-yl) phenol, FPPBI:
2-(4-fluorophenyl)-1-phenyl-1H-benzimidazole and NPBIBHS: 2- (naphthalen-1-yl)-
1-phenyl-1H-benzimidazole benzene hemisolvate. The BIP molecule is planar, and
in the crystal, it is arranged in parallel planes, stabilised by n-n interactions and the
hydrogen bonds. In MBMPBI, benzimidazole cores of the two independent (A and B)
molecules are planar. Two C=H...N hydrogen bonds link B molecules only, forming
centrosymmetric dimers with R%(8) ring motifs. In the DPBI molecule, the benzimid-
azole core is planar: one hydrogen-bond interaction (C=H...N) and C=H...n (three)
interaction leading to the three-dimensional arrangement. In the PBIP molecule, the
benzimidazole is nearly planar. The hydrogen bonds and a n-n stacking interaction are
present in the crystal. In the FPPBI molecule, the benzimidazole unit is almost planar.
The C=H...F hydrogen bonds and weak C=H...n interactions lead to a three-dimen-
sional architecture in the crystal. In NPBIBHS, the naphthalene fragment lies out of the
plane about the benzimidazole core unit. The C=H...N hydrogen bonds and C=H...n
interactions lead to a three-dimensional architecture in the crystal.

Keywords: X-ray, single crystal, synthesis, structural analysis,
inter and intramolecular hydrogen bonds, C=H...r and =...n interactions

1. Introduction

The X-ray diffraction technique is the most powerful technique of determining
the relative atomic positions in a molecular structure. Furthermore, it is distinc-
tively capable of providing precise evidence concerning bond lengths, bond angles,
torsion angles and molecular dimensions. It is a well-known fact that hydrogen
bonding is one of the crucial factors that contribute to the stability of a structure.
Thus, it forms a part of the molecular conformation in that the symmetry and the
subsequent packing of the molecules should yield the formation of as many hydro-
gen bonds as possible. This present chapter depicts the work carried out by the
authors, on the crystal structure determination of selected biologically important
new benzimidazole derivatives.
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Literature survey shows that the benzimidazole is an aromatic ring system
where an imidazole ring is fused to the 4 and 5 positions with a benzene ring.
Benzimidazole derivatives in OLEDs are of current interest because of their thermal
stability [1]. Benzimidazole derivatives are a part of vitamin By, [2] and commer-
cialised as anthelmintic and antihistaminic agents [3].

2. Synthetic approaches of benzimidazole compounds

Due to their possible biological and pharmacological activities, benzimid-
azoles synthesis has become a vital target in recent years [4]. Since our group is
researching organic light emitting devices (OLEDs), we are concerned in using
the MBMPBI [5] and DPBI [6] compounds as a ligand in the preparation of Ir(III)
complexes and exploring further their electroluminescence (EL) properties.
Furthermore, we are interested in using the PBIP [7], FPPBI [8] and NPBIBHS
[9] compound as a ligand to study excited state intramolecular proton transfer
(ESIPT) processes.

2.1 Synthesis of 2-(1H-benzimidazol-2-yl) phenol (C;3H;oN,0): BIP

To 15 mmol of o-phenylenediamine in minimum 10 ml ethanol, a mixture
of 15 mmol of o-hydroxybenzaldehyde and 60 mmol of ammonium acetate was
added and refluxed at 90°C for 2 days. The reaction mixture was cooled and
extracted with dichloromethane. The TLC monitored the completion of the
reaction. The separated solid was purified by column chromatography (benzene:
ethyl acetate (9:1)), after solvent evaporation, and the yield was 60% (Figure1).
Furthermore, a suitable single crystal is subjected to collect the X-ray diffraction
data [4].

2.2 Synthesis of 1-(4-methylbenzyl)-2-(4-methylphenyl)-1H-benzimidazole
(szHzoNz): MBMPBI

To 15 mmol of o-phenylenediamine in minimum 10 ml ethanol, a mixture of
15 mmol of p-methylbenzaldehyde and 60 mmol of ammonium acetate was added
and refluxed at 90°C (48 h). Purification of MBMPBI was made by following the
procedure as that of BIP (column chromatography: benzene: ethyl acetate (9:1)),
and the yield was 40% (Figure 1). Furthermore, a suitable single crystal is sub-
jected to collect the X-ray diffraction data [5].

2.3 Synthesis of 1,2-diphenyl-1H-benzimidazole (C;9H4N,): DPBI

To 17 mmol of N-phenyl-o-phenylenediamine in minimum 10 ml ethanol, a
mixture of 17 mmol of benzaldehyde and 60 mmol of ammonium acetate was
added and refluxed at 90°C (4 h). Purification of DPBI was made by following the
procedure as that of BIP (column chromatography: benzene: ethyl acetate (9:1)),
and the yield was 50% (Figure 1). Furthermore, a suitable single crystal is subjected
to collect the X-ray diffraction data [6].

2.4 Synthesis of 2-(1-phenyl-1H-benzimidazol-2-yl)phenol (C,9H;4N,0): PBIP
To 17 mmol of N-phenyl-o-phenylenediamine in minimum 10 ml ethanol, a

mixture of 17 mmol of o-hydroxybenzaldehyde and 60 mmol of ammonium acetate
was added and refluxed at 90°C (4 h). Purification of PBIP was made by following

32



X-Ray Crystal Structure Analysis of Selected Benzimidazole Derivatives
DOI: http://dx.doi.org/10.5772/intechopen.85291

Ry Fo

Vo B
Q}\@F Q’H 0.8(Cete)

Figure 1.
Chemical structures of the studied compounds: BIF, MBMPBI, DPBI, PBIP, FPPBI and NPBIBHS.

the procedure as that of BIP (column chromatography-petroleum ether (60-80°C)),
and the yield was 50% (Figure 1). Furthermore, a suitable single crystal is subjected
to collect the X-ray diffraction data [7].

2.5 Synthesis of 2-(4-fluorophenyl)-1-phenyl-1H-benzimidazole (C;9H;3FN,):
FPPBI

To 17 mmol of N-phenyl-o-phenylenediamine in minimum 10 ml ethanol, a
mixture of p-fluorobenzaldehyde (17 mmol) and 60 mmol of ammonium acetate
was added and refluxed at 90°C (4 h). Purification of FPPBI was made by follow-
ing the procedure as that of BIP (column chromatography-petroleum ether: ethyl
acetate (9:1)), the yield was 50% (Figure 1). Furthermore, a suitable single crystal
is subjected to collect the X-ray diffraction data [8].

2.6 Synthesis of 2-(naphthalen-1-yl)-1-phenyl-1H-benzimidazole benzene
hemisolvate (C,3H;6N,. 0.5CsHs): NPBIBHS

To 17 mmol of N-phenyl-o-phenylenediamine in minimum 10 ml ethanol, a
mixture of 17 mmol of 1-naphthaldehyde and 60 mmol of ammonium acetate was
added and refluxed at 90°C (48 h). Purification of NPBIBHS was made by following
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the procedure as that of BIP (column chromatography-benzene as the eluent), and
the yield was 50% (Figure 1). Furthermore, a suitable single crystal is subjected to
collect the X-ray diffraction data [9].

3. Structural analysis of six benzimidazole compounds
3.1 Structural analysis of 2-(1H-benzimidazol-2-yl)phenol (BIP)

This section describes the determination of the crystal structure and molecular
structure of BIP [4]. The direct method program SIR2011 [10] is used in solving the
crystal structure. The SHELXL2013/4 [11] program was used to refine the structure.

This compound crystallises in the monoclinic system in the space group P2,/c.
Molecular formula: C13H;oN,O; molecular weight: 210.23; Z = 4; crystal data:
a=16.864(4) A;b = 4.7431(8) A; c = 12.952(2) A; p = 102.34(2)%; V = 1012.1(3) A%;
D, = 1.380 Mg m™>; Fyq = 440; final R[F* > 26(F?)] = 0.067 and wR(F?) = 0.131 for
1184 reflections observed with I > 26(I).

From a difference Fourier map, H; attached to N; was located and freely refined
with (N;}=H; = 0.91(2) A). The outstanding H atoms were placed geometrically and
permitted to ride on their parental atoms, with O==H = 0.82 and C=H = 0.93 A for
Csp2 hydrogens; Ui, (H) = kUq(C), where k = 1.5 for methyl and 1.2 for all other
C-bonded H atoms.

This molecule is planar [maximum deviation = 0.016(2) A]. The dihedral angle
between the five-membered imidazole ring and the attached six-membered ben-
zene ring is 0.37(13)°. An S(6) ring motif [12] is generated by the O==H...N hydro-
gen bond. The hydrogen bond involves the hydroxyl substituent (O) as the proton
donor and the nitrogen (N3) atom as the acceptor, which forms a six-membered
ring. The N=H...O hydrogen bonds link the molecules, by making chains spreading
in [001]. Four n-n assembling contacts concerning the five-membered ring, fused
six-membered benzene ring and attached benzene ring system [The C,-C, distances
increase from 3.6106(17) to 3.6668(17) A].

The thermal displacement ellipsoid plot (Figure 2) at the 50% probability level
was drawn using the program ORTEP-3 for Windows [13]. Figure 3 presents the n-n
interactions detected in the crystal structure, brought using the program PLATON
[14]. The crystal structure packing view is shown in Figure 4 [14].

Hz2e O28
::-.'\_

Figure 2.
The thermal displacement ellipsoid plot (at the 50% probability level).
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The crystal structure, partially showing the formation of n-n interactions. Symmetry codes (i): x, -1 + y, z and

(fi):x, 1+ y, 2.

Figure 4.
The partial crystal packing with hydrogen bonds [14], viewed along the b axis.

3.2 Structural analysis of 1-(4-methylbenzyl)-2-(4-methylphenyl)-1H-
benzimidazole (MBMPBI)

This section describes the determination of the crystal and molecular structure
of MBMPBI [5]. The direct method program SIR2002 [15] is used in solving the

crystal structure. The SHELXL97 [11] program was used to refine the structure.
This compound crystallises in the triclinic system in the space group P1. Molecular

formula: C;H,oNy; molecular weight: 312.40; Z = 4; crystal data: a = 9.6610(2) A;
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b =10.2900(2) A; ¢ = 177271(3) A; a = 84.437(2)°; B = 81.536(2)°; y = 76.165(2)°;
V =1689.02(6) A% Dy = 1.229 Mg m™>; Fogo = 664; final R[F* > 26(F*)] = 0.039 and
wR(F?) = 0.104 for 6452 observed reflections with I > 26(I).

All the H atoms were placed geometrically and allowed to trip on their parental
atoms, with C=H = 0.93 (Cspz), 0.96 (methyl) and 0.97 A (methylene) hydrogen atoms.
Uiso(H) = kUq(C), with k = 1.5 (==CHj; H atoms) and 1.2 (for carbon-attached H atoms).
The ==CH; groups are disordered over two positions. So, they are refined as idealised
disordered methyl groups with identical occupancy of the two locations.

Two crystallographically independent molecules A (first) and B (second)
of this compound make the asymmetric unit. The planar [maximum devia-
tions = 0.0161(8) A for A (first) and 0.0276(8) A for B (second)] benzimidazole
least-squares plane and the benzene least-squares planes of the 4-methylbenzyl and
4-methylphenyl groups make dihedral angles of 76.64(3) and 46.87(4)° in A (first).
The similar values in B (second) are 86.31(2) and 39.14(4)°. The two benzene rings
make the dihedral angle of 73.73(3)° in A (first) and 80.69(4)° in B (second). The
variation in the dihedral angles may be due to the H=H repulsions. The centrosym-
metric dimers with R%,(8) ring motifs [12] are formed by the two C,B==H,B...N3B
hydrogen bonds in B (second). The pattern contains a total of eight atoms in which
two of them are donors, and two are acceptors, hence designated as R%,(8). There
are no corresponding interactions involving the A molecules.

The thermal displacement ellipsoid plot (for molecule A (first) only) (Figure 5)
at the 30% probability level was drawn using the program ORTEP-3 for Windows
[13]. The crystal structure packing view is shown in Figure 6 [14].

3.3 Structural analysis of 1,2-diphenyl-1H-benzimidazole (DPBI)

This section describes the determination of the crystal structure and molecular
structure of DPBI [6]. The direct method program SHELXS97 [11] is used in solving
the crystal structure. The SHELXL97 [11] program was used to refine the structure.

This compound crystallises in the monoclinic system in the space group
C2/c. Molecular formula: C19H;4N,; molecular weight: 270.32; Z = 8; crystal

Figure 5.
The thermal displacement ellipsoid plot (at the 30% probability level).
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Figure 6.
The crystal packing with hydrogen bonds [14], viewed along the a axis.

data: a = 10.1878(3) A; b = 16.6399(4) A; ¢ = 174959(5) A; p = 106.205(3)°;
V = 2848.13(14) A% D, = 1.261 Mg m™>; Fyqp = 1136; final R[F* > 26(F?)] = 0.052
and wR(F?) = 0.137 for 5803 reflections observed [I > 26(I)].

All the H atoms were placed geometrically and permitted to trip on their paren-
tal atoms, with C—=H = 0.93 A (Cspz) and Ui, (H) = kU4(C), where k = 1.5 for
=—=CH; H atoms and 1.2 for all other H atoms.

The benzimidazole unit is planar [maximum deviation = 0.0102(6) A]. The
least-squares planes of the phenyl rings at N; and C, make angles of 55.80(2) and
40.67(3)° with the least-squares plane of the benzimidazole part. The least-squares
planes of the phenyl rings at N; and C, make a dihedral angle of 62.37(3)°. One
C=H...N hydrogen bond and three C=H...% interactions concerning the fused
benzene ring and the five-membered imidazole rings are observed, forming a three-
dimensional architecture in the crystal.

The thermal displacement ellipsoid plot (Figure 7) at the 50% probability level
was drawn using the program ORTEP-3 for Windows [13]. Figure 8 presents the
C—-H...n interactions in the crystal structure brought using the program PLATON
[14]. The crystal structure packing view is shown in Figure 9 [14].

3.4 Structural analysis of 2-(1-phenyl-1H-benzimidazol-2-yl)phenol (PBIP)

This section describes the determination of the crystal structure and molecu-
lar structure of PBIP [7]. The direct method program SHELXS86 [11] is used in
solving the crystal structure. The SHELXL97 [11] program was used to refine the
structure.
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Figure 7.
The thermal displacement ellipsoid plot (at the 50% probability level).

Figure 8.
The crystal structure, partially showing the formation of C=H...r interactions. Symmetry codes ave (ii): —x, ¥,
-z + 1/2 and (iii): —x, =y + 1, —2.

This compound crystallises in the triclinic system in the space group P1 Molecular
formula: C1sH1N,0; molecular weight: 286.32; Z = 2; crystal data: a = 8.1941(6) A;
b = 9.5983(14) A; c = 10.3193(18) A; o = 64.637(16)°; p = 80.356(10)°; y = 83.610(9)°;
V =722.3(2) A% Dy = 1.316 Mg m™>; Fgo = 300; final R[F* > 26(F?)] = 0.059 and
wR(F?) = 0.171 for 2420 observed reflections with I > 2c(I).
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The crystal packing with hydrogen bonds [14], viewed along the a axis.

A difference Fourier map was used to locate the H atom attached to O atom and
refined freely with O,g==H,¢ = 0.97(3) A.The outstanding H atoms were placed geo-
metrically and permitted to trip on their parental atoms, with C=H = 0.95 A, and
with Ui, (H) = 1.2Ucq(parental atom).

The phenyl mean plane at N; and the benzene mean plane at C, makes angles of
68.98(6) and 20.38(7)°, respectively, with benzimidazole planar unit [maximum
deviation = 0.0253(11) A]. The phenyl and the adjacent benzene mean planes
makes an angle of 64.30(7)°. An intramolecular S(6) ring motif [12] is gener-
ated by O=H...N hydrogen bond. The hydrogen bond involving has the hydroxyl
substituent (Oy) as the proton donor and the nitrogen (N3) atom as the acceptor,
which forms a six-membered ring (N3, C;, Cy1, Cag, Oz and Hy). The C=H...N and
C=—H...O hydrogen bonds links the molecules. There is a n-n assembling contact,
with a centroid-centroid distance of 3.8428(12) A.

The ORTEP-3 for Windows [13] was used to draw the thermal displacement
ellipsoid plot (Figure 10) at the 50% probability level. Figure 11 presents the n-n
interactions observed in the crystal structure brought using the program PLATON
[14]. The crystal structure packing view is shown in Figure 12 [14].

The dashed lines indicate the intramolecular O==H...N hydrogen bond.

3.5 Structural analysis of 2-(4-fluorophenyl)-1-phenyl-1H-benzimidazole
(FPPBI)

This section describes the determination of the crystal structure and molecu-
lar structure of FPPBI [8]. The crystal structure of FPPBI was solved by direct
methods, using the program SIR2004 [16]. The crystal structure is refined by the
program SHELXL97 [11].

This compound crystallises in the Monoclinic system in the space group
P2,/n. Molecular formula: C;9H;3FN,; Molecular weight: 288.31; Z = 4; crys-
tal data: a = 8.7527(4) A; b = 10.1342(4) A; ¢ = 17.0211(6) A; p = 104.187(4)°;

V = 1463.75(11) A% D,y = 1.308 Mg m™; Fyq = 600; final R[F* > 26(F*)] = 0.063
and wR(F?) = 0.160 for 5352 observed reflections with (I > 25(I)).
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Figure 10.
The thermal displacement ellipsoid plot (at the 50% probability level).
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Figure 11.
The crystal structure, partially showing the formation of n-r stacking interactions. Symmetry code (i): 2 — x, —y, —2.

All the H atoms were placed geometrically and allowed to trip on their parental
atoms, with C=H = 0.93 A (Csp®). Uiso(H) = kU,(C), wherek = 1.5 (CH;H) and 1.2
(for all other carbon-attached H atoms).

The benzimidazole group is nearly planar [maximum deviation = 0.0342(9) Al.
The mean planes of the phenyl at N; and fluorobenzene at C, make dihedral angles
of 58.94(3) and 51.43(3)°, respectively, with the benzimidazole least-squares plane.
The phenyl and fluorobenzene mean planes make an angle of 60.17(6)°. Finally,
three C=H...F hydrogen bonds and two weak C=H...7 contacts connecting the
fused benzene ring lead to a three-dimensional construction.
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The ORTEP-3 for Windows [13] was used to draw the thermal displacement
ellipsoid plot (Figure 13) at the 50% probability level. Figure 14 presents the
C=H...n interactions observed in the crystal structure, brought using the program
PLATON [14]. The crystal structure packing view is shown in Figure 15 [14].

Figure 12.
The crystal packing with hydrogen bonds [14], viewed along the c axis.

Figure 13.
The thermal displacement ellipsoid plot (at the 50% probability level).
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3.6 Structural analysis of 2-(naphthalen-1-yl)-1-phenyl-1H-benzimidazole
benzene hemisolvate (NPBIBHS)

This section describes the determination of the crystal structure and molecular
structure of NPBIBHS [9]. The direct method program SHELXS2013 [11] was
used to solve the crystal structure. SHELX1.2013 [11] program is used to refine the
crystal structure. This compound crystallises in the triclinic system in the space
group P1 Molecular formula: Cy3H;6N,.0.5C¢Hg; molecular weight: 359.43; Z = 2;
crystal data: a = 8.5529(3) A;b=94517(3) A; ¢ = 11.8936(3) A; a = 86.334(2)°;

Figure 14.
The crystal structure, partially showing the formation of C=H... 7 interactions. Symmetry codes are (iv): —x,
-y +1, —zand (v): —x + 1, =y + 1, —2.

Figure 15.
The crystal packing with hydrogen bonds [14], viewed along the b axis.
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Figure 16.
The thermal displacement ellipsoid plot (at the 50% probability level).

Figure 17.
The crystal structure, showing the formation of complex Cm==H... 7 interactions.
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Figure 18.
The crystal packing with hydrogen bonds [14], viewed along the a axis.

B = 89.838(2)° y = 75.051(3)% V = 926.94(5) A% D, = 1.288 Mg m™; F = 378; final
R[F? > 26(F?)] = 0.057 and wR(F?) = 0.160 for 9086 observed reflections with I > 25(1).

All the H atoms were placed geometrically and permitted to trip on their
parental atoms, with C=H = 0.95 A (Cspz) and Uj,,(H) = kUgq(C), where k = 1.5
(==CHj; H) and 1.2 (for all other H).

The benzimidazole least-squares plane [maximum deviation = 0.0258(6) A]
and the naphthalene least-squares plane [maximum deviation = 0.0254(6) A] make
dihedral angle of 61.955(17)°. The least-squares planes of the imidazole ring and the
phenyl ring make a dihedral angle of 61.73(4)°. An intramolecular S(6) ring motif
[12] is generated by the C=H...N hydrogen bond. The hydrogen bond involving has
the carbon atom (Cys) as the proton donor and the nitrogen atom (N3) as the accep-
tor, which forms a six-membered ring. Seven weak C=H...x links concerning the
attached ring system, the benzene solvent molecule, the imidazole and the phenyl
rings are detected, to a three-dimensional architecture.

The thermal displacement ellipsoid plot (Figure 16) at the 50% probability level
was drawn using the program ORTEP-3 for Windows [13]. Figure 17 presents the
C=H...n interactions observed in the crystal structure brought using the program
PLATON [14]. The crystal structure packing view is shown in Figure 18 [14].

4. Comparative study on the structural aspects of the six benzimidazole
derivatives

Section 3 presents the X-ray crystal structure analyses of six closely related
organic benzimidazole compounds. The MBMPBI compound is similar to
2-(1H-benzimidazol-2-yl) phenol (BIP) except for the presence of methylbenzyl at
the first position of the benzimidazole unit, a methyl at the fourth position of the
phenyl group and the absence of hydroxyl group. The DPBI compound is similar to
2-(1H-benzimidazol-2-yl) phenol (BIP) except for the presence of a phenyl group at
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the first position of the benzimidazole unit and the absence of an ==OH group. The
PBIP compound is similar to that of 2-(1H-benzimidazole-2-yl) phenol (BIP) except
for the presence of a phenyl group at the first position of the benzimidazole unit
and the absence of the =H atom. The FPPBI compound is like that of 1,2-diphenyl-
1H-benzimidazole (DPBI) except for the presence of a fluorine atom at the fourth
position of the phenyl group in the second location of the benzimidazole core.

All the six structures have the benzimidazole core essentially as the basic skel-
eton, with different groups (==H, ==C¢H==OH, ==CH==C¢H==CHj3, ==C¢H,~=CHj,
—C6H5, —C6H5, —C6H5, —C6H4—OH, —C6H5, —C6H4-F, —C6H5, and —C10H7) as
substituents. The structural determinations of the compounds have revealed several
features, such as (1) the hydrogen bonds: O==H...N, N=H...O, C=H...N, C=H...O,
C=—H...F; (2) interactions C=H...7 and (3) stacking interactions n-x.

A type of hydrogen bond operational among a soft acid CH and a soft base
n-system is known as a C=H...7 interaction. The most striking contacts are (1) the
connections among the aliphatic C=H donors and the aromatic n-acceptors and (2)
the connections among the aromatic C=—=H donors and aromatic n-acceptors. The
non-covalent contacts that encompass the & systems in chemistry are the n-effects
or the n-interactions.

Related crystal structures: 1293 articles match the search term ‘Benzimidazole’
on IUCr Journals Crystallography Journals Online (https://journals.iucr.org/) as on
February 10, 2019. The search (IUCr Journals’ paper reference codes are: bh2413:
2-(4-chlorophenyl)-1-phenyl-1H-benzimidazole, bi2334: 1-benzyl-2-phenyl-
1H-benzimidazole, bv2218: 1-phenyl-2-[4-(trifluoromethyl) phenyl]-1H-benz-
imidazole, bx2457: 1-(4-bromobenzyl)-2-(4-bromophenyl) -1H-benzimidazole,
€i2926: 1-benzyl-1H-benzimidazole, fy2081: 1-phenyl-2-p-tolyl-1H-benzimidazole,
g02077: 2-(4-methoxyphenyl)-1-phenyl-1H-benzimidazole, hk2704: 2-p-tolyl-1-p-
tolylmethyl-1H-benzimidazole, In5659: 2-(3,4-difluorophenyl)-1H-benzimidazole
and 1h5706: 2-[4-(trifluoromethyl) phenyl]-1H-benzimidazole)) confirms that the
geometry of the benzimidazole cores is similar in all the reported structures.

5. Conclusions

This chapter described the research work carried out by the authors on the
crystal structure determination of some selected biologically important new
benzimidazole derivatives by using X-rays. The detailed structural analyses on
the bond lengths, bond angles, torsion angles and dihedral angles between the
least-squares planes of these six benzimidazole derivatives indicate that in the
compounds BIP, MBMPBI, DPBI, PBIP, FPPBI and NPBIBHS, the benzimidazole
unit is essentially planar as expected and as revealed by the latest literature
survey (https://journals.iucr.org/). The present X-ray study confirms that the
benzimidazole skeleton has an imidazole planer five-membered heterocyclic ring
fused with the benzene ring. The basic geometrical examination (bond lengths
and bond angles) of the benzimidazole core in the BIP molecule are in good
agreement with those observed in other closely related benzimidazole deriva-
tives. All the substituents are in the expected positions around the benzimidazole
units. The X-ray study confirms the molecular structure and atom connectivity
of the above-studied compounds as shown in Figures 2, 5, 7, 10, 13 and 16. The
O=H...N, N=H...O, C=H...N, C=H...0, C=H...F hydrogen bonds, C=H...x
and the n-n interactions are effective in the stabilisation of the crystal structure.
We are interested in studying the biological and photophysical properties of BIP,
MBMPBI, DPBI, PBIP, FPPBI and NPBIBHS compounds. The benzimidazole
derivatives are a sensitive fluorescent sensor for TiO, (P,s), Fe,03, WO;, Al,O;,

45



Chemistry and Applications of Benzimidazole and its Derivatives

CuO, TiO, (H), ZnO, Cu-ZnO, Ag-ZnO, TiO, (R) and TiO; (A) nanoparticles.
The benzimidazole-based iridium (III) complexes show green emission with
maximum electroluminescent efficiencies at low voltage.
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List of abbreviations (a partial crystallographic information file (CIF)
for the compound BIB only as an example)

_space_group_crystal_system  monoclinic
_space_group_name_H-M_alt P2,/c
_chemical_formula_moiety C13HI1I0 N2 O

_chemical_formula_weight 210.23
_cell_formula_units_Z 4
_cell_length_a 16.864(4)
_cell_length_b 4.7431(8)
_cell_length_c 12.952(2)
_cell_angle_alpha 90
_cell_angle_beta 102.34(2)
_cell_angle_gamma 90
_cell_volume 1012.1(3)
_exptl_crystal_density_diffrn 1.380
_exptl_crystal_F_000 440
_reflns threshold_expression I>2(D)
_refine_ls R_factor_gt 0.067
_refine_ls wR_factor_gt 0.131
_reflns number_gt 1184
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Chapter 4

Synthesis and Pharmacological
Profile of Benzimidazoles

Kanthavaju Kamanna

Abstract

Benzimidazoles are a class of heterocyclic, aromatic compounds which share
a fundamental structural characteristic of six-membered benzene fused to five-
membered imidazole moiety. Molecules having benzimidazole motifs showed
promising application in biological and clinical studies. Nowadays it is a moiety
of choice which possesses many pharmacological properties extensively explored
with a potent inhibitor of various enzymes involved in a wide range of therapeutic
uses which are antidiabetic, anticancer, antimicrobial, antiparasitic, analgesics,
antiviral, and antihistamine, as well as used in cardiovascular disease, neurology,
endocrinology, ophthalmology, and more. The increased interest for benzimidazole
compounds has been due to their excellent properties, like increased stability, bio-
availability, and significant biological activity. This book chapter mainly discussed
recent synthetic methods developed for the benzimidazole derivatives and their
pharmacological properties exemplified on several derivatives.

Keywords: benzimidazole, heterocycle, medicinal chemistry,
structure activity relationship, biological activity

1. Introduction

The biological application of benzimidazole nucleus is discovered way back
1944, when Woolley speculated that benzimidazoles resemble purine-like struc-
ture and elicit some biological application [1]. Hence benzimidazole structure
found isosters of naturally occurring nucleotides, which allows them to con-
tact easily with the biopolymers of the living system. Later, Brink discovered
5,6-dimethylbenzimidazole as a degradation product of vitamin By, and subse-
quently found some of its analogs having vitamin By,-like activity [2, 3]. These
initial study reports emerged to explore various decorated benzimidazole motif
discoveries by the medicinal chemist. Over the few decades of active research,
benzimidazole has evolved as an important heterocyclic nucleus due to its wide
range of pharmacological applications. Hence, it’s worth to understand the basic
chemistry and structure of such a wonderful molecule. Benzimidazole is formed
by the fusion of benzene and imidazole moiety, and numbering system accord-
ing to the IUPAC is depicted in Figure 1. Historically, the first benzimidazole was
prepared in 1872 by Hoebrecker, who obtained 2,5 (or 2,6)-dimethylbenzimidazole
by the reduction of 2-nitro-4-methylacetanilide [4]. Benzimidazoles which contain
a hydrogen atom attached to nitrogen in the 1-position readily tautomerize, and
this may be depicted in Figure 1. This basic “6 + 5” heterocyclic structure is shared
by another class of chemical compounds existing in nature shown in Figure 2.
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Figure 1.
Tautomeric forms of benzimidazole.
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Benzimidazole-based drugs.

Among the members of this group of molecules are well-known building blocks for
biopolymers, such as adenine and guanine, two of the five nucleic acid bases, uric
acid, and caffeine. From this basic structural similarity, it is not too surprising that
benzimidazole nucleus has emerged biologically as an important pharmacophore
with a privileged structure in medicinal chemistry. Nowadays it is a moiety of
choice which possesses many pharmacological properties. The most prominent
benzimidazole compound in nature is N-ribosyl-dimethylbenzimidazole, which
serves as an axial ligand for cobalt in vitamin By,. The pharmacological application
of benzimidazole analogs found potent inhibitors of various enzymes involved and
therapeutic uses including as antidiabetic, anticancer, antimicrobial, antiparasitic,
analgesics, antiviral, antihistamine, and also neurological, endocrinological, and
ophthalmological drugs [5-13].

The use of benzimidazole started many years back in 1990 onward, a vast number
of benzimidazole analogs synthesis were reported, which resulted in increased stabil-
ity, bioavailability, and significant biological activity. Some of the well-known active
drugs with benzimidazole ring are mentioned in Figure 3, omeprazole, bendamustine,
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albendazole, and mebendazole. This chapter is mainly focused on the chemistry of the
benzimidazoles and on the recently reported synthesis and mechanisms, structural
aspects, and pharmacological applications with biological and clinical studies.

2. Overview of benzimidazole synthesis

Experimentally the simple method for the synthesis of benzimidazole deriva-
tives begin with benzene containing nitrogen functions at ortho-position to each
other o-phenylenediamine (OPD) is well documented. In this section several
synthetic methodologies are grouped according to the starting material which is
used for the benzimidazole motif synthesis reviewed.

2.1 Synthesis of benzimidazoles by the reaction of substituted aldehyde
with OPD

The reaction of OPD with aromatic/aliphatic aldehyde under suitable condition
for the synthesis of 2-substituted benzimidazoles is well-known. Since the reaction
involved oxidation, it required oxidative condition. The oxidation reaction may be
carried out in the presence of air or more conveniently by oxidizing agent such as
cupric acetate first introduced by Weidenhagen [14-16]. This method reported the
reaction of OPD with aldehyde in the presence of water or alcoholic solution in the
presence of cupric acetate. The formed cuprous salt of benzimidazole is decomposed
with hydrogen sulfide which gave free benzimidazole after filtration. This method
isolated excellent yields of 2-substituted benzimidazoles of alkyl, aryl, and heterocy-
clic substituted moiety. Further Wright’s group reported the synthesis of N-alkylated
benzimidazoles using N-alkylated-o-phenylenediamine with aldehydes gave good
yields of 1-substituted benzimidazole. The mechanism found the initial formation
of a Schiff intermediate by the reaction of aldehyde with one of the amines of OPD,
followed by cyclization to form the product (Figure 4). The researcher observed
that, the reaction between OPD and aldehyde in the absence of a specific oxidizing
agent results to either 2-substituted benzimidazoles or aldimines (Figure 5) product
formation in some cases aldimines major and some cases 2-substituted benzimid-
azoles are the major or both form exists in equal amounts. Rao and Smith et al. inde-
pendently reviewed the reaction between OPD and Aldehydes (Figure 6) as a simple
and efficient method to synthesize benzimidazoles [17, 18]. Numerous methods
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Figure 4.

Mechanism of formation of benzimidazole catalyzed by oxidizing agent [Phl (OAc), ].
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Figure 5.
Synthesis of benzimidazoles via aldiminic intermediates in the absence of catalyst.
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Synthesis of benzimidazole derivatives from OPD and aldehydes.

are reported for the condensation of substituted OPD with aryl/alkyl/heterocyclic
aldehydes catalyzed by different oxidizing agents or metal triflate such as Sc (OTf);
or Yb (OTf); [19], sulfamic acid [20], H,0,-HCI [21], FeBr; [22], PhI (OAc), [23],
LaCl; [24], HsIO6-SiO, [25], Ce (NO;3)3.6H,0 [26], NaHSO,-SiO, [27], mercuric oxide
[28], chloranil [29], manganese dioxide [30], and L,/ TBHP [31] and more methods
[32-34]. This method isolated excellent yields of 2-substituted benzimidazoles with
alkyl, aryl, and heterocyclic substituted moiety (Figure 6).

2.2 Synthesis of benzimidazoles by the reaction of aryl/alkyl/heterocyclic acid
chloride with OPD

Other synthetic routes involved carboxylic acid with an OPD-required harsh
condition in the presence of a strong acid at elevated temperatures with poor yield
reported for the benzimidazole. Alternatively, a two-step synthesis is reported,
wherein the OPD is treated with one equivalent of an acid chloride derivative and
the resulting mono-acylated product is subjected to cyclodehydration under various
conditions such as heating in aqueous acids/solvents or by greener methods such as
glycerol [35], ionic liquid [Hbim] BF, [36], agro-waste extract WEPBA [37], hetero-
polyacid [38], BF;.Et,0 [39], zeolite [40], KF-ALO; [41], and more (Figure7).

2.3 Synthesis of benzimidazoles by the reaction of substituted alcohol or amines
with o-nitroarylamines

Researcher demonstrated alternative substrate o-nitroarylamine reaction with
substituted alcohol or amines by using various reducing/redox agents (FeCls) for
the synthesis of benzimidazole in a single step. This procedure has got commercial
importance due to reasonable yield isolation (Figure 8) [42-44].
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Figure 7.
Synthesis of benzimidazole starting OPD with acyl chloride devivatives.
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Figure 8.

Synthesis of benzimidazoles starting o-nitroarylamines.
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2.4 Synthesis of benzimidazoles by the reaction of aldehyde or EAA with
o-substituted arylamines

One-pot three-component reaction of 2-haloanilines, aldehydes, and NaNj; is
also reported for the synthesis of benzimidazole [45]. The reaction catalyzed CuCl
(5 mol%), and 5 mol% of TMEDA was reacted in DMSO at 120°C which gave the
product good yields (4a). The reaction showed tolerance toward aliphatic, hetero-
cyclic aldehydes, and functional groups such as ester, nitro, and chloro on aromatic
afforded the desired products in moderate yields. Bahrami et al. reported useful syn-
thetic methodology for the synthesis of benzimidazoles using catalytic redox cycling
based on (Ce(IV)/Ce(III))/H,0, redox-mediated oxidation of the Schiff intermedi-
ate derived from differently substituted aromatic 1,2-phenylendiamines/2-thiol with
a variety of aromatic aldehydes which resulted in isolation of the product in good
yield (4b) [46]. Further, Bao et al. found Brensted acid-catalyzed (TsOH) cycliza-
tion reactions of 2-amino anilines with ethylacetoaceate (EAA) under oxidant-,
metal-, and radiation-free conditions (4c). In this method various 2-substituted
benzimidazoles are obtained with different groups such as methyl, chloro, nitro, and
methoxy linked on benzene rings which were tolerated (Figure 9) [47].

2.5 Synthesis of benzimidazoles by C-H amination of N-substituted amidines

Researcher demonstrated oxidative C-H amination of N”-aryl-N’-tosyl/N’-
methylsulfonylamidines and N,N’-bis(aryl)amidines using iodobenzene as a
catalyst to obtain 1,2-disubstituted benzimidazoles in the presence of 7-CPBA
which gave target product moderate to high yields (5a) [48]. Alternatively, other
research group reported intramolecular N-arylations of amidines mediated by
KOH in DMSO at 120°C (5b). The method allows diversely substituted products in
moderate to very good yields (Figure 10) [49].
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Figure 9.
One-pot three-component reaction for the synthesis of benzimidazole.
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Synthesis of benzimidazoles using N-substituted amidines.
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2.6 Functionalization of benzimidazole to 2-substituted (hetero)aryl
benzimidazole

Shao et al. recently reported the synthesis of benzimidazoles via direct C—H
bond arylation in the presence of a NHC-Pd(II)-Im complex. The method is toler-
able to various activated and deactivated (hetero)aryl chlorides to get 2-(hetero)
aryl benzimidazoles in high yields. It is a facile and an alternative methodology for
the direct C—H bond arylation of (benz)imidazoles (Figure 11) [50].

2.7 Synthesis by the reaction of N-substituted formamides with OPD derivatives

Bhanage et al. demonstrated efficient and convenient one-pot protocol
synthesis of a benzimidazole derivative using various OPD derivatives and
N-substituted formamides (C1 sources) in a zinc acetate-catalyzed cyclization in
the presence of poly(methylhydrosiloxane) to afford corresponding products in
good yields (Figure 12) [51].
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Synthesis of 2-substituted (hetero)aryl benzimidazoles.
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N-Substituted formamides as C1 sources for the synthesis of benzimidazole.
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One-pot three-component reaction.
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Figure 14.
Synthesis of 1,2-disubstituted benzimidazole.
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2.8 Synthesis by one-pot three-component reaction

Punniyamurthy’s group reported copper-catalyzed one-pot, three-component
reaction of N-aryl imines, in which imine acts as a directing group by chelating to the
metal center, which affords a potential route for the transformation of the commercial
aryl amines, aldehydes, and azides into valuable benzimidazole with vast substrate
scope and diversity (8a). Further, the same group is reported in copper(II)-catalyzed
oxidative cross-coupling of anilines, primary alkyl amines, and sodium azide in the
presence of TBHP at moderate temperature (8b). This one-pot protocol involves
a domino C-H functionalization, transamination, ortho-selective amination, and
cyclization sequence. The method is found tolerable to broad functional group and
can be extended to the coupling of benzyl alcohols (Figure 13) [52, 53].

2.9 Synthesis of 1,2-disubstituted benzimidazole

Chang et al. demonstrated intramolecular C—H amidation using molecular
iodine under basic conditions. The imine substrates required were readily prepared
by condensation of aldehydes with OPD derivatives. The reaction is carried out in
the absence of metal-free cyclization, works well with crude imines, and allows
synthesis of series of N-substituted benzimidazoles. This method is tolerable to a
variety of aromatic, aliphatic, and cinnamic aldehydes to produce diverse
1,2-disubstituted benzimidazoles (Figure 14) [54].

3. Pharmacological profile of benzimidazole derivatives

Benzimidazole moiety came in scenic after discovery of it as an integral part of the
structure of the vitamin By, in the 1950s. In the early 1960s, it was developed as plant
fungicides and later as veterinary anthelminthic. Further, a variety of veterinary anthel-
mintics were developed and marketed, including parbendazole, fenbendazole, oxfen-
dazole, and cambendazole. In 1962 the first benzimidazole developed and licensed for
human use was thiabendazole, and present more derivatives of benzimidazole that have
been clinically approved are albendazole, mebendazole, and flubendazole as anthelmin-
tic; omeprazole, lansoprazole, and pantoprazole as proton pump inhibitors; astemizole
as antihistaminic; enviradine as antiviral; and candesartan cilexetil and telmisartan
as antihypertensives. In literature various substituted derivatives of benzimidazole
demonstrated various therapeutic agents such as anticancer, antiproliferative,
antimicrobials, antivirals, antiparasites, anthelmintic activity, anticonvulsant, antioxi-
dants, anti-inflammatory, antihypertensive, immunomodulators, proton pump inhibitors,
anticoagulants, hormone modulators, and CNS stimulants as well as antidepressants,
antidiabetics, anti-HIV, lipid level modulators, etc. and have made an important scaffold
for the development of new therapeutic agents (Figure 15) [10, 12, 13, 55-79].

3.1 Anticancer activity

Yang et al. optimized the solubility problem of lead benzimidazole (1) through
introducing N-methylpiperazine groups at the 2-position showing preliminary
in vitro anticancer activities [80]. Raghavan et al. demonstrated synthesis and evalu-
ation of 1-(4-methoxyphenethyl)-1H-benzimidazole-5-carboxylic acid derivatives
(2). Caused maximum cell death in leukemic cells with a micromolar concentra-
tion [81]. Omar et al. demonstrated synthesis and docking studies of new series
benzimidazole-pyrrole and tetracycline conjugates (3) tested against lung cancer
cell line A549 and breast cancer cell line MCF-7 and found these molecules exhibited
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Figure 15.
Pharmacological profile of benzimidazole nucleus.
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Benzimidazole derivatives with anticancer effect.

remarkable higher activity than standard [82]. Karthikeyan et al. discovered deriva-
tives of benzimidazoles 2-(phenyl)-3H-benzo[d]imidazole-5-carboxylic acids (4)
and its methyl esters for anti-breast cancer agents [83]. Yoon et al. demonstrated
novel benzimidazole derivatives (5) in sirtuin inhibitors (SIRT1 and SIRT2) with
antitumor activities [84]. El-Nassan’s group showed novel 1,2,3,4-tetrahydro[1,2,4]
triazino[4,5-a]benzimidazole (6) analogs of aryl and heteroaryl groups showing
antitumor activity in human breast adenocarcinoma cell line (MCF-7) [85]. Singh
and Tandon demonstrated 2-aryl-substituted 2-bis-1H-benzimidazoles (7) evaluated
as a topoisomerase-I inhibitor, and more benzimidazole derivatives are in line for the
development of drug candidates (Figure 16) [86, 87].

3.2 Antiviral activity
Benzimidazole and its derivatives showed antiviral activity via contact with differ-
ent virus particles such as human cytomegalovirus (HCMV), human herpes simplex

virus (HSV-1), human immunodeficiency virus (HIV), and hepatitis-B and hepatitis-
Cvirus (HBV and HCV). Luo et al. demonstrated the hepatitis-B virus inhibition by
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Benzimidazole derivatives with antiviral activity.

novel benzimidazole derivatives (8) in HepG2.2.15 cell line [88]. Gudmundsson et al.
discovered alkyl and cyclic alkyl amine substituted N-(1H-benzimidazol-2-ylmethyl)-
5,6,7,8-tetrahydro-8-quinolinamines (9) and screened them for anti-HIV-1 activity

as CXCR4 antagonists [89]. Miller et al. demonstrated stereochemically defined
N-substituted benzimidazoles containing cyclic alkyl amine side chains (10), and its
SAR analogs showed CXCR, antagonist activity as anti-HIV agents [90]. Beaulieu et al.
demonstrated few benzimidazole-based allosteric inhibitors (11) that bind to thumb
pocket I of the HCV NS5B polymerase inhibition to HCV NS5B [91]. In another work,
Wubulikasimu et al. evaluated a series of benzimidazoles bearing a heterocyclic ring as
oxadiazole, thiadiazole, and triazole (12) for their inhibition against Coxsackieviruses
B; and Bg in Vero cells [92]. Monforte et al. reported N-1-aryl-benzimidazole 2-sub-
stituted analogs (13) inhibit HIV-1 nonnucleoside reverse transcriptase inhibitors
(NNRTIs) [93]. Some of these analogs inhibited the replication of HIV at nanomolar
concentration with low cytotoxicity (Figure 17) [94].

4, Conclusions

The modern drug discovery more emphasizes on benzimidazole nucleus con-
taining pharmacophore extensively applied in the biological and clinical studies.
In this book chapter reviewed, recent optimized synthetic methods reported by
various research groups for the synthesis of benzimidazole derivatives are exem-
plified. Further, the therapeutic use of benzimidazole in important areas such as
antidiabetic, anticancer, antimicrobial, antiparasitic, analgesics, antiviral, antihis-
tamine, and more is discussed. In spite of the active, exhaustive, and target-based
research on the development of many drug-like molecule development, the number
of molecules that made its way to the market and clinic is not measurable. It can be
probably due to lack of a comprehensive compilation of various research reports
in each activity capable of giving an insight into the SAR of the compounds. The
biological profiles of these new generations of benzimidazole would represent a
fruitful matrix for further development of better medicinal agents.

Acknowledgements
I would like to thank my PhD students for contributing to this book chapter in

experimental and literature collection. The authors thank the University Grants
Commission and DST-FIST, New Delhi, India, VGST-GoK, for the financial support

59



Chemistry and Applications of Benzimidazole and its Derivatives

to establish research laboratory and instrumental facility. Author is also grateful to
the host university, RCUB, for financial and infrastructure support.

Conflict of interest

The authors confirm that this book chapter content has no conflicts of interest.

Abbreviations

2-PrOH 2-propanol

AcOH acetic acid

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
CAN ceric ammonium nitrate

CH;CN acetonitrile

Cu(OAc), cupric acetate

Cudl copper chloride

Cul copper iodide

DCM dichloromethane

DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

DPPH 2,2-diphenyl-1-picrylhydrazyl
EtOH ethanol

EAA ethyl acetoacetate

H,0, hydrogen peroxide

Hs104-Si0, silica-supported periodic acid
HCI hydrochloric acid

HCOOH formic acid

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
I, iodine

KOH potassium hydroxide

KOtBu potassium tertiary butoxide
m-CPBA m-chloroperoxybenzoic acid
NaN; sodium azide

NH,CI ammonium chloride

OPD o-phenylenediamine

PhI(OAc), benzene (diacetoxyiodo)

PhI iodobenzene

PMHS poly (methylhydrosiloxane)

r.t room temperature

SAR structure activity relationship
TBHP tert-butyl hydroperoxide
TMEDA N,N,N’,N’-tetramethylethylenediamine
TMSN; trimethylsilyl azide

TsOH p-toluene sulfonic acid

WEPBA water extract of papaya bark ash
Zn(OAc), zinc acetate

60



Synthesis and Pharmacological Profile of Benzimidazoles
DOI: http://dx.doi.org/10.5772/intechopen.85229

Author details
Kantharaju Kamanna
Department of Chemistry, Peptide and Medicinal Chemistry Research Laboratory,

Rani Channamma University, Belagavi, Karnataka, India

*Address all correspondence to: kk@rcub.ac.in

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/

by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

61



Chemistry and Applications of Benzimidazole and its Derivatives

References

[1] Woolley DW. Some biological
effects produced by benzimidazole
and their reversal by purines. The
Journal of Biological Chemistry.
1944;152:225-232

[2] Brink NG, Flokers K. Vitamin-By,.
Vi. 5,6-Dimethylbenzimidazole, a
degradation product of vitamin-B,.
Journal of the American Chemical
Society. 1949;71:2951. DOI: 10.1021/
ja01176a532

[3] Epstein SS. Effect of some
benzimidazoles on a vitamin B12-
requiring alga. Nature. 1960;188:
143-144. DOI: 10.1038/188143a0

[4] Wright JB. Chemistry of
benzimidazoles. Chemical Reviews.
1951;48:397-541. DOI: 10.1021/
cr60151a002

[5] McKellar QA, Scott EW. The
benzimidazole anthelmintic agents—A
review. Journal of Veterinary
Pharmacology and Therapeutics.
1990;13:223-247. DOI: 10.1111/}.1365-
2885.1990.tb00773.x

[6] Spasov AA, Yozhitsa IN, Bugaeva LI,
Anisimova VA. Benzimidazole
derivatives: Spectrum of
pharmacological activity and
toxicological properties (a review).
Pharmaceutical Chemistry Journal.
1999;33:232-243. DOI: 10.1007/
BF02510042

[7] Rossignol JF, Maisonneuve H.
Benzimidazoles in the treatment

of trichuriasis: A review. Annals

of Tropical Medicine and
Parasitology. 1984;78:135-144. DOI:
10.1080/00034983.1984.11811787

(8] Patil A, Ganguly S, Surana S. A
systematic review of benzimidazole
derivatives as an antiulcer agent.
Rasayan Journal of Chemistry.
2008;1:447-460

62

[9] Boiani M, Gonzalez M. Imidazole
and benzimidazole derivatives as
chemotherapeutic agents. Mini Reviews
in Medicinal Chemistry. 2005;5:409-424.
DOI: 10.2174/1389557053544047

[10] Narasimhan B, Sharma D, Kumar P.
Benzimidazole: A medicinally important
heterocyclic moiety. Medicinal
Chemistry Research. 2012;21:269-283.
DOI: 10.1007/s00044-010-9533-9

[11] Sivakumar R, PradeepchandranR,
Jayaveera KN, Kumarnallasivan P,
Vijaianand PR, Venkatnarayanan R.
Benzimidazole: An attractive
pharmacophore in medicinal chemistry.
International Journal of Pharmaceutical
Research. 2011;3:19-31

[12] Geeta Y, Swastika G. Structure
activity relationship (SAR) study of
benzimidazole scaffold for different
biological activities: A mini-review.
European Journal of Medicinal
Chemistry. 2015;97:419-443. DOL:
10.1016/j.ejmech.2014.11.053

[13] Yogita B, Om S. The therapeutic
journey of benzimidazoles: A review.
Bioorganic & Medicinal Chemistry.
2012;20:6208-6236. DOI: 10.1016/j.
bmc.2012.09.013

[14] Hofmann K. Imidazole and its
Derivatives Part-1. New York: Wiley
Interscience; 1953

[15] Preston PN. Synthesis, reactions,
and spectroscopic properties of
benzimidazoles. Chemical Reviews.
1974;74(3):279-314. DOI: 10.1021/
cr60289a001

[16] John BW. The chemistry of the
benzimidazoles. Chemical Reviews.
1951;48:398-541. DOI: 10.1021/
cr60151a002

[17] James GS, Isaac H. Organic redox
reactions during the interaction of



Synthesis and Pharmacological Profile of Benzimidazoles

DOI: http://dx.doi.org/10.5772/intechopen.85229

o-phenylenediamine with benzaldehyde.

Tetrahedron Letters. 1971;38:351-3544

[18] Veeranagaiah V, Rao NVS, Ratnam
CV. Studies in the formation of
heterocyclic rings containing nitrogen.
Proceedings of the Indian Academy of
Science, Section A. 1974;79:230-235.
DOI: doi.org/10.1007/BF03051324

[19] Liyan F, Wen C, Lulu K. Highly
chemoselective synthesis of
benzimidazoles in Sc(OTf);-catalyzed
system. Heterocycles. 2015;91:2306.
DOI: 10.3987/COM-15-1332

[20] Heravi MM, Derikvand F,
Ranjbar L. Sulfamic acid-catalyzed,
three-component, one-pot synthesis
of [1,2,4]triazolo/benzimidazolo
quinazolinone derivatives. Synthetic
Communications. 2010;40:677-685.
DOI: 10.1080/00397910903009489

[21] Bahrami K, Khodaei MM,
Kavianinia I. H;O,/HCl as a new

and efficient system for synthesis of
2-substituted benzimidazoles. Journal
of Chemical Research. 2006;12:783-784.
DOI: 10.3184/030823406780199730

[22] Ma H, Han X, Wang Y, Wang J.

A simple and efficient method for
synthesis of benzimidazoles using

FeBr; or Fe(NO;)3-9H,0 as catalyst.
ChemInform. 2007;38:49. DOI: 10.1002/
chin.200749146

[23] Du L-H, Wang Y-G. A rapid and
efficient synthesis of benzimidazoles
using hypervalent iodine as oxidant.
Synthesis. 2007;5:675-678. DOI:
10.1055/s-2007-965922

[24] Venkateswarlu Y, Kumar SR,
Leelavathi P. Facile and efficient one-
pot synthesis of benzimidazoles using
lanthanum chloride. Organic and
Medicinal Chemistry Letters. 2013;3:7.
DOI: 10.1186/2191-2858-3-7

[25] Sontakke VA, Ghosh S, Lawande PP,
Chopade BA, Shinde VS. A simple,

63

efficient synthesis of 2-aryl
benzimidazoles using silica supported
periodic acid catalyst and evaluation
of anticancer activity. ISRN

Organic Chemistry. 2013:1-7. DOI:
10.1155/2013/453682

[26] Martins GM, Puccinelli T,

Gariani RA, Xavier FR, Silveira CC,
Mendes SR. Facile and efficient aerobic
one-pot synthesis of benzimidazoles
using Ce(NO3)3-6H,0 as promoter.
Tetrahedron Letters. 2017;58:1969-1972.
DOI: 10.1016/j.tetlet.2017.04.020

[27] Kumar KR, Satyanarayana PVV,
Reddy BS. NaHSO,-SiO, promoted
synthesis of benzimidazole derivatives.
Archives of Applied Science Research.
2012;4:1517-1521

[28] Rombi M, Dick PR. Chemical
Abstracts. 1972;80:108526s. FR2178385

[29] Harnish H. Chemical Abstracts.
1975;83:79240y. DE2346316

[30] Bhatnagar KS, George MV.
Oxidation with metal oxides-II:
Oxidation of chalcone
phenylhydrazones, pyrazolines,
o-aminobenzylidine anils and
o-hydroxy benzylidine with MnO,.
Tetrahedron. 1968;24:1293-1298

[31] Moumita S, Asish RD. I,/TBHP
promoted oxidative C-N bond
formation at room temperature:
Divergent access of 2-substituted
benzimidazoles involving ring
distortion. Tetrahedron Letters.
2018;59:2520-2525. DOI: 10.1016/j.
tetlet.2018.05.028

[32] Bhenki C, Karhale S, Helavi V.
5-Sulfosalicylic acid as an efficient
organocatalyst for environmentally
benign synthesis of 2-substituted
benzimidazoles. Iranian Journal of
Catalysis. 2016;6:409-413

[33] Gan Z, Tian Q, Shang S, Luo W,
Dai Z, Wang H, et al. Imidazolium



Chemistry and Applications of Benzimidazole and its Derivatives

chloride-catalyzed synthesis of
benzimidazoles and 2-substituted
benzimidazoles from o-phenylenediamines
and DMF derivatives. Tetrahedron.
2018;74:7450-7456. DOI: 10.1016/j.
tet.2018.11.014

[34] Chakraborty A, Debnath S,
Ghosh T, Maiti DK, Majumdar S. An
efficient strategy for N-alkylation
of benzimidazoles/imidazoles in
SDS-aqueous basic medium and
N-alkylation induced ring opening
of benzimidazoles. Tetrahedron.
2018;74:5932-5941. DOI: 10.1016/j.
tet.2018.08.029

[35] Bachhav HM, Bhagat SB, Telvekar VN.
Efficient protocol for the synthesis

of quinoxaline, benzoxazole and
benzimidazole derivatives using glycerol
as green solvent. Tetrahedron Letters.
2011;52:5697-5701. DOI: 10.1016/j.
tetlet.2011.08.105

[36] Nadaf RN, Siddiqui SA, Daniel T,
Lahoti R]J, Srinivasan K. Room
temperature ionic liquid promoted
regioselective synthesis of 2-aryl
benzimidazoles, benzoxazoles and
benzothiazoles under ambient
conditions. Journal of Molecular
Catalysis A: Chemical. 2014;214:155-160.
DOI: 10.1016/j.molcata.2003.10.064

[37] Kantharaju K, Hiremath PB. One-pot,
green approach synthesis of 2-aryl
substituted benzimidazole derivatives
catalyzed by water extract of papaya
bark ash. Asian Journal of Chemistry.
2018;30:1634-1638. DOI: 10.14233/
ajchem.2018.21296

[38] Heravi MM, Sadjadi S, Oskooie HA,
Shoar RH, Bamoharram FF.
Heteropolyacids as heterogeneous

and recyclable catalysts for the
synthesis of benzimidazoles. Catalysis
Communications. 2008;9:504-507. DOI:
10.1016/j.catcom.2007.03.011

[39] Tandon VK, Kumar M. BF;-
Et,0 promoted one-pot expeditious

64

and convenient synthesis of
2-substituted benzimidazoles and
3,1,5-benzoxadiazepines. Tetrahedron
Letters. 2004;45:4185-4187. DOI:
10.1016/j.tetlet.2004.03.117

[40] Heravi MM, Tajbakhsh M, Ahmadi NA,
Mohajerani B. Zeolites. Efficient and
eco-friendly catalysts for the synthesis

of benzimidazoles. Monatshefte fiir
Chemie. 2006;137:175-179. DOI: 10.1007/
s00706-005-0407-7

[41] Khalili SB, Sardarian AR. KF/
Al,O;: An efficient solid heterogeneous
base catalyst in one-pot synthesis of
benzimidazoles and bis-benzimidazoles
at room temperature. Monatshefte

fuer Chemie. 2012;143:841-846. DOI:
10.1007/s00706-011-0647-7

[42] Nguyen TB, Ermolenko L,
Al-Mourabit A. Sodium sulfide: A
sustainable solution for unbalanced
redox condensation reaction
between o-nitroanilines and alcohols
catalyzed by an iron-sulfur system.
Synthesis. 2015;47:1741-1748. DOL:
10.1055/s-0034-1380134

[43] Nguyen TB, Bescont JL,

Ermolenko L, Mourabit AA. Cobalt- and
iron-catalyzed redox condensation

of o-substituted nitrobenzenes with
alkylamines: A step- and redox-
economical synthesis of diazaheterocycles.
Organic Letters. 2013;15:6218-6221. DOLI:
10.1021/01403064z

[44] Hanan EJ, Chan BK, Estrada AA,
Shore DG, Lyssikatos JP. Mild

and general one-pot reduction

and cyclization of aromatic and
heteroaromatic 2-nitroamines to bicyclic
2H-imidazoles. Synlett. 2010;18:
2759-2764. DOI: 10.1002/chin.201111140

[45] Kim Y, Kumar MR, Park N, Heo,

Lee S. Copper-catalyzed, one-pot three-
component synthesis of benzimidazoles
by condensation and C-N bond formation.
The Journal of Organic Chemistry.
2011;76:9577-9583. DOI: 10.1021/jo2019416



Synthesis and Pharmacological Profile of Benzimidazoles

DOI: http://dx.doi.org/10.5772/intechopen.85229

[46] Bahrami K, Khodaei MM, Naali F.
Mild and highly efficient method for the
synthesis of 2-arylbenzimidazoles and
2-arylbenzothiazoles. The Journal of
Organic Chemistry. 2008;73:6835-6837.
DOI: 10.1021/j08010232

[47] Mayo MS, Yu X, Zhou X, Feng X,
Yamamoto Y, Bao M. Convenient
synthesis of benzothiazoles through
Brensted acid catalyzed cyclization
of 2-amino thiophenols/anilines
with p-diketones. Organic Letters.
2014;16:764-767. DOI: 10.1021/
0l403475v

[48] Alla SK, Kumar RK, Sadhu P,
Punniyamurthy T. Iodobenzene catalyzed
C-H amination of N-substituted amidines
using m-chloroperbenzoic acid. Organic
Letters. 2013;15:1334-1337. DOI: 10.1021/
0l400274f

[49] Baars H, Beyer A, Kohlhepp SV,
Bolm C. Transition-metal-free synthesis
of benzimidazoles mediated by KOH/
DMSO. Organic Letters. 2014;16:
536-539. DOI: 10.1021/01403414v

[50] Gu Z-S, Chen W-X, Shao L-X.
N-Heterocyclic carbene-palladium(II)-
1-methylimidazole complex-catalyzed
direct C-H bond arylation of (benz)
imidazoles with aryl chlorides.

The Journal of Organic Chemistry.
2014;79:5806-5811. DOI: 10.1021/
jo5010058

[51] Nale DB, Bhanage

BM. N-Substituted formamides
as C1-sources for the synthesis of
benzimidazole and benzothiazole
derivatives by using zinc catalysts.
Synlett. 2015;26:2831-2834. DOI:
10.1055/s-0035-1560319

[52] Mahesh D, Sadhu P, Punniyamurthy
T. Copper(I)-catalyzed regioselective
amination of N-aryl imines using TMSN3
and TBHP: A route to substituted
benzimidazoles. The Journal of Organic
Chemistry. 2015;80:1644-1650.

DOI: 10.1021/j0502574u

65

[53] Mahesh D, Sadhu P,

Punniyamurthy T. Copper (II)-catalyzed
oxidative cross-coupling of anilines,
primary alkyl amines and sodium azide
using TBHP: A route to 2-substituted
benzimidazoles. The Journal of Organic
Chemistry. 2016;81:3227-3234. DOI:
10.1021/acs.joc.6b00186

[54] HuZ, Zhao T, Wang M, Wu J, Yu W,
Chang J. I,-mediated intramolecular
C-H amidation for the synthesis

of N-substituted benzimidazoles.

The Journal of Organic Chemistry.
2017;82:3152-3158. DOI: 10.1021/acs.
joc.7b00142

[55] Medzhitov R. Inflammation 2010:
New adventures of an old flame. Cell.
2010;140:771-776. DOI: 10.1016/j.
cell.2010.03.006

[56] Gulcan HO, Mavideniz A, Sahin
MF, Orhan IE. Benzimidazole-derived
compounds designed for different
targets of Alzheimer’s disease. Current
Medicinal Chemistry. 2019. DOI: 10.217
4/0929867326666190124123208. E-pub
Abstract Ahead of Print

[57] Dilip D, Tai-Lin C, Yi-wen L,
Tsai-YiY, Ming-Hsi W, Tung-Hu T, et al.
Novel N-mustard-benzimidazoles/
benzothiazoles hybrids, synthesis and
anticancer evaluation. Anti-Cancer
Agents in Medicinal Chemistry.
2017;17:1741-1755. DOI: 10.2174/1871520
617666170522120200

[58] Ritchu S, Sandeep J, Sandeep A,
Deepika S, Neelam J. Synthesis,
characterization and molecular Docking
studies of novel N-(benzimidazol-
1-ylmethyl)-4-chlorobenzamide
analogues for potential anti-
inflammatory and antimicrobial
activity. Anti-Inflammatory & Anti-
Allergy Agents in Medicinal Chemistry.
2018;17:16-31. DOI: 10.2174/1871523017
666180426125141

[59] Gurmeet S, Yogita B, Gulshan B,
Kumar R, Design G. Synthesis and PASS



Chemistry and Applications of Benzimidazole and its Derivatives

assisted evaluation of novel 2-substituted
benzimidazole derivatives as potent
anthelimintics. Medicinal Chemistry.
2014;10:418-425. DOI: 10.2174/15734064
1004140421115518

[60] Prasanna AD, Saleel AL. Design
and synthesis of mannich bases as
benzimidazole derivatives as analgesic
agents. Anti-Inflammatory & Anti-
Allergy Agents in Medicinal Chemistry.
2015;14:35-46. DOI: 10.2174/1871523014
666150312164625

[61] Ibrahim HS, Albakri ME,
Mahmoud WR, Allam HA, Reda AM,
Abdel-Aziz HA. Synthesis and
biological evaluation of some novel
thiobenzimidazole derivatives as
anti-renal cancer agents through
inhibition of ¢-MET kinase. Bioorganic
Chemistry. 2019;85:337-348. DOL:
10.1016/j.bioorg.2019.01.006

[62] Wu Z, Bao XL, Zhu WB, Wang YH,
Phuong Anh NT, Wu XF, et al. Design,
synthesis, and biological evaluation

of 6-benzoxazole benzimidazole
derivatives with antihypertension
activities. ACS Medicinal Chemistry
Letters. 2018;10:40-43. DOI: 10.1021/
acsmedchemlett.8b00335

[63] Salehi N, Mirjalili BBF, Nadri H,
Abdolahi Z, Forootanfar H,
Samzadeh-Kermani A, et al.
Synthesis and biological evaluation
of new N-benzylpyridinium-based
benzoheterocycles as potential
anti-Alzheimer’s agents. Bioorganic
Chemistry. 2018;83:559-568. DOL:
10.1016/j.bioorg.2018.11.010

[64] Bharadwaj SS, Poojary B,

Nandish SKM, Kengaiah J, Kirana MP,
Shankar MK, et al. Efficient

synthesis and in silico studies of the
benzimidazole hybrid scaffold with

the quinolinyloxadiazole skeleton with
potential a-glucosidase inhibitory,
anticoagulant, and antiplatelet activities
for type-II diabetes mellitus management
and treating thrombotic disorders.

66

ACS Omega. 2018;3:12562-12574. DOL:
10.1021/acsomega.8b01476

[65] Mostafa AS, Gomaa RM, Elmorsy MA.
Design and synthesis of 2-phenyl
benzimidazole derivatives as VEGFR-2
inhibitors with anti-breast cancer
activity. Chemical Biology & Drug
Design. 2019;93:454-463. DOI: 10.1111/
cbdd.13433

[66] Vlaminck J, Cools P, Albonico M,
Ame S, Ayana M, BethonyJ, et al.
Comprehensive evaluation of stool-
based diagnostic methods and
benzimidazole resistance markers

to assess drug efficacy and detect

the emergence of anthelmintic
resistance: A Starworms study protocol.
PLoS Neglected Tropical Diseases.
2018;12:e0006912. DOI: 10.1371/
journal.pntd.0006912

[67] Al-Blewi FF, Almehmadi MA,
Aouad MR, Bardaweel SK, Sahu PK,
Messali M, et al. Design, synthesis,
ADME prediction and pharmacological
evaluation of novel benzimidazole-
1,2,3-triazole-sulfonamide hybrids

as antimicrobial and antiproliferative
agents. Chemistry Central Journal.
2018;12:110. DOI: 10.1186/
s13065-018-0479-1

[68] Asati V, Ghode P, Bajaj S, Jain SK,
Bharti SK. 3D-QSAR and molecular
docking studies on oxadiazole substituted
benzimidazole derivatives: Validation

of experimental inhibitory potencies
towards COX-2. Current Computer-
Aided Drug Design. 2018. DOI: 10.2174/1
573409914666181003153249

[69] Bistrovi¢ A, Krstulovi¢ L, Stoli¢ I,
Drenjancevi¢ D, Talapko J,

Taylor MC, et al. Synthesis anti-
bacterial and anti-protozoal
activities of amidinobenzimidazole
derivatives and their interactions
with DNA and RNA. Journal of
Enzyme Inhibition and Medicinal
Chemistry. 2018;33:1323-1334. DOI:
10.1080/14756366.2018.1484733



Synthesis and Pharmacological Profile of Benzimidazoles

DOI: http://dx.doi.org/10.5772/intechopen.85229

[70] Hussain A, AlAjmi MF, Rehman MT,
Khan AA, Shaikh PA, Khan RA.
Evaluation of transition metal
complexes of benzimidazole-derived
scaffold as promising anticancer
chemotherapeutics. Molecules.
2018;23:pii: E1232. DOI: 10.3390/
molecules23051232

[71] Gangrade A, Pathak V, Augelli-
Szafran CE, Wei HX, Oliver P, Suto M,
et al. Preferential inhibition of
Wnt/B-catenin signaling by novel
benzimidazole compounds in triple-
negative breast cancer. International
Journal of Molecular Sciences.
2018;19:pii: E1524. DOI: 10.3390/
ijms19051524

[72] Al Ajmi MF, Hussain A, Rehman MT,
Khan AA, Shaikh PA, Khan RA.

Design, synthesis, and biological
evaluation of benzimidazole-derived
biocompatible copper(II) and

zinc(II) complexes as anticancer
chemotherapeutics. International
Journal of Molecular Sciences.
2018;19:pii: E1492. DOI: 10.3390/
ijms19051492

(73] Akhtar MJ, Khan AA, Ali Z,
Dewangan RP, Rafi M, Hassan MQ,

et al. Synthesis of stable benzimidazole
derivatives bearing pyrazole as
anticancer and EGFR receptor
inhibitors. Bioorganic Chemistry.
2018;78:158-169. DOI: 10.1016/j.
bioorg.2018.03.002

[74] Koronkiewicz M, Chilmonczyk Z,
Kazimerczuk Z, Orzeszko A.
Deoxynucleosides with benzimidazoles
as aglycone moiety are potent
anticancer agents. European Journal of
Pharmacology. 2018;820:146-155. DOL:
10.1016/j.ejphar.2017.12.018

[75] Ajani OO, Tolu-Bolaji OO,
Olorunshola SJ, Zhao Y, Aderohunmu DV.
Structure-based design of
functionalized 2-substituted and
1,2-disubstituted benzimidazole
derivatives and their in vitro

67

antibacterial efficacy. Journal of
Advanced Research. 2017;8:703-712.
DOI: 10.1016/jjare.2017.09.003

[76] Liu HB, Gao WW, Tangadanchu VKR,
Zhou CH, Geng RX. Novel
aminopyrimidinyl benzimidazoles

as potentially antimicrobial agents:
Design, synthesis and biological
evaluation. European Journal of
Medicinal Chemistry. 2018;143:66-84.
DOI: 10.1016/j.ejmech.2017.11.027

[77] Bistrovi¢ A, Krstulovi¢ L, Harej A,
Grbei¢ P, Sedi¢ M, Ko$trun S, et al.
Design, synthesis and biological
evaluation of novel benzimidazole
amidines as potent multi-target inhibitors
for the treatment of non-small cell lung
cancer. European Journal of Medicinal
Chemistry. 2018;143:1616-1634. DOI:
10.1016/j.ejmech.201710.061

[78] Farahat AA, Ismail MA, Kumar A,
Wenzler T, Brun R, Paul A, et al. Indole
and benzimidazole bichalcophenes:
Synthesis, DNA binding and antiparasitic
activity. European Journal of Medicinal
Chemistry. 2018;143:1590-1596. DOI:
10.1016/j.ejmech.2017.10.056

[79] Abdelgawad MA, Bakr RB, Omar HA.
Design, synthesis and biological
evaluation of some novel benzothiazole/
benzoxazole and/or benzimidazole
derivatives incorporating a pyrazole
scaffold as antiproliferative agents.
Bioorganic Chemistry. 2017;74:82-90.
DOI: 10.1016/j.bioorg.2017.07.007

[80] Xiang P, Zhou T, Wang L, Sun CY,
HuJ, Zhao YL, et al. Novel
benzothiazole, benzimidazole and
benzoxazole derivatives as potential
antitumor agents: Synthesis and
preliminary in vitro biological
evaluation. Molecules. 2012;17:873-883.
DOI: 10.3390/molecules17010873

[81] Gowda NR, Kavitha CV,
Chiruvella KK, Joy O, Rangappa K§,
Raghavan SC. Synthesis and
biological evaluation of novel



Chemistry and Applications of Benzimidazole and its Derivatives

1-(4-methoxyphenethyl)-1H-
benzimidazole-5-carboxylic acid
derivatives and their precursors as
antileukemic agents. Bioorganic

& Medicinal Chemistry Letters.
2009;19:4594-4600. DOI: 10.1016/j.
bmcl.2009.06.103

[82] Omar MA, Shaker YM, Galal SA,
Ali MM, Kerwin SM, Li]J, et al.
Synthesis and docking studies of novel
antitumor benzimidazoles. Bioorganic
& Medicinal Chemistry. 2012;20:
6989-6901. DOI: 10.1016/j.bmc.
2012.10.010

[83] Liu T, Sun C, Xing X, Jing L, Tan R,
Luo, et al. Synthesis and evaluation
of 2-[2-(phenylthiomethyl)-1H-benzo
[d] imidazol-1-yl] acetohydrazide
derivatives as antitumor agents.
Bioorganic & Medicinal Chemistry
Letters. 2012;22:3122-3125. DOI:
10.1016/j.bmcl.2012.03.061

[84] Karthikeyan C, Solomon VR, Lee H,
Trivedi P. Synthesis and biological
evaluation of 2-(phenyl)-3H-benzo[d]
imidazole-5-carboxylic acids and its
methyl esters as potent anti-breast
cancer agents. Arabian Journal of
Chemistry. 2017;10:S1788-S1794. DOI:
10.1016/j.arabjc.2013.07.003

[85] Yoon YK, Ali MA, Wei AC, Choon TS,
Osman H, Parang K, et al. Synthesis

and evaluation of novel benzimidazole
derivatives as sirtuin inhibitors with
antitumor activities. Bioorganic &
Medicinal Chemistry. 2014;22:703-710.
DOI: 10.1016/j.bmc.2013.12.029

[86] El-Nassan HB. Synthesis antitumor
activity and SAR study of novel [1

2 4] triazino [4 5-a] benzimidazole
derivatives. European Journal of
Medicinal Chemistry. 2012;53:22-27.
DOI: 10.1016/j.ejmech.2012.03.028

(87] Singh M, Tandon V. Synthesis and
biological activity of novel inhibitors of
topoisomerase I: 2-Arylsubstituted 2-bis-
1H-benzimidazoles. European Journal of

68

Medicinal Chemistry. 2011;46:659-669.
DOI: 10.1016/j.ejmech.2010.11.046

[88] LuoY, Yao JP, Yang L, Feng CL,
Tang W, Wang GF, et al. Design and
synthesis of novel benzimidazole
derivatives as inhibitors of hepatitis
B virus. Bioorganic & Medicinal
Chemistry. 2010;18:5048-5055. DOI:
10.1016/j.bmc.2010.05.076

[89] Gudmundsson KS, Sebahar PR,
Richardson LD, Miller JF, Turner EM,
Catalano JG, et al. Amine substituted
N-(1H-benzimidazol-2ylmethyl)-
5678-tetrahydro-8-quinolinamines

as CXCR4 antagonists with potent
activity against HIV-1. Bioorganic

& Medicinal Chemistry Letters.
2009;19:5048-5052. DOI: 10.1016/j.
bmcl.2009.07.037

[90] Miller JE, Turner EM,
Gudmundsson AS, Jenkinson S,
Spaltenstein A, Thomsan N, et al. Novel
N-substituted benzimidazole CXCR4
antagonists as potential anti-HIV agents.
Bioorganic & Medicinal Chemistry
Letters. 2010;20:2125-2128. DOI:
10.1016/j.bmcl.2010.02.053

[91] Beaulieu PL, Dansereau N, Duan J,
Garneau M, Gillard J, McKercher G,

et al. Benzimidazole thumb pocket I
finger-loop inhibitors of HCV NS5B
polymerase: Improved drug-like
properties through C-2 SAR in three
sub-series. Bioorganic & Medicinal
Chemistry Letters. 2010;20:1825-1829.
DOI: 10.1016/j.bmcl.2010.02.003

[92] Tonelli M, Simone M, Tasso B,
Novelli F, Boido V, Sparatore F, et al.
Antiviral activity of benzimidazole
derivatives II antiviral activity of
2-phenylbenzimidazole derivatives.
Bioorganic & Medicinal Chemistry.
2010;18:2937-2953. DOI: 10.1016/j.
bmc.2010.02.037

[93] Wubulikasimu R, Yang Y, Xue F,
Luo X, Shao D, LiY, et al. Synthesis
and biological evaluation of novel



Synthesis and Pharmacological Profile of Benzimidazoles
DOI: http://dx.doi.org/10.5772/intechopen.85229

benzimidazole derivatives bearing

a heterocyclic ring at 4/5 position.
Bulletin of the Korean Chemical Society.
2013;34:2297-2304. DOI: 10.5012/
bkes.2013.34.8.2297

[94] Monforte A-M, Ferro S, Luca LD,
Surdo GL, Morreale F, Pannecouque C,

et al. Design and synthesis of N1-aryl-
benzimidazoles 2-substituted as novel
HIV-1 nonnucleoside reverse transcriptase
inhibitors. Bioorganic & Medicinal
Chemistry. 2014;22(4):1459-1467. DOL:
10.1016/j.bmc.2013.12.045

69






Section 3

The Therapeutic Potential
of Benzimidazoles

71






Chapter 5

Antidiabetogenic Features of
Benzimidazoles

Alexander A. Spasov, Pavel M. Vassiliev, Vera A. Anisimova
and Olga N. Zhukovskaya

Abstract

Literature data on the insulinogenic effect of 2-aminobenzimidazole prompted us
to investigate its novel derivatives, particularly those containing an additional fused
cycle in C1,2-a position, including imidazole, dihydroimidazole, or tetrahydropy-
rimidine ring. Consensus analysis of the hypoglycemic effect of these compounds
performed with IT Microcosm and PASS system revealed that activity is mostly char-
acteristic for N9—2,3—dihydroimidazo [1,2-a]benzimidazole derivatives. Substructural
analysis of hypoglycemic activity identified substituents that determine the greatest
pharmacological effect. According to the in silico assessment of the ADME proper-
ties, RU-254 was nominated as a lead compound due to the most optimal calculated
and experimental activity and pharmacokinetic parameters. Preclinical studies
have shown that identified compound has a pronounced insulinogenic effect and
hypoglycemic effect, both in intact animals and in animals with experimental
diabetes mellitus. RU-254 also reduces the level of glycated hemoglobin upon chronic
administration, slightly decreases the activity of DPP-4, and increases the average
number of Langerhans islets in the pancreas. Pharmaceutical drug formulation of
RU-254 was developed and investigated for pharmacokinetic, pharmacodynamic,
and toxicological properties. The dosage form of the drug under the name limiglidol
(compound RU-254, diabenol) was evaluated in the full cycle of clinical studies that
confirmed the safety, tolerability, and prominent antidiabetic properties of the drug.

Keywords: in silico, IT Microcosm, consensus prediction, antidiabetic effect,
aminobenzimidazoles, cyclic benzimidazoles, pharmacodynamics,
pharmacokinetics, toxicology, diabenol

1. Introduction

The history of drug discovery for the treatment of diabetes mellitus was and
still is strongly determined by achievements in the field of fundamental medicine.
Initially, the role of the pancreas and islets of Langerhans in the development of this
pathology was proved; later, the structure of insulin, insulin receptor, and glucose
transporters was deciphered; the role of the liver glycogenolysis and gluconeo-
genic enzymes, contributing to increased glucose output and hyperglycemia, was
established; molecular mechanisms for the development of insulin resistance, the
importance of the incretin system and Na*/glucose transporters in the kidneys,
and intestinal a-glucosidase were revealed, which led to the introduction of novel
antidiabetic drugs into clinic [1-4].
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The basis of insulin resistance at the cellular level primarily resides in the
disruption of insulin signaling pathway at the level of the insulin receptor and
insulin receptor substrate (IRS) proteins. The underlying mechanism of this
phenomenon is impaired phosphorylation of serine amino acid residues, catalyzed
by a number of intracellular protein kinases. The muscles, liver, and adipose tissue
are the primary target organs of concern for the development of insulin resistance
[5]. It was established that the severity of insulin resistance correlates, first of all,
with intracellular lipid accumulation [6]. It is intracellular lipids that hamper signal
transmission from the insulin receptor and cause a decrease in insulin-dependent
glucose uptake. The pivotal role of AMP-dependent protein kinase (AMPK), which
is an energy “sensor” of the cell, is also established, since AMPK through TORCI,
the first mTOR-based protein complex, serves as a metabolic switch between cata-
bolic and anabolic processes of the cell. Metformin is a biguanide derivative, which
is the first-line drug for the treatment of type 2 diabetes. In 2001, it was shown that
the molecular mechanism of its action is at least in part mediated by AMPK [7]. It
is believed that indirect activation of AMPK by metformin-induced Ser172 phos-
phorylation determines its pleiotropic effects [8].

At the same time, it is important to note that course of type 2 diabetes mel-
litus characterized by several consecutive phases. It begins with primary insulin
resistance and compensatory hyperinsulinemia with the subsequent development
of p-cell dysfunction, thus creating the need for administration of insulin secreta-
gogues or insulin formulations at the late stages of the disease [9-11].

Given that the previous works described the insulinogenic effect of the anti-
helminthic drug mebendazole [12], which can be considered as a new scaffold
(2-aminobenzimidazole or cyclic guanidine) that exhibits an insulinogenic effect,
we performed an experimental study of the novel cyclic guanidine derivatives,
designed by introduction of additional fused cycle (imidazole, dihydroimidazole, and
tetrahydropyrimidine).

2. Results

The synthesis of novel 2-aminobenzimidazole (AmBI) [13, 14] derivatives and
fused benzimidazole derivatives was carried out, including N’-imidazo[1,2-a]
benzimidazoles (N°-ImBI) [15-17], N'-imidazo[1,2-a]benzimidazoles (N'-

ImBI) [18, 19], N’-2,3-dihydroimidazo[1,2-a]benzimidazoles (N°-DhImBI) [20,
21], N'-2,3-dihydroimidazo[1,2-a]benzimidazoles (N'-DhImBI) [18, 19], and
2,3,4,10-tetrahydropyrimido[1,2-a]benzimidazoles (PrmBI) [22-24].

In order to identify the most promising antidiabetic substances using IT
Microcosm [25, 26] and PASS computer systems [27, 28], a step-by-step detailed in
silico analysis of the hypoglycemic properties of the new compounds was carried
out. Programs DruLiTo [29] and QikProp [30] were employed to assess key ADME
properties and characteristics.

Hypoglycemic effect of the newly obtained derivatives was initially studied in
rats upon intraperitoneal administration at a dose of 50 mg/kg. Blood sampling was
carried out 4 hours after treatment with test compounds. Blood glucose concentra-
tion was determined with the glucose oxidase method using a commercial Glucose
FKD kit [31]. The ratio of glucose concentrations in the blood plasma of the
experimental and control group animals served as an indicator of hypoglycemic
activity [32].

It was found that among condensed benzimidazole derivatives, a number of
substances exceeded hypoglycemic activity of metformin, which served as a refer-
ence drug.

74



Antidiabetogenic Features of Benzimidazoles
DOI: http://dx.doi.org/10.5772/intechopen.84802

2.11Insilico study

IT Microcosm [25, 26] and PASS [27, 28] computer systems were employed
to determine the most promising chemical class of compounds. A training set of
known hypoglycemic drugs and a library of tested benzimidazole derivatives were
subjected to a consensus prediction of the level of hypoglycemic activity. The aver-
age informativity coefficient Kp, was calculated and used as a metric for comparison
of AmBI, N°-ImBI, N*-ImBI, N°-DhImBI, N'-DhImBI, and PrmBI derivatives. Kp,
value ranges from 0 for inactive compounds to 5 for highly active compounds.

According to value of Kp,, the potential of benzimidazole derivatives classes
as sources of substances with hypoglycemic activity decreases in the following
order: N>-DhImBI (Kp, = 4.50) > PrmBI (Kp, = 4.25) > AmBI (Kp, = 2.50) > N'-ImBI
(Kpy = 2.00) > N'-DhImBI (Kp, = 1.25) > N°-ImBI (K, = 0.25) [33].

Thus, it was shown that N9—2,3—dihydroimidazo [1,2-a]benzimidazole and
2,3,4,10-tetrahydropyrimido[1,2-a]benzimidazole derivatives have the most promising
blood glucose lowering activity. That is, these tricyclic structures containing embedded
guanidine group turned out to be more active than 2-aminobenzimidazole derivatives.

Subsequently, employing substructural analysis [34] and analysis via median
[35] and supremal [36] estimates, the class of N9—2,3—dihydroimidazo [1,2-a]benz-
imidazoles was selected as the most promising for the development of hypoglyce-
mic compounds (Figures 1 and 2). It was shown that this scaffold is more preferable
than 2,3,4,10-tetrahydropyrimido[1,2-a]benzimidazole.

Substructural analysis [34] of the level of hypoglycemic activity among the N°-2,3-
dihydroimidazo[1,2-a]benzimidazole derivatives allowed us to reveal a chemical feature
(substituent) that largely determines high hypoglycemic activity—diethylaminoethyl
substituent at the N’ atom of the N°-DhImBI scaffold.

According to the frequency analysis of physicochemical parameters [37] of
experimentally studied derivatives of N°-DhImBI scaffold, a significant feature of
high hypoglycemic activity was revealed—a charge on the internal imidazole cycle
of the condensed system, namely, Q(Imid1), > —0.109, which is a characteristic for
compound RU-254 (diabenol).

Taken together, the results of a complex consensus in silico analysis of the
hypoglycemic activity of six classes of benzimidazole derivatives revealed 9-dieth-
ylaminoethyl-2,3-dihydroimidazo[1,2-a]benzimidazole dihydrochloride (RU-254,
diabenol) as the most promising highly active compound.

Q;Q - 2HCI
™

HsC._N N
CHs
To assess the feasibility of a further study of the pharmacological properties of
compound RU-254, we calculated parameters of drug-likeliness and ADME proper-

ties (absorption, distribution, metabolism, excretion) for RU-254 and reference
antidiabetic drugs metformin and glibenclamide.
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Figure 1.
Informativity coefficients describing the influence of basic benzimidazole structure on high hypoglycemic
activity level (according to the substructural analysis).
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Figure 2.
Supremal evaluations of the effect of basic benzimidazole structure on high hypoglycemic activity level.

Using the DruLiTo program [29], it was found that diabenol satisfies the bound-
ary conditions of all eight drug-likeliness filters, while metformin and gliben-
clamide correspond only for two of them.

Water solubility, serum albumin binding parameters, cellular permeability,
and absorbability through the gastrointestinal tract for the three aforementioned
substances were calculated with QikProp program [30]. A comparative analysis of
the obtained characteristics showed that water solubility and the degree of bind-
ing to serum albumin of diabenol are higher than that of glibenclamide and lower
than that of metformin. Indicators of bioavailability and absorbability through the
gastrointestinal tract in diabenol are higher than that of glibenclamide and metfor-
min. Thus, in terms of the total pharmacokinetic characteristics calculated in the
QikProp program, diabenol is superior to metformin and glibenclamide. It should
be noted that the calculated values of pharmacokinetic parameters of all three
compounds are in the ranges that are recognized as appropriate for drug molecules.

Summarizing the results of the evaluation of ADME properties obtained using two
computational approaches, it can be argued that diabenol in regard of its calculated
drug-like and pharmacokinetic characteristics is not inferior to metformin and gliben-
clamide and is a very promising substance for performing advanced preclinical studies.
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2.2 Synthesis

Synthesis of 9-diethylaminoethyl-2,3-dihydroimidazo[1,2-a]benzimidazole
dihydrochloride (RU-254, diabenol) is readily realized through condensation of
2-amino-1-diethylaminoethylbenzimidazole with an excess of dibromoethane and
subsequent transformation of the resulting of 9-diethylaminoethyl-
2,3-dihydroimidazo[1,2-a]benzimidazole dihydrobromide to the base and the
desired dihydrochloride [21].

e s T = =~
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Example. A stirred suspension of 69.6 g (0.3 mol) of 2-amino-1-diethylamino-
ethylbenzimidazole (I) in 104 ml (1.2 mol) of dibromoethane is gently heated in a
glycerin bath. At 60-70°C, the initial amine dissolves completely, and at 100-105°C,
an exothermic cyclization reaction occurs (the bath is set aside at the beginning),
accompanied by strong boiling up of the reaction mass while temperature rises
to 140°C and a heavy colorless precipitate begins to form. After 5-7 minutes, the
reaction virtually ends, and, in order to complete it, the mixture is heated for an
additional 20 minutes at 140-145°C. After that, 80 ml of DMF are added to the thick
mass with vigorous stirring, and the mixture is heated for another 10-15 minutes.
Cooling to 20-25°C, filtering the precipitate, and washing with DMF (3 x 20 ml)
and acetone (3 x 25 ml) afford 106 g of dihydrobromide (II) in 84% yield. The latter
is dissolved in 230 ml of water and boiled for 10 minutes with 3-5 g of activated
carbon. Carbon is filtered off, and the filtrate after cooling is brought to pH 10 with
40% sodium hydroxide solution. The light yellow oil (III) which separates on the
surface is extracted with toluene. The toluene extracts are washed with water and
dried with anhydrous potassium carbonate. The desiccant is filtered off and washed
with toluene. Combined toluene fractions are acidified by gradual addition of a
saturated solution of hydrogen chloride in 2-propanol to pH 1. The heavy colorless
precipitate of dihydrochloride (IV) is filtered off after 4-5 hours at 20-25°C, washed
with acetone, and dried at 100-110°C for 2-3 hours to a constant weight. Yieldis 75 g
(90.9%) from dihydrobromide (III) and 75% from the initial amine (II). The crude
product can be recrystallized from 2-propanol to pharmacopeia grade purity.

2.3 Preclinical studies

Diabenol had a pronounced hypoglycemic effect and antihyperglycemic activ-
ity in carbohydrate tolerance tests performed on white outbred rats and rabbits.
The compound studied showed a marked decrease of glycemia in animals with
impaired glucose tolerance (in rats with severe streptozotocin diabetes and insulin
resistance syndrome), in rats with alloxan diabetes, and in rabbits with acute
insulin deficiency, induced with administration of anti-insulin guinea pig serum.
In experiments on pancreatomic dogs, diabenol did not reduce blood glucose but
enhanced the hypoglycemic effect of exogenously administered insulin [38-40],
thus confirming insulin-mediated mechanism of action.

Detailed study of antidiabetic action revealed not only pancreatotropic but
also extrapancreatic components of diabenol action. Its pancreatotropic effect is
determined by the enhancement of phase 1 insulin secretion, especially in glucose-
stimulated conditions (Figures 3 and 4).
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Figure 3.
Effect of diabenol (10 mg/kg, intravenously) in blood insulin levels during glucose tolerance test (1 g/kg) in
cats.

Diabenol increases the insulin-dependent glucose uptake in muscles of rat
diaphragm. Under conditions of alloxan-induced diabetes in rats, diabenol restored
liver glycogen content and glycolysis rate and inhibited glycogenolysis in insulin-
dependent organs and tissues (liver, striated muscles) while having no significant
effect on these parameters in kidneys, which are insulin-independent organs [38].

It could be assumed that increased insulinotropic effect of diabenol is associated
with a possible incretinomimetic effect. Studies [41] showed the ability of diabenol
to inhibit the incretin-degrading DPP-4 enzyme, leading to a modulation of the
insulin response. In our studies, diabenol also inhibited DPP-4, but in substantially
higher concentrations (ICsy 1.35-2.05 mM), which cannot be achieved in the
animal’s body. Along with that, a 28-day administration of diabenol to rats with
streptozotocin-induced diabetes was found to slightly and statistically insignifi-
cantly decrease the plasma activity of DPP-4 [42], which could be attributed to the
action of its metabolites.
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Figure 4.
Effect of diabenol (10 mg/kg, intravenously) on the basal portal vein blood glucose levels in cats [38].
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Long-term administration of diabenol to streptozotocin-nicotinamide-induced
diabetic rats allowed us to obtain interesting and valuable results. Oral administra-
tion of diabenol in a dose of 25 mg/kg for 4 weeks reduced blood glucose levels
and volume of consumed liquid by more than 2 times, and level of glycated hemo-
globin by 2.2%, and increased the content of C-peptide [43]. Moreover, diabenol
administration resulted in a significant increase in the average number of islets of
Langerhans in the splenic region of the pancreas and a significant increase in the
area of the pancreatic p-cells (Table 1) [44].

The studied compound did not affect the apoptosis index (fraction of caspase-3
positive cells) and the proliferation index (PCNA-positive and Ki-67-positive cells)
of the endocrinocytes of Langerhans islets. That is, diabenol had a cytoprotective
effect on the cells. These data confirm the possibility of increasing the synthetic
activity of p-cells under the influence of diabenol [44].

Given the complex nature of type 2 diabetes mellitus and aiming to increase the
effectiveness of antidiabetic therapy in clinical practice, combination drugs (fixed
combinations) are actively used to simultaneously target several key pathogenesis
factors of the underlying disease or its complications [7, 9]. The optimal ratios of
diabenol with metformin (1:4) and glibenclamide (5:1) were determined in experi-
ments on rats with streptozotocin-nicotinamide-induced diabetes. Administration
of these fixed combinations proved to be effective in terms of key metabolic mark-
ers, including blood glucose level, dynamics of glycated hemoglobin reduction,
C-peptide level, and recovery of pancreatic p-cells, and has a positive impact on
carbohydrate metabolism—Iliver glycogen content and glycogenolysis [45].

A very important aspect of diabetes pathogenesis is the activation of lipid
peroxidation, which facilitates development of p-cell dysfunction and peripheral
insulin resistance [11]. In order to address this issue in clinical practice, combination
therapy regimens for diabetes have begun to include an antioxidant, for example,
lipoic acid [46]. At the first stage of our study, the direct effect of some antidiabetic
agents on free radical processes was studied in vitro. It was established that diabenol
is a scavenger of superoxide anion, hydroxyl, and peroxyl radicals; rosiglitazone
is active only against the superoxide anion, gliclazide has an antiradical effect
in experiments with DPPH, and metformin and glibenclamide were unable to
interfere with these processes. At the same time, the established direct antioxidant
properties of some studied drugs are difficult to be expected in vivo, since they
require relatively high concentrations to exert antiradical activity in vitro [47, 48].

Experimental Islet area (pm?) Volume Relative Volume Nuclear
groups fraction of number fraction area of
islets (%) of p-cells of p-cells B-cells
(%) (%) (pm’)
Intact control 15,448.2 + 98194 11.0 £ 1.2 63.8+72 742 £56 264 +37
Streptozotocin- 12,8015 £ 11,252.3 5123 47135 553+ 6.1 305+62
nicotinamide-

induced diabetes

Streptozotocin- 9559.6 + 11,513.8 75+15 543 +95 631+46 254+ 64
nicotinamide

induced diabetes

+25mg/kg

diabenol

Statistically significant compared with the intact control group.

Table1.
Morphometric parameters of pancreatic islets in splenic region of the pancreas of streptozotocin-nicotinamide-
induced diabetic vats after administration of diabenol for 21 days (M + m) [44].
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A further study [48] determined the optimal ratios for a combination of dia-
benol and lipoic acid (2.8:1and 5.6: 1). Its activity was studied in a streptozotocin-
nicotinamide-induced diabetic rat model. It was established that this combination
possesses a more pronounced antidiabetic effect than monotherapy with diabenol.
The more important finding of this study is a significantly reduced content of lipid
peroxidation products in the liver, pancreas, and kidneys. In the pancreas under
streptozotocin intoxication conditions, p-cells were significantly preserved by the
combined treatment with diabenol and lipoic acid.

It is known that diabetes is associated with the increased thrombogenic potential
of the blood and impaired rheology properties [49]. This effect is attributed not
only to hyperosmolarity of the blood due to hyperglycemia but also to an increased
aggregation of platelets and red blood cells. Among the antidiabetic agents used in
clinical practice, only gliclazide has a direct inhibitory effect on platelets [8]. For
other drugs, a similar effect is observed only with prolonged therapy. Given the fact
that diabetes increases the frequency of thrombosis events, we studied the effect of
diabenol on aggregation properties of platelets and red blood cells and its influence
on microcirculation in experimental diabetes.

It was established that diabenol, both in vitro and in the conditions of the whole
organism, has an antiplatelet activity. Probably, the effect on functional activity
of platelets is determined by the influence of diabenol on balance of prostacyclin
and thromboxane A2 systems. Diabenol showed an antithrombogenic effect on
the model of thrombosis of the carotid induced by electric current and in systemic
adrenaline-collagen thrombosis, exceeding the activity of gliclazide [50-52].

Diabenol reduced the aggregability and increased the erythrocyte deformability
in normal conditions and, more profoundly, in experimental diabetes. Using fluo-
rescent probes, it has been shown that diabenol was able to increase electronegativ-
ity and reduces the microviscosity of the red blood cells membrane, which results in
the increase in their deformability [53-56].

Amelioration of thrombogenic potential and blood viscosity gives diabenol abil-
ity to enhance the survival of skin graft (a model of the diabetic foot) in both intact
and alloxan-induced diabetic animals [57].

Toxicological study of the diabenol pharmaceutical substance and the dosage
form (tablets containing 0.2 g of the active ingredient) involved acute and chronic
toxicity, examination of cumulative properties, immunotoxicity, effects on carcino-
genesis, and transplacental action. The therapeutic dose of the drug had no adverse
effects. Subtoxic doses of diabenol lead to a sharp decrease in pancreatic f-cell
secretion along with platelet hemorrhages.

Upon long-term administration of diabenol to low-cancer NMRI mice, trans-
genic HER-2/neu mice, and LIO rats with drinking water, no toxic or carcinogenic
effect was observed. An interesting fact has been demonstrated, that is, in NMRI
mice, diabenol delayed the development of age-related disorders of the extra func-
tion and increased the life span of animals. The drug inhibited the occurrence of
spontaneous tumors, reduced the incidence of malignant lymphomas, and inhibited
the onset and development of colon cancer induced with 1,2-dimethylhydrazine in
rats. The authors of this study conclude that diabenol has an anticarcinogenic and
geroprotective effect. Hence, both diabenol and metformin contain a guanidine
group in their structure and exert experimentally proven antitumor effect and
geroprotective activity [58-60].

The data on the pharmacokinetic study of diabenol established the values of the
drug half-life and average retention time, which suggest that the substance undergoes
significantly rapid elimination. The drug penetrates well into organs and tissues,
especially in those with a high degree of vascularization. An important role in the
processes of elimination of a compound is played by processes of its metabolism [61].
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2.4 Clinical studies

Clinical studies of diabenol were conducted on 180 patients with type 2 diabetes.
The drug was administered orally in solid dosage form (0.2 g tablets) 2 times a
day. The study design was a randomized controlled comparative study of efficacy,
tolerability, and safety. Glidiab (gliclazide) served as a reference drug. The course
of diabenol administration ameliorated both fasting and postprandial hypergly-
cemia, reduced glycated hemoglobin level by 1.1% at the end of the third month,
and increased postprandial insulin levels. Diabenol reduced platelet aggregation,
increased erythrocyte deformability, and reduced their aggregability, thus normal-
izing coagulation hemostasis [62, 63].

Clinical and laboratory parameters of patients allowed to conclude that diabenol
administered in a dose of 0.4 g per day for 3 months had no adverse or toxic effects [63].

3. Conclusions

Based on the studies performed, it can be stated that aminobenzimidazole is a uni-
versal privileged substructure that can be used as a source for development of novel
antidiabetic agents. Introduction of structural modifications by means of transition
to tricyclic structures led us to the identification of N9—2,3—dihydroimidazo [1,2-a]
benzimidazole as an optimal scaffold, and in this chemical class of compounds,
agents with high glucose lowering activity were identified.

As aresult, RU-254, or diabenol, was developed as the most active compound.
Both in the experimental and clinical settings, it restores insulin secretion and ame-
liorates peripheral tissue glucose uptake. Another important effect of diabenol that
has been established experimentally and confirmed in clinical studies is a reduction
of thrombogenic potential and viscosity of blood. It has been demonstrated that
diabenol, much like the biguanide derivative metformin, exerts an anticarcinogenic
and geroprotective effect in rodents.

Thus, a new cyclic aminobenzimidazole derivative, diabenol, containing a
guanidine group, combines pharmacological effects characteristic for both bigu-
anide derivatives (reduction of hyperglycemia and liver glycogenolysis, improved
glucose tolerance, anticarcinogenic and geroprotective effects) and for sulfonylurea
derivative gliclazide (restoring insulin secretion, antiplatelet, and antiradical activ-
ity). It is quite possible that all of the identified effects are not a manifestation of the
multi-target action but are pleiotropic effects of diabenol.
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Chapter 6

Development of Benzimidazole
Compounds for Cancer Therapy

Puvranik Purushottamachar,
Senthilmurugan Ramalingam and Vincent C.O. Njar

Abstract

A fact that is largely unknown in the lay press and even the scientific community
is that today cancer kills more people worldwide than tuberculosis (TB), malaria,
and human immunodeficiency virus (HIV) combined. Benzimidazole is a
heterocyclic aromatic organic compound considered to be a useful pharmacophore
in a variety of impactful drugs. The purpose of this review is to highlight the
benzimidazole-containing agents that are currently in clinical use or in clinical
development as anticancer drugs. It is hoped that this review would function as
comprehensive working reference of research accomplishment in the field of
discovery and development of benzimidazole-based anticancer drugs.

Keywords: benzimidazole derivatives, privileged pharmacophore,
anticancer drugs/agents

1. Introduction

Benzimidazole (1) (Figure 1) is used as the major scaffold or as a moiety on
other scaffolds for the development of a variety of drugs [1-4]. The wide range of
pharmacological activities of benzimidazole-containing agents are attributed to the
unique fused benzene and imidazole rings, which can interact in a noncovalent
manner with a range of biological targets due to the presence of an electron-rich
aromatic system and the two hetero-nitrogen atoms [5, 6]. Because of the ability of
benzimidazole derivative to interact with a variety of unrelated molecular targets,
the term “privileged substructure/moiety” is ascribed to this unique azole agent.

It is believed that the interest in benzimidazole chemistry and as a scaffold/moiety
in the discovery and development of drugs arose from the discovery of the rare
and most prominent benzimidazole compound in nature, N-ribosyl-
dimethylbenzimidazole (2) (Figure 1), which serves as an axial ligand for cobalt
in vitamin B12 [7].

Although several benzimidazole derivatives have been approved for clinical
use, including antiparasitic, antiulcer, antihypertensive, antihistaminic, and
antiemetic drugs [1-4], only one anticancer drug, bendamustine (3) (Figure 2), has
received FDA approval [8-10]. Two prominent benzimidazole agents,
selumetinib (4) (Figure 2) [1, 6] and galeterone (5) (Figure 2) [11], that advanced
to phase III clinical trials, but are yet to be approved as anticancer drugs, will also
be discussed.
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Figure 1.
Chemical structuves of benzimidazole (1) and N-vibosyl-dimethylbenzimidazole (2).
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Figure 2.
Chemical structuves of bendamustine (3), selumetinib (4), and galeterone (5).

2. Benzimidazole agents in the clinic and in clinical development
2.1 Bendamustine (3)

Bendamustine (3) (Figure 2) was discovered in a structure-activity relationship
(SAR) campaign directed to obtain more effective and safer water-soluble analogs
of chlorambucil (6) (Figure 3), a nitrogen mustard, which is used clinically against
chronic lymphatic leukemia, lymphomas, and advanced ovarian and breast carci-
nomas [12]. The strategy was replacement of the benzene ring in compound 6 with
purine-like N-methylbenzimidazole moiety in the hope of obtaining an anticancer
agent with antimetabolite and DNA-alkylating activities. Although bendamustine
was first synthesized in the early 1960s [13], it was approved under the trade name
Treanda® by the US Food and Drug Administration (FDA) in 2008 for the treat-
ment of chronic lymphocytic leukemia, multiple myeloma, and non-Hodgkin’s
lymphoma [10, 14-16].

o - - OO0
N )
_ o~ \@%/_/
Chlorambucil (6) Bendamustine (3)

Figure 3.
Replacement of aromatic benzene ring of chlorambucil (6) to produce bendamustine (3 ).
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2.1.1 Chemistry

Bendamustine (3) 4-{5-[bis(2-chloroethyl)amino]-1-methylbenzimidazol-2-yl}
butanoic acid was first synthesized via eight synthetic steps with an overall yield of
12% [13, 17]. However, Chen and colleagues have developed a new, more efficient,
and cost-effective route focused on the use of sustainable chemistry for the synthe-
sis of bendamustine hydrochloride, with the overall yield improved from 12 to 45%
as outlined in Figure 4 [18]. This new synthesis is currently used for the commer-
cial production of 3.

2.1.2 Summary of bendamustine’s preclinical and clinical pharmacology

Even though bendamustine is an alkylating agent, due to its ability to cause
intra-strand and inter-strand cross-links between DNA bases, it has been reported
that the DNA breaks induced by bendamustine are more extensive/durable than
those induced by other alkylating agents, such as chlorambucil, cyclophosphamide,
or carmustine [19-21]. In addition, the drug was shown to exhibit partial cross-
resistance to other alkylating agents. These data suggested that bendamustine may
possess additional mechanisms of action. Indeed, a comprehensive study by Leoni
and colleagues clearly demonstrated that bendamustine exhibits a distinct pattern
of activities unrelated to other alkylating drugs. Using a variety of lymphoid cancer
cell lines, the study concluded that mechanisms of action include induction of
mitotic catastrophe, inhibition of mitotic checkpoints, and activation of DNA-
damage stress response and apoptosis. Compared to other alkylating agents,
bendamustine was shown to activate the base excision DNA repair pathway rather
than the alkyl transferase DNA repair mechanism [20].

Although bendamustine is approved for the treatment of a variety of lymphoid
cancers, its activity has also been reported in several cancers, including cancers of
small cell lung, breast, hepatic, bile duct, and head and neck. The studies by Chow
and colleagues using leukemic cell lines in vitro or ex vivo cells from patients with
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Figure 4.

New optimized synthesis of bendamustine hydrochloride (3).
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leukemic progression to clarify interactions between bendamustine and other che-
motherapeutic drugs unraveled synergy with cladribine, in contrast to observed
antagonism with mitoxantrone or doxorubicin. The observation of synergism
between bendamustine and rituximab (an anti-CD20 antibody) in in vitro CD20-
positive DOHH-2 and WSU-NHL cell lines and ex vivo B-cell chronic lymphocytic
leukemia (CLL) cells [22] and in mice with Daudi xenografts [23] provided the
impetus for clinical trials combining these two drugs [24, 25].

Based on the discussion above, it is obvious that bendamustine is an “old drug
rediscovered.” For over 30 years, bendamustine was used in Eastern Germany as
monotherapy for several cancers, including breast cancer, chronic lymphocytic
leukemia (CLL), Hodgkin’s lymphoma, non-Hodgkin’s lymphoma (NHL), and
multiple myeloma (MM) [26-37]. However, following the reunification of Ger-
many, other countries initiated clinical trials of bendamustine as a single agent and
in combination with other drugs. Bendamustine has achieved worldwide regulatory
approval and is a standard-of-care drug for the treatment on many lymphoid
malignancies. Several articles that provide comprehensive reviews of the discovery
and development of this unique drug are available [8-10].

2.2 Selumetinib (4)

Selumetinib (4) (AZD6244: ARRY-142866) is an orally available, potent, selec-
tive inhibitor of mitogen-activated protein kinase (MAPK)/extracellular signal-
related kinase (ERK) kinases 1 and 2 (MEK1 and MEK2) [6]. This agent has been
extensively studied in many preclinical and clinical studies in several tumor types
with mixed results. Here, we will summarize the chemistry, preclinical studies, and
clinical studies.

2.2.1 Chemistry

Selumetinib (6-(4-bromo-2-chloroanilino)-7-fluoro-N-(2-hydroxyethoxy)-3-
methyl benzimidazole-5-carboxamide) (4) is a diarylamine hydroxamide,
containing mono-methylated benzimidazole subunit [38, 39]. It is a second-
generation, orally active small molecule that acts as a selective and ATP-
uncompetitive inhibitor of MEK1 and MEK2, binding to the allosteric binding site
[38, 39]. The synthesis of selumetinib is yet to be reported in the literature.

2.2.2 Summary of selumetinib’s preclinical and clinical pharmacology

Selumetinib inhibits the enzymatic activity of purified constitutively active
MEK1 with a half maximal inhibitory concentration (ICsp) of 14 nM and was shown
to be highly selective for inhibition of these targets compared to other related
kinases [39]. Using several human cancer cell lines such as NSCLC, melanoma, and
pancreatic and colorectal cell lines, it was shown that selumetinib was a potent
antiproliferative agent. Analysis of the data revealed that cell lines with mutant
BRAF and RAS were sensitive to selumetinib [40]. Selumetinib had little effect on
the growth of Malme-3, the control cell line to the melanoma. Additional studies
suggested that the growth inhibitory effects of selumetinib was not due to wide-
ranging cytotoxicity [39], and it was also established that selumetinib effectively
inhibits the phosphorylation of ERK 1 and ERK 2, which are substrates of MEK1 and
MEK?2 in the MAP kinase pathway. This mechanism of action was confirmed in
tumor xenografts. Additionally, increased markers of apoptosis such as cleaved
caspase 3 and decreased cell proliferation were seen in response to treatment with
selumetinib in the xenograft models [39, 40].
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The promising preclinical in vitro and in vivo data provided the rationale for
multiple clinical trials in cancers with activated Raf-MEK-ERK signaling. In prepa-
ration for clinical evaluation of selumetinib, it was originally developed as a free
base and administered as a liquid suspension, but subsequently a capsule formula-
tion of the hydrogen sulfate salt was found to be more suitable for further develop-
ment [38]. Several phase I and II clinical trials conducted against solid tumors to test
the impact of selumetinib as a monotherapy were unsuccessful [41-44]. This led to
the conduct of several clinical trials with selumetinib in combination with other
cancer drugs. A notable trial was the randomized phase II study of selumetinib in
combination with docetaxel, as a second-line treatment for patients with KRAS-
mutant advanced NSCLC which showed very promising results [45]. The median
progression-free survival was 5.3 months with selumetinib + docetaxel and
2.1 months with docetaxel alone. The objective response rate was 37% for
selumetinib + docetaxel vs. 0% for docetaxel alone (p < 0.001), and the median
overall survival was 9.4 months for selumetinib + docetaxel vs. 5.2 months for
docetaxel alone (HR for death, 0.80 [80% CI, 0.56-1.14]; one-sided p = 0.21).
Unfortunately, in a multinational 510 randomized patients with previously treated
advanced KRAS-mutant NSCLC trial, the combination of selumetinib with
docetaxel did not improve progression-free survival compared with docetaxel alone
[46]. Clearly, addition clinical studies are required to realize the potential impact of
selumetinib alone and in combination with other drugs for the treatment of a
variety of cancers [47, 48].

2.3 Galeterone (5)

Galeterone (also called VN/124-1 or TOK-001) is an orally available anticancer
agent. It was rationally designed as an inhibitor of androgen biosynthesis via inhi-
bition of 17a-hydroxylase/17,20-lyase (CYP17), the key enzyme which catalyzes the
biosynthesis of androgens from the progestins. Through extensive and rigorous
preclinical studies, galeterone was shown to modulate two other targets in the
androgen/androgen receptor (AR) signaling pathway [11] and shown to inhibit the
eukaryotic initiation factor 4E (eIF4E) protein translational machinery [49].
Galeterone advanced successfully through phases I and II clinical trials in prostate
cancer patients but was unsuccessful in the pivotal phase III clinical trial in men
with castration-resistant prostate cancer (CRPC), harboring AR splice variants
(e.g., AR-V7). We present a summary of the chemistry, preclinical studies, and
clinical studies [50].

2.3.1 Chemistry

Galeterone, 3p-hydroxy-17-(1H-benzimidazole-1-yl)androsta-5,16-diene (5), is
one of a series of novel A16—17—azoly1 steroid, which, unlike previously known 17-
heteroaryl steroids, the azole moiety is attached to the steroid nucleus at C-17 via a
nitrogen of the azole. The synthesis of galeterone from commercially available 3p-
acetoxyandrosta-5-en-17-one (12) is presented in Figure 5 [11, 51], and a facile and
large-scale preparation (commercial process) of the compound has been developed
but is yet to appear in the literature.

2.3.2 Summary of galeterone’s preclinical and clinical pharmacology
Using intact CYP17 expressing Escherichia coli, galeterone was shown to be a

potent inhibitor of the enzyme with an ICsq value of 300 nM and was shown to be
more potent than abiraterone (ICso value of 800 nM) [52]. Additional studies by
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Synthesis of galeterone.

our group revealed that galeterone could disrupt androgen signaling through mul-
tiple targets [51-54].

We strongly believe that the increased efficacy of galeterone in several prostate
cancer models both in vitro and in vivo is due to its ability to downregulate the AR
and block androgen binding to AR. Using well-established AR-competitive binding
assays (against the synthetic androgen [PH]R1881), galeterone was equipotent to
Casodex in LNCaP cells but had a slightly higher affinity for the wild-type receptor
in PC3-AR cells. In transcriptional activation assays (utilizing a luciferase reporter),
galeterone was shown to be a pure AR antagonist of the wild-type AR and the T877A
mutation found in LNCaP cells [53]. In prostate cancer cell lines, galeterone
inhibited the growth of CRPCs, which had increased AR and were no longer sensi-
tive to Casodex [53] and was also shown to inhibit the growth of AR-negative
prostate cancer cells [54]. In addition, galeterone demonstrated superior synergy
for growth inhibition in combination with everolimus or gefitinib compared with
Casodex [55].

Recent in vitro studies have shown additional activities of galeterone, including
proteasomal degradation of AR and its splice variants [56, 57] and inhibition of the
eukaryotic initiation factor 4E (eIF4E) protein translational machinery via induc-
tion of proteasomal degradation of mitogen-activated protein kinase-interacting
kinases 1 and 2 (Mnk1 and Mnk2) [58, 59].

Because of the short half-life (¢, = ~40 min) in mice, galeterone was adminis-
tered twice daily in our antitumor efficacy studies. Galeterone (0.13 mmol/kg twice
daily) caused a 93.8% reduction (p = 0.00065) in the mean final LAPC-4 xenograft
volume compared with controls, and this efficacy was significantly more effective
than castration or our most potent CYP17 inhibitor, VN/85-1 [51]. In another
antitumor efficacy study, treatment of galeterone (0.13 mmol twice daily) was very
effective in preventing the formation of LAPC4 tumors (6.94 vs. 2410.28 mm? in
the control group). Galeterone (0.13 mmol/kg twice daily) and VN/124-1
(0.13 mmol/kg twice daily) + castration induced regression of LAPC4 tumor xeno-
grafts by 26.55 and 60.67%, respectively [53]. Using castration-resistant prostate
cancer (CRPC) HP-LNCaP tumor xenografts, we showed that
galeterone + everolimus (m-TORCI1 inhibitor) acted in concert to reduce tumor
growth [60]. Utilizing the androgen-dependent LAPC-4 prostate cancer xenograft
model, we have shown galeterone is more efficacious than the blockbuster prostate
cancer drug abiraterone (Zytiga®) [61]. We also reported that galeterone potently
inhibits the growth of CRPC CWR22Rv1 tumor xenografts [56].
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Based on these impressive preclinical data, galeterone was licensed by the Uni-
versity of Maryland, Baltimore, to Tokai Pharmaceuticals, Inc., who initiated
Androgen Receptor Modulation Optimized for Response 1 (ARMOR1) phase 1/
phase 2 trials in castrate-resistant prostate cancer patients on November 5, 2009
[11]. The ARMOR phase I and phase II studies conducted with galeterone demon-
strated that galeterone is well tolerated with promising clinical activity in patients
with CRCP [62, 63]. To determine whether galeterone has clinical activity in
patients with C-terminal loss of the androgen receptor, circulating tumor cells were
retrospectively tested for C-terminal loss. Of the seven patients identified, six had
PSA50 responses. These promising phases I and II studies enabled the selection of
galeterone 2500 mg/day dose for the pivotal phase III trial (ARMOR3-SV,
NCT02438007). The retrospective data of patients with C-terminal loss of the
androgen receptor supported the design of ARMOR3-SV pivotal trial in which
patients with AR-V7 were randomized to receive either galeterone or enzalutamide.
Regrettably, the trial was discontinued following review by the independent Data
Monitoring Committee, though no safety concerns were cited regarding this rec-
ommendation [50]. Gratifyingly, Educational and Scientific LLC (ESL), Baltimore,
announced (December 17, 2018) that the University of Maryland, Baltimore
(UMB), has granted ESL an exclusive license for the development of galeterone for
the treatment of patients with CRPC. We eagerly await the initiation of a new phase
III clinical study of galeterone in men with prostate cancer.

3. Concluding remarks

Despite the enormous literature on the synthesis and preclinical evaluation of
numerous benzimidazole-containing compounds, it is unclear why very few of this
class of compounds have entered clinical trials for evaluation as potential anticancer
drugs. Given the fact that many benzimidazole-containing drugs have achieved
blockbuster status for other diseases, it may be reasonable to suggest that the
researchers interested in the development of benzimidazole-contained anticancer
drugs should carefully study the process that have resulted in successful non-cancer
benzimidazole drugs. We hope that this review will stimulate research activities
that would eventually produce new anticancer benzimidazole drugs.
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Note added in proof

During the review of this manuscript, it was reported that an analog of
Selumetinib called Binimetinib (Mektovi) in combination with a BRAF inhibitor
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(Encorafenib, Braftovi) was approved by US Food and Drug Administration
(FDA) for the treatment of unresectable or metastatic melanoma with BRAF

mutations [64].
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Chapter7

Benzimidazoles: From
Antiproliferative to Multitargeted
Anticancer Agents

Yousef Najajreh

Abstract

Benzimidazole derivatives are known to act against a range of biological targets
and thus gained clinical applications in a wide spectrum of diseases. Few examples
of multitargeted benzimidazole derivatives that were reported during the last decade
will be described in this chapter. Multitargeting agents for serving the polyphar-
macology approach to combat shortcomings of the main one-drug-one target main
dogma will be briefly explored. In that context, the multitargeting benzimidazole
derivatives gain a special attention. This includes discovery (hit-to-lead), structure-
activity relationship (SAR), and binding mode of at least one lead (or hit) in each
group. Special attention will be given to two structures dovitinib and AT9283 that are
reported to exhibit potent in vitro and in vivo activities against a group of kinases and
non-kinase target (as shown recently for dovitinib).

Keywords: benzimidazole, selective, cytotoxic, inhibitor, multitargeting,
multikinase, polypharmacology, antiproliferative, quinolinone, carbamate,
quinolinone, pyrazole, urea, aniline, anilinobenzimidazolylpyrimidine,
chloroacetamide, amidine, binding, mode

1. Introduction
1.1 Antiproliferative action of benzimidazoles

Benzimidazole, a heterocyclic moiety comprising six-membered benzene ring
fused with five-membered imidazole ring, containing molecules, was known for its
ability to induce antiproliferative effects (named as antineoplastic, anticancer, or
antitumor agents). Numerous structures were reported as effective inhibitors of cell
growth and division, thus acting as antiviral, antibacterial, antifungal, anthelmintic
(or antihelminthics), and anticancer agents. Over the years, several published
scripts have reviewed the synthetic approaches, medicinal chemistry, SAR, bioac-
tivities, and preclinical and clinical studies of such “gifted” fragment [1-8].

1.2 Benzimidazoles act on numerous biological targets
A wide range of activities and medical situations benzimidazole containing
compounds have been used for. That includes antihypertensive [9-12], anti-inflam-

matory [13-15], antibacterial [16-18], antiviral [19-21], antifungal [22-24], anti-
helmintic [25-28], anticancer [29-32], antiulcer [33-35], antioxidant [36-38], and
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psychoactive drugs [39]. And proton pump inhibitors [8, 33], anticoagulants [40,
41], immunomodulators [42], hormone modulators [43, 44], antidepressants [45],
lipid level modulators [46-49], and antidiabetics [50-52] are partial list of thera-
peutic effects of benzimidazole containing comprising compounds. Benzimidazole
derivatives exert their actions by interacting with vital biological targets including
p-tubulin [52-55], DNA minor groove [56-58], serotonin receptors (5-hydroxy-
tryptamine receptors; 5-HT) [59-62], histamine receptors 4 (H4H) [63], dopamine
receptor 2 (D2R) [64], chemokine receptor (CXCR3) [65], interleukin 2-inducible
T-cell kinase (ITK) [66], lymphocyte tyrosine kinase (Lck) [67], phosphatidylino-
sitol 3-kinase (PI3K) [68], activated protein kinase (MEK1) [69, 70], anaplastic
lymphoma kinase (ALK) [71], polo-like kinase 1 (PLK1) [72, 73], breakpoint cluster
region-Abelson kinase (BCR-Abl) [74], casein kinase 2 (CK2) [75], telangiectasia
and Rad3-related protein kinase (ATR) [76], tyrosine kinase receptors [fibroblast
growth factor receptors (FGFR-1/FGFR-2/FGFR-3)], vascular endothelial growth
factor receptor (VEGFR-1/VEGFR-2/VEGFR-3), platelet-derived growth fac-

tor receptor (PDGFR-a/PDGFR-), stem cell factor receptor (c-KIT), FMS-like
tyrosine kinase 3 (FLT3) [77], poly(ADP-ribose)polymerase-1 (PARP-1) [78-82],
dihydroorotate dehydrogenase (DHODH) [83], topoisomerase 1 (TOPO1) [84],
DNA and RNA polymerases [85-89], histone deacetylase 2 (HDAC2) and sirtuin
[3, 90], antagonism of angiotensin 1 [2], neuropeptide Y binding [91], inhibition of
proton pumps [8], DNA intercalating agents [92], inhibition of cyclin-dependent
kinases (CDK) activity [93-96], activation of the p53 protein [97], etc. to mention
part of the asserted cellular targets.

1.3 Scope: benzimidazoles as emerging multitargeting agents

The profound success in bringing into clinical application several kinase inhibi-
tors as anticancer drugs made “kinase targeting” a central branch of targetable
biomolecules during the past two decades. Nevertheless, the emerging of resistant
tumors kinase-directed therapeutics and adverse side effects turned such promising
“targeted therapeutics” into challenging field. In addition, it was noticed that lack
of response to kinase inhibitors is accompanied by changes in signaling network
composition through adaptive kinome reprogramming. Such reprogramming is
believed to allow the tumor to escape effects of the drug and manifest resistance.

In contrast to the “one-drug-one-target” approach, the “bitopic, that is, two drugs
acting on one target” or the “dual, that is, one drug acting on two targets,” “poly-
pharmacology” which refers to a novel paradigm that purposes at “simultaneous
modulation of more than two biological targets by a single drug” has been emerging
as strategy to improve the efficacy and durability of clinical responses to therapies.
In cancer treatment, polypharmacology is a result of the ability of “one drug” to
simultaneously inhibit multiple cancer-driving targets. However, discovering
inhibitors with an appropriate multitarget profile is a challenging task that neces-
sitates a systemic deeper investigation accompanied by major clinical developments.
Therefore, a strategy is required to identify single polypharmacological agents with
the ability to target multiple cancer-promoting or -sustaining pathways that does
not necessarily rely on inhibiting multiple kinases [98]. As a matter of fact, high
ratio (~30%) of the FDA-approved kinome-targeting drugs were reported be mul-
titargeted ones [99]. Actually, the first kinase inhibitor imatinib was approved as
multitarget agent in a later stage (in addition to its primary target BCR-ADbl, it inhib-
its stem cell factor receptor (c-KIT) and platelet-derived growth factor receptors

A and B (PDGFRa and PDGFR) tyrosine kinases and human quinone reductase 2
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Figure 1.

Mgltimrgeting anticancer agents. (a) Multitargeting cytotoxic benzimidazole-based structures.
3-Benzimidazol-2-ylhydroquinolin-2-one based dovitinib [TKI258, CHIR258; (1)], N-cyclopropyl-
N’-[3-[5-(4-morpholinylmethyl) -1H-benzimidazol-2-yl]-1H-pyrazol-4-yl] Urea [AT9283 (2)],

2-anilino-4- (benzimidazol-2-yl) pyrimidine based [2-anilino-4- (benzimidazol-2-yl)-pyrimidine 2-methoxy-
5-{[4- (1-methyl-1H-benzimidazol-2-yl) pyrimidin-2-yl]amino }phenol (3)], a-haloacetamidebenzimidazole-
based [2-chloro-N- (2-(p-tolyl)-1H-benzo[d]imidazol-5-yl) acetamide (4)], and amidine-benzimidazole based
[2-(4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy) phenyl) -5- (4,5-dihydro-1H-imidazol-2-yl)-1H-benzo[d]
imidazole (5)]; (b) FDA-approved multitargeting anticancer agents [sorafenib (6), regovafenib (7) sunitinib
(8), axitinib (9), and lenvatinib (10) and pazopanib (11)].
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(NQO?2)). Thus the question of how efficacious are selective and specific one-drug-
one-target-approved agents in treating advanced and metastatic cancer is still under
evaluation [100-102].

This chapter will concisely provide a deeper insight into the benzimidazole-
containing structures that exhibit action on multiple cellular targets. Special focus
will be drawn to the identification and discovery, the structural activity relation-
ship, proposed binding and interaction, and mechanism of action of each group of
compounds. Detailed synthetic procedures and preclinical and clinical studies are
out of scope of the current chapter. The focus of this chapter will be on groups of
compounds that had been unveiled as concurrently antagonizing multiple targets.
Instead, this chapter will focus on five groups of compounds reported to possess
cytotoxic activities by acting on multiple (see Figure 1a) compounds (1, 2, 3, 4,
and 5) holding the potential to be administered as “polytherapies.”

2. Benzimidazole scaffold for multitargeting of cancer

Multitargeting agent is defined as “a single chemical entity exerting action as a
result of direct interactions on multiple biomolecular targets” [103]. Such agents
can be beneficial in overcoming single (or dual)-targeting limitations including
compromised effectiveness, severe side effects, emergence of resistant target
mutants, and target non-related mutations. In addition, the efficacy of single-
molecular-targeted FDA-approved agents in treating brutal and mortal cancers
(breast, colorectal lung, pancreatic, and prostate) is limited. Most tumors escape
from the inhibition of any single chemotherapeutic agent, and thus one possible
therapeutic strategy could be in (1) administering cocktails of highly selective
inhibitors (combinational therapy) or (2) development of multitarget inhibitors
that act on inhibiting concurrently multiple validated target in cancer cell initiating
a concerted molecular response, leading to cell death. Multitargeting chemothera-
peutics hold the potential of exhibiting synergistic or at least additive effects when
compared to single-targeted ones. It is believed that advances in signaling cascades,
networks and crosstalk, chemo- and bioinformatics, detailed three-dimensional
structural information of target proteins, computational chemistry tools, pro-
teomics, etc. will allow for designing novel multitarget inhibitors.

It has been realized that molecular targeted therapeutics are facing acquired
resistance. Multitargeting approach is gaining increased attention especially when
combating resistant cancer cells. Accumulated evidence showed that drug treat-
ment aggravates “selective pressure” of evolutionary force exerted on tumor cells
that leads to resistance.

Benzimidazole fragment is reported to be an integral part of multitargeted
inhibitors. Such inhibitors challenge the dominant paradigm in drug discovery
which deemed to design and develop bioactive agent with maximum selectivity
and specificity to individual drug target. Such compounds hold the hope for a new
avenue of combating disease cases that could not be cured with one inhibitor acting
on single target such as cancer [104, 105].

2.1 Benzimidazolylquinolinone: a scaffold for targeting multiple biomolecules
2.1.1 Discovery of dovitinib (TKI258, CHIR258)
Dovitinib [(TKI258, CHIR258); 4-amino-5-fluoro-3-(5-(4-methylpiperazin-

1-yl)-1H-benzo[d]imidazol-2-yl) quinolin-2(1H)-one (1)] was first designed and
synthesized as vascular endothelial growth factor receptor (FEGFR) inhibitor in the
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context of developing targeted antiangiogenic treatments [106]. The compound was
later reported as a multitargeted kinase inhibitor (by [107]) following the realization
that its potent inhibitory effects on cancer cells are associated with action on other
multiple key players in oncogenesis, development, and proliferation of cancer [107].
The commercially available 3-benzimidazol-2-ylhydroquinolin-2-one scaffold
[benzimidazolylquinolinone for short from now on, Figure 2 (13)] was identi-
fied using high-throughput screening (HTS) method and reported by Renhowe
et al. (Novartis) as a potent (ICso values < 0.1 pM) reversible ATP competitive
inhibitor of VEGFR-2, FGFR-1, and PDGFRp [106]. Due to desirable properties
as low-molecular-weight compound exhibiting submicromolar activity, (12) was
considered a good hit to start with. To overcome the undesirable physicochemical
properties of (13) (low aqueous solubility), further optimization was needed that
ended up with a drug-like compound (1). Determining the key structural features
required for potent kinase inhibition, molecular modeling was employed. The
assumption was that in quinolinone portion, both NH at position 1 and the carbonyl
group, together with benzimidazole NH, form a donor-acceptor-donor motif that
would most probably bind to the hinge region of the RTKs and should be preserved.
To test this hypothesis, a systematic study was conducted through which
hydrogen bond donors were masked by methyl group (CHs-) as shown in Figure 3
(13a—c) and 14a and 14b. These changes led to significant loss in the potency against
all three receptor tyrosine kinases (VEGFR-2, FGFR-1, and PDGFRp RTKs). The
dimethylated analogue (Figure 3, 14b) showed no kinase activity at a concentration as
high as 25 pM. Interestingly, it was noticed that monomethylation seemed to affect
the kinase selectivity profile as well. Introduction of a methyl on the benzimidazole
NH (13b) had a more dramatic effect on VEGFR-2 affinity than the methylation at
NH in position 1 of the hydroquinolin-2-one (13a). This underlies the importance
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Figure 2.

Bengimidazolquinolinone-based multitargeting scaffold. (a) The basic skeleton of dovitinib (TKI258,
CHIR258), 3- (1H-benzimidagol-2-yl)quinolin-2(1H)-one (12) with the two fragments quinolinone (blue) and
benzimidazole (red) is indicated, (b) structures of commercially available starting “hit” (13) identified using
HTS, and the “lead” approved as a multitargeting drug dovitinib (1).
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Figure 3.

Assessing the effect of the HBD and HBA on the activity of derivative of 3-benzimidazol-2-ylhydroquinolin-
2-one. Methylated analogues of (13 and 14). The monomethylation caused a significant drop in the potency
toward RTKs, while dimethylation aborted the RTKs’ activity [106].
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of preventing the hydrogen bond donor (HBD). An opposite effect was noticed for
FGFR-1, which indicates that despite the high homology of the two ATP-binding
sites in the tow targets, selectivity opportunities still exist that are likely due to
small changes in the shape of binding site. Such change in the shape can influence
the accessibility of alternate binding poses of the monomethylated ligands (13a-13b
and 14a in Figure 1) [106].

2.1.1.1 Structure-activity relationship (SAR)

The scaffold (13) was annotated by four rings (A-D). Modifications were
introduced in a systemic manner. Once the basic structural components needed for
affinity to targets of interest were understood, a study of the structure-activity rela-
tionship around the periphery of central 3-benzimidazol-2-ylhydroquinolin-2-one
(13) scaffold was undertaken. Besides electrophilicity, nucleophilicity, bulkiness,
steric hindrance, HBD versus HBA, and basicity, C4 of ring A was used for incorpo-
ration of moieties that might impart favorable physicochemical properties.

SAR of ring B (C4): While removal of the hydroxyl group reduced the activity,
its replacement with amine improved significantly affinity to RTK and also cell
potency [ECs, of 0.078 uM (NH, > OH > H)], suggesting an importance of the
HBD at C4 of the hydroquinolin-2-one fragment. Thus, incorporation of larger
substituents on the C4-NH of the hydroquinolin-2-one was explored and found to
be tolerated (see compounds 15b and 15c, Figure 4). Not only substantial improve-
ment in the solubility was attained when the substituents carried an additional
basic nitrogen were introduced to this position, it was noticed that this position
modulates the selectivity profile of this class of compounds. It was reported that
both derivatives (12a) and (12b) exhibited enhanced potency against PDGFR than
VEGFR-1 (3000-fold) and FGFR (>1500-fold). Large basic amines like aminoqui-
nuclidine potentiate the derivative (15d) against CHK-1 and GSK-3.
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Figure 4.
Summary of structure—activity relationship (SAR) of 3-bengimidazol-2-ylhydroquinolin-2-one (1) [106].
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In conclusion, substitution at C4 position was revealed as critical to the activ-
ity of the benzimidazolylhydroquinolinone scaffold; however for RTK inhibitor
program, the NH, group was the optimal substituent at C4 as it avoided inhibition
of these additional serine threonine kinases, which could complicate the pharmaco-
logical application of these agents.

SAR of ring D: The overall structure-activity relationship (SAR) is summarized
in Figure 4. Medicinal chemistry efforts were concluded in the selection of com-
pound (1) as a candidate for further development. The compound (1) displayed
exceedingly potent inhibitory effect when assessed against receptor protein kinases
VEGEFR-2, FGFR-1 and FGFR-3, PDGFRp, VEGFR-1, VEGFR-2 and VEGFR-3,
c-KIT, CSF-1R, and FLT-3 with ICs, values between 3 and 27 nM. Such activity is
translated into antiproliferative action on cells that are VEGF-, FGF-, SCF-, CSF-,
or PDGF-driven. Mechanistically, it was also indicated that VEGF-mediated ERK
phosphorylation was dipped in endothelial cells treated with (1).

In summary, dovitinib (1), an antineoplastic benzimidazolylquinolinone
derivative, inhibits multiple growth factor receptor tyrosine kinases important for
tumor angiogenesis and tumor growth. Dovitinib is well established as type III-V
receptor tyrosine kinase (RTK) inhibitor. Though it potently inhibits fibroblast
growth factor receptors (FGFR-1/FGFR-2/FGFR-3), the compound also inhibits
vascular endothelial growth factor receptor (VEGFR-1/VEGFR-2/VEGFR-3),
platelet-derived growth factor receptor (PDGFR-a/p), stem cell factor receptor
(c-KIT), FMS-like tyrosine kinase 3 (FLT3), and colony-stimulating factor recep-
tor 1 (CSFR-1) emphasizing the nonspecific action of the drug [108]. The orally
bioavailable lactate salt of (1) strongly binds to fibroblast growth factor receptor
3 (FGFR3) and inhibits its phosphorylation, which may result in the inhibition of
tumor cell proliferation and the induction of tumor cell death. The activation of the
abovementioned RTK in singularity or together is associated with cell proliferation
and survival in all cancer cell types.

Dovitinib (TKI258, 1) is a highly potent, novel multitargeting receptor tyrosine
kinase inhibitor with ICsq of 1, 2, 10, 8, 27, and 36 nM for FLT?3, ¢-KIT, VEGFR-1/
VEGFR-2/VEGFR-3, PDGFR#, and CSFR —1, respectively. Due to its inhibitory
effect of VEGFR1/VEGFR2, the compound displayed both antitumor and antian-
giogenic activities in vivo.

Trudel and colleagues reported that in addition to inhibiting the abovemen-
tioned TRKs (typesII, IV, V), (1) potently inhibits wild-type (WT) FGFR3,

F384 L-FGFR3 (ICsy = 25 nM), and FGFR3 mutants (ICso = 70-90 nM for the
various mutations) driven by B9 cells [107]. Additionally, same group reported

that (1) inhibited the proliferation of multiple myeloma (MM) cells. When assess-
ing its antiproliferative effect against U266 and 8226 cells, (1) displayed a potent
inhibitory effect (ICso ~ 90 nM) against KMS11 (FGFR3-Y373C), OPM2 (FGFR3-
K650E) cells and ICsg ~ 550 nM KMS18 (FGFR3-G384D) [109]. (1) Exhibited
exceedingly potent antiproliferative effect against acute myelogenous leukemia
(AML) cells MV4;11 (mutant FLT3-ITD) compared to AML RS4;11(FLT3 WT) cells
[ECsp = 13 nmol/L and ECsj = 315 nmol/L for MV4;11 and RS4;11, respectively, i.e.,
(~24-fold decrease in potency for FLT3 WT cells)]. Such results indicated that (1)
exhibited far more potent activity against cells that are dependent on constitutively
active FLT3-ITD. A similar conclusion was affirmed by Heise et al. by the notion
that (CHIR258, 1) inhibited the proliferation of MOLM13 and MOLM14 that are
FLT3-ITD mutant cells with ECsy ~ 6 nmol/L similar to the ones with MV4;11 [109].

Besides the potent action of (1) against a wide range of RTK, its inhibitors’ effect
ion fibroblast growth factor receptors in a variety of tumor xenograft models in
athymic mice, including acute myeloid leukemia, multiple myeloma, and colon-
and prostate-derived models was promising.
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Recent studies reported the comparative activities of dovitinib against 16
colorectal cancer (CRC) cell lines (among them, 10 were KRAS or BRAF mutants).
Results showed the affectivity of the drug in inhibiting the proliferation of majority
of the cell lines excluding the ones harboring KRAS or BRAF mutants. However,
when assessing the efficacy of the drug in vivo, it reduced the tumor growth in vivo
regardless of the KRAS and BRAF mutation status. The drug exerted significant
reduction of the xenograft size of both resistant cell lines (KRAS mutant LoVo cells
but not in BRAF mutant HT-29) but without a detectable effect in the resistant
mutant cell BRAF mutant HT-29 in vitro on s. Such results were explained by the
multitarget action of the drug in which by acting on FGFR and FGFR together with
VEGFR has been able to interfere with resistance mechanisms emerging from the
synergistic interaction between the various signaling cascades in promoting neo-
vascularization that is believed to be one resistance factor in renal cell carcinoma or
pancreatic cancer [110, 111].

Dovitinib was selected to proceed ahead for preclinical and clinical trials.
Several clinical trials have been conducted, and others are also underway with
the drug and alone or in combination with several chemotherapeutic agents
[112-118].

2.1.2 Binding mode of dovitinib (CHIR258, 1) to FGFR-1

Based on FGFR-1 crystal structure (PDB 2FGI) in conjunction with the informa-
tion received from the X-ray structure of (1) with CHK1, a homology model for (1)
complexed with VEGRF2 was constructed [106]. The model was helpful in guid-
ing for the important interactions of (1) with active site. It was concluded that (1)
participated in three hydrogen bonds to the hinge domain (Glu917 and Cys919). In
addition A-ring makes a VDW interaction with the hydrophobic gatekeeper Val916
and was engaged in an S-H/x interaction with Cys1045. Leu840, Val848 (both in the
P-loop and ceiling of the purine pocket), Ala866 (ceiling of the purine pocket), Val
899 (floor of the purine pocket), Phe918 (part of the hinge), Lys920, Gly922 (both
in the lower hinge region), and Leu1035 (floor of the purine pocket) took part in
hydrophobic interaction with (1). In the following studies, the X-ray structures of
(1) complexed with native and with mutant FGFR1 and with FGFR4 were reported
[119-122].

2.1.2.1 Going beyond kinases

Although dovitinib binds to several kinases at nanomolar concentrations,
recent studies reported its inhibitory effect against cancer-related targets including
topoisomerase I and II (Topo I and II) [123] and human recombinant bone morpho-
genetic protein (BMP)-2, indicating that the cell growth inhibitory activity and the
anticancer activity of dovitinib may result, in part, from its ability to target Topo I
and II in addition to the ability to inhibit multiple kinases [124]. A study disclosed
dovitinib inhibition of BMP-2 enhanced alkaline phosphatase (ALP) induction,
which is a representative marker of osteoblast differentiation. Dovitinib also stimu-
lated the translocation of phosphorylated Smad1/Smad5/Smad8 into the nucleus
and phosphorylation of mitogen-activated protein kinases, including extracellular
signal-regulated protein kinases 1 and 2 (ERK1/2) and p38 Figure 5. An increase
in the expression of mRNA of BMP-4, BMP-7, ALP, and osteocalcin (OCN) was
noticed following treatment with (1). It was also noted that the potent stimulating
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Figure 5.

( 43 Cartoon representation of the crystallographic structure of complex of (1) to FGFR-1 (PDB 5 AM6); the
binding site is depicted showing the kinase with vesidues interacting with the ligand in stick model, (b left) the
main intevactions between (1) and the kinase domain and (b vight) the surface representation, with the surface
colored by atom type (ved, oxygen; blue, nitrogen; yellow, sulfur; gray, carbon/hydrogen). The donor-acceptor-
donor motif is shown to interact with the hinge region while the 1-methylpiperazine substituent on Cs' points
into solution [119].

effect of (1) on BMP-2-induced osteoblast differentiation suggests a potential
repositioning for the use of (1) treatment of bone-related disorders [124]. Ina
recent study, Ye Zhang et al. initially used the central scaffold 3- (1H-benzimidazol-
2-yl)quinolin-2(1H)-one (12) to explore that potential diversification of functional
groups decorating (12). The compounds synthesized were assessed against HepG2
(human liver cancer cells), SK-OV-3 (human ovarian cancer cells), NCI-H460
(human large cell lung cancer cells), BEL-7404 (human liver cancer cells), and
HL-7702 (human liver normal cells) cell lines. Initial studies showed that halo-
genated derivative [3-(6-chloro-1H-benzo[d]imidazol-2-yl)quinolin-2(1H)-one
(15e) and 3-(6-bromo-1H-benzo[d]imidazol-2-yl)quinolin-2(1H)-one (15f) (see
Figure 4)] exhibited better activity than 5-FU and cisplatin when assessed against
HepG2, SKOV-3, NCI-H460, and BEL-7404 but not HL-7702. The authors postu-
lated that (15e) and (15f) inhibit HepG2 proliferation by blocking the cells in G2/M
stage through activation of p53 protein.
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2.2 Pyrazolbenzimidazols as multikinase inhibitors
2.2.1 Discovery of AT9283a

In developing a selective potent aurora kinase inhibitor by employing fragment-
based discovery method, the pyrazol-4-yl urea benzimidazole derivative (AT9283,
21) was identified as a multitargeting kinase inhibitor. The pyrazolebenzimidazole-
based clinical candidate (21) was optimized by Steven Howard and his colleagues
following efficient structure-guided fragment to hit ICs; as low as 3 nM activity
as a dual potent inhibitor toward Aurora A/Aurora B [125]. AT9283 was identified
starting from the pyrazole-benzimidazole fragment (16) that was previously identi-
fied during the endeavor of developing cyclin-dependent kinase (CDK) inhibitors.
Subsequent structure-based approach using CDK2 crystallographic structure led to
the identification of the benzamide analogue (18). Throughout the process of devel-
oping CDK2 inhibitors, pyrazole-benzimidazole derivative was identified to act with
high potency toward Aurora A. Starting with fragment, (18) demonstrated superior
ligand efficiency (LE = 0.59) for Aurora A compared to CDK1 and CDK2 and also
sufficient potency to allow detection in a conventional enzyme bioassay [125].

Aiming at optimizing, the “hit” (18) on the way to end up with alead SAR is per-
formed on the benzamide analogues. The team was aided by polyploid phenotype in
HCT116 cells, as a functional assay that differentiates for Aurora A and Aurora B inhi-
bition, combined with potency when screening for further analogues. Guided by the
hypothesis that introducing a basic motif into fragment (18) will improve the potency
of the compound, modifications were introduced successfully to 5- or 6-position of
the benzimidazole without causing any clashes with the protein. In a further step, the
morpholinomethyl motif was functionalized at position 5. Details grasped from the
X-ray crystal structure of (19) complexed with Aurora A revealed that the pyrazole-
benzimidazole motif is positioned in an excellent complementarity with the narrow
region of the ATP pocket. A result directed the steps to follow in the design of the opti-
mized structure (Figure 6). While retaining the 5-morpholinomethyl on the pyrazole-
benzimidazole motif, the benzamide portion was subjected to modifications. Keeping
in mind the need to keep the molecular weight while introducing increased flexibility
on the glycine region, the amide was converted to urea (20). This strategy was fruitful
when comprehending that the urea analogue (20) exhibited reduced plasma protein
binding while maintaining in vitro activity against Aurora kinases.

In the following step, the X-ray structure of (20) complexed with Aurora A was
solved and iterated a similar binding mode to the hinge region. To resolve a twisted
conformation of the phenyl plane in regard to pyrazole-benzimidazole portion
of the molecule, a fully reduced cyclohexyl and difluorophenyl groups were also
introduced (compound (20a) and (20b), respectively). Adsorption, disposition,
metabolism, and excretion (ADME) considerations lead to proposing cyclopropyl
derivative (21). As an alternative to introducing additional heterocyclic moiety,
aiming at reducing the lipophilicity of (20a) for improving the ADME, the size
of cyclohexyl ring was reduced to cyclopropyl analogue resulting in compound
(21) that exhibits high enzyme and cellular potency still with reduced both the
molecular weight (MW) and lipophilicity (logD74 = 2.1, MW = 381). Compound
(21) demonstrated potent inhibition of HCT116 colony formation (ICso = 12 nM),

a clean CYP450 profile (ICso > 10 pM for CYP3A4, 2D6, 1A2, 2C9, 2C19), accept-
able mouse plasma protein binding (81.5%), and good thermodynamic solubility
(2.0 mg/mL at pH = 7.0 and 13 mg/mL at pH = 5.5).

Later, AT9283 (21) was shown to bind and potently inhibit a number of kinases
including the Aurora kinases A and B (serine-threonine kinases that are known to
play essential roles in mitotic checkpoint control during mitosis at ICsg ~ 3 nM),

114



Benzimidazoles: From Antiproliferative to Multitargeted Anticancer Agents
DOI: http://dx.doi.org/10.5772/intechopen.86249

a)

u:{m
= N Step-1 e N Step-2 e N Step-3
HN..,/ g  — HN.. N  — T  —

(16) 17y (18)

CDE2 = 28 microMollar CDE2 =099 microhollar CDE2 =0.052 microMollar

surora A = 0.9] microMollar  Aurora A = 0.070 microMaollar Aurora A = 0.00590 microMolla

. Step-4 Step-4 NH
! — ! 9. '::'\’cp f’&—(
Ij - I :r "N N
F £ j —— M
|§_<N I‘x/'ﬁ HN. % N O HNL Q

H

(19) (2m ATI283 (21)
b)

AT9283 (21a) AT9283 (21b)

Figure 6.

( ag Main steps in the identification and discovery of pyrazolebenzimidazole-based multitargeting agent
AT9283 (21) using fragment-based identification starting from fragment (16). (b) The structure N-cyclopropyl-
N’-[3-[5- (4-morpholinylmethyl)-1H-benzimidazol-2-yl]-1H-pyrazol-4-yl] urea [AT9283 (21a)]. The “folded
conformation” of (21b). Dotted lines to indicate the hydrophobic intevaction between the cyclopropyl and
benzimidazole motifs [125].

Janus kinase 2 (JAK2) and JAK3 (1.2 and 1.1 nM, respectively), breakpoint cluster
region-Abelson (BCR-Abl) T315I (4 nM), and mitogen-activated protein kinase
kinase kinase 2 (MEKK2) with ICs, values of lower nanomolar (4.7-18 nM). This
set of known kinases is known to play key roles in mitotic progress in cell cycle,
induction of proliferation, evasion of apoptosis and tumor growth and thus con-
sidered vital targets to chemotherapeutic agents (see Table 1). Therefore, AT9283
(21) is defined as multikinase (multitargeting) inhibitor [126].

AT-9283 inhibits effective proliferation of cancer cells both in vitro and in vivo
with and its effect is enhanced by with other agents (see Table 2) [127]. Henceforth
T9283 proceeded to clinical trials including in children with relapsed or refractory
acute leukemia, imatinib-resistant BCR-Abl-positive leukemic cells, and patients
with relapsed or refractory multiple myeloma. Accumulative results indicate a need
for optimizing the pharmacological profile on the way to overcome faced challenges
in clinical application of the compound [127, 128].

The activity in imatinib-resistant BCR-Abl chronic myelogeneous leukemia
(CML) explained based on modeling which reiterated the assumption that AT-9283
is bound to the kinase domain in the “folded conformation” which allows the
needed interactions with the hinge region without a clash between the cyclopropyl
group and the isoleucine residue in the T315] mutant. The results obtained in
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Enzyme IC50 (nM)
Aurora A 52% 1 at
3.0nM
Aurora B 58%Iat
3.0nM
JAK3 11
JAK2 12
Abl (T315I) 4
GSK3-B, FGFR2, VEGFR3 (Flt4), Mer, Ret, Rsk2, Rsk3, Tyk2, Yes 1-10
Abl(Q252H), DRAK1, FGFR1, FGFR1(V561 M), FGFR2(N549H), FGFR3, VEGFR1(Flt1), 10-30

Flt-3, PDGFR-a(D842V), PDK1, PKCp, Rsk4, SRC(T341 M), VEGFR2

Table 1.
The inhibitory concentration 50% (ICso of the “lead” (21)) [126].

Inhibitory effect of AT9283 on tumor cell colony formation after 10-14 days treatment

Origin Cell line 1Cso (nM) p53 status
Colon HCT116 13 +
HT-29 11 —
SW620 14 —
Ovarian A2780 77 +
Lung A549 12 +
Breast MCF7 20 +
Pancreatic MIA-Pa-Ca-2 7.8 —

+ indicates expression of wild-type p53; — indicates no expression of p53 or that p53 is nonfunctional [126].

Table 2.
ICyos are the mean of two or move independent determinations.

refractory CML suggest that AT-9283 can be efficient in Ph + acute lymphoblastic
leukemia (Ph + ALL). It is the distinct binding mode that allows AT-9283 in similar
manner to MK-0457 and PHA-739358 to exhibit potent activity against imatinib-
resistant T315I mutant [127, 129].

2.2.2 Binding mode of AT-9283 (21) to kinases

Currently, there exist 11 X-ray resolved crystallographic structures of AT-9283
complexed with target proteins that are documented at the Protein Data Bank. They
include aurora A, aurora B, mutant of aurora B, JAK2, and protein kinase A mutants
as surrogate model for Aurora B. A closer look clarifies that in a similar manner to the
binding of dovitinib, the benzene portion in benzimidazole fragment is pointing in
an orientation toward the solvents’ exposed opening of the binding site. The pyrazole
and urea fragments took part in multiple HBA and HBD interactions with the hinge
region of the enzyme. The morpholine basic amine is oriented toward the solvent and
enhanced significantly the solubility of the compound in physiological pH.

The crystal structure of compound (21) complexed with Aurora A is shown in
Figure 7 [130]. The molecule is positioned at the ATP-binding site of the kinase. It is
revealed the urea linker adopts a cis/trans configuration that results in the molecule
having a “folded conformation.” This same conformation was also observed in the
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Figure7.

( ug Cartoon representation of the crystallographic structure of complex pyrazol-4-yl urea AT9283 (21)
complexed with JAK2 JH2 (PDB 5UTo); (b) the surface representation, with main interactions between
(21) and the kinase domain, coloved by atom type (red, oxygen; blue, nitvogen; yellow, sulfur; gray, carbon/
hydrogen). The donor-acceptor-donor motif is shown to interact with the hinge region, while morpholine
substituent on Cs points toward the solution [130].

crystal structure of (21B) alone (Figure 8) and in DMSO. Such “folded conforma-
tion” was confirmed by NMR measurement. An NOE was observed between H3b/
H3b' of the cyclopropyl ring and the H4 and H7 protons of the benzimidazole ring.
This “folded conformation” was explained by the occurrence of additional stabiliza-
tion due to a hydrophobic interaction between these two groups.

The crystallographic structures of complexes both dovitinib-FGFR-1 and
AT-9283 —Aurora A, revealed that there is a co-planarity between the benzimidazole
and the quinolin-2-one of dovitinib, and pyrazole motif in AT-9283. A tautomeric
rearrangement of the double bond induces a restriction on the rotation around the
connection between the two fragments in each case (see Figure 8). This indicate the
favorite binding to the less rotatable conformer (21B).

Recently AT-9283 was phase I/phase II trial of AT9283, a selective inhibitor of
Aurora kinase in children with relapsed or refractory acute leukemia: challenges to
run early phase clinical trials for children with leukemia [131-137].

2.3 a-Haloacetamidebenzimidazole derivatives as multitargeting agents

Employing virtual screening methods of PubChem database as a first step,
selected support vector machine (SVM) virtual hits were evaluated by Lipinski’s
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Figure 8.
Tautomeric rearrangement of multitarget inhibitors (1) and (21). (a) benzimidazole quinolin-2-one
heterocyclic, and (b) benzimidazole pyrazole derivatives.

rule of five. The compounds which passed Lipinski’s rule of five were subject to
further and more refined screening by using molecular docking. This sequential
refinement led to the identification of 2-aryl benzimidazole group of derivatives
as multitarget “EGFR, VEGFR-2, and PDGFR” inhibitors [138]. A mechanistic
study reported by Jiang and colleagues displayed that (22) exhibited low to
moderate micromolar ICs, against nine established breast cancer cell lines that
are known to have variable expressing EGFR and HER2 (MDA-MB-468, BT-549,
MDA-MB-231, HCC1937, T-47D, BT-474, MDA-MB-453, ZR-75-1, MCF-7, and
MCF-10 A). Using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay, (24 and 25) exerts moderate inhibitory effect on growth
of panel of breast cancer cell lines (ICsq values of 2-9 pM) and was reported to be
more potent than lapatinib against MDA-MB-468, BT-549, MDA-MB-231, ZR-75-
1, and MCF-7. A correlation was observed between the level of HER2 and EGFR
amplification and expression and the sensitivity toward (22). ICso = 3.58 uM
against BT-474 (high expression of HER2), whereas against MDA-MB-453 (lower
levels of HER2 expression) ICso = 4.91 pM. The activity against lower EGFR

and HER2 expressing cell lines (ZR-75-1 and MCF-7), ICsy = 1.81-2.99 pM was
explained by the assumption that (22) is able to act via other targets of EGFR and
HER2 [139].

Docking the compounds into kinase domains revealed that (22) occupies
the ATP-binding site of EGFR (PDB: 2J6M). The compound was able to form
a hydrogen bond with amino acid MET 793 (N-H--0:2.485 A), claimed to be
an important binding site of EGFR. The difference in the activity between the
two compounds against VEGFR2 was explained by the difference in hydrogen
bonding using docking into VEGFR-2 kinase. It was shown that (22) formed
two hydrogen bonds with amino acids CYS917 (N-H---Cl:2.484 A) and ASP1044
(N-H---0:2.429 A), whereas compound (23) formed only one hydrogen bond with
ASP1044 (N-H---0:2.419 A) [140].

The authors concluded that electron-withdrawing substituent residing at 2-aryl
ring together with shorter aliphatic chain contributed to the cytotoxic potency and
to the induction of apoptosis by such group of compounds in HepG-2 cell lines.
Though reported as multitargeting agent, the activity of 2-chloro-N-(2-p-tolyl-
1H-benzo[d]imidazol-5-yl)acetamide (22) exhibiting most potency could not be
explained explicitly by docking alone. (22) encompasses a reactive alphahaloacet-
amide (see Figure 9) that is vulnerable to nucleophilic substitution by biological
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Figure 9.

a-Haloacetamidebenzimidazole derivatives as multitargeting agents. 2-chloro-N-(2-p-tolyl-1H-benzo[d]
imidazol-5-yl)acetamide (21), a novel 2-arylbenzimidazole devivative exhibited remarkable activity toward
breast cancer. In a study reported by Jiang et al. (22 and 23) were virtually identified as multikinase EGFR and
VEGER inhibitor while (22) was identified as EGFR inhibitor and (23) as PDGEFR inhibitor [140, 142].

nucleophiles like thiols (-SH). Thus, a study to explore the formation of irreversible
adducts with cellular proteins like kinases is recommended and hoped to uncover
the principal mechanism of its wide action.

2.4 2-Anilino-4-(benzimidazol-2-yl) pyrimidines: a multikinase inhibitor
scaffold

Anilinopyrimidines (Figure 10) displays a wide range of bioactivities. Asymmetric
2-anilinopyrimidines bearing 3-aminopropamides exhibit activity against epidermal
growth factor receptor EGFR) [141]. 2-anilinopyrimidine derivatives bearing 4-piper-
idino substituents exhibited improved and selective activity against triple-negative
breast cancer cell line MDA-MB-468 believed to be due to EGFR inhibition. Decorating
the pyrimidine nucleus with different substituents at position 4 endowed the final
derivatives (4-substituted-2-anilinopyrimidine) with activity as well as selective
toward corticotropin-releasing factor (CRF) antagonists [142]. Having the anilino
fragment at 2- together with thiazolyl at 4- of the pyrimidine core was reported to
exert antagonistic effect of cyclin-dependent kinase-2 (CKD2) [143], and improved
inhibitory activity toward CDK9 and (CDK?2) [143-145].

Bis-anilinopyrimidine was reported as potent and selective PAK1 inhibi-
tor and as highly selective group I p21-activated kinase (PAK1) inhibitor [146].
Additionally, N-phenyl-N’-[4-(pyrimidin-4-ylamino)phenyl] urea derivatives (see
(27) at Figure 10) exhibit selective inhibition to class III receptor tyrosine kinase
subfamily [147]. Other symmetric 4,6-dianilinopyrimidines induce selective EGFR
inhibitions [148].

Notably, introducing the benzimidazolyl moiety at position 4 of the 2-
anilinopyrimidine core to produce 2-anilino-4-(benzimidazol-2-yl)-pyrimidines
renders such group of compounds’ activity against a wider range of kinases (see
Figure 10).

Renate Determann et al. reported the synthesis and in vitro activity of a small library
of compounds that are based on the 2-anilino-4- (benzimidazol-2-yl)-pyrimidine
scaffold (Figure 10, (30)) [142]. The most potent derivative exhibited antiproliferative
activity for several cancer cell lines of the NCI panel in submicromolar concentrations.
SAR study was concluded in indicating a basic correlation with the anilinopyrimidine
fragment and the substitution pattern at the aniline moiety. It is worth mentioning that
2-anilinopyrimidine fragment (Figure 10, (30)) is found in a range of kinase inhibitors.
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Development of multitargeting 2-anilino-4- (benzimidazol-2-yl)-pyrimidine scaffold (30) starting from

hinge binding compound 1,3-dimethyl-7- (1-methyl-1H-benzimidazol-2-yl) pyrido[2,3-d] pyrimidine-
2,4(1H,3H)-dione (31). 2-anilino-4- (benzimidazol-2-yl)-pyrimidine derivatives 2-methoxy-5-

{[4- (1-methyl-1H-benzimidazol-2-yl) pyrimidin-2-ylJamino }phenol (33) most potent compound and
2-anilino-4- (benzimidazol-2-yl)-pyrimidine derivatives 2-hydroxy-5-{[4- (1-methyl-1H-benzimidazol-2-yl)
pyrimidin-2-yl]Jamino}phenol (32))), 4-(2,4-dimethyl-thiazol-5-yl) pyrimidin-2-ylamine (35), and 2-anilino-
4-(thiazol-5-yl) pyrimidine (29).

Based on high-throughput screening method radiometric protein kinase assay
(33PanQinase® Activity Assay) [149], 11 recombinant cancer-related protein kinases
(AKT1, ARKS, Aurora B, AXL, FAK, IGF1-R, MET, PLK1, PRK1, SRC, VEGF-R2)
were screened by a library of compounds. Interestingly, four kinases (Aurora B, FAK,
PLK1, and VEGF-R2) proved to be of particular sensitivity to the tested compounds
(Table 3). This group of four kinases is involved in oncogenesis and maintenance of
vital processes of cancer. Thus it is believed that their concerted inhibition could be
useful in the treatment of various malignancies. It is worth noting the infectivity of
most of tested compounds, including the active ones against AKT1 (shown in Table 3).

2.4.1 2-Anilino-4- (bengimidazol-2-yl) pyrimidine-target intevactions

Though the authors did not report a prudent SAR, however, docking compound
(33) to ATP-binding pocket of PLK1 (PDB 20WB) helped rationalize the initial
observations [142]. One main reflection highlighted the positioning of the ani-
linopyrimidine fragment in the hinge region, forming a pair of hydrogen bonds
to Cys133. Methoxy (CH;0-) group at the position 2 of the aniline moiety forms a
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Sunitinib 10 15 16 10 0.070

Compound (33) exhibited activities that range between ICsg = 1.2 and 7.2 uM [142].

Table 3.
Protein kinase inhibition by (32 and 33) compared pyrido[2,3-d]pyrimidine-2,4(1H,3H)-dione (39) to
standard multitargeting FDA-approved agents sorafenib and sunitinib.

hydrogen bonding with the guanidine of Argl36 residing at the opening of the PLK1
ATP-binding pocket. The inactivity of derivatives with substituents bulkier than
methoxy group (CH;0-) was explained partially by the clash with Leu59 and Argl36
at the pocket entrance indicating limited tolerance to variation at this region.

2.5 Benzimidazolylamidines as multitargeting agents

Silvana Rai¢-Mali¢a and colleagues reported the synthesis of a group of benz-
imidazole amidine derivatives [150]. Specifically, compound (Figure 11, (36))
abrogated the activity of several protein enzymes including tissue transglutaminase
(TGM2) and kinases like CDKO9, sphingosine kinase 1(SK1), and p38 mitogen-
activated protein kinase (p38 MAPK), whereas compound (37) did not have
profound effect on CDK9 and TGM2 but showed moderate downregulation of SK1
and significant reduction in p38 MAPK.

A small library comprising 27 compounds was screened for the potency.

Two of them, p-chlorophenyl-substituted 1,2,3-triazolyl derivatives of amidine
N-isopropyl amidine (36) and imidazoline amidine (37), exhibited remarkable
antiproliferative activities with ICsy of 0.05 and 0.06 pM in non-small cell lung
cancer cells A54 and was defined as multitarget inhibitors.

In their endeavor to look for potent inhibitors for treatment of non-small cell
lung cancer, Silvana Rai¢-Mali¢ and her team developed a group of benzimidazole
amidine derivative that showed an inhibitory effect on several key players in cancer
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(a) Hit compounds prepared and screened for multitarget action 2-(4-((1-Bengyl-1H-1,2,3-triazol-
4-yl)methoxy)phenyl)-5- (4,5-dihydro-1H-imidazol-2-yl)-1H-benzo[d]imidazole hydrochloride

(36),2- (4-((1- (4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy) phenyl)-N-isopropyl-1H-benzo[d [imidazole-
6-carboximidamide (37); (b) summary of structure-activity velationship of benzimidazolylamidines [150].

proliferation [150]. A recent study reported that synthesis of amidino 2-substituted
benzimidazoles linked to 1,4-disubstituted 1,2,3-triazoles by applying microwave
and ultrasound irradiation in click reaction and subsequent condensation of thus
obtained 4-(1,2,3-triazol-1-yl)benzaldehyde with o-phenylenediamines. The study
concluded the improved cytotoxic effect (within the nanomolar range; ICso of 50
and 60 nM) against hepatocellular carcinoma cells. A follow-up study affirms the
conclusion that when benzimidazole is conjugated to 1,2,3-triazole moiety, the
hybrid exerts potent and selective antiproliferative effect against a panel of cell lines
[non-small cell lung cancer (A549), ductal pancreatic adenocarcinoma (CFPAC-1),
cervical carcinoma (HeLa), and metastatic colorectal adenocarcinoma (SW620) as
well as on normal human lung fibroblasts (WI38)] with 5-fluorouracil (SFU) asa
positive control. Two hits (36) and (37) (Figure 11a) demonstrated a potent activity
at nM range (ICsy of 50 and 60 nM) against non-small cell lung cancer (A549).
Interestingly, benzyl-substituted 1,2,3-triazolyl analogue of imidazoline (36)
exhibited a remarkable and selective activity (ICso = 0.07 pM) on A549 cell line. A
mechanistic study performed on A549 cell line using Western blotting reinforced
the belief that nature of aromatic substituent of 1-(1,2,3-triazolyl) and amidino
moiety at C-5 position of benzimidazole ring is critical to the cytostatic activity of
this group of compounds. In silico analysis supported the conception that (36) is
bound slightly better than (37) to ATP-binding site of p38 MAPK, which correlates
with observed decrement in the expression level of phospho-p38 MAPK displayed
by (36). The importance of triazole was referred to its ability to form one H-bond
with Met109 in the hinge region. Aminobenzimidazole group forms a number of
HB with polar amino acids Glu71, Hid148, and Asp168 in the linker region. Phenyl
moieties found on the hybrid both are placed in the hydrophobic environment. The
phenyl connected to the triazole is assumed to participate in a n-x stacking with
Phe169 (see Figure 11). The study reported (36) as a multitarget inhibitor since it
abrogated the activity of several protein kinases including TGM2, CDK9, SK1, and
p38 MAPK.
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3. Conclusion
3.1 Multitargeting and polypharmacology

According to the definition of Richard Morphy, the multitarget drugs are
defined as “compounds that are designed to modulate multiple targets of relevance
to a disease, with the overall goal of enhancing efficacy and/or improving safety”
(Morphy, Rankovic, 2005) [151].

Modulating the function of numerous biological molecules is a well-
established pharmacological approach in medicine practice. Paracetamol, a
traditional therapeutic used worldwide, is believed to induce its effects via action
on multiple targets. Several psychoactive, serotonergic, cholinergic, and adren-
ergic agonists or antagonists exercise their actions on a wider range of singular
biomolecular target.

Apart from the alphachloroacetamidobenimidzoles (22), the groups of
compounds reported so far in the literature as multitarget agents act in most
cases on receptor tyrosine kinases (RTKs) as competitive ATP inhibitors. Those
by virtue occupy the vicinity of ATP with the heteroaromatic system interac-
tively buried in the purine portion pocket and interact with the hinge region of
the kinase domain. The thiol (-SH)- © and the stacking n-n together with the
hydrophobic interaction with the floor and the ceiling of the purine-binding
regions are believed to do the required binding adjustment as kinase inhibitors.
Crystallographic structure of dovitinib human FGFR1 revealed the occupancy of
the purine-binding regions (part of the ATP-binding site) with the quinolinone-
benzimidazole fragment, while the N-methylpiperazine attached to C5’ at the
phenyl part of the benzimidazole is pointing toward the opening and is exposed
to the solution. Thus, it seems that benzimidazole portion is not interacting
directly with the hinge region of the enzyme. Similar binding is noticed with
AT9382. The pyrazolylbenzimidazole and the benzamide motif take part in HBD-
HBA bridging with the hinge of the kinase domain.

In the case of 2-anilino-4-(benzimidazole-2-yl) pyrimidine, the benzimidazole por-
tion looks immersed deep in the purine-binding regions of the ATP-binding site partici-
pating in direct interactions via hydrogen bonding and hydrophobic interactions, while
the hydroxymethoxyaniline portion points towards the solvent exposed area.

3.2 Lessons learnt
3.2.1 Discovery methods

Despite the imbedded potential, the multitarget activity of the reported
benzimidazole-based scaffolds was identified serendipitously. In other words, none
of the benzimidazole anticancer multitargeting agents seem to be identified in
unforeseen manner, and in many ways they emerge with no intention to be designed
initially. While adhering to the development of selective and specific agents, results
accumulated afterword revealed multitarget action. For example, 3-benzimidazol-
2-ylhydroquinolin-2-one scaffold [benzimidazolylquinolinone (Figure 4, (12)]
was identified using high-throughput screening (HTS). AT9283 (Figure 6, (21))
was identified following fragment-based structural approach with the initial aim to
develop an Aurora selective inhibitor, and later it was reported to act as multitarget-
ing agent.

It is hoped that the identification, discovery, and optimization of benzimidazole-
based multitargeting anticancer agent will benefit from the “big data era” fueled by
data available from public repositories.
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3.2.2 Shift in the paradigm

Multitargeting can occur via three possible ways: acting on the same target, on
different targets of the same pathway, or on different targets of different pathways.
So far the benzimidazole derivatives that have been explored are reported to act as
the third category “acting on different targets of different pathways.” The focus has
been so far on the kinome-relevant signaling key player with dovitinib widening the
landscape to non-kinase targets. Broadening “multitargeting” concept to identify
novel inhibitors with potency against key targets outside the human kinome neces-
sitates treating complex diseases using “polypharmacology” gains special interest in
resistant mutated spreadable cancers [151].

Despite the initial enthusiasm for the efficacy of molecular targeted therapeutics
following the approval of imatinib, a small tyrosine kinase inhibitor targeting BCR-
Abl, in chronic myeloid leukemia (CML) and trastuzumab, a monoclonal antibody
against HER?2, for treatment of metastatic breast cancer, scientists and clinicians
were challenged by recurrent relapse due to cancer patients who developed drug
resistance. In the case of RTKi, resistance can emerge as a result of selection for
mutant sin in the target that renders the binding site inaccessible, reduced influx
accompanied by enhance efflux, shift in metabolism and excretion of the drug, and
the activation of alternative signaling pathways. Thus, the rationale for targeting
drugs is shifting. In the last two decades, the main effort was aimed at developing
highly specific inhibitors acting on single target. Now, there is a general agreement
that molecules interfering simultaneously with multiple RTKs might be more effec-
tive than single-target agents. With the recent approval by the FDA of sorafenib,
regorafenib, sunitinib, lenvatinib, and axitinib-targeting VEGFR, PDGFR, FLT-3,
and c-KIT—more attention is drawn to broad-spectrum anticancer properties
multikinase targeting drugs. Thus it is anticipated that more multitargeting agents
will be getting into clinical trials and making their way to clinical application. It
is hoped that identification, discovery, and optimization of benzimidazole-based
multitargeting agents will benefit from the “big data era” fueled by the availability
of big data, advances in technology, and artificial intelligence.
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Acronyms and abbreviations

MTT

PRK1
MEK1
AML
ADME
ARK5

ALK

ALP

AXL
BCR-Abl
CK2
CXCR3
CML
DHODH
D2R
FGFR-1/FGFR-2/FGFR-3
FAK

ICso

HGF or MET
H4H
HDAC2
MDA-MB-468
HER2

HB

HBD

HBA
5-HTR
CDK
IGF-1R
ITK
JAK-1/JAK-2/JAK-3
LE

Lck
MEKK?2
nM

pM

PAK1

p38 MAPK
Ph + ALL
PI3K
PDGFR-a/p
PLK-1
PARP-1
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide

actin-regulating kinase

activated protein kinase

acute myeloid leukemia

adsorption, disposition, metabolism, excretion
AMPK-related kinase 5

anaplastic lymphoma kinase

alkaline phosphatase

“anexelekto” receptor tyrosine kinase
breakpoint cluster region-Abelson kinase
casein kinase 2

chemokine receptor

chronic myelogeneous leukemia
dihydroorotate dehydrogenase

dopamine receptor 2

fibroblast growth factor receptors 1, 2, 3
focal adhesion kinase

half maximal inhibitory concentration
hepatocyte growth factor

histamine receptors 4

histone deacetylase 2

human breast carcinoma cell lines

human epidermal growth factor receptor 2
hydrogen bind

hydrogen bond donor

hydrogen bond acceptor
hydroxytryptamine receptors

inhibition of cyclin-dependent kinases
insulin-like growth factor 1 receptor
interleukin 2-inducible T-cell kinase

Janus kinase-1/2/3

ligand efficiency

lymphocyte tyrosine kinase
mitogen-activated protein kinase kinase kinase 2
nanomolar

micromolar

p21-activated kinase

P38 mitogen-activated protein kinase

Ph + acute lymphoblastic leukemia
phosphatidylinositol 3-kinase
platelet-derived growth factor receptor-a/f
polo-like kinase 1

poly(ADP-ribose) polymerase-1
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ATP adenosine triphosphate

PDB Protein Data Bank

AKT1 RAC-alpha serine/threonine-protein kinase

PTKs protein tyrosine kinase

PTP protein tyrosine phosphatases

c-KIT stem cell factor receptor

FLT3 FMS-like tyrosine kinase 3

FLT3-ITD FMS-like tyrosine kinase 3 internal tandem
duplication

SAR structure-activity relationship

SVM support vector machines

ATR telangiectasia and Rad3-related protein kinase

TOPO1/TOPO2 topoisomerase 1/2

TKRs tyrosine kinase receptors

VEGFR-1/VEGFR-2/VEGFR-3 vascular endothelial growth factor receptor-1, 2, 3

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral onco

gene homolog (avian)
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Abstract

Small molecule chemotherapeutic agents such as Imatinib, Gefitinib, and
Erlotinib have played a significant role in the treatment of cancer. Although
the unprecedented progress has been achieved in cancer treatment with these
targeted agents, there is a strong demand for the development of selective and
highly efficacious cancer drugs. V-ATPases are emerging as important target for
the identification of novel therapeutic agents for cancer. Our screening and drug
discovery processes have identified the bisbenzimidazole derivative (RP-15) as
a potent anticancer V-ATPase inhibitor. In the present study, bisbenzimidazoles
(compound-25, RP-11 and RP-15) have been tested for proton-pump inhibition
activity in human hepatoma cell line (Huh7.5). RP-15 displayed comparable
proton-pump inhibition activity to the standard Bafilomycin A1l. We examined
the antiproliferative activity of these analogs in two highly invasive and metastatic
inflammatory breast cancer (IBC) cell lines (SUM 149PT and SUM190PT) along
with Huh7.5. The compound-25 (SUM190PT: ICs = 0.43+0.11 uM) and its struc-
tural analog RP-11 (SUM190PT: ICsy = 0.49+0.09 uM) have shown significant
inhibition toward IBC cell lines. Additionally, RP-11 and RP-15 have demon-
strated very good cytotoxicity toward the majority of cancer cell lines in the NCI
60 cell line panel.

Keywords: bisbenzimidazoles, anticancer, V-ATPase, proton-pump, inhibitors

1. Introduction

Since Paul Ehrlich’s introduction of the concept of chemotherapy, development
of chemotherapeutic agents for cancer over the past several decades has seen mar-
velous records of accomplishments [1, 2]. Cancer is one of the major health prob-
lems globally and is second leading cause of death in the USA [3, 4]. Cancer is a very
complex disease and our understanding towards it has been advanced tremendously
over the last six decades since the first human cancer cell line HeLa identified in
1952 [5]. Over the past few years, the search for new anticancer drugs has changed
dramatically. Advances in the molecular nature of drug action, new technology and
more recently market considerations have produced new approaches to cancer drug
discovery [6]. Recent advances in molecular biology, high throughput screening

139 IntechOpen



Chemistry and Applications of Benzimidazole and its Derivatives

(HTS), computer-aided drug design (CADD), and combinatorial chemistry tech-
nologies have allowed a combination of both knowledge around the drug receptor
and large library screening to be used for anticancer drug discovery today [7-10].

As the understanding of human biology and new technologies progressed,
the discovery and development process moved from a random pattern to a more
predictable one. The development of a molecularly targeted anticancer drug has
gained importance in recent years [11]. One of the important small molecule
targeted therapy, Imatinib (Gleevec®), a tyrosine kinase inhibitor, achieved
incredible advancement in cancer treatment [12-14]. Imatinib’s success stimulated
the scientists to develop variety of targeted anticancer agents including Gefitinib
(Iressa™) and Erlotinib (Terceva®) for the treatment of different types of cancer
patients (Figure 1). Targeted agents represented significant developments in cancer
treatment and have increased the life expectancy of patients [15-18]. Despite the
unprecedented progress achieved, the anticancer drug discovery research remains
highly challenging and there is strong demand for the development of highly
efficacious and safe anticancer drugs which can overcome cancer metastasis, and
drug resistance.

Recent studies suggest that an acidic microenvironment in the tumor is
responsible for cancer development, progression, and metastasis. Novel drugs that
specifically target the mechanism by which V-ATPase lowers the pH of the tumor
microenvironment are essential for cancer chemotherapy. Among the key regula-
tors of the tumor, acidic microenvironment V-ATPases plays an important role in
the regulation of the pH gradient. V-ATPases play a vital role in the maintenance
of the tumor acidic microenvironment and are overexpressed in many types of
metastatic cancers including breast cancer. V-ATPases are functionally expressed in
plasma membranes of tumor cells and they have specialized functions in metastasis
[19]. Recent research has demonstrated that the preferential expression of V-ATPase
at the cell surface is important for the acquisition of invasiveness and the metastasis
of breast cancer cells [19]. Therefore, V-ATPase is a potential target to investigate for
metastatic breast cancer therapy. Discovery and development of easily synthesized,
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Figure 1.
Molecularly targeted clinically successful chemotherapeutic agents.
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cost-effective, and potent small molecule drugs targeting V-ATPase are needed
to evaluate the therapeutic potential of V-ATPase inhibitors in metastatic breast
cancer.

The V-ATPases are a family of ATP-driven proton pumps that couple ATP
hydrolysis with translocation of protons across membranes. The V-ATPase proton
pump is a macromolecular complex composed of at least 14 subunits organized
into two functional domains, V1 is responsible for ATP hydrolysis and VO provides
the transmembrane proton channel [20-23]. The V-ATPases have been associated
with cancer invasion, metastasis and drug resistance [19, 24-27]. Several pre-
clinical studies have reported the anticancer effects of V-ATPase inhibitors [28-32].
V-ATPase inhibitors will be beneficial for cancer patients given either in combina-
tion with cytotoxic agents or dual-acting (anticancer and V-ATPase inhibitor)
agents. Thus, V-ATPases are emerging as an important target for the identification
of potential novel chemotherapeutic agents. Despite the clear involvement of
V-ATPases in cancer, to date, therapeutic use of V-ATPase targeting small mol-
ecules have not reached the clinic. Natural products macrolide antibiotics, such as
bafilomycin and concanamycin, potently inhibit V-ATPases [33-37] (Figure 2), but
their use is complicated by non-specific effects on other targets. Moreover, these
molecules have been difficult to synthesize in large quantities. Despite huge efforts
by both academic and pharmaceutical industry medicinal chemists, development
of useful V-ATPase inhibitors has been limited because of the complicated chemical
structures of existing natural inhibitors.

We have been actively involved in the design and development of novel small
molecular agents for different types of cancers. Past few years, we have reported
the chromene-, chromenopyridine-, and imidazoquinoline-based pharmaco-
phores as initial lead anticancer drug candidates through screening and drug
development process [38-40]. Notably, we have identified the highly potent
microtubule targeting anticancer agent (SP-6-27) for ovarian cancer [41]. Since
then our laboratory has been active in identifying anticancer agents with differ-
ent mechanisms of action. In continuation of our drug discovery research, we
recently initiated a collaborative effort on the V-ATPases as anti-cancer targets.
Successful identification of new lead small molecule drugs for ovarian cancer by
screening and drug development processes [41] inspired us to screen the library
of compounds based on the literature of known V-ATPase inhibitors. We identi-
fied the bisbenzimidazole scaffold from screening process. Bisbenzimidazoles
are nitrogen heterocycles with wide spectrum of biological activities. We
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Figure 2.

Natural potent V-ATPase inhibitors.
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reported the focused set of bisbenzimidazoles as anticancer V-ATPase agents
(Figure 3) [42]. Bisbenzimidazole derivatives (RP-3-RP-15) have been screened
in selected human breast cancer (MDA-MB-231, MDA-MB-468, MCF-7) and
ovarian cancer (cisplatin-sensitive A2780, cisplatin-resistant Cis-A2780 and
PA-1) cell lines. Among this small set of bisbenzimidazoles, RP-15 demon-
strated high potency towards the epidermal growth factor receptor (EGFR)
over expressed triple negative breast cancer (TNBC) cell line, MDA-MB-468
(ICso = 0.04 £ 0.02 pM). Very interestingly, RP-15 is not toxic to normal breast
epithelial cells. It is nearly 40 times less toxic in the normal breast epithelial
cell line, MCF10A (ICsq = 1.62 = 0.14 uM). Furthermore, the bisbenzimidazole
derivatives (Compound-25, RP-11 and RP-15) have demonstrated encouraging
proton pump inhibition activity in MDA-MB-231. In particular our most effica-
cious anticancer analog RP-15 has shown comparable proton pump inhibition
activity to standard agent Bafilomycin Al.

In the present study, we selected and screened top two bisbenzimidazole
derivatives (RP-11 and RP-15) along with initial hit (compound 25) for proton
pump inhibition activity in human hepatoma cells, Huh7.5 using pH indicator
Lysosensor Yellow/Blue DND-160. These compounds have also been screened
for their antiproliferative activity using BrDU incorporation assay in selected
inflammatory breast cancer (IBC) cell lines (SUM149PT and SUM190PT)
along with Huh7.5 human hepatoma cancer cell line. Additionally, RP-11 and
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Bisbenzimidazoles derivatives.
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RP-15 have been tested in NCI Developmental Therapeutics Program (DTP)
nine major (leukemia, non-small cell lung cancer, colon cancer, CNS cancer,
melanoma, ovarian cancer, renal cancer, prostate cancer and breast cancer) 60
human cancer cell lines.

2. Methods
2.1 Chemical synthesis

We recently reported the synthesis and detailed characterization of all these
new bisbenzimidazoles [42]. In brief, we developed a fast and efficient synthetic
one pot procedure to prepare all these analogs (RP-3-RP-15). Condensation of
4-(6-(4-methylpiperazin-1-yl)-1H, 30H-[2, 50-bibenzo [d]imidazol]-20-yl) phenol
with substituted alkyl halides in the presence of cesium carbonate in dimethyl
formamide (DMF). For the more detailed synthesis and spectral and analytical
characterization of all these compounds please see Ref. [42].

2.2 Proton pump inhibition activity in human hepatoma (Huh?7.5) cell line

We used Huh7.5 cell line for proton pump activity. Briefly, the Huh7.5 cells
were cultured in DMEM media supplemented with 10% serum to a confluency of
80%. The Huh7.5 cells were treated with the compounds (Compound-25, RP-11
and RP-15) at a concentration of 12 pM for 20 minutes followed by incubation
with Lysosensor Yellow/Blue DND-160 (10 pM) for 10 minutes at 37°C. The cells
were visualized under the microscope.

2.3 Antiproliferative activity

Cell proliferation ELISA BrdU colorimetric (assay no. 11647229001; Roche, Basel,
Switzerland) was used to quantify cell proliferation by the measurement of BrdU
incorporated during DNA synthesis. Cells from a 90% confluent T-25 flask were
seeded 100 pL/well of 96-well plates and incubated overnight. Dimethyl Sulfoxide
(DMSO) stock solutions of the compounds (Compound-25, RP-11 and RP-15)
were diluted in pure F-12 media and exposed to different concentrations for 24 and
48 hours. Each concentration and controls were done in triplicates. The mean + stan-
dard deviation (S.D.) was calculated and shown on the graph with untreated cells
serving as a negative control, 20 minutes after adding the substrate, the absorbance
was read at 370 nm. The compound concentration that inhibited cell growth by
50% of the untreated control (ICso) was calculated from the dose response curves
constructed by normalizing the data to percentages based of the negative control and
anonlinear regression analysis in GraphPad Prism Software 7 (GraphPad Software,
San Diego, CA, USA). For the Huh7.5 cell line we used CellTiter-Glo Luminescent
Cell Viability Assay kit (Promega, Madison, W1, USA).

2.4 The NCI 60 cell lines iz vitro screening
The bisbenzimidazoles (RP-11 and RP-15) have been tested for growth inhibi-
tion against 60 human cancer cell lines from the NCI’s anticancer screening pro-

gram. The NCI's screening procedure has been given in detail elsewhere [43-47] and
presently DTP uses the sulforhodamine B (SRB) assay.
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3. Results and discussion

Inhibition of V-ATPase has shown the link between cell biophysical properties
and proliferative signaling selectively in malignant hepatocellular carcinoma (HCC)
cells, which provides a new strategy to combat HCC [48]. HCC is the third most
common cause of cancer-related deaths worldwide. HCC is accounting for almost
90% of primary malignant hepatic tumors in adults. In continuation of our work on
V-ATPase inhibition, we used Huh7.5 cells for the proton pump inhibition activity.
We have performed proton pump inhibitory activity of selected bisbenzimidazole
derivatives (Compound-25, RP-11 and RP-15) in Huh7.5 cells using Lysosensor
Yellow/Blue DND-160 protocol [49]. The DND-160 is a pH indicator and cellular
compartments with acidic pH elicit yellow fluorescence when stained, while the
destabilized compartments with higher pH elicit blue fluorescence.

The compound RP-15 displayed maximum inhibition of the proton-pump
activity of V-ATPase followed by compound-25 and RP-11. The untreated cells
showed the strong intensity of yellow fluorescence (converted to pseudo-green
in the Figure 4A) while the cells treated with bisbenzimidazoles (Compound-25,
RP-11 and RP-15) showed the strong intensity of blue fluorescence representing
varying degree of destabilization of pH due to impaired vacuolar ATPase activity
(Figure 4A and B). Additionally, these compounds have been tested for their cyto-
toxicity towards Huh7.5 cells using the CellTiter-Glo Luminescent Cell Viability
Assay. The ICs, were calculated based on the results obtained for these compounds
treated for 24 hours only for Huh7.5 cells compared to breast and ovarian cancer
cell lines where we treated all test compounds for 48 hours. Bisbenzimidazoles,
RP-11 and RP-15 have demonstrated very moderate antiproliferative activity
towards Huh?7.5 cells for 24 hours (Table 1).

High potency of bisbenzimidazole analog (RP-15) against the EGFR over
expressed TNBC cell line (MDA-MB-468) inspired us to explore the selected bis-
benzimidazoles in other breast cancer cell lines for anticancer activity. We selected
two IBC cell lines (triple negative SUM149PT and Het2 positive SUM190PT) for
the in vitro screening process [50]. Both SUM149 and SUM190 cell lines have been
established from primary IBC tumors. IBC is one of the highly invasive, metastatic
and lethal variant of human breast cancer. Development of therapeutic targets and
agents for IBC is still in very early stage and it represents an opportunity for medici-
nal chemists to develop novel (pre) clinical drug candidates.

In vitro screening of the bisbenzimidazoles (Compound-25, RP-11 and RP-15)
towards these inflammatory cell lines has shown encouraging results (Figure 5
and Table 1). Very interestingly our initial hit, compound-25 (SUM149PT:

ICs = 0.80 + 0.08 pM; SUM190PT: ICsy = 0.43 £ 0.11 pM) and its structural analog
RP-11 (SUM149PT: IC50 = 0.91 + 0.15 pM; SUM190PT: ICs0 = 0.49 + 0.09 pM)
have shown very good inhibition, whereas our TNBC lead RP-15 (SUM149PT:

ICso = 1.77 + 0.08 pM; SUM190PT: ICs = 2.08 + 0.56 pM) has demonstrated
moderate inhibition towards these IBC cell lines. The high potency shown by
compound-25 and RP-11 towards IBC has given us more insights to develop new
anticancer agents for it and we plan to explore the structure-activity relationship
(SAR) studies based on the bisbenzimidazole scaffold in very near future.

The Development Therapeutic Program (DTP) of the National Cancer Institute’s
60 human tumor cell lines screen was developed as an in vitro drug discovery tool.
We submitted both compounds (RP-11 and RP-15) to the NCI Developmental
Therapeutics Program (DTP) anticancer drug screen. Both of them have been first
tested for three cell lines (MCF-7 breast cancer; NCI-H460 large-cell lung cancer;
SF-268 glioma) to advance to the 60 cell line screen. This pre-screen process elimi-
nates the inactive compounds but preserves active agents for 60 cell line screening.
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Untreated

Bafilomycin A1

RP-15 (12 uM; 20 min.)

C-25 (12 uM; 20 min. RP-11 (12 uM; 20 min.)

Huh7.5 cells
[Lysosensor (DND160)]

Fold change in reduction of
acidification of Huh7.5 cells

Figure 4.

(Ag) Staining of acidic compartments: Yellow signal (converted to pseudo-green) vepresents acidic pH,

while the blue color represents slightly acidic to neutral pH. Huhzs cells were treated with the compounds
(Compound-25, RP-11 and RP-15) at a concentration of 12 uM and standard Bafilomycin A1 at
concentration of 2 M for 20 minutes followed by incubation with Lysosensor Yellow/Blue DND-160 (10 uM)
for 10 minutes at 37°C. The cells weve visualized under the microscope. The DND-160 is a pH indicator

and cellular compartments with acidic pH elicit yellow fluorescence when stained, while the destabilized
compartments with higher pH elicit blue fluorescence. The expected yellow color showed yellowish green of the
filters available in the microscope. (B) Fold change in overall acidification of Huhz.s cells upon treatment with
bisbenzimidazoles (Compound-25, RP-11 and RP-15) along with positive control BafilomycinA1.

Both compounds have been advanced to 60 cell lines representing nine major cancers
(leukemia, non-small cell lung, central nervous system, colon, melanoma, ovar-

ian, renal, prostate, and breast). Compounds have been tested over a broad range

of concentrations against every cell line in the panel (five 10 fold dilutions starting
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Compd. ICs0 + SD (uM)

SUM149PT SUM190PT MDA-MB-468*  MCF10A* Cis-A2780* Huh7.5
C-25 0.80 + 0.08 0.43+0.11 0.72 + 0.08 114+ 0.13 395+ 0.33 171+ 0.85
RP-11 0.91+0.15 0.49 £ 0.09 0.56 + 0.05 1.55 + 0.04 3.03:0.18 17.0 £ 0.78
RP-15 177+ 0.08 2.08 + 0.56 0.04 + 0.02 162+ 0.14 134+ 0.14 16.4 + 0.65
Baf A1 ND ND ND 0.036 + 0.04  0.008 + 0.01 ND

ND: not determined.
*Data from Ref. [42].
"The IC50 is calculated based on the vesults obtained from 24 hours drug treatment only.

Table 1.
Half maximal inhibitory concentration of novel bisbenzimidazole analogs in different cancer cell lines.
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The cell viability (%) of breast cancer cell lines (SUM190PT and SUM149PT) following the exposure of
various concentrations of bisbenzimidazoles (Compound-25, RP-11 and RP-15) for 48 hours.
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Figure 6.

Dose response curves derived from screening of compound RP-11 (NSC: D-800436) in 60 cell line screen
using nine major human cancer cell lines (leukemia, non-small cell lung cancer, colon cancer, CNS cancer,
melanoma, ovarian cancer, renal cancer, prostate cancer and breast cancer).
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Figure7.

The mean graph representation of antitumor effects of compound RP-11 (NSC: D-800436). The Gy, (50%
of growth inhibition), TGI (total growth inhibition) and LCs, (50% of lethal concentration) mean graphs are
derived from the dose response curves using Figure 6 from the initial screening.
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from 10™* M concentration). Figures 6 and 8 describe the dose response curves for
compounds RP-11 (NSC: D-800436) and RP-15 (NSC: D-800437) respectively.
From these dose response curves three end points were calculated (Glsp: 50% of
growth inhibition; TGI: total growth inhibition; LCso: 50% of lethal concentration).
Figures 7 and 9 demonstrate mean graph patterns for compound RP-11 and RP-15
respectively. Mean graphs are created for Glsg, TGI, and LCs by plotting positive and
negative values termed as deltas generated from dose response curves. More sensitive
cell lines are displayed as bars that project to the right of the mean, whereas the less
sensitive cell lines are displayed with bars projected to the left. The length of each bar
is proportional to the relative sensitivity of the agent with the mean determination.
Both bisbenzimidazole analogs, RP-11 and RP-15 demonstrated very good
cytotoxicity towards the majority of cancer cell lines in the 60 cell line panel.
Compound RP-11 displayed growth inhibition and total growth inhibition to low
micromolar range and is moderate towards LCso for MCF7 (Glso: 0.32 pM, TGI:
11.8 pM and LCs: 88.7 pM), MDA-MB-468 (Glso: 1.42 pM, TGI: 4.16 pM and LCsp:
28.2 M) and MDA-MB-231 (GlIso: 2.25 pM, TGI: 6.49 pM and LCso: 60.4 pM).
Interestingly, it showed low micromolar range effects against other cell lines such as
SR (GIsp: 0.50 pM); NCI-H522 (Gl50: 0.34 pM); COLO 205 (Glso: 0.37 uM); SF-268
(Glso: 0.58 uM); OVCAR-3 (GIsp: 0.62 pM) and MDA-MB-435 (GlIso: 0.62 pM)
(Table 2). Compound RP-15 shows similar behavior as RP-11. Compound RP-15
exhibited Gls: 1.91 uM, TGI: 4.13 pM and LCso: 8.91 pM for the MDA-MB-468
cell line, whereas a similar trend is observed for the MDA-MB-231 cell line (Glsg:
2.85 pM, TGI: 5.83 uM and LCsq: 21.3 pM). Similarly, low micromolar growth inhibi-
tion was observed for other cell lines such as MDA-MB-435 (Glso: 1.97 uM), RXF
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Figure 8.

Dose response curves derived from screening of compound RP-15 (NSC: D-800437) in 60 cell line screen
using nine major human cancer cell lines (leukemia, non small cell lung cancer, colon cancer, CNS cancer,
melanoma, ovarian cancey, renal cancer, prostate cancer and breast cancer).
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The mean graph representation of antitumor effects of compound RP-15 (NSC: D-800437). The Gy, (50% of
growth inhibition), TGI (total growth inhibition) and LCy, (50% of lethal concentration) mean graphs are
derived from the dose response curves using Figure 8 from the initial screening.

Cellline RP-11 (pM) RP-15 (pM) Cellline RP-11 (pM) RP-15 (uM)
Glsp TGI LCsp Gl TGI LCs GIyp TGI LCsy GlIsp TGI LCso
Leukemia MDA- 062 214 566 197 399 810
MB-435
CCRF-CEM 102 >100 >100 272 734 928 SK-MEL-2 164 359 789 197 35 750
HL-60(TB) 162 918 >100 471 291 100 SK-MEL-28 0478 221 6.08 3.03 943 401
K-562 091 >100 >100 224 445 - SK-MEL-5 0351 1.88 506 127 276 598
MOLT-4 281 >100 >100 312 107 100 UACC-257 171 592 359 205 383 714
RPMI-8226 411 355 >100 286 744 100 UACC-62 036 202 637 173 401 931
SR 050 219 100 290 8.05 100 Ovarian cancer
Non-small cell Lung IGROV1 171 481 >100 769 316 100
A549/ATCC  8.05 352 >100 469 177 886 OVCAR-3 062 313 570 522 168 467
EKVX 656 463 >100 467 214 814 OVCAR-4 0313 299 >100 101 255 64.0
HOP-62 156 145 >100 710 268 89.0 OVCAR-5 359 996 >100 296 996 338
HOP-92 216 971 >100 143 332 770 OVCAR-8 0931 234 >100 469 186 815
NCI-H226 144 - >100 238 522 100 NCI/ >100 >100 >100 357 >100 >100
ADR-RES
NCI-H23 121 509 572 151 33.0 719 SK-OV-3 270 156 >100 180 36.0 72.0
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Cellline RP-11 (uM) RP-15 (uM) Cell line RP-11 (uM) RP-15 (uM)
Glyy, TGI LCs Gl TGI LCs Glyy, TGI LCsx Gl TGI LCs
NCI-H322M  3.07 993 >100 116 238 488 Renal cancer

NCI-H460 363 147 100 212 398 744 786.0 164 381 886 270 833 >100

NCI-H522 034 236 >100 136 381 >100 A498 121 339 954 175 351 703

Colon cancer ACHN 107 >100 >100 920 228 54.2

COLO 205 0.37 3.05 >100 129 30.0 698 CAKI-1 225 >100 >100 415 157 472

HCC-2998 178 378 803 506 185 567 RXF 393 180 363 732 191 384 -

HCT-116 036 246 >100 182 344 - SN12C 142 118 100 4.00 154 66.2
HCT-15 387 >100 >100 121 281 654 TK-10 474 402 >100 182 388 83.0
HT29 0.58 >100 >100 178 4.07 930 U0-31 294 >100 >100 213 418 823
KM12 258 143 654 191 420 9.26 Prostate cancer
SW-620 090 102 365 212 396 737 PC-3 219 245 >100 263 581 218
CNS cancer DU-145 113 959 >100 1.83 340 629
SF-268 0.58 566 629 658 254 810 Breast cancer
SF-295 138 157 >100 234 622 484 MCF7 032 118 887 185 396 -
SF-539 122 283 659 115 261 595 MDA-MB- 225 649 604 285 583 213
231/ATCC
SNB-19 187 105 529 215 4.09 779 HS578T 294 159 100 105 371 >100
SNB-75 049 314 152 346 18.0 470 BT-549 176 396 891 175 401 917
U251 066 102 365 216 381 674 T-47D 1.00 9.09 >100 142 411 >100
Melanoma MDA- 142 416 282 191 413 891
MB-468

LOX IMVI 085 283 866 184 367 -

MALME-3M 016 155 461 122 272 604

Mi4 045 250 980 239 6.53 40.0

Table 2.
The NCI 60 cancer cell line screening results.

393 (Glse: 1.91 pM), HT29 (Glsp: 1.78 uM), LOXIMVI (Gls¢: 1.84 pM), DU-145 (Glso:
1.83 pM) and KM12 (Glsp: 1.91 pM) (Table 2). Overall, the NCI 60 cell line results
are encouraging for both new bisbenzimidazole derivatives.

4, Conclusions and future directions

In summary, our screening and drug discovery processes have identified the
bisbenzimidazole (RP-15) as a potent anticancer V-ATPase inhibitor for TNBC
and RP-11 as initial lead for the IBC. The compound RP-15 showed maximum
inhibition of the proton-pump activity which is comparable to our standard agent
Bafilomycin A1. The in vitro antiproliferative activity of these bisbenzimidazole
analogs (Compound-25, RP-11 and RP-15) towards IBC cell lines revealed that
compound-25 and its structural analog RP-11 could be possibly considered for fur-
ther exploration in other IBC cell lines. Bisbenzimidazoles RP-11 (NSC: D-800436)
and RP-15 (NSC: D-800437) have demonstrated very good cytotoxicity towards
the majority of cancer cell lines in the NCI 60 cell line panel. Overall, our research
identified efficacious and selective anticancer V-ATPase inhibitors for TNBC and
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IBC. We will continue to explore the SAR with this exciting pharmacophore to
identify the highly selective and potent V-ATPase inhibitors which will ultimately
lead to the generation of investigational new drug (IND) candidates for the clinical
testing in TNBC and IBC patients.
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Abstract

Benzimidazole derivatives are well-known biologically active substances, and
therefore, they are mostly synthesised for therapeutic purposes. However, such
heteroaromatic molecular systems own structure-related properties that enable
avariety of applications, especially in optical science. Multifunctionality of the
benzimidazole unit, such as electron accepting ability, z-bridging, chromogenic pH
sensitivity/switching and metal-ion chelating properties, makes it an exceptional
structural candidate for the design of optical chemical sensors and functional
materials. Development of smart molecular sensors and novel (nano)materials is
the emerging trend observed in materials and optical sensing science in general, in
which the benzimidazole molecular systems strongly contribute and participate.
In this chapter, we summarised recent advances in optical sensing (nano)materials
that incorporate the benzimidazole structural moiety. Solid-state optical sensing
systems, including self-assembled molecular materials based on benzimidazoles,
are reviewed and discussed. In addition, immobilisation of benzimidazole deriva-
tives onto or into various substrates and matrices, such as organic and inorganic
polymers, bulk membranes and nanoparticles, utilising different chemical and
physical methods, is presented and analysed.

Keywords: benzimidazole, functional materials, optical sensor, solid-state,
absorbance, fluorescence, aggregation-induced emission

1. Introduction

Optical chemical sensors are widely applied in chemical science and technol-
ogy, as well as in other disciplines such as biology, medicine and environmental
science. They enable continuous monitoring of the target analytes and exhibit
high sensitivity and fast response time. The biggest advantages of optical chemi-
cal sensors, in comparison to other sensing devices, are the economic production,
ease of operation and the possibility of on-site application without reference
devices, which are preferred in chemical and biological applications. Performance
of every chemical sensor is primarily determined by the sensing chemistry that
operates in the background, that is, the recognition unit—receptor. The receptor,
the core of every optical chemical sensor, is the sensing molecule that selectively
responses to the presence of the target analyte by changing the photophysi-
cal properties of the observed molecular system. Fluorescence techniques are
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most commonly applied for the generation and transfer of the analytical signal,
while providing high sensitivity and selectivity. Therefore, fluorescent sensing
molecules are the most promising candidates for the chemical sensing. Their
design often starts from the heterocyclic molecular skeleton, due to its excellent
spectral properties and the ability to detect diverse analytes. Heterocyclic chro-
mophores and fluorophores are the most investigated classes of optical sensing
molecules; hence, the interest for benzimidazole as a structural block of novel
molecular systems is constantly increasing. Although benzimidazole derivatives
are primarily known as biologically and therapeutically active substances [1],
such heteroaromatic molecules have structure-related properties that enable a
variety of applications in optoelectronics and non-linear optics (NLO) [2, 3],
photovoltaics [4, 5], sensing [6] and bioimaging [7, 8]. Indeed, multifunctionality
of the benzimidazole unit, such as electron accepting ability, z-bridging, chro-
mogenic pH sensitivity/switching and metal-ion chelating properties, makes it an
exceptional structural candidate for the design of optical chemical sensors [9, 10].
From the chemical point of view, the benzimidazole ring possesses a high degree
of stability. Benzimidazole, for example, is not affected by concentrated sulphuric
acid and is quite resistant to reduction. Oxidation cleaves its benzene ring, yet
only under vigorous conditions. The two imidazole nitrogens are different from
one another in their nature, which makes the properties of the ring system diverse
in character. The hydrogen attached to the nitrogen can easily tautomerise to the
other nitrogen atom. With the pK, values 5.3 and 12.3, benzimidazoles are weakly
basic, being somewhat less basic than the imidazoles and sufficiently acidic to
make them usually more soluble in polar environments and less soluble in organic
solvents. Benzimidazole, for example, is soluble in hot water but difficultly
soluble in ether and insoluble in benzene, all of which can be modified upon the
substitution. The acid/base properties of benzimidazoles are due to the stabilisa-
tion of the charged ion by the resonance effect.

However, development of optical chemical sensors is much more complicated
than designing a sensing molecule (recognition unit), since the process combines
molecular recognition, material science and device implementation. Employing
the sensing chemistry in a form of optical sensing material is perhaps the key step
towards the ultimate goal, since its implementation can directly result in a func-
tional sensor. Although there is a large number of fluorescent indicators and sensing
molecules presented in literature, many of them lose their selectivity upon the
implementation in functional devices, which makes the design of optical sensing
materials a very challenging task [11, 12].

Recently, developments in optical sensing molecular systems that incorporate
benzimidazole structural unit are reviewed and discussed [13]. As can be deduced
from a given review, molecular sensors based on benzimidazole derivatives are
mainly applied in solution, while materials for optical sensing are still rare, yet very
promising. Development of novel (nano)materials and especially ‘smart’ molecular
sensors, some of which include nanotubes, nanowires and nanoparticles, is the
emerging trend observed in materials and optical sensing science. Although the
growth of scientific interest in benzimidazole-based materials is evident in the last
decade, such systems are indeed untapped potential in the field of optical chemical
sensing.

In this chapter, we summarised the recent advances in optical solid state sens-
ing systems and (nano)materials that incorporate the benzimidazole structural
moiety. Immobilisation of benzimidazole derivatives in bulk membranes, polymers,
sol-gel materials, as well as self-assembled (nano)materials for optical sensing are
reviewed and discussed. Representative examples have been selected and com-
mented in next sections, based on the type of applied material.
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2. Polymer-based sensing materials

Polymers are the most commonly used support for optical chemical sensors [14].
They can be utilised to immobilise the sensing component, but can also directly partici-
pate in the sensing mechanism. In general, most commonly used polymers for analyte
sensing are cellulose derivatives and hydrogels because of their excellent mechanical
properties, stability at broad temperature and pH ranges, as well as high permeability
towards water, ions and undissolved gases. In addition, polymers like polyurethane and
pHEMA are biocompatible, a fact that enables new possibilities of their application.

The simplest form of the polymeric sensing material is the polymer membrane in
which the chemosensor molecule is physically entrapped [11, 12]. Such dye-impreg-
nated polymers are widely used in sensing chemistry, due to economic and simple
methods of preparation. The choice of polymer depends on its permeability towards
a specific analyte, its stability, availability and potential for immobilisation. Still, the
development of such membranes is a challenging task because the polymer microen-
vironment has a strong effect on spectral characteristics of the immobilised sensing
molecule, its acid-base equilibrium, selectivity towards the analyte and fluorescence
lifetime. Ion-selective optodes are well-known examples of such optical sensing
systems, where the bulk membranes are mostly formed from plasticised PVC [15].

An alternative for dye-impregnated polymers are the polymers with covalently
attached fluorescent molecules. Stability of covalently bonded systems provides
many advantages and can significantly improve analytical performance of chemical
sensor. Another class of materials for optical sensing is the luminescent polymers.
Design and synthesis of novel conjugated or coordination polymers is a constantly
growing area of research, due to the enormous potential for the application of these
kinds of functional materials.

The polymer-based materials for optical sensing that incorporate benzimid-
azole unit are summarised in Table 1, while the representative examples have been
selected and discussed in next sections.

2.1 Dye-impregnated polymers

Polymer-based sensing materials incorporating physically entrapped benz-
imidazole-based receptors are very often used when relying on the electrochemical
detection [16, 17]. However, examples utilising optical sensing techniques are not
that common. For example, novel fluorescent sensors are developed by the immo-
bilisation of benzimidazole-based ionophores in plasticised PVC, resulting in ion-
selective optode for mercury [18] and silver detection [19]. Presented ion-selective
optodes are complex systems, where a number of parameters, including lipophilic-
ity, polarity and microviscosity affect the heterogeneous ion-exchange equilibrium.
The same sensing mechanism is presented for benzimidazole-based acrylonitrile
derivatives [20] and Schiff bases [21], where novel colorimetric and fluorimetric
sensing materials are applied for detecting the acidity changes. Moreover, immo-
bilisation of this class of compounds into polymer matrices is demonstrated as a
convenient way to overcome certain problems of organic fluorophores occurring
in aqueous solution, such as hydrolysis of imino-bond or low quantum yields. For
instance, a reversible spectroscopic response to pH is achieved because protonation
of the immobilised benzimidazole Schiff bases occurs on the stable benzimidazole
moiety (electron acceptor), while the imino bond of the Schiff base remains
preserved [21]. At the same time, spectral properties of fluorescent sensing mol-
ecules are significantly altered due to the interactions between molecules in bulk,
that is, in novel environment, where the molecular system becomes more rigid with
partially disabled cis-trans isomerisation. Optical properties of developed materials
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can also be easily modified by tuning the ICT character of fluorescent molecules,
which is often achieved by introducing electron donating groups (e.g. N,N-diethyl
amino) and strong electron withdrawing moieties (e.g. -CN and -NO,) on the
opposite parts of molecular system (Figure 1A).

2.2 Covalently attached benzimidazole derivatives

As an alternative to dye-impregnation of polymers, fluorescent molecules can
be covalently attached to polymeric materials, as demonstrated, for example, in a
fluorescence solid sensor for the mercury detection based on a photocrosslinked
membrane functionalised with (benzimidazolyl) methyl-piperazine derivative
of 1,8-naphthalimide [22]. Benzimidazole, linked to a piperazine moiety by a
methylene spacer, is responsible for the specific recognition of Hg** ions by form-
ing a stable complex structure, that resulted in a strong fluorescence (Figure 1B).
Materials developed by the covalent attachment of the sensing molecules usually
have more advantages that those utilising physical entrapment, in which active
molecules may easily leach out of the matrix. Stability and duration of covalently
functionalised polymer materials are much better, and they even often provide
improved analytical parameters of chemical sensor.

2.3 Luminescent polymers

Another approach to obtain fluorescent sensing materials is a clever design and
synthesis of novel luminescent polymers. For instance, conjugated polymers are
the constant trend in the development of novel functional materials [23, 24]. They
effectively coordinate with many organic compounds or transition metals, which is
very well conjoined with their excellent optical properties and exploited in optical
chemical sensors. Detection methods are mostly relying on the fluorescence tech-
niques, particularly the quenching effect (‘superquenching’) described by Stern-
Volmer relationships. Fluorescent conjugated polymers also offer many advantages
in regard to simple organic fluorophores, such as amplified sensitivity and the
possibility of simple introduction of desired functional groups in order to achieve
better interactions with the analyte. Benzimidazole is often found as a constituent
of conjugated polymers [25-28]. Optical sensing ability of benzimidazole-based
fluorescent polymers is demonstrated for the detection of pH [29, 30], metal ions
[28] or inorganic anions [27], where benzimidazole moiety often plays a crucial
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Figure 1.

(A) Fluovescent pH-sensitive bulk optodes based on immobilised Schiff base derivatives in plasticised PVC
matrix. Tuneable fluovescent response of the optodes is a result of diffevent substituents on the benzimidazole
moiety. Reprinted from [21]. Copyright (2018), with permission from Elsevier. (B) Selective fluorescence solid
sensor for Hg** based on N-(2-hydroxyethyl)-4- (4- (1Hbenzo[d]imidazol-2-yl)methyl) piperazine-1-yl)-1,8-
naphthalimide, here presented by the author’s courtesy. Fluorescence sensor undergoes fluorescence enhancement
upon binding mercuric ion due to the inhibition of photo-induced electron transfer (PET) process from the
piperazine to the naphthalimide moiety [22].
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role in the sensing mechanism. For example, a copolymer built from N-(1-ethyl-
2-(pyridin-4-yl)-1Hbenzo[d]imidazol-5-yl)methacrylamide and 2-hydroxyethyl
methacrylate exhibits a pH sensitivity due to acid-base equilibria on the heteroatom
of pyridyl-substituted benzimidazole moiety [30] (Figure 2A).

Besides conjugated polymers, benzimidazole-based materials can be developed
as luminescent metal organic frameworks (MOFs) [31-35] or coordination poly-
mers [36-42]. Such advanced functional materials have been extensively applied
in the field of luminescence sensing due to their diverse structural characteristics
and tunable pore sizes. For example, luminescence sensing of iron is achieved by a
coordination polymer employing the linear 2,5-dichloroterephthalic acid ligand and
the flexible bis(benzimidazole) derivatives. Ligand affords the capacity to strongly
bind metal atoms, while bis(benzimidazole) derivatives can freely twist around two
methylene -CH, groups with disparate angles to generate different conformations
[36]. Luminescent MOFs have been exploited for the development of sensing materi-
als for humidity and formaldehyde, such as a porous Cu(I)-MOF, constructed from
Cul and 1-benzimidazolyl-3,5-bis(4-pyridyl)benzene (Figure 3) [32]. 3D cadmium
metal-organic framework was demonstrated as sensing material for the detection of
Cr,0,°” in water [31], while diamond-like coordination polymer exhibits selective
emission quenching responses towards the Fe’* ion and nitroaromatics [33].

Interesting to note is the emerging trend in the development of the so-called
‘smart’ materials, where the final product exhibit multistimuli-responsive
photoluminescence sensing properties. Tripathi et al. developed Hg(II) coor-
dination polymer with benzimidazole-appended tripodal tridentate ligand,
1,3,5-tris(benzimidazolylmethyl)benzene. Luminescent material is the first
example of Hg(II) coordination polymer with multistimuli-responsive properties
(Figure 2B). Luminescence quenching response is observed to a range of stimuli,
including anions, solvents and nitroaromatic compounds [37].

2.4 Inorganic polymers

Inorganic polymers, such as networks of metal oxides obtained by sol-gel pro-
cess, are also attractive substrates for immobilising sensing molecules. Sol-gel mate-
rials are very popular for the development of optical sensors, especially nanosized
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Figure 2.

(Ag) Chemical structure of pH-responsive copolymer of N-(1-ethyl-2- (pyridin-4-yl)-1Hbenzo[dimidazol-
5-yl) methacrylamide and 2-hydroxyethyl methacrylate, here presented by the author’s courtesy. pH sensitivity
is achieved by pyridyl substituted benzimidazole moiety [30]. (B) Representation of multistimuli-responsive
Smart’ mercury (I1) coordination polymer and different possible conformations of benzimidazole-based ligand
in metal complexes. Adapted with permission from [37]. Copyright (2018) American Chemical Society.
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Figure 3.

(A) Highly sensitive naked eye colorimetric sensor for water and formaldehyde detection based on a porous
Cu(I)-MOF constructed from Cul and 1-bengimidazolyl-3,5-bis(4-pyridyl) benzene. (B) The colour change
of the bulk crystal samples of MOF in atmospheres with different relative humidity (RH 33-78.5%) and the
corvesponding solid-state emission spectra. Adapted with permission from [32]. Copyright (2013) Royal Society
of Chemistry.

probes [43]. Basically, the sol-gel process is a method for the synthesis of ceramic
or glass materials at low temperature, starting from the colloidal suspension (‘sol’).
Hydrolysis of alkoxy metal groups in the precursors followed by polycondensa-
tion results in a network structure (‘gel’). Meantime, fluorescent indicators can be
easily incorporated in sol-gel by impregnation, chemical or covalent immobilisa-
tion. These materials are porous, so that the analyte can freely diffuse. They are
robust and biocompatible, which makes them suitable for intracellular sensing.
Hoffman et al. have developed novel benzimidazole-based fluorescent materi-

als using the sol-gel process [44]. Tetraethylorthosilicate (TEOS) was used as an
inorganic precursor for the development of new silica hybrid materials. Although
sol-gel chemistry is firmly embedded in the field of chemical sensors, there isa
lack of benzimidazole-based sol-gel materials. The reason can be poor solubility
and self-assembly properties of many benzimidazole derivatives, often inducing
gelation process and thus, making the development of novel sol-gel materials, in

a classical manner described above, a challenging task. However, the gelation of
such compounds has been shown as an excellent method for preparing new sensing
membranes, which will be discussed in further sections.
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To conclude this section, we can highlight several facts. Literature shows that
polymer-based materials are the most common substrates for the preparation of
novel optical sensing platforms based on benzimidazole derivatives. Benzimidazole
moiety retained its functional properties upon immobilisation in presented
polymeric platforms. Although they are thoroughly explored and their potential
for sensing applications is often emphasised, luminescent polymers that incorpo-
rate benzimidazole moiety are not adequately exploited in optical sensors. Even
though polymer-based sensing materials are still relatively rare, a recent advance
in developing benzimidazole-based ultralong-persistent room temperature phos-
phorescence (RTP) materials that exhibit reversible pH-responsive emission [38]
represents a significant breakthrough of benzimidazole derivatives in materials
science. Unfortunately, the biggest disadvantages of most polymer-based sensing
materials are still very limited, such as selectivity, poor photostability and often
leaching of indicator dyes.

3. Self-assembled sensing materials
3.1Gels

Soft matter research and supramolecular organogels are one of the emerging
scientific areas in the last decade. Functional materials based on supramolecular
organogels are very attractive for the applications in tissue engineering, medi-
cal implants, controlled drug release, environmental studies etc. Small organic
molecules have often been investigated as z-gelators, including benzimidazole
derivatives [46, 47]. Utilising their fluorescence and self-assembling properties,
benzimidazole-based gels are successfully demonstrated as novel functional materi-
als. For example, a family of alkylpyridinylium benzimidazole derivatives was
synthesised in order to examine its gelation properties [48], while several fluores-
cent z-gelators based on benzimidazole are presented as stimuli responsive systems
and sensors [49-53]. Ghosh et al. presented sensing system for Ag” based on the
cholesterol-appended benzimidazole. Benzimidazole moiety with conformational
flexibility can exhibit different alignments upon metal ion chelation, while the cho-
lesterol is likely oriented to exert hydrophobic-hydrophobic interaction for estab-
lishing cross-linked network for solvent trapping. The addition of Ag” ions to the
solution of presented molecules in DMF:H,0 (1:1, »/v) at room temperature causes
instant gelation and the change of colour, visible by a naked eye [51]. Another
example of multi-analyte sensor array based on benzimidazole and acylhydrazone
naphthol moities was demonstrated by Yao et al. [52]. The latter sensing system is
able to detect many analytes such as CN™, AP, Fe** and L-Cys with a possibility for
the selective identification of Fe’* and AI* in the gel state (Figure 6).

3.2 Aggregation-induced emitters

Self-assembly of benzimidazole derivatives takes a great role in emerging
mechanisms and designs of novel optical sensing materials. One of the research
directions of the self-assembled molecules are the sensing materials based on the
emissive (nano)aggregates. Aggregation of organic fluorophores is mostly investi-
gated as an undesirable side effect in many biological or chemical applications due
to fluorescence quenching. However, development of novel organic luminophores
with aggregation-induced emission (AIE) changed the aspect of aggregation phe-
nomena and the AIE was introduced as an analytical tool in a wide range of appli-
cation, such as bioimaging, optoelectronics and chemosensors [54]. AIE or AIEE
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(aggregation-induced emission enhancement) can be observed in the so called
‘poor’ solvents, in crystalline or powder forms. With that in mind, benzimidazole-
based fluorophores capable of emitting intense fluorescence in the aggregated form
(AIE emitters) can also be classified as novel sensing materials [55-58]. For exam-
ple, self-assembled nanoaggregates of benzimidazole-based acrylonitrile derivative
are presented as sensing system for pH, based on aggregation-deaggregation mech-
anism and aggregation-induced emission (AIE) [59]. 2-Benzimidazolyl-substituted
acrylonitrile dye exhibits fluorescence emission in the red, green or cyan spectral
regions, depending on its protonation degree. The neutral form is capable of
self-assembly in the aqueous environment (pH between 5 and 9), exhibiting stable
red-orange fluorescence emission at 600 nm. Thus, due to the aggregation-induced
emission (AIE), from the single molecular entity, tri-state system (RGB) is derived.
The aggregation and emission are pH switchable and fully-reversible. Gogoi et al.
presented a novel AIE system based on a benzimidazole derivative for the detection
of pyrophosphate (PPi) (Figure 4) [56]. The benzimidazole moiety has a func-
tional role in assembling aggregate structures and the recognition of Ppi. Molecules
of benzimidazole derivative self-assemble in nanostructures when so-called ‘bad’
solvent, H,0, is added into the THF solution (‘good’ solvent). Self-assembled nano-
structures exhibit pronounced emission at 4 = 530 nm. Their z-7 stacking is affected
by the Ppi presence, thus assembled aggregates are of different emission properties
and sizes. Another example is offered by Singh et al. by the preparation of fluo-
rescent aggregates for sensing chemical warfare agents (diethylchlorophosphate)
from benzimidazolium-based receptors containing 2-mercaptobenzimidazole

and 2-mercaptobenzthiazole as functional groups, using anionic surfactants [60].
Authors presented receptors with benzimidazolium moiety in the centre, as well as
receptors with two fluorescent arms as binding- and signalling units that initially
interacts with chemical warfare agents and captures the hydrolysed product of an
organophosphate.

An AIE phenomenon is especially exploited in solid-state, where the concen-
tration effect commonly causes fluorescence quenching. Having in mind that
fluorophores emitting in the solid states are extremely rare, especially red ones,
benzimidazole-based AIE molecular systems show a great prospect for future
applications of pristine powder samples or crystals as solid-state sensors and ‘smart’
materials [61-65].

530 nm 530 nm
— --—lf‘ T
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Figure 4.
Aggregation-induced emission of benzimidazole-based derivative and detection of pyrophosphate (PPi).
Reprinted with permission from [56]. Copyright (2015) American Chemical Society.
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In conclusion, due to its emerging and multidisciplinary character, further
research on optical sensing applications of benzimidazole-based gel membranes
and self-assembled structures is strongly encouraged. Gelation is proven and widely
investigated effect in many benzimidazole-based compounds, yet not exploited
enough for the preparation of novel chemical sensors. Meanwhile, research on the
aggregation-induced emission phenomena has taken momentum in all areas of
application. Beside the fact that certain benzimidazole-based derivatives exhibit
AIE property, which is not often found within small heterocyclic molecular
systems, optical chemical sensors based on this principle are rarely found. Self-
assembled materials for optical sensing that incorporate benzimidazole unit are
summarised in Table 2.

4. Nanomaterials for optical sensing

Nowadays, the term nano appears in all aspects of our life, technology and
science, including the optical chemical sensors. In most general way, an optical
nanosensor can be defined as a device smaller than 1 pm that is continuously
tracking an analyte and simultaneously converting optical information into an
analytically useful signal [66]. Fluorescence is the most commonly applied detec-
tion technique, due to its high sensitivity and relative simplicity of measurement
[67]. Nanosensors can be macromolecular nanostructures, nano-sized polymer
materials and sol-gels, multi-functional core-shell systems, multi-functional
magnetic beads or nanosensors based on quantum dots or metal beads. We have
previously mentioned the nanoaggregates formed by the self-assembly process.
Although such type of nanomaterial can be classified as nanosensors, the emphasis
in this section is placed on synthesis of nano-sized substrate materials func-
tionalised with benzimidazole derivatives. Most commonly used method for the
preparation of nanosensors is previously mentioned sol-gel process resulting in
silica nanoparticles [68, 69]. Some other methods, such as precipitation, are often
utilised for the preparation of polymer nanoparticles [70]. Research in the field of
benzimidazole-based nanosensors is still in the early stages. Benzimidazole-based
nanomaterials for optical sensing of metal ions are so far demonstrated as hybrid
silica materials [44, 68, 71], ZnO nanoparticles decorated with benzimidazole-
based organic ligand [72] or self-assembled nano hyperbranched polymer [73]. For
example, Badiei et al. recently presented SBA-15 nanoporous silica functionalised
with 2,6-bis(2-benzimidazolyl) pyridine for the selective recognition of mercury
(Figure 5) [71]. Fluorescence intensity of the SBA-15 functionalized material
quenched in the presence of Hg”" ions, wherein the sensor is applicable in the
physiological pH range of 6-8.

5. Other benzimidazole-based materials for optical sensing

A simple, fast and economic determination of target analyte, on-site and with-
out a reference device is one of the key challenges of modern analytical chemistry.
As mentioned in previous sections, the response to this challenge came forth in the
form of optical chemical sensors. In addition, design and development of sens-
ing materials as straightforward optical sensors enable countless possibilities of
their applications, especially in modern technology where the emphasis is put on
mobile, wearable and wireless devices. Simple, yet effective materials for colo-
rimetric or fluorimetric detection of analytes can easily be achieved using filter
paper or TLC plates. Paper substrates themselves are an attractive platform for the
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Synthesis procedure of benzimidazole functionalized SBA-15 material and fluovescence emission of the aqueous
suspended nanoparticles (0.4 g L™) upon titration of increasing amount of Hg** ions. Inset: Stern-Volmer plot,
Aexe = 353 nm. Reprinted with permission from [71]. Copyright (2018) Springer Nature.

use in a wide range of optical sensing, due to the possibility of a passive sample
manipulation by capillary forces. So far, paper-based optical chemical sensors for
neutral molecules, anions and cations, relying on benzimidazole derivatives as
recognition element, have been successfully presented by several research groups.
For example, Boonsri et al. demonstrated paper-based sensors for the trinitrotolu-
ene (TNT) detection [74]. Sensing material prepared from pyrene-substituted
benzimidazole-isoquinolinones can readily detect TNT in aqueous media by a
naked-eye observation at concentrations as low as 50 pM. Optical sensing of acid/
amine vapours with three carbazole-based benzimidazole derivatives in the solid
state was also demonstrated using TLC plates [75]. Plates were immersed with
benzimidazole-based dyes and then exposed to trifluoroacetic acid (TFA) vapours
for 1 minute. In following step, the TLC plates which were exposed with TFA
vapours were further revealed to triethyl amine vapours and the restored colour
was observed in each case (Figure 6).

Anion detection was demonstrated by the ratiometric detection of CN™ based
on acrylonitrile embedded benzimidazole-anthraquinone coated on the filter
paper [76]. Paper strips coated with the sensing molecule showed a distinct
colour change from yellow-greenish to red under UV light in the presence of the
CN" ions. Dhaka et al. demonstrated a ‘bare-eye’ probe for the detection of Ni**
based on 2-(2'-hydroxyphenyl)benzimidazole. Colourimetric sensing of Ni** was
demonstrated on filter paper. Paper test strips exhibit distinct visual change from
colourless to yellow-gold [77]. Other materials for optical sensing that incorporate
benzimidazole unit are summarised in Table 2.

Besides optical sensing, paper-based materials coated with functional benz-
imidazole derivatives are also presented as ‘smart), stimuli responsive materials
with potential applications in security, optoelectronic or fluorescent imaging [62].
Simple sensing substrates such as paper and textile materials are perfectly suited
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Figure 6.

(A) Proposed self-assembly mechanism of a supramolecular AIE gel and its multiple-stimuli responsive
behaviour (a) and fluorescence responses of the multi-analyte sensor array to the presence of various
anions, cations and amino acids. Reprinted with permission from [52]. Copyright (2018) Royal Society of
Chemistry. (B) TLC plates immersed with carbazole benzimidazole-based dyes observed under the UV
light (Aexc = 365 nm) before (a) and after exposure to TFA vapours (b). Adapted with permission from [75].
Copyright (2016) Royal Society of Chemistry.

for applications in emerging mobile and wearable chemical sensors. Design and
development of compatible ‘sensing chemistries’ that operate in the background of
such devices is a constant challenge. The multifunctional nature of materials based
on molecules such as benzimidazole can perfectly respond to this challenge.

6. Conclusion

Benzimidazole unit represents an important multifunctional building block in
optical chemical sensors, with proven potential for the development of novel func-
tional (nano)materials. Solid-state optical sensing systems incorporating benzimid-
azole derivatives are reviewed and discussed. Polymers are most commonly used
substrates for the development of optical chemical sensors. Materials for optical
sensing based on benzimidazole are also demonstrated as gels, sol-gel matrices,
silica or polymer nanoparticles, (nano)aggregates and TLC or paper-based strips.

The role of benzimidazole moiety in optical sensing (nano)materials is impor-
tant and crucial, since it maintains the function of the system and plays a key role
in the formation of the analytical signal in the majority of chemical sensing systems
reviewed here. Besides, the planar moiety significantly contributes to the conju-
gation of the chromo/fluorophore system. Although benzimidazole derivatives
reviewed in the literature are mostly fluorescent sensors, several probes based on
colourimetric switches are also demonstrated. It is very challenging to transfer the
sensing chemistry from a solution to the solid state, which is successfully compre-
hended for the benzimidazole derivatives. It is even observed for some classes of
chromophores with relatively unattractive sensing properties in aqueous solution
(such as low quantum yield, decomposition upon protonation) to be drastically
improved upon immobilisation in a polymer matrix.

Although examples of sensing materials presented in the literature show that
benzimidazole derivatives can be successfully and easily applied in optical chemical
sensors, they are yet insufficiently explored. Challenges in development of novel
optical sensing (nano)materials are constantly emerging, since the scientific and
industrial field of mobile and wearable sensors are experiencing great progress.
Simple, fast and economic determination of target analyte, on-site and without
reference device is a request that a multifunctional molecule such as benzimidazole
can perfectly respond to.
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Abbreviations

AIE aggregation-induced emission

AIEE aggregation-induced emission enhancement
DMF dimethylformamide

ICT intramolecular charge transfer

MOF metal organic framework

NLO non-linear optics

pHEMA poly(2-hydroxyethyl methacrylate)

PPi pyrophosphate

pvC poly(vinyl chloride)

RGB red, green and cyan spectrum

RTP ultralong-persistent room temperature phosphorescence
SBA-15 porous silica

TEOS tetraethylorthosilicate

TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

TNT trinitrotoluene

uv ultraviolet
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Chapter 10

Benzimidazole as Solid Electrolyte
Material for Fuel Cells

Daniel Herrang and Pilar Ocon

Abstract

This chapter is focused in the application of benzimidazole, mainly in the form
of poly[2,2'-(m-phenylene)-5,5-bisbenzimidazole] (PBI) and poly(2,5-benzimid-
azole) (ABPBI), in the fuel cell technology. A short introduction is given of the fuel
cell principles, explaining both the theory and the high importance of this technol-
ogy. PBI and ABPBI are used in a certain type of fuel cells: the polymer electrolyte
fuel cells and are key materials in the composition of some of the electrolyte
membranes used. Commercially available membranes composed of PBI are indi-
cated in order to give an overview of their potential performance. The synthesis of
the polymers is explained. Moreover, the preparation of the different kinds of
membranes, both in proton exchange membrane fuel cells (PEMFCs) and anion
exchange membrane fuel cells (AEMFCs) is studied. A deep description is given
about the properties that make this family of compounds so interesting for the fuel
cell technology as well as an how these polymers have been characterized with the
corresponding analysis. The comparison with other ion exchange membranes is also
discussed. Special attention will be given to the state of the art of different kinds of
PBI/ABPBI fuel cell electrolyte membranes, in which our group and others are
working nowadays.

Keywords: polybenzimidazole, electrolyte, fuel cells, proton exchange membrane,
anion exchange membrane

1. Introduction

Benzimidazole and its family can be used in the energy world easily in the form
of polymers, since these materials have the possibility to create designed structures
for many applications. The fuel cells and electrolyzers are emerging technologies
with wonderful potential. In these technologies, an electrolyte is needed to separate
two electrodes where electrochemical reactions occur. The separation must be
physical and electrical, but the electrolyte allows the ionic conduction of ions in
order to close the circuit (so the current goes through the external circuit and can be
used) and to make possible the continuity of the reactions at the electrodes. Here is
where benzimidazoles (in the form of polybenzimidazole, e.g.) play a key role, in
the conformation of a solid polymer electrolyte membrane, alone or with other
chemical materials.

But, what is a fuel cell? What do we understand for membranes in this field?
Fuel cells are electrochemical devices that convert directly the chemical energy of
the reagents into electrical energy and side-products via an electrochemical
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reaction. This process allows theoretical efficiencies as high as 80% [1], which is a
wonderful advantage compared to the thermal machines limited thermodynami-
cally by the Carnot cycle. There are many types of fuel cells, the most relevant are
alkaline fuel cells (AFCs), polymer electrolyte membrane fuel cells (PEMFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and solid
oxide fuel cells (SOFCs).

Polymer electrolyte membrane fuel cells have as principal characteristics the low
operation temperature (<120°C), high power density, and easy scale-up, making
them a promising technology for power generation. Their main application fields
are backup power, portable power, distributed generation, and transportation [1]. It
is relevant to note the role of transition energy technology, since they can play an
important function in the near future in order to overcome the fossil fuel depletion
and mitigate the climate change. The reason is that fuels like hydrogen or alcohols,
which are produced by unsustainable ways, could be produced with renewable
energies. An example of this is the actual production of hydrogen mainly from
catalytic reforming of methane and just some from electrolysis [2]. The hydrogen
can be produced from electrolysis powered with electricity coming from renew-
ables. This should be done when production is higher than the demand, allowing to
store chemically the energy and later use it when needed with a PEMFC; this is
known as the “hydrogen economy system.” It is also possible to accumulate energy
in short-chain alcohols like methanol or ethanol and use them to power PEMFCs
[3, 4], mainly used in the portable applications. A great advantage of this technol-
ogy is the low pollution associated with the process. For example, when hydrogen is
used as fuel, the only products are electricity and water. The potential of PEMFCs
is really promising but still drawbacks as high cost (mainly from the expensive
catalysts based in Pt) and low durability have to be overcome for a general
commercialization [1].

In PEMFCs one of the most important components is the polymeric ion
exchange membrane (IEM) that works as an electrolyte. It has to be an electrical
insulator to force the produced electrons to go through the external circuit, it also
has to avoid the mixture of the reagents supplied in anode and cathode, and it is
responsible of the adequate ionic conductivity of the ions traveling through it.
Depending on the ion movement, two types of IEMs can be distinguished: anion
exchange membranes (AEMs), where the ionic charge carriers are the hydroxide
ions (OH™) that travel from cathode to anode, and cation exchange membranes
(CEMs) where generally the proton ion (H") moves from anode to cathode in the
fuel cell. For that reason, the last ones are also called proton exchange membranes
(PEMs). The AEMs are used in alkaline media and the others in acid media. The
proton exchange membrane fuel cells (PEMFCs) have been historically more used
because of the discovery of the Nafion® membrane that has good ionic conductivity
and durability and has been the standard so far [5]. The higher mobility of the H"
ion compared to OH ™ in aqueous media has also been a relevant factor [6]. The
alkaline media in the other hand does not have a standard membrane and presents
relevant advantages that have produced high interest in the last years. Some of them
are the faster electrochemical kinetics in the alkaline media, possible absence of
noble metals as catalysts, minimized corrosion problems, and cogeneration of
electricity and valuable chemicals [7].

Independently of the media, membranes are expected to have good ionic con-
ductivity, long-term chemical and electrochemical stability, adequate mechanical
strength, good moisture control, low fuel or oxygen crossover, and production costs
compatible with intended application [5, 6].

In the FCs, the active materials (fuel and oxidant) are continuously fed and
extracted. The fuel cell, Figure 1, is made up of two electrodes: the anode, where the
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Figure 1.
Polymer exchange membrane fuel cell working with H, and O,.

fuel is oxidized, and the cathode, where the oxidant (O,) is reduced. It also involves
an electrolyte, which acts as an ionic conductor and electrical insulator. The elec-
trons obtained in the anode are addressed directly to the cathode through the
external circuit, generating an electric current directly usable. In addition, the pro-
tons produced in the anode go through the electrolyte, up to the cathode to reduce
O,, generating water as the only product of the reaction. The reaction is exothermic
and has a value of AH®, = —285.83 kJ/mol for H,O (1) and — 241.862 kJ/mol for H,O
(v). Although this is a spontaneous reaction, it needs to be catalyzed to be opera-
tional, since the kinetics of the process is too slow otherwise.

At atmospheric pressure, the maximum potential difference obtained by the fuel
cell will be determined by the difference of energy between the initial and final state
of the system. The Gibbs free energy variation of the process, AG, can be calculated
from the operation temperature (T) and changes with both enthalpy (AH) and
entropy (AS) of the reaction. Under standard conditions

AG® = AS® — T AS° (1)

and the maximum potential difference, obtained in the fuel cell, E° iheoric, will be

_ —AG°
- wF

E° =123V (2)
where n is the number of electrons exchanged and F is Faraday’s constant. At
298 K and 1 atm, AG® = —237.340 J/mol and therefore E° = 1.23 V. For an operating
temperature of 80°C, the values of AH and AS change, but slightly, and the decrease

in AG will be mainly due to the temperature, resulting in a theoretical potential
difference of 1.18 V approximately. However, in practice this potential, called the
open circuit potential, is significantly lower than this potential value, usually less
than 1 V. This suggests that some losses appear in the fuel cell even when no
external current is generated. The potential difference of the fuel cell in operation,
that is, when the current is passing through the system, Ege; cen (1), Will be given by
the sum of thermodynamic or reversible value (I = 0), minus the anode and cathode
activation overvoltage and the ohmic losses or overvoltage. The electrode kinetics
was represented by the Butler-Volmer equation, the mass transport process was
described by the multicomponent Stefan-Maxwell equations and Fick’s law, and the
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ionic and electronic resistances are described by Ohm’s law. The E g, cen (1) value
could be obtained by

Efuel cell (I) — EReversivie (I=0) ~ Nactivation — Nohmic (3 )

The losses considered are in relation to the activation overvoltages, and they
are dependent on the kinetics of the processes involved and therefore directly
related to the goodness of catalyst used for the process. Thus, #activation is related
directed with both the oxidation kinetic reaction and the reduction kinetic reaction
of the reagent involved in the catalysts surface materials. The #,ctivation for an Hy/O,
fed in PEMFC will come mainly determined by the slow kinetics of oxygen reduc-
tion reaction (ORR) on the catalyst material in comparison to H, oxidation, while
Hactivation (transport) 15 the consequence of material transport. This overpotential
considers the combination of the flow of reactants and products in the fuel cell.
The polarization from concentration gradients occurs when a reactant is rapidly
consumed at the electrode by the electrochemical reaction so that gradients are
established. The #7opmic = iR will be due to the combination of resistors provided by
internal/external electrical contacts and ionic resistance due to ion motion through
the membrane. Therefore, the fuel cell when current is not zero has an Egye) cen
expression like this:

RT ] RT ) RT i1, RT )
Efuel cell (I) — Erever (I=0) — —In (L) ——In ( ! > ——In <L) ——In ( a )
ac 10,¢ ay 10,a a Uye — 1 ay Ua — 1

(4)
Eyep (1—0) = 1.229 — (8.5 x 10™*)(T — 298.15) + (4.308 x 10 °) T[In (P) + 0.5In (Ppy)]
5)

being ioc, O, ipc and ioa, &, ira the exchange current density, transfer coefficient,
and limit current density of the cathodic and anodic processes, respectively [8]. The
polarization curve of the device can be found in Figure 2, where the different losses
mentioned above are indicated.

It was previously stated that the ion exchange polymer membrane is electrically
insulator and practically impermeable to reactant gases, but some small amount of
mainly H, will crossover from anode to cathode. Hydrogen that permeates through
the membrane does not participate in the electrochemical reaction on the anode

Voltage (V)

Current dansity

Figure 2.
Polarization curves with voltage losses of a fuel cell.
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side. Each hydrogen molecule on the cathode side reacts with oxygen on the surface
of the catalyst resulting in two fewer electrons in the generated current that travels
through the external circuit and thus in a reduction of cathode and the overall fuel
cell potential. These losses are not big in fuel cell operation, but when the fuel cell
is at open circuit potential or at very low current densities, this situation may have
a dramatic effect on fuel cell potential. At least, all these losses have to be taken
into account when the device works and have a lot to do with good fuel cell
performance.

2. Synthesis of polybenzimidazole materials

Polybenzimidazoles are synthesized by the repetitive reaction of aromatic amino
groups with carboxyl groups using a 1:2 molar ratio by the process of step-grow
polymerization [9]. Usually the monomer reagents are a diacid and a tetra-amine,
like the example in Figure 3. There are many polybenzimidazoles but the ones that
have presented better application and have been more studied are poly(2,2'-(m-
phenylene)-5,5-bibenzimidazole), known as PBI, and poly(2,5-benzimidazole),
known as ABPBI. Both were first synthesized by Vogel and Marvel in 1961 [10]. For
PBI the synthesis was a two-step process with an intermediate prepolymer that
prevented the production of high molecular weight polymer. Cho et al. [11, 12]
discovered a process with 3,3',4,4'-tetraaminobiphenyl (TAB) and isophthalic acid
(IPA) to do the synthesis in a single step obtaining high molecular weight, in the
presence of catalyzers and at temperatures higher than 350°C. It is important to
know the molecular weight of the polymer, which is obtained by the measurement
of the inherent viscosity (IV, in dLg™ ") of the polymer dissolved in concentrated
sulfuric acid. For membrane application, usually casted from solution, it is interest-
ing to have high molecular weight in order to achieve mechanically stable mem-
branes that can support higher doping and thus obtain better ionic conductivity.
The previously described method of Vogel and Marvel and Cho et al. can be classi-
fied in the heterogeneous molten/solid state synthesis [13, 14]. The other synthesis
method used is the homogeneous solution synthesis, using solvents as
polyphosphoric acid (PPA) [15]; this method allows to use moderate temperature
and more stable monomers and is excellent to synthesize linear high molecular
weight polymers at laboratory or small batch scale. These advantages make this
synthesis method the most commonly used. Another example of solvent is Eaton’s
reagent, a mixture of phosphorus pentoxide (P205) and methanesulfonic acid
(MSA) proposed by Eaton et al. [16], which has low viscosity making it suitable for
the homogeneous solution synthesis and the acid washing after it [17, 18]. A shorter
reaction time with high molecular weight has been obtained using homogeneous
solution microwave-assisted synthesis recently, both for PBI and ABPBI [14].

Figure 3.
Example synthesis of (top) poly(2,2'-(m-phenylene)-5,5'-bibenzimidazole), abbreviated as PBI, and
(bottom) poly(2,5-benzimidazole) (ABPBI).

185



Chemistry and Applications of Bengimidazole and its Derivatives

ABPBI is synthesized from a single monomer, (3,4-diaminobenzoic acid)
(DABA), which as the advantages of being less expensive, commercially available,
and non-carcinogenic. The scheme is shown in Figure 3. Different syntheses have
been done by the homogeneous solution method in PPA or Eaton’s reagent, and
inherent viscosity values as high as 7.33 have been reached, as reported by Li et al.
by using recrystallized DABA [19]. This is essential for the direct casting of ABPBI
membranes since it has been suggested by Asensio and Gémez-Romero that values
of at least 2.3 dL gf1 are necessary to cast good membranes [13].

In the case of ABPBI, since there is only a monomer, its purity is not as critical as
in PBI; however, the use of high purity monomer produces polymers of high
molecular weight [20]. Since polybenzimidazoles have to be doped in order to
become ionic conductors, two methods are used to prepare the membranes: direct
casting from the polymerization solution, as the work developed by Asensio et al.
[21], or dissolving the previously synthesized polymer and then doing the casting of
the membrane. The casting process consists in the formation of a thin film by the
deposition of the polymer by evaporation of the solvent in the solution. To solubi-
lize PBI or ABPBI, usually strong bases or acids are needed; only a few organic
solvents can also do it; one of them is the N,N-dimethylacetamide (DMAc) [13, 22].
There is also an alternative way to cast ABPBI membranes from a mixture of NaOH
and ethanol [23].

3. Properties of the materials and characterization

The structure of polybenzimidazoles has a good degree of flexibility and chem-
ical and thermal resistance compared to other polymers with more single bonds in
their main chain between aromatic units. The presence of aromatic units in the
main chain to have higher thermal stability than the aliphatic analogs is also impor-
tant [9]. In order to characterize polybenzimidazoles, one of the most important
parameters is the molecular weight of the polymer, which will be highly related to
the final membranes properties. The common way to obtain the molecular weight is
by measurement of the intrinsic viscosity of the polymer (nry) at a certain temper-
ature (normally 25-30°C). From the plotting of the specific viscosity (ns,) as func-
tion of the polymer concentration, the intrinsic viscosity is calculated extrapolating
to zero concentration. A simpler measurement process was proposed to do the
calculation with a single-point method using Eq. (6), where C is the polymer
concentration in a concentrated acid like 96 wt% H,SO.:

nrv = (sp +3In(1+ngp))/4C (6)

The protocol test is to calculate the n, of a polymer solution 5 g L™" in concen-
trated sulfuric acid at 30°C using an Ubbelohde viscometer. From the ny value,
the average molecular weight is calculated with the Mark-Houwink- Sakurada
expression:

ny = KMy, 7)

where the Mark-Houwink constants depend on the molecular weight range and
distribution. Values often used for this constants are K = 1.94 x 10 *dL g%, and
a = 0.791, obtained from Buckley et al. by light scattering measurements. Other
solvents as formic acid or MSA can also be used to measure the viscosity of
polybenzimidazoles [14].

There are various techniques in order to investigate the structure of polybenzi-
midazoles. Nuclear magnetic resonance is very powerful for pure organic
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compounds or the repeating unit of a polymer. Solvents that can be used include
deuterated dimethyl sulfoxide (DMSO- de) and deuterated sulfuric acid (D,SO,).
The most commonly used to record "H-NMR spectra is DMSO-dg because with
D,S0,, the fast exchange interaction with the proton in the imine of the imidazole
rings (-NH-) causes the chemical shift of that hydrogen to be often indiscernible
[24]. 'H-NMR PBI characteristic signals in DMSO-dg are at 13.2 (2H), 9.1 (1H), 8.3
(2H), and 8.0-7.6 (7H) ppm, the first of them attributed to the imidazole protons
and the others to the aromatic protons [25, 26]. IR and Raman spectroscopy are also
used, mainly to identify different functional groups and obtain or corroborate the
chemical structure of the polymers [24, 27, 28]. In PBI, the IR spectrum region from
2000 to 4000 cm ™ is interesting since N-H stretching modes occur in this range,
showing three typical bands at 3415, 3145, and 3063 cm ™. The broad band around
3145 cm™ ! has been attributed to the stretching vibrations of N-H groups self-
associated by hydrogen bonds, and the peak at 3145 cm ™" is assigned to the N-H
groups stretching vibration. In the region from 1630 to 1500 cm ™, the peaks
observed come from the vibration of C=C and C=N bonds [27]. In the Raman
spectra of PBI, the most significant absorption band comes from the benzene ring
vibration and is located around 1000 cm ' [28]. For the measurement of the Raman
spectra, it is relevant to use an excitation wavelength of 785 nm (red laser) since it
gives much less fluorescence than the 532 nm (green laser) [29]. Because the
structure and functional groups are the same, ABPBI presents the same IR peaks
than PBI, as reported by Asensio et al. [30]. They also investigated the bands
appearing when the polymer membrane is doped with phosphoric acid: in the N-H
stretching zone, they found the evolution of nitrogen protonation by the acid, and
in the medium and high doped samples, the broad band of N*-H vibration becomes
stronger, while the nonassociated imidazole protons decreases. In polybenzi-
midazoles doped with alkaline media for anion conductivity purposes, the structure
changes are also clearly identified. Aili et al. [31] investigated PBI with different
degrees of KOH doping and found that in the IR spectra, at KOH concentrations
higher than 15 wt.%, the N-H stretching band at 3415 cm ™" disappear as well as the
broad band around 3100 cm ™" of shelf-associated hydrogen bonded N-H groups.
They concluded that the IR data indicated the predominance of the deprotonated
form of PBI with KOH concentrations of the bulk solution around 15-20 wt.%. In
the "H-NMR spectrum the signal at 13.3 ppm of the N-H proton disappeared at high
bulk KOH concentration, and most signals from the aromatic protons showed
upfield shift compared to pristine PBI, indicating complete ionization. This full
ionization of the polymer releases the extensive intermolecular hydrogen bonding
allowing for high swelling behavior and water and KOH uptake and therefore
enhanced ion conductivity. This study corroborates the knowledge that the intro-
duction of species that interact with imidazole groups by hydrogen bonding
decreases the intermolecular polybenzimidazole cohesion, causing a strong plasti-
cizing effect observed in the great decay of the tensile strength and enhanced
elongation at break when the doping level increases, especially when full ionization
of the polymer is reached. Using an even higher concentration doping solution, they
found that a higher crystallinity structure was obtained, as observed by XRD,
mechanical test, and swelling behavior measurements. X-ray photoelectron spec-
troscopy (XPS) is also a helpful technique for the characterization of polybenzi-
midazoles, concretely for the capacity to distinguish the oxidation states of the
elements present and allow their quantification in the surface of the membrane
[29]. Other fundamental measurements usually performed on the synthesized
membranes are the determination of the ionic conductivity, the swelling behavior
with water and in acidic/alkaline media, or the thermogravimetric analysis (TGA).
In conclusion, a full set of characterization analysis have been studied and are used
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to identify and test the properties of the synthesized polybenzimidazoles and the
membranes prepared with them.

4. Commercial availability

There have been different companies relevant in the fuel cell membrane field,
probably the most known one is DuPont for developing the Nafion® membrane
made of a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer with
excellent thermal and mechanical stability as well as high proton conductivity in
low-temperature fuel cells. Companies like Solvay, Gore, and others have also
commercialized membranes with this chemistry. This membrane has been the
standard for fuel cells used in low-temperature and acidic media, but at tempera-
tures higher than 100°C, Nafion® performance drops dramatically due to the lower
hydration level. It is in these conditions where membranes made of polybenzi-
midazoles have shown good performance and promising applicability, and produc-
tion for commercialization has occurred. BASF Fuel Cell (formerly PEMEAS Fuel
Cell), a part of one of the larger chemistry industries, has developed a product line
about a membrane electrode assembly (MEA) based in a PBI membrane, Celtec®
[32, 33]. These MEAs optimal operation conditions are between 120 and 180°C,
doped in phosphoric acid. They have shown relevant advantages working as high
temperature PMFCs, like high tolerance to fuel gas impurities such as CO (up to
3%), H,S (up to 10 ppm), NH;, or methanol, no humidification required, far
simpler system due to elimination of water, and a less complex reformer technol-
ogy. In addition, several advantages can be obtained for the electrocatalysis, but it is
necessary to be especially careful at the high stability toward corrosion needed to
ensure long fuel cell lifetimes, apart from high activity for the oxidation of the fuels
and the oxygen reduction reaction. Other companies that commercialize PBI- and
PBI-based membranes are “PBI Performance Products” with their Celazole® PBI
PEM [22, 34] and Danish Power Systems with their Dapozol® membranes and
MEAs [35]. Membranes based on PBI are of high applicability as it can be observed,
both for the fuel cell technology in development and also for other applications as
carbon capture, pervaporation dehydration processes, or electrochemical hydrogen
separation, among others.

5. Proton exchange membrane fuel cells (PEMFCs)

Polybenzimidazole (PBI) as ionic exchange membrane can be used as proton
exchange if the material is doped with phosphoric acid (H;PO,), sulfuric acid
(H,S0.,), and nitric acid (HNO3) solvent media. The PBI has benzimidazole units in
the polymer chain and bears the pKa = 5.5 that is responsible for the weak acid
character, and they have excellent oxidative and thermal stability [36]. The acid
molecules penetrate the membranes during doping process, due to the acid-base
interaction between them and gradually swelling of PBI membrane. Therefore, PBI
can be easily doped with different types of strong acids, which act as predominant
protonation through the PBI membranes.

In these circumstances, the material can work as solid electrolyte in a fuel cell in
temperature range between 100 and 200°C, overcoming the dehydration problem
that the Nafion® membrane has in operation condition at around 100°C and in
consequence the dramatically reduction of its proton conductivity, presenting a
near zero electro-osmotic drag [37]. High temperature makes HT-PEMFC more
tolerant to impurities in feed gases (CO, e.g.) and simplifies elimination of waste
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heat with a simpler cooling system. If the fuel cell is working with reformed
natural gas as a power source, the device does not require humidification of reac-
tants due to the simple water management; that is why all these features greatly
simplify design of HT-PEMFC stack [38].

In the PBI/H;3PO, system, the polybenzimidazole acts not only as a matrix
polymer but also as proton acceptor [39]. For HT-PEMFCs, PBI/H3PO, is consid-
ered a reasonably successful solid electrolyte because the excellent conductivity and
thermochemical stability. Phosphoric acid has been widely employed as an anhy-
drous proton conductor because of its high proton conductivity, low cost, and
thermal stability. At temperatures above 150°C, the dehydration of the acid occurs
and yields pyrophosphoric acid or higher oligomers, which exhibit worse proton
conductivity. On the other hand, the long-running operation leads to the release and
dilution of H3PO, from the membranes, which results in a loss of the acid into the
fuel cell gas/vapor exhaust streams, the decrease of membrane ionic conductivity,
and thus a lower fuel cell performance occurs. The high proton conductivity of the
membranes was proved only when the polymer holds a large excess of phosphoric
acid [40]. The optimum doping level was around 5 moles H;PO, per PBI repeat
unit, where a compromise between conductivity and mechanical properties was
achieved.

A thick membrane is not usually advantageous because it is mainly responsible
for the large ohmic polarization and modest power performance of HT-MEA.
However, approx. 100 pm has been implemented with the intention of improving
their mechanical properties [41]. The acid doping is an essential process, but it
softens the PBI membrane, causing membrane ripping in MEA fabrication. The
mechanical stability of the doped PBI membrane can be improved by lowering the
H;PO, doping level; however, the proton conductivity is reduced [42].

The problems of HT-PEMFCs operating at temperatures up to 100°C are not
solved yet and demonstrate the necessity of research on new and more satisfactory
alternatives. In this context, the ionic liquids (ILs) have been used as nonaqueous
and low-volatility proton carriers in replacement of aqueous electrolytes. The protic
ILs for example are able to transport protons due to their acid-base character and
their capability to form complex or intermolecular hydrogen bonds [43] even in
nonaqueous conditions. This type of materials tries to overcome the formation of
unstable materials in the operating conditions and then to improve the performance
of the PEMFC at high temperatures. The first research team working in this subject
was Watanabe and colleagues, who identified the potential electroactive use of ILs
in fuel cell reactions [44]. Sometimes, polymer phase substrate and the IL result in
nonhomogeneous and unmanageable membranes when both components are inte-
grated together. In general, ILs and polymers dissolved in a common solvent and
later are casted as a film. In this way hybrid membranes are obtained, and the
materials may be studied once the solvent has been removed. PBI-based hybrid
membranes holding ILs are examples of this methodology. Greenbaum et al. [45]
demonstrated that the composite gel-type membranes obtained from H3;PO, and
aprotic hydrophilic IL, namely, 1-propyl-3-methylimidazolium dihydrogen phos-
phate [PMI][H,PO,4] and PBI, can be operated as ion exchange membrane up to
150°C in a PEMFC. The composite membranes were homogeneous and both chem-
ically and thermally stable with wide temperature range. Nevertheless, phase sepa-
ration occurred when mixing the 1-ethyl-3-methylimidazolium triflate [EMI][Tf]
or 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EMI][TFSI]
ILs with H3PO,4 and PBI, resulting in homogeneous membranes. Schauer et al. [46]
investigated the use of aprotic ionic liquid 1-butyl-3-methylimidazoliumtrifluoro-
methanesulfonate [BMIM][T{O] and protic ionic liquid 1-ethylimidazoliumtri-
fluoromethanesulfonate [EIM][TfO] to prepare membranes with several different
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polymers: a polybenzimidazole derivative with benzofuranone (PBI-O-Ph), Udel®-
type polysulfone (Udel® PSU), and poly(vinylidene fluoride-co-hexafluor-
opropene) fluoroelastomer. The proton conductivity of the membranes was a func-
tion of the temperature and the ionic liquid amount in the membrane and the
polymeric matrix itself. For PBI-O-Ph-based membranes, the conductivity was very
low up to 90°C. Wang et al. [47] studied the PBI/IL composite membranes where
the IL was 1-hexyl-3-methylimidazolium trifluoromethanesulfonate [HMI][Tf], an
organosoluble fluorine ionic liquid. The ionic conductivity reached a value as high
as 1.6 x 102 S cm ! at 250°C under anhydrous conditions, and the results
depended on temperature and IL content. The IL [HMI][Tf] works simultaneously
as plasticizer and ion carrier. On the other hand, the major drawback related to the
IL addition is a loss of membranes’ mechanical properties, resulting in a good solid
electrolyte to carry out the functions of HT-PEMFC at temperature > 200°C.

In many cases imidazolium salts are the most investigated as ILs in these appli-
cations; composite membranes with good specific conductivity have been found for
their application as electrolytes in PEMFCs; however low performances (maximum
power densities of around 1 mW cm 2 [48]) have been obtained.

Another example of composite hybrid membranes is the use of PBI as matrix and
the diethlyaminebisulfate/sulfate IL, [DE][SH], in different compositional ratios,
PBI/[DE][SH,], as was published by Océn et al. [49]. In this case, the composite
membranes were obtained using a solution casting method. The interaction
between the IL and the PBI was analyzed by FTIR spectroscopy. The imine group
from the imidazole ring of PBI composite membranes showed no evidence of
protonation, and consequently, the interaction between the IL and PBI was weak,
remaining free inside of the PBI structure and allowing for the ionic conduction.
The mechanical properties and tensile stress of pristine PBI was deteriorated dra-
matically on increasing the IL content, despite the fact that the conductivity values
were very acceptable for the described application. For demanding fuel cell opera-
tion conditions, such as 200°C, and low humidity conditions, the PBI/[DE][SH,]
membranes exhibited acceptable ionic conductivity values, higher than
0.01 S cm ™. In addition to high proton conductivity in anhydrous environment,
which is an indispensable condition for potential HT-PEMFC membrane candi-
dates, other requisites must also be fulfilled: barrier to the reagent gases, thermal
and dimensional stability under operating conditions, electrochemical stability
under reducing and oxidizing potentials, and compatibility with the electrocatalyst.
In this particular case, low open-circuit voltage (OCV) of the cell, 0.8 V, was
obtained. This suggests a mixed potential, although no crossover was detected in the
experiments. The authors suggested that kinetic complication could show up like
additional oxidation and reduction reactions simultaneously with the corresponding
oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR), respec-
tively; furthermore, the poisoning effect of the H,S generated at the anode should
not be ignored.

On the other side, the beneficial effect on the decrease of the IL viscosity was
observed in the performance of the fuel cell. The optimum performance was
obtained with no limiting current, being the maximum current density ca.

70 mA cm™? and 13.5 mW cm 2, using 100% relative humidity at 80°C. At tem-
perature higher than 80°C, the system starts to dehydrate, whereas the IL viscosity
increases and the proton diffusion was hindered. The performance at 150°C wasn’t
good showing clear evidences of the system dehydration at temperatures beyond
80°C. The migration of the IL from anode to cathode was demonstrated in postmor-
tem analysis of PBI/[DE][SH,] composite-based electrodes. The IL went out of the
composite membrane, and in consequence the cell resistivity increased by a factor
of six times after polarization measurements.
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It is necessary to keep in mind that the requirements of cell lifetime vary for
different applications, that is, 5000 h for cars, 20,000 h for buses, and 40,000 h for
stationary application with continuous operation [43]. This means that the devel-
opment of ionic exchange membranes with a long operating life is a challenge to
develop.

6. Anion exchange membrane fuel cells (AEMFCs)

Many electrochemical systems use ion exchange membranes, such as fuel cells,
electrolyzers, or redox flow batteries. Traditionally cation exchange membranes
have been used in these systems due to the idea that anion exchange membranes
had too low conductivity and stability. However, in the last years, many advances
have been made, and anion exchange membranes (AEMs) are demonstrating to
have performances comparable to acid ones, showing promising application in
several technologies [2]. These membranes conduct negatively charged ions like
OH™ or ClI" and usually have positive-charged groups in the polymer structure,
which could be directly present in the polymer backbone or more commonly fixed
to it by extended side chains of varying lengths and chemistries. Varcoe et al. [2]
investigated a deep review about the different chemistries of polymer backbones
and head groups and their current state of research. The use of alkaline media,
compared to acid media, has some advantages like the better electrochemical kinet-
ics of the oxygen reduction reaction (ORR). This allows the possibility of using non-
noble metals in the electrocatalysts reducing the fuel cell system cost. Other advan-
tages are the minimized corrosion problems and the cogeneration of electricity and
valuable chemicals [7, 50]. Compared to classical alkaline fuel cells (AFCs) where
the electrolyte is in aqueous phase, the use of AEMs solves the carbonation prob-
lems and the difficulties of the liquid electrolyte management. The fuels commonly
used in anion exchange membrane fuel cells (AEMFCs) are hydrogen and alcohols.
Hydrogen is the common fuel in commercialization and research and gives the
higher power densities. On the other hand, alcohols like methanol or ethanol have
the advantages of easier handle, store, and transport and can be acquired from
abundant biomass, which is environmentally friendly considering the process is
carbon-neutral.

Among all the polymers available and tested for AEMFCs, polybenzimidazoles
have demonstrated good applicability, and the most commonly used and studied are
PBI and ABPBI. Some of their advantages remain in the properties previously
described, as excellent thermal stability, which allows to use them at higher tem-
peratures, superior mechanical properties that can withstand the performance con-
ditions, and the presence of amine and imine groups which form strong hydrogen
bonding interactions and can be further functionalized. The great stability proper-
ties have also encouraged many studies combining polybenzimidazoles with other
polymers, creating blend or crosslinked membranes with excellent performances.
Membranes based on polybenzimidazoles alone or with other polymers have also
demonstrated low alcohols crossover, making them adequate electrolytes in alcohol
fuel cells. In the alkaline media, the pristine form of PBI can be equilibrated in
aqueous solutions of alkali metal hydroxides forming homogeneous systems with
the hydroxide salt and water dissolved in the polymer matrix. These materials have
shown high ion conductivity and great chemical stability at low alkali concentra-
tions and have been tested as anion-conducting electrolytes in fuel cells with
hydrogen or alcohol and in water electrolyzers. In order to understand the physical
and chemical properties of polybenzimidazoles in alkaline media, Aili et al. have
made a study with thin films of PBI in aqueous KOH solution with concentrations
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from 0 to 50 wt.% [31]. They observed by the EDS cross-sectional maps that the
dissolved KOH is evenly distributed in the electrolyte membrane. The polymer has
strong water affinity through hydrogen bonding with the imidazole groups,
absorbing around the water molecules per repeating unit (r.u.), and KOH forms
various hydrated complexes when dissolved in water. The degree of ionization of
the polymer is determined by the position of the acid-base equilibrium presented in
Figure 4. They observed that it depends on the KOH concentration as was
expected, increasing the KOH content per PBI r.u. with the higher concentration of
the bulk solution, reaching 2.6 KOH molecules/r.u. at bulk concentration of 25 wt.%.

A similar trend was observed for the water molecules, reaching more than 20
H,O molecules/r.u. at KOH concentration around 20-25 wt.% in the bulk solution.
In the polymer phase, the number of water molecules per KOH decreased while
increasing the bulk solution concentration, showing a concentrating effect of KOH
in the polymer. They did the measurements by titration and gravimetrically, getting
consistent results that corroborate previous knowledge. They also observed the
anisotropic swelling behavior of the polymer at different KOH concentrations that
had been previously reported and performed X-ray diffraction (XRD) measure-
ments to explain it. The explanation they found was that the increasing of surface
area and thickness up to 15 wt.% concentration was due to the uptake of water and
KOH, but further increasing the concentration leads to full ionization of the poly-
mer, breaking many of the hydrogen bonds and separating the layered structure.
This separation is easier in the interlayer dimension than in the intra-layer one,
causing high thickness increase and area decrease. When KOH bulk solution con-
centration reached 50 wt.%, sharp peaks appeared in the XRD and were attributed
to a crystalline phase of a poly(potassiumbenzimidazolide) hydrate with a symmet-
ric and highly regular structure with crystallite size in the range of 70-120 nm.
These crystalline peaks were vanished after washing in water until neutral pH. They
also observed that the previously described effect of the introduction of water and
KOH that disturbs the polymer hydrogen bonding of imidazole groups affected the
mechanical properties, causing great decay in the tensile strength and enhanced
elongation at break. When full ionization of the polymer was reached, at 20-25 wt.
%, more than 200% elongation at break and 0.3 GPa elastic modulus were obtained,
which compared with the 80% elongation at break and 3.0 GPa in pure water,
showing the great differences. The IR measurements showed clearly that the chem-
ical environment of the benzimidazole moieties changed greatly from the

Figure 4.
Scheme showing the amphoteric nature of PBI in acidic (left) and alkaline (vight) environments.
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dissociation of the acidic proton. The result was that the deprotonated form of PBI
predominates when the KOH concentration of the bulk solution is around 15-20%.

In order to discuss the different membranes based on polybenzimidazoles, the
classification of anion exchange membranes made by Merle et al. will be useful [6].
Membranes are classified in three main groups: heterogeneous membranes,
interpenetrating polymer networks, and homogeneous membranes. The heteroge-
neous membranes are composed by an anion exchange material embedded in an
inert compound and can be divided in ion-solvating polymers if the inert compound
is a salt or hybrid membranes in it is an inorganic segment. Polybenzimidazoles
alone or blended with other polymers would fall into the category of ion-solvating
polymers. The interpenetrating polymer network is a combination of two polymers
in which one or both are synthesized or crosslinked in the presence of the other
without any covalent bonds between them. The homogeneous membranes are
composed only by the anion exchange material, forming a one-phase system, where
the cationic charges are covalently bonded to the polymer backbone. Mobile coun-
ter ions are associated with the ionic sites to preserve the electroneutrality of the
polymer. Examples of the cationic sites are the quaternary ammonium (QA)
groups commonly used in AEMs. Depending on the production method and the
starting materials, homogeneous membranes are divided into three types: (co)
polymerization of monomers, modification into a polymer, and modification on a
preformed film.

Alkali-doped PBI was investigated by Xing et al. for use in AEMFCs [51]. They
obtained very interesting results, like conductivity as high as 9 x 10> S cm ™" at 25°
C, higher than 2 x 1072Scm tofa H,SO4-doped PBI membrane, or the similar
performance in hydrogen/oxygen fuel cells with alkali-doped PBI membrane and
Nafion®117 membrane. Since that pioneering work, extensive attention has been
paid to the alkali-doped PBI membranes, and thus great progress has been made.
However, relevant issues are still remaining such as alkali leakage, fuel permeabil-
ity, and mechanical stability. The single-cell performance of alkali-doped PBIs has
been extensively studied with various fuels [52], such as hydrogen, methanol,
ethanol, ethylene glycol, glycerol, formate, and borohydrides.

Using hydrogen as fuel, Zarrin et al. [53] have developed a stable and highly ion-
conductive porous membrane doped with KOH. They found enhanced ionic con-
ductivity by introducing the porosity in the membrane and obtained around twice
better cell performance and conductivity compared with a commercial Fumapem®
FAA membrane. Moreover, the KOH-doped PBI membrane maintained the ionic
conductivity after 14 days of stability test, far more than the 3 h of the commercial
one. The peak power density obtained with the porous PBI membrane of porosity
0.7 was 72 mW cm 2, better than the 41 and 45 mW cm ™ obtained with a dense
PBI membrane and the commercial FAA membrane, respectively. This better per-
formance was demonstrated to be ascribed to the fact that the porous structure
offered a higher ion transport rate through the membrane. One of the previously
mentioned issues is the gradual alkali leakage during the cell operation. To solve it
Zeng et al. [54] synthesized a sandwiched porous PBI membrane doped with KOH.
The pore-forming method rendered numerous sponge-like walls and
interconnected macropores, improving the interaction between the PBI and the
doping alkali, indicating that both anionic conductivity and alkali retention could be
enhanced by this method. Using this sandwiched porous PBI membrane doped with
KOH in an AEMFC, they obtained an open-circuit voltage (OCV) of 1.0 V and a
peak power density of 544 mW cm ™~ at 90°C, which was higher than using the
conventional membrane structure. They also investigated the durability of the fuel
cell at a constant current density of 700 mW cm > and found that the conventional
fuel cell had a dramatic voltage drop after short operation time, which was ascribed
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to the progressive release of the alkali solution. On the other hand, the sandwiched
porous membranes performed with improved stability; the voltages reduced grad-
ually to 0.1 V and remained there for another 25 h approximately. They explained
that the performance enhancement was attributed to the retarding in the release of
the alkali solution from the sponge-shaped wall, maintaining the high conductivity
of the membrane. However, finally the leakage occurred, but as the authors indi-
cated, the membrane could be reused after doping with KOH solution again.

Another approach was that used by Lu et al. [55]. They used PBI to react with
poly (vinylbenzyl chloride) (PVBC), a polymer commonly used by other groups as
for example Varcoe et al. in their grafted PTFE membranes [56, 57]. PVBC has the
advantage of reacting with the imidazole rings of PBI creating a crosslinking con-
nection with remaining -CH,Cl groups unreacted that can be later functionalized as
desired. For the functionalization of these groups, they decided to use the diamine
1,4-diazabicyclo (2.2.2) octane (DABCO), a very stable amine in alkaline media
especially when only one of the two nitrogen is quaternized as previously reported
[2, 6]. This method had the advantage that quaternization is done in the already
casted membrane so it can be ensured that only one of the nitrogens react with
PVBC obtaining the stability desired. Thanks to the good mechanical properties of
PBI, they obtained membranes with good flexibility and strength both in dry con-
ditions and saturated in water as well as high hydroxide conductivity (>25 mS cm™
at room temperature) and superior chemical stability in alkaline environment. They
tested the membrane in the H,/O, fuel cell obtaining a peak power density of
230 mW cm ™2 at 50°C and performed stability test, which showed high durability
both in the constant current and continuous open-circuit voltage.

In addition to being used as an anion exchange membrane, alkali-doped PBI can
work as ionomer, serving as ion-conductive pathway in the catalyst layer as well as a
binder. Matsumoto et al. [58] developed a well-structured electrocatalyst for
AEMFCs composed of carbon nanotubes (CNT), KOH-doped PBI ionomer, and
platinum nanoparticles. This allowed them to obtain highly effective diffusivity and
improved electrochemical activity, and they obtained a peak power density of
256 mW cm 2 at 50°C when tested in a H,/O, fuel cell.

For fuel cells running on methanol, Hou et al. [59] tested a direct methanol fuel
cell with a KOH-doped PBI membrane and observed that when a mixed solution of
2.0 M methanol and 2.0 M KOH was used as fuel, the OCV was around 1.0 V, and
the peak power density was 31 mW cm ™2 at 90°C. Wu et al. [60] prepared a
membrane of KOH-doped PBI with CNT nanocomposites and obtained maximum
power densities of 67 mW cm ™ * and 104 mW cm ™~ at 60 and 90°C, respectively,
with a fuel composition of 2.0 M methanol + 6.0 M KOH and humidified oxygen. Li
et al. [61] worked with pristine PBI membrane synthesized by solution casting
method and treated it separately with 2.0 M H;PO, and 6.0 M KOH to prepare a
PEM and an AEM, respectively. They also studied several parameters of the struc-
ture design and operating parameters. They found that the conductivity of the
KOH-doped PBI membrane was higher than the phosphoric acid membrane, 21.6
and 7.9 mS cm ', respectively. They also obtained a higher peak power density with
the KOH-doped PBI membrane, 117.9 mW cm 2 at 90°C, than with the acid one,
46.5mW cm ™% They even reached a peak power density of 158.9 mW cm ™2 at 90°C
when using free-microporous layer electrodes and tripled the fuel flow rate.

In fuel cells running on ethanol, Hou et al. [62] developed a KOH-doped PBI
membrane and found that with fuel composition of 2.0 M ethanol +2.0 M KOH,
they obtained OCV of 0.92 V and maximum power density of 42.9 mW cm > at 75°
Cand 0.97 V and 60.9 mW cm ™2 at 90°C. Modestov et al. [63] fabricated a
membrane electrode assembly (MEA) employing non-platinum electrocatalysts and
a KOH-doped membrane. In the anode they used a mixed solution of 3.0 M KOH
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+2.0 M ethanol as fuel, while in the cathode they used air flow. With these condi-
tions and at temperature of 80°C, a peak power density of 100 mW cm ™ * was
obtained at a voltage of 0.4 V. It was also found that by operating the fuel cell with
pure oxygen, the current density was improved by 10%. Also using ethanol as fuel,
recently Herranz et al. [29] tested the fuel cell performance of membranes synthe-
sized with PBI and poly(vinyl alcohol) (PVA) with different weight ratios. PVA
alcohol groups interacted with PBI by hydrogen bonding as well as allowing
enhanced conductivity of the hydroxyl anion through the membranes. The increas-
ing content in the PVA blend membrane leads to higher conductivities but if
excessive could bring structural problems since PBI demonstrated to be essential for
the membrane integrity. PVA:PBI 4:1 membrane obtained the best performance
with a peak power density of 76 mW cm ™ at 90°C, 50% higher than a pristine
KOH-doped PBI tested in the same conditions.

ABPBI has also been widely investigated for AEMs synthesis and application.
Luo et al. [64] synthesized ABPBI and prepared the pristine membranes by the
solution casting method. They studied the conductivity of the membranes at vari-
ous alkali doping levels. They found high conductivity values for the membranes as
23x107?Scm 'at25°Cand 7.3 x 10 S cm™ " at 100°C in the ABPBI membrane
with alkali doping level of 0.37. They also founded the membranes have great
thermal stability and excellent chemical stability, demonstrated by maintaining the
conductivity values in alkaline media at 100°C for more than 1000 h.

Other alcohols and fuels have also been tested in AEMFCs using polybenzi-
midazoles in the membrane structure, showing promising results [65, 66]. Overall,
the applicability and interest of benzimidazoles as AEMs are actual and will con-
tinue to increase due to their excellent properties.

7. Conclusions

Polybenzimidazoles have been deeply studied in the last decades, and great
advancements have been done in their synthesis, making them economical mate-
rials with excellent thermal and mechanical properties as well as high chemical
resistance in acidic and alkaline media. Their special structure with imidazole
moieties and high intermolecular hydrogen bonding make them excellent materials
to be used and ion exchange membranes for fuel cells. They can be used alone or
in combination with other polymers or compounds, like the ionic liquids, as has
been demonstrated many times. With them, it is possible to reach performances
similar to other fuel cells and allow the application at higher temperatures, with all
the benefits that implies. In the acidic media temperatures in the range of 120-200°
C are used with good performances and easier water management, but still issues
like structural stability with high doping level have to be solved. In order to help
with the conductivity, ionic liquids have been investigated because of their
nonaqueous and low-volatility properties as proton carriers. Interesting develop-
ments have been done but further research is necessary. In the alkaline media, their
application has also attracted great interest. The ionization of the structure has
been clearly identified at certain doping levels and the plasticizing effects it has.
Pristine polybenzimidazole membranes have been directly doped with alkali solu-
tions obtaining very good conductivity values, and other strategies like
crosslinking with other polymers or synthesis of blend membranes have reported
also promising results. The fuel cell performance is not yet as good as in the acidic
media, but good results around 100 mW c¢m 2 have been obtained. Commerciali-
zation of membranes and MEAs based on PBI shows the potential they have, and
research continues nowadays to develop them even more and better understand
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the possibilities of these wonderful materials in the fuel cell technology and the
energy applications.
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Supramolecular Assembly of
Benzimidazole Derivatives and
Applications

Ana Beloqui

Abstract

Herein, we focus on the chemical and physical properties of benzimidazole and
its derivatives used for the synthesis of supramolecular materials. The design and
modification of benzimidazole opens the scope of the diversity of structures (dif-
ferent sizes and morphologies) that can be built. The synthesized materials include
not only small coordination complexes but also isolated crystals, metal-organic
frameworks, metal-coordination polymers, smart nanocontainers, and more
advanced macrostructures such as microflowers and nanowires. These supramo-
lecular structures are based on noncovalent interactions, mostly on metal coordina-
tion chemistry and n-n stacking interactions. Moreover, the same molecule, due to
its chemical structure, can undergo both sorts of interactions in order to induce the
self-assembly into supramolecular materials. In this process, as it is shown in this
chapter, the conditions used for the assembly determine the final structure and
morphology of the fabricated macromolecule. Finally, we show most recent appli-
cations of these materials in the field of sensing, photoluminescence, fuel cell, and
fabrication of new nanostructures.

Keywords: self-assembly, supramolecular interactions, metal-imidazole coordination,
n-x stacking interactions

1. Introduction

Benzimidazole and its derivatives are mostly known by their role in therapeutic
drugs and by their pharmacological activities, for example, antimicrobial, analge-
sic, and anti-inflammatory [1]. Moreover, they are part of essential biomolecules as
vitamin By [2]. Thus, the biological activity of benzimidazole and its derivatives is
unquestionable. However, there is a growing research interest in using benzimid-
azole derivatives for their assembly into supramolecular structures for technological
applications. This implies the formation of well-defined complex bond through
noncovalent interactions. In this regard, the interest on benzimidazole molecule is
twofold (Figure1). On the one hand, benzimidazole is a popular N-donor ligand
that is often used in coordination chemistry, meaning that it can through metal- or
small-molecule coordination to the assembly of molecules. Indeed, the imidazole
ring is commonly found as part of essential components of biological products,
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_N
\

S
Highly diverse N
assemblies H
Hydrophobic = Coordination
interactions chemistry

Figure 1.

Thge physicochemical nature of benzimidazole allows the assembly through different chemistries such as
hydrophobic interactions (mainly through the benzyl group) and small-molecule coordination (mainly through
the imidazole ring). Benzimidazole derivatives (different “R”) will lead to the synthesis of assemblies of diverse
composition and thus morphology and properties.

Type of Assembly Ligand Application Reference
material
Metalogel Metal-metal, 2,6-Bis(benzimidazol-2’-yl)pyridine Nanocontainer for [4-6]
hydrophobic small molecules
interactions
Macrocycles  Anion binding N-methylbenzimidazole Tautomer switch [7]
coordination
Coordination Metal coordination, N,N’-bisoctadecyl-2-(1H- Chiral materials, [8]
polymer Ag(D), Cu(II), benzimidazole-2-carbonyl)-L- photoluminiscence
lanthanides (III), glutamic amide

hydrophobic interaction

Metal-organic Metal coordination, 1-Benzylamonium Photoluminiscence  [9]
crystals Cu(Il), Zn(ID)
Metal-organic Metal coordination, 2-Pyridin-3-yl-1H-benzoimidazole ~ Photoluminiscence  [10]

frameworks  Cd(ID 2-Pyridin-4-yl-1H-benzoimidazole

Metal-organic Metal coordination, 2-Heptadecylbenzimidazole Dye adsorption [11]
frameworks-  Ag(I)

metalogel

Coordination  Metal coordination, 1H-benzimidazole-5-carboxylic Fluorescence [12]
polymer Cd(In) acid

Metal-organic Metal coordination, 1,1'-(1,5-Pentanediyl) Photoluminescence [13]
frameworks Cd(I1) bis-1H-benzimidazole

Coordination Metal coordination, Tris(benzimidazole-2-ylmethyl) Adsorbent materials  [14]
polymer lanthanides (III) amine

Coordination Metal coordination, 3-(1H-benzoim-dazol-2-yl) — [15]
polymer Zn(II) and Cd(II) propanonic acid

Coordination Metal coordination, 1,1-(1,4-Butanediyl) — [16]
polymer Co(II) bis-1H-benzimidazole

Coordination  Metal coordination, 1,3-Bis(5,6-dimethylbenzimidazole) Photoluminescence  [17]
polymer Cd(II) propane

1,4-Bis(5,6-dimethylbenzimidazole)
butane

1,6-bis(5,6-dimethylbenzimidazole)

hexane
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Type of Assembly Ligand Application Reference
material
Macrocycles  Metal coordination, 1,1'-(1,4-butanediyl) Thermostable [18]
and large Co(II) bis(benzimidazole) polymers
structures
Helical Metal coordination, 1,1-(1,4-Butanediyl) Electrochemistry [19]
coordination  Cd(II), Zn(II) bis-1H-benzimidazole
polymers
Self- Hydrophobic 4-(1H-Benzimidazole-2-yl)-benzoic Integration in [20]
assembled interactions acid functional devices
polymer
Metal-organic Metal coordination- di-Benzimidazole Nanocontainers [21]
macrocycles  Pd(II)-anion binding
Conjugates of Covalent (Tris)imidazole Cu sensor [22]
calix-6-arenes
Liquid Hydrogen bonding 40-(6-(Benzimidazolethio) Liquid crystals [23]
polymers hexoxy)-biphenyl-4-yl 4-(alkoxy)  for electronic

benzoate conduction

Coordination Metal coordination,
polymer Zn(II)

2,6-bis(1’-methylbenzimidazolyl)
pyridine

Self-healing material [24]

Table 1.
Examples of materials synthesized through supramolecular assembly of benzimidazole derivatives.

such as histidine (in proteins), purine, histamine, and nucleic acids. In the specific
case of proteins, it is common to find the imidazole ring in coordination with metal
cations, which are essential for their biological function. On the other hand, the
benzyl ring of the benzimidazole can undergo physical interactions (hydropho-
bic, n-n interactions) with other planar benzyl groups or hydrophobic moieties.
Moreover, the controlled intra- and intermolecular n-x interactions can lead the
supramolecular assembly into large structures.

Supramolecular assemblies are emergent structures basically driven by physical
interactions [3]. It consists in a controlled multilevel organization process, from the
assembly of discrete elementary molecular units via noncovalent interaction, to the
further assembly of those into complex functional structures. The interaction forces
operate under entropic constraints, looking for energy minimization. Selected organic
and/or inorganic molecules can determine the chemical and structural composition
of the eventually formed material. Therefore, this is a versatile methodology for the
fabrication of nano-microstructures of defined size, morphology, and properties.

In this chapter, we show different approaches that are currently utilized for the
controlled assembly of benzimidazole and its derivatives for the formation of large
and ordered structures. Derivatives of imidazole are specifically designed for the
assembly into structures with diverse size and morphology [4]. We will go through
the methodologies that allow the fabrication of isolated crystals, metal-coordinated
polymers, metal-organic frameworks, helical structures, smart nanocontainers, and
advanced structures such as microflowers or nanowires. Moreover, benzimidazole
can be combined with biological macromolecules (proteins, nucleic acid) to trigger
their assembly. Finally, we show that benzimidazole derivatives, besides the key role
they have shown in the self-assembly of macromolecules, are used in a reasonably
broad range of technological applications such as sensing, photoluminescence, fuel
cell, and fabrication of new nanostructures. A list of examples in which benzimid-
azole molecule is used for the assembly into supramolecular structures are summa-
rized in Table 1.
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2. Supramolecular self-assembly through coordination chemistry

The combination of organic and inorganic compounds to raise supramolecular
structures is an on-growing research field. This approach broadens the applications
and the nature of the morphologies and chemistries that can be applied for. Of
particular importance is the assembly of metal (inorganic)-organic structures based
on coordination chemistry. A good design of the ligands and metal cations and the
selection of the appropriate synthesis method can lead to the formation of well-
defined crystals, frameworks, or polymers as it is discussed below. Furthermore, the
anion binding chemistry is another field of application of coordination chemistry.
Small molecules such as anions coordinate to ligands to form stable complexes with
interesting properties.

In this section, we focus on the ability of the imidazole ring to coordinate to
small molecules such as anions and metal ions for the formation of discrete com-
plexes and large supramolecular structures.

2.1 Supramolecular assembly with small molecules

The field of the coordination chemistry compiles a broad range of interactions,
from classical Werner transition metal complexes, clusters, and organometallics,
to host-guest complexes and supramolecular complexes (e.g., crown ethers or
cryptands) [25]. Usually, in most of the examples found in the literature, benz-
imidazole derivatives are coordinated through metal-cation interaction. However,
the anion binding chemistry has an important impact within the coordination
chemistry field and, as it is going to be shown below, in the formation of discrete
complexes and large supramolecular assemblies with benzimidazole derivatives.

Anionic species are generally larger than metal cations and thus might require
greater size of the ligands. Moreover, the coordination of anions is usually saturated
and therefore they only interact with ligands via weak forces, that is, hydrogen
bonding and van der Waals interactions. Additionally, the relatively narrow pH
window in which many anions exist determines the stability of the synthesized
complexes. Anions play significant roles in biology, as receptors or cofactors, and
in a broad number of applications such as sensing, crystal engineering, transmem-
brane transport, or anion-based catalysis [26].

Imidazole and benzimidazole derivatives have been used as ligands in anion
binding-coordinated complex formation. In the case of imidazole molecule, both
the nitrogen atoms within the imidazole ring are both covalently bond to sp3-
hybridized carbon atoms. In these systems, the positively charged imidazolium
group works as a hydrogen bond donor, interacting with the coordinated anion
through a combination of hydrogen bonding and electrostatic interactions [7].
Furthermore, when using benzimidazole units, those can be employed as NH
hydrogen bond donors and, in this case, a tautomerism process may affect the
nature of the hydrogen bond presented to an anionic guest. As example, the
N-methylbenzimidazole-based ligands selectively interact with the dihydrogen
phosphate ion, acting as both a hydrogen bond donor and acceptor. Hence, several
receptors containing benzimidazole derivatives have been reported as colorimetric,
fluorescent, and electrochemically active sensors (Table 1).

2.2 Supramolecular assembly with metal cations
As a component of vitamin 1benzimidazole moiety exhibits good coordina-
tion ability with various transitional metal ions, such as Mn(II), Fe(II), Co(II),

Ni(II), Cd(II), Hg(II), Pd(II), Cu(Il), Zn(II), Ag(I), and Pb(II). In addition, it has
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been shown to coordinate with rare earth metal ions (lanthanides) [8]. The metal
coordination of the imidazole ring is used in nature for the hierarchical assembly

of biopolymers, for example, mussel byssus or worm jaws, and metalloproteins, in
which the metal cations can not only show a structural function, but also contribute
in their functionality, for example, catalysis in enzymes.

The metal coordination chemistry is an advantageous and widely used approach
for assembly. The metal-ligand bonds are usually stronger that anion binding
coordination; they are highly directional and kinetically labile. This means that,
from one side, the symmetry and stereochemical preference is usually imposed by
the metal cation and that this process is governed by a thermodynamic control,
which is usually dependent on pH variations. Finally, metal ions bring along their
intrinsic reactivity (as Lewis acidity, redox reactivity), which can be transferred to
the assembled material.

The aforementioned advantages of metal coordination have been exploited to
arrange small organic ligands into well-defined assemblies, organized arrays, that
is, metal-organic frameworks (MOFs) and polymers. These materials have found
applications in the host-guest chemistry, sensing, storage/separation, and catalysis.

2.2.1 Metal-organic macrocycles

Benzimidazole unit has been used for the formation of complexes using a very
simple synthesis approach [27]. The assemblage into well-defined crystals is driven
through the spontaneous metal coordination assembly at room temperature. As
example, the combination of CuCl,-6H,0 salt in a mixture of water/MeOH solution
with benzimidazole in a molar ratio of 1:4 [9, 28] derives into the formation of dark
blue crystals that consisted in a complex with formula [Cu(bim)4Cl,]-2H,0. Similar
results are obtained by mixing ZnCl, in a DMF solution for the synthesis of crystals
of [Zn(blm)2C12]3H20

Nevertheless, most of the cases require the derivatization of the benzimidazole
unit to allow its assembly into larger arrays, frameworks, and polymers as it is
explained below.

2.2.2 Synthesis of metal-ovganic frameworks

The exploration of metal-organic frameworks (MOFs) has received much
attention because of their well-defined architectures and wide range of potential
applications in different fields. The assembly of transition metal cations such as
Zn(II) and Cd(II) with multidentate nitrogen-containing ligands has produced
various MOFs with fascinating structures and luminescent and catalytic proper-
ties [10, 11, 29]. The selection of chelating or bridging organic linkers often favors
a structure-specific assembly, guiding the eventual morphology of the formed
macromolecule. The factors that govern the formation of such complexes are com-
plicated and include not only the nature of the metal ions and the ligand structure
but also anion-directed interactions, hydrogen bonds, van der Wall forces, and
employed reaction conditions.

The design and prediction of MOFs with potential properties is still a challenge
to date [12]. Usually, the synthesis of MOFs starts from stiff bridging ligands via rel-
atively strong dative bonds. Nevertheless, it has been proven that the contribution
of hydrogen-bonded interactions leads to highly stable and porous architectures.
Thus, of extreme importance is the design of ligands that can eventually undergo
stabilization interactions.

Benzimidazole derivatives have been used for the synthesis Cd-based MOFs.
Cd-containing structures, both discrete assemblies and infinite molecular
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frameworks, have been released from and characterized due to their useful proper-
ties in catalysis, luminescent materials, NLO materials, phase transformation, and
host-guest chemistry. The use of 1,1'-(1,5-pentanediyl) bis-1H-benzimidazole as
ligand formed a supramolecular structure that showed photoluminescence proper-
ties, which could be modulated by the influence of different counterions [13]. This
points out the influence of anions in the arrangement of the coordination molecules
and thus the final structure of the macromolecules.

Changing from transition metals to lanthanides leads to new applications and
properties. The benzimidazole derivative (tris(benzimidazole-2-ylmethyl)amine,
ntb) has been utilized as ligand for the synthesis of lanthanide (Ln: Nd*, Eu®,
Gd**, and Er**) coordination monomers ([In(ntb) (NO;);]) that are further assem-
bled via hydrogen bonding into three-dimensional (3D) frameworks [14]. Synthesis
and crystallization conditions controlled the eventual morphology of the materials
for each lanthanide used (monoclinic, hexagonal and cubic crystals). The Eu’* and
Nd** derivatives showed solid-state photoluminiscence in the near-infrared and
visible region. In this case, the use of benzimidazole derivatives for the synthesis
of porous coordination frameworks is advantageous for the supraorganization
of structures through hydrogen-bonded frameworks, which is known to provide
highly stable porous structures.

2.2.3 Fabrication of metal coordination polymers

There is a strong controversy on the use of the terms metal-organic frameworks
and metal coordination polymers to assign the arrangement of an array of ligands
through noncovalent coordination using metal cations [30]. As the term, metal-
organic framework is very much appropriate to use for three-dimensional net-
works, the formation of one-dimensional and two-dimensional extended structures
such as layers is named metal coordination polymers.

As the structures of coordination polymers are strongly influenced by the
organic ligands and metal ions [15, 16, 31], it is important to choose suitable ligands
and metal ions under appropriate synthetic conditions in order to synthesize
coordination complexes with interesting structures. The flexibility of the ligand isa
key parameter to direct the assembly into polymers instead of frameworks [17].

In this field, the synthesis of flexible divergent ligands is preferred. As
example, the introduction of butane moieties to benzimidazole units provides
the required flexibility for the fabrication of metal-coordinated polymers using
Co(II). Hence, the ligand 1,1'-(1,4-butanediyl) bis(benzimidazole) (L) can be
used for the fabrication of Co polymers (L1, [CoL,(H,0),] (NO;),-8H,0; and L2,
[CoL(H,0),(CH;CO,),]H,0) Those polymers were obtained from the same ligand
just varying slightly the synthesis conditions [18]. This variation leads to different
composition and morphology for each of the polymers. While L1 forms infinite
networks, the coordination of Co(II) in L2 leads to the formation of an infinite zig-
zag two-dimensional polymeric structure. Furthermore, same ligand L in presence
of Cd(II) ions led to the fabrication of one-dimensional helical chain polymeric
structures [19].

The assembly of these structures usually is sensitive to pH values and the
protonation states of the ligands, as in the case of carboxylates and nitrogen donor
groups. In order to have a better understanding of the effect of the pH value on the
aromatic nitrogen-donor ligands, Li et al. [12] studied the reaction system using the
benzimidazole derivative Hybic (1H-benzimidazole-5-carboxylic acid) as ligand.

In this case, they used Cd(II) for the assembly of the metal-coordinated polymer.
The assembly was performed at different pH values, leading to different mor-
phologies and compositions of the polymer. Hence, at pH 5.0, a two-dimensional
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supramolecular assembly consisting in stacked one-dimensional chains was
obtained. However, when the pH was raised to 6.5, a rhombus network structure
was obtained. Finally, at a pH of 7.2, a three-dimensional architecture based on
binuclear cadmium units was retrieved.

3. Supramolecular self-assembly through n-7 stacking interactions

As aforementioned, coordination chemistry is not the only noncovalent interac-
tion used for the assembly of supramolecular structures. Indeed, nanostructures
can be formed through interactions such as hydrogen bond, pi-pi stacking, metal
coordination, or electrostatic interactions. In the specific case of benzimidazole
derivatives, the heteroaromatic benzimidazole moiety introduces both pi-pi attack-
ing and coordination unit. Benzimidazole derivatives have shown gelification and
formation of structures in absence of metal cations or anions and completely differ-
ent structures in presence of metal cations [8, 20]. As example, N,N’-bisocyadecyl-
2-(1H-benzimidazle-2-carbonyl)-L-glutamic amide, BzLG) ligand was assembled
through a supramolecular gelation method named low-molecular-weight organo-
gels (LMWGs) in various organic solvents or in water. Once the gel is formed, the
solvent is removed and nanostructures can be obtained with relatively uniform
structures and large quantity. BzZLG gelifies in several organic solvents, including
cyclohexane, toluene, acetonitrile, ethanol, and dimethyl formamide. Obtained
structures relied upon the solvent used in the gelification process: from nanotubes
in dimethyl formamide and acetone to nanofibers in acetonitrile and cyclohexane.

When BzLG was used to coordinate with transitional metal ions and lanthanide ions,
completely different structures were obtained. Nanotube flowers were obtained upon
addition of Eu(NOs); and Tb(NOs)3, while in the case of Cu(NO;),, microflower struc-
tures were observed. The latter structures were very similar to the nanoflower structures
formed from bovine serum albumin (BSA) in phosphate buffer and Cu(SO,), metal salt
reported in the fabrication of protein nanoflowers and nanosponges [32, 33].

4. Benzimidazole conjugates as smart nanocontainers

The design of stimuli-responsive materials is a growing research field. These
materials are capable of altering their chemical and/or physical properties upon
exposure to an external stimulus, such as temperature, humidity, light, or pH. Thus,
they have been applied to biomedical applications as drug delivery vectors or as
degradable biocompatible containers.

The ability of benzimidazole to coordinate metal cations can be used for the
detection and study of metal cations in smart biodevices and organic nanocages.
Here, we show two examples, benzimidazole conjugates of cyclodextrin and calix-6-
arene, in which benzimidazole units are coupled to arranged molecules that can act
as containers of small molecules, releasing those molecules under specific stimuli.

4.1 Cyclodextrin conjugates

Cyclodextrins (f-CD) are cyclic biomacromolecules typically containing six to
eight glucose subunits bound through a-1,4 glycosidic bonds. They show toroid-like
structures, with two external rims, one larger and the other smaller, that expose
the secondary and primary hydroxyl groups of the glucose subunits, respectively.
Importantly, the interior of the toroid is hydrophobic, being able to host hydropho-
bic molecules.

209



Chemistry and Applications of Benzimidazole and its Derivatives

The chemical nature of benzimidazole makes it a good ligand to interact with
cyclodextrin (-CD) oligomers through hydrophobic interactions. Moreover, the
physicochemical properties of benzimidazole molecules can be altered with the pH
[34]. Therefore, under neutral pH condition, benzimidazole interacts with the inner
part of the p-CD, blocking the diffusion through the macromolecule. As the pH is
lowered, the dissociation constant between benzimidazole and p-CD decreases and
benzimidazole is released to the medium. Using this approach, f-CD pH-responsive
nanovalves have been fabricated: as the pH decreases, the external rings are opened,
and the cargo release occurs. More complex structures were designed for sensing
glucose or lactose using this system [35, 36].

4.1.1 Assembly into cyclodextrin-like architectures

The versatility and the high ability of benzimidazole derivatives to assemble are
here demonstrated [4-6]. Through the controlled coordination to metal cations, that
is, PA(II), it is possible to self-assemble macrocyclic containers that mimic f-CD [21].
Moreover, these nanocontainers have the ability to bind anion guests and induce the
transformation in the morphology and compositional unit of the nanocontainer.
The hydrogen bonding between the inner surface of the macrocycles and the bound
guests induced the fit—transformation properties of the assembled material, as
observed in nature. Hence, the in situ anion-adaptative self-assembly gives rise to
Pd,L,, species for n:3, 6, 7. As example, Sun et al. demonstrated the assembly of BzI-
based ligands using square-planar palladium(II) ions into well-defined hydrogen-
bonding pockets that will find applications in molecular sensing and catalysis.

4.2 Calix-6-arene conjugates

The benefits of the combination of benzimidazole molecules with nanocon-
tainer scaffolds are also evidenced in this example in which benzimidazole is
attached to calix-6-arenes [22]. Calix-6-arenes are organic macrocycles composed
of (derivatives of) phenol subunits. Due to its hydrophobic cavity, they can be used
to host smaller hydrophobic molecules or ions. They have been extensively used asa
molecular platform to host catalytic units.

In benzimidazole-calixarene conjugates, the benzimidazole moieties are
localized hanging out from the small rim of the macrocycle, pointing toward
the environment. The coordination of metal cations to the imidazole ring of the
benzimidazole molecule mimics the hydrophobic environment of the copper site in
proteins and enzymes [37, 38]. The coordination of metal cations, that is, Cu(Il),
triggers a detectable modification in the structure of the conjugate, therefore being
this a very sensitive method for the detection of metal ions.

5. Recent applications of assembled materials and new perspectives

As aforementioned, the assembly of benzimidazole and its derivatives has been
utilized for the fabrication of stable materials with applications in several fields
[39-42], some of them collected in Table 1: sensor fabrication [22], drug delivery
systems [35], fuel cell design, biomedicine [43], conductivity in liquid crystals [23],
or the fabrication of nanostructures [17].

Additionally, new applications of benzimidazole-derived materials are being
raised. Thanks to the intrinsic properties of polymeric structures and the optical
properties of some of the macroassemblies described above (luminescence, phos-
phorescence, or fluorescence), there is a growing interest in using these structures
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as healable and/or writable materials. These polymeric assemblies respond to
external stimuli, for example, heat, presence of ions, with the surface rearrange-
ment, and entanglement of the chains. The use of benzimidazole moieties in these
systems, thanks to their chromophore rings, allows the use of an optical irradiation
to heal the material [24]. Moreover, the ability of these polymers to bind and inter-
act with different anions shows that their optical properties are used for advanced
application in data recording and security protection [44].

6. Conclusions

In this chapter, we show the use of benzimidazole and its derivatives as important
ligands that are currently being used for their supramolecular assembly into large
structures with interesting properties and applications. Due to the physicochemi-
cal properties of benzimidazole, different chemistries and interactions can guide
the assembly into very stable materials. Among them, the metal coordination to the
imidazole ring seems to be the most exploited one for the formation of metal macro-
molecules, metal coordination polymers, and metal-organic frameworks. The selected
benzimidazole derivatives and metal cation, together with the utilized synthesis
conditions, will lead to the formation of materials with very diverse size and morphol-
ogy. Thus, the establishment of a solid knowledge on the prediction of the assembled
structures would contribute to the advancement of material science with strong
strategic implications for the on-demand synthesis of smart responsive materials.
However, in spite of the large efforts that are being done, currently there is no method
to predict the composition and structure of the eventually synthesized materials.
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