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Abstract

Three series of benzimidazole hybrids were synthesised, two of which contained either
thiazolidinone or amino acids tethered to the benzimidazole at C-2 by a phenyl linker and the
third contained a thiazolidinone moiety at C-5 on the core structure of the benzimidazole. A
total of 35 new compounds were synthesised. Variety was introduced into the molecules by
using different benzaldehydes when forming the thiazolidinones or different amino acids
substituted on the phenyl linker. Many of the reaction steps were carried out using
microwave reactions and in one series, a comparative study was carried out between
conventional synthesis and microwave irradiation. In all cases, the microwave methods had
many advantages over conventional methods, having shorter reaction times, improved yields
and use of green solvents. The synthesized compounds were characterised using mainly
Nuclear Magnetic Resonance Spectroscopy and confirmed by High Resolution Mass

Spectroscopy.

All compounds were tested for their antimicrobial properties against two Gram positive
bacteria (Staphylococcus aureus ATCC 25923 and Staphylococcus aureus Rosenbach ATCC
BAA-1683 (methicillin resistant S. aureus)) and four Gram negative bacteria (Pseudomonas
aeruginosa ATCC 27853, Klebsiella pneumonia ATCC 31488, Escherichia coli ATCC
25922 and Salmonella typhimurium ATCC 14026). A disc diffusion assay was used to first
screen the compounds for bacterial activity, followed by the Minimum Bactericidal
Concentration (MBC) assay. Among the three series, the thiazolidinones linked to the
benzimidazole via the phenyl group at C-2 showed the lowest activity in the mM range. Both
the amino acid derivatives linked to the phenyl group at C-2 and the thiazolidinone attached

to C-5 of the benzimidazole showed antimicrobial activity in the uM range.

Although the benzimidazole amino acid hybrids were inactive against the Gram positive
bacteria, B7c¢ and B7d (the methionine derivatives) showed excellent inhibitory activity
against S. typhimurium (MBC = 0.25 and 0.05 uM respectively), along with compounds B7a
(valine derivative) and B7j (tryptophan derivative) which were active against K. pneumoniae
with MBC values of 0.27 and 0.10 pM respectively. The benzimidazole—thiazolidinone
hybrids, containing a trifluoromethyl group at C-2 and a thiazolidinone group at C-5, showed
excellent activity with most compounds exhibiting activity ranging from 3 to over 100 fold
higher than the standards. Among these, C3d, C3f and C3j (0.14-35.46 uM), containing
bromine and nitro groups, displayed broad range activity against all strains tested. These
findings are a major contribution and a good lead to developing new and better antimicrobial

drugs.
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Chapter 1  Introduction

In the mid 1800’s, Louis Pasteur proved that microorganisms were the cause of diseases and
infections, and went on to develop new ways to overcome these diseases. It wasn’t until the
early 1900s that the first antibiotic, penicillin, was discovered by Alexander Fleming.
Currently there are hundreds of commercially available antimicrobial agents available for the
treatment of diseases and infections. There is still however a high morbidity rate among
infected individuals. Infectious diseases are an on-going health issue. Despite the progress in
treating infectious diseases caused by bacteria, fungi and viruses, there has been rapid

resistance to antimicrobial drugs.

Antibiotic resistance occurs when bacteria are no longer susceptible to currently available
antibiotics. The emergence of new diseases and exponential rise in antibiotic resistance have
posed serious global concerns. Resistant bacteria that infect humans and animals cause
infections which are harder to treat, leading to higher medical costs, prolonged state of ill-
health and increased mortality. Some current strains of resistant bacteria are, XDR and MDR
M.tuberculosis, methicillin-resistant S. aureus, vancomycin-resistant Enterococci, ampicillin-
resistant E. aerogenes, gentamycin-resistant E. coli and chloroquine-resistant P. falciparum

(Prestinaci et al., 2015).

The Centre for Disease Dynamics, Economics & Policy’s published a global report on the
state of the world’s antibiotics in 2015 (CDDEP, 2015). The overall picture is one of
increasing resistance: Staphalococcus infections caused by MRSA is 90% resistant in Latin
American countries. E. coli was found to be 80-100% resistant to third generation

cephalosporins in European countries. The global mortality rate due to resistant bacteria is



overwhelming: In the USA and Europe, 99,000 and 25,000 deaths occur per year respectively

while developing countries are hardest hit with 140,000 deaths each year.

Antibiotic resistance is a complex problem of global concern. Co-ordinated action is thus
required to minimize the emergence and spread of resistance. Greater innovation and
investment are required to develop new antimicrobial drugs. It is therefore highly imperative
to continuously produce novel synthetic heterocyclic hit compounds that can be developed

into drugs to counteract the emergence of resistant bacteria.

Aim: To design molecules with antibacterial activity that could be used as alternatives for

currently used drugs when pathogenic bacteria become resistant to them.

Objectives
1. To design and synthesise new conjugate derivatives of benzimidazoles bearing o-
amino acids and thiazolidinones.
2. To fully characterise all synthesised compounds using spectroscopic techniques,
mainly NMR and HRMS.
3. To test these derivatives for their antibacterial activity and compare them to currently

used antibiotics.

1.1 Hybrid molecules

Over the past few decades, the amalgamation of two or more chemical pharmacophores
having different biological function into a single molecule has increased (Shaveta et al.,
2016). This amalgamated molecules have been termed “hybrids”. The appropriate definition

is “A chemical entity with two or more different structural domains having different



biological functions” (Meunier, 2008). These molecules can act as two distinct
pharmacophores. The advantage of hybrid molecules is their ability to target different
bioactive sites. They have been known to increase therapeutic efficacy and reduce toxicity.
Since more than one pharmacophore appears in a single molecule, multi-drug administration
and drug to drug interference during combinatorial therapies is avoided (Choudhary et al.,

2018).

1.2 Benzimidazoles

Benzimidazoles are aromatic organic compounds consisting of a six-membered benzene ring

fused to a five-membered imidazole ring (Figure 1.1).

o G
o

Benzimidazole

Figure 1.1 The structure of benzimidazole

Benzimidazole itself is a white solid with a melting point of 172°C and boiling point of
360°C. 1t is soluble in alcohols and organic solvents, but only slightly soluble in water.

Benzimidazoles with hydrogen at N1 readily undergo tautomerisation (Figure 1.2).
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Figure 1.2 Tautomerism of benzimidazole
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The core structure of benzimidazole occurs in nature and is found in N-ribosyl-

dimethylbenzimidazole, an axial ligand in vitamin B12 (Figure 1.3).

OH

O p OH

Og/\ArO H
O

N-ribosyl-dimethylbenzimidazole

Figure 1.3 Bezimidazole in a naturally occurring ligand

1.2.1 Synthesis of benzimidazoles

Ortho-phenylenediamine is a precursor in many different synthetic methods for the
preparation of benzimidazoles and the conventional method for the synthesis of
benzimidazoles is the condensation of substituted or unsubstituted o-phenylenediamine with
carboxylic acids or its derivatives, aldehydes and nitro compounds under acidic conditions

(Scheme 1.1) (Sugumaran and Kumar, 2012; Alageel, 2017).
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Scheme 1.1 General scheme for the synthesis of benzimidazoles from o-phenylenediamine

Ortho-phenylenediamines react with most acids such as polyphosphoric acid, trifluoroacetic
acid, carboxylic acid and formic acid to form 2-substituted benzimidazoles. The most
commonly used method involves the condensation of o-phenyldiamines with the acid to
produce an amide intermediate, which then undergoes cyclization under strong acidic or
dehydrating conditions (Scheme 1.2). These reactions are carried out by heating under reflux
as well as microwave assisted methods (Lin ef al., 2006; Wang et al., 2006; Sugumaran and
Kumar, 2012). These methods have several draw backs in that they use harsh conditions,

toxic solvents and have low yields.
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Scheme 1.2 Mechanism showing formation of benzimidazoles from acids



A common synthetic route involves the condensation of 1,2-phenyldiamines with aldehydes
under oxidative conditions. This oxidation is brought about by catalysts such as (NH4)>S20s
(Bahrami et al., 2010), Mgl (Nagasawa et al., 2014), Pt/Al,O3 or Pt/TiO; (Chaudhari et al.,
2015) to produce either 2-substituted or 1,2-disubstituted benzimidazole derivatives. The use
of aldehydes is attractive in that there are numerous aldehyde derivatives leading to a larger
more diverse library of benzimidazoles. This synthetic approach also uses milder reaction

conditions with green solvents and lower temperatures.

In the synthesis of 2-substituted benzimidazoles shown in Scheme 1.3, substituted aldehydes
are oxidised with catalysts leading to activation of the carbonyl carbon. This is then
condensed with o-phenyldiamines affording imine imtermediates, which undergoes
cyclisation to form benzimidazole derivatives. In the synthesis of 1,2-disubstituted
benzimidazoles, the aldehyde reacts with o-phenyldiame to form imine intermediatesat both
amino groups, followed by cyclisation and 1,3-hydride migration to form 1,2-disubstituted

benzimidazoles.

Nitroalkanes were also used with o-phenyldiamine, together with a polyphosphoric acid
(PPA) catalyst to yield benzimidazole derivatives. The PPA activates the a-carbon of the
nitroalkanes making them electrophilic. The amino group then adds to this electrophilic
centre to produce N-hydroxyimidamides followed by acid promoted cyclisation to form

benzimidazoles (Aksenov et al., 2015) (Scheme 1.4).
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Scheme 1.3 Mechanism showing formation of benzimidazoles from aldehydes
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Scheme 1.4 Mechanism for cyclisation of benzimidazoles from nitroalkanes using PPA as
catalyst

Benzimidazoles can also be prepared by reacting pyranosyl nitrile oxides with o-

phenyldiamine in ethanol with 89% yield (Smellie et al., 2010) (Scheme 1.5).
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Scheme 1.5 Reaction of nitrile oxides with o-phenyldiamine to form benzimidazoles

The use of brominated moieties has gained popularity due to their versatility as substrates for
transition metal-catalyzed amination and condensation of o-phenylenediamines to
benzimidazoles. Reactions with brominated groups also occur under milder reaction
conditions. Wang et al. (2013) developed an efficient synthetic method for the synthesis of
N,N-diarylbenzimidazoles using a Pd>dbas;/BINAP catalytic system together with aryl
bromides (Scheme 1.6). A mild and efficient method for the preparation of substituted
benzimidazoles in good yields (53-86%) were also reported using o-phenylenediamines and

1,1-dibromoethenes using DABCO as a basic catalyst (Shen ez al., 2008).

RI\ Ny B DBU, DMSO NHz  DABCO, NMP_
= Br 0°C, 30 min @E 100 °C 30 min Eji >/\©’
Scheme 1.6 Synthesis of diarylbenzimidazoles from aryl bromides and o-phenylenediamine

Another conventional synthetic approach to the benzimidazoles is the cyclisation of o-
phenyldiamine using alternative carbon sources such as amides (Kattimani et al., 2015),
dimethylformamide (DMF) (Zhu et al., 2017; Rasal and Yadav, 2018) and CO2 (Yu et al.,
2013; Vessally et al., 2017). Kattimani et al. (2015) investigated the reaction of various
substituted amides with o-phenyldiamine, using DMF and acid at 150°C to synthesise
benzimidazoles. The reaction follows a simple mechanism, whereby the acid protonates the
nitrogen in the first step, activating the carbonyl group and allowing dimethylamine to be

expelled in the second step. This is followed by nucleophilic attack by the second amino



group on the carbonyl group, forming the benzimidazole ring (Scheme 1.7) (Kattimani et al.,

2015).
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Scheme 1.7 Mechanism showing formation of benzimidazoles from o-penyldiamine and
DMF

Ortho-phenyldiamines also undergo cyclisation with CO> to generate benzimidazole

derivatives under mild conditions. Benzimidazoles were synthesised from o-phenyldiamines,



and CO; in the presence of H» using a RuClx(dppe). catalyst (Scheme 1.8) (Yu et al., 2013).
The reaction occurs by initially forming formic acid by hydrogenation of CO>. The amino
group on o-phenyldiamine then adds to the carbonyl group of formic acid by nucleophilic
addition forming a formamide intermediate that undergoes a second nucleophilic addition by

the other amino group resulting in cyclisation and dehydration to the benzimidazoles (Yu et

al.,2013).
NH2 C02 + H2 AN N
(Y =[]y vamo
S ONH, RuCly(dppe), SN
CO, + Hy
.. H H H
NH; N £O H,0 N
yOH i p

NH, RuCl,(dppe),

Scheme 1.8 Proposed mechanistic pathway for the cyclisation of benzimidazoles from CO>

and H» with o-phenyldiamine

A simple one-pot method from o-nitroaniline using a CuFe,O4 catalyst and DMF was also
used to synthesise benzimidazoles (Scheme 1.9). The reaction occurs by the initial
decomposition of DMF in water into CO and dimethylamine. The CO then undergoes a
water gas shift reaction to form H, and CO» using CuFe>Os. Ortho-nitroaniline is reduced by
the H» to o-phenyldiamine, the precursor to the benzimidazoles. DMF is portable and a better

alternative to CO gas (Rasal and Yadav, 2018).
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Scheme 1.9 Synthesis of benzimidazoles using o-nitroaniline and DMF as carbon source

Recently, the use of alcohols as reducing agents has become an attractive method in the
synthesis of benzimidazoles, due to their availability and low cost (Chaudhari et al., 2015).
Li et al. (2016) have reported a reaction that utilises inexpensive benzyl alcohols, o-
nitroanilines and a Pd(dppf)Cl, catalyst in a one-pot reaction to synthesise benzimidazoles in

excellent yields (78-90%) (Scheme 1.10).

NO, d(dppf) C|2 (I C
©/\ toluene

NH,

Scheme 1.10 Synthesis of benzimidazoles with o-nitroaniline and benzyl alcohol

The conventional methods listed herein often imply toxic reagents and harsh reaction
conditions with strong acids, high temperatures, low yields, longer reaction times and tedious

workup procedures.

New catalysts with improved performance in the synthesis of benzimidazoles have been
developed. Nanocomposite materials is an example of this catalyst. They have become

popular due to their low-cost manufacturing, recyclability and high efficiency (Saha et al.,
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2009; Borade et al., 2018). A Fe304SiOz/collagen nanocatalyst was used with o-
phenyldiamine and aldehydes in the synthesis of benzimidazole derivatives. The reaction

was carried out at room temperature for 12 minutes with yields of 78% and greater (Scheme

1.11).

The reported advantages of this nanocatalyst are easy separation, a facile synthetic procedure,
high purity, increased yields and reduced reaction times (Ghafuri et al., 2016). Similar
results were seen with magnetic polymer nanocomposites containing copper ions
(Fe304@Cu-PMT), which was used to synthesise 2-phenyl-1H-benzimidazoles from

benzaldehyde and o-phenyldiamine (Mobinikhaledi et al., 2018).
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Scheme 1.11 Proposed mechanism for the synthesis of benzimidazoles using a nano catalyst

Microwave-assisted synthesis has been shown to be far superior to conventional heating.
This technique offers clean reactions with high yields and shorter reaction times. It allows
for rapid heating to extremely high temperatures, hence the decomposition of reagents and/or
products are reduced (Mavandadi and Pilotti, 2006). A comparative study for the synthesis of

2-substituted aryl and alkyl benzimidazole derivatives between conventional and microwave-
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assisted synthetic methods indicated that microwave-assisted methods reduced reaction times

by 98% and increased yields up to 50% (Dubey et al., 2007).

Benzimidazoles substituted at C-2 were synthesised in a one-pot reaction from benzaldehydes
and o-nitroaniline with sodium dithionite (Na>S»>04) under microwave irradiation (Scheme
1.12). NaxS>04 acts as a reducing agent in converting the nitro group to an amine. The
NaxS>04 then decomposes into SO» in the presence of water and oxygen, which oxidizes the
dihydrobenzimidazole intermediate to form the target molecules. Advantages of this
procedure are high yields (90-97%), short reaction times (4-11 min), cost effective reagents

and mild reaction conditions (Naeimi and Alishahi, 2014).

@[ NH, R-CHO @[ N R NayS,04 N‘g/ R
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Scheme 1.12 Probable mechanism for the formation of 2-substituted benzimidazoles with

sodium dithionate under microwave conditions

1.2.2 Synthesis of 1,2-disubstituted benzimidazoles

1,2-Disubstituted benzimidazoles allow for a more comprehensive library of compounds to
be generated having different substituents at position N1 and C2. Conventional methods
reported include the condensation of aldehydes with o-phenyldiamine and intramolecular

cyclisation using transition metals (Brasche and Buchwald, 2008, Cho et al., 2011;
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Bandyopadhyay et al., 2011). However, these methods employ harsh conditions with costly

catalysts.

The synthesis of 1,2-disubstituted benzimidazoles from commercially available o-
phenylaminoamides, benzaldehydes, tert-butanesulfoxide and NBS occur via an aza-Wittig-

equivalent process (Scheme 1.13). This process makes use of mild conditions with good

yields (73-80%) (Chen et al., 2017).

2
| \Br |
OOy Y v
NHo N\OD N) JOH

Scheme 1.13 Synthesis of 1,2-substituted benzimidazole using the aza-Wittig reaction

A one-pot facile method to synthesise 1,2-disubstituted bezimidazole derivatives was carried
out using 4-fluoro-3-nitrobenzoic acid, where after esterification, the fluorine was substituted
by various amines by formation of a Meisenheimer adduct in ethanol (Yeong ef al., 2014).
The nitro group was reduced with stannous chloride andcyclised with benzaldehyde forming
disubstituted derivatives (Scheme 1.14). This procedure eliminated the need for costly metal

catalysts, and purification is only required at the final stage.

A synthetic route using polymer support and microwave irradiation to develop benzimidazole

linked quinoxalinones was reported (Chou et al., 2011). Ortho-phenyldiamine was
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immobilised on polyethylene glycol (PEG-4000) and condensed with 4-fluoro-3-nitrobenzoic
acid by DCC activation and subsequently cyclised into benzimidazoles using trifluoroacetic
acid in 1,2-dichloroethane. This scheme employs simple reactions combining two well-
known techniques and is advantageous with short reaction times, increased purity, yields and

efficiency of the overall process (Scheme 1.15) (Chou et al., 2011).
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Scheme 1.14 Synthetic scheme for the synthesis of 1,2-disubstituted benzimidazoles from 4-

fluoro-3-nitrobenzoic acid
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Scheme 1.15 Synthetic route to benzimidazole linked quinoxalines
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1.2.3 Bioactivity of benzimidazoles

The use of benzimidazoles as potential chemotherapeutic agents was first described in the
1950s. A few years later, in 1961, the discovery of thiabendazole, an anthelmintic drug,
sparked research around the design and synthesis of benzimidazole molecules as potential
drugs or intermediates in organic reactions. Benzimidazoles have since shown to possess
antimicrobial (Hosamani ef al., 2009; Ajani et al., 2017), antihypertensive (Narasimhan et al.,
2012), anticancer (Refaat, 2010; Zhao et al., 2015), anthelmintic (Gutiérrez ef al., 2018), anti-
inflammatory (Gaba et al., 2014), antidiabetic (Vijayakumar and Ahamed, 2010), antiviral
(Xu et al., 2014; Tonelli et al., 2018) and anti-ulcer activity (Yadav and Ganguly, 2015).
Due to its wide range of applications, the benzimidazole core nucleus has become an

important pharmacophore in drug discovery and is a key focus area in medicinal research.

1.2.4 Antimicrobial activity
A number of benzimidazole derivatives are commercially available for the treatment of

microbial infections. Some examples are benomyl and chlormidazole (Figure 1.4).

N /\/\ \>_
)/’\N N
o H H
benomyl chlormidazole

Figure 1.4 Structure of some antimicrobial drugs containing the benzimidazole nucleus

5,6-Dichloro-2-(4-fluorophenyl)-1H-benzimidazole was seen to exhibit potent antibacterial
activity against S. aureus with an MIC of 3.12 pg mL™! (Tungbilek et al., 2009). Broad

spectrum activity (MIC = 15.63 — 250.0 pg mL') was seen by a library of mono and
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disubstituted derivatives of benzimidazole with substituted phenyl, benzyl or 1,3
dinotrophenyl groups at C-2 and substituted phenyl groups at N-1, with the highest activity
being exhibited by 2-(1H-benzimizadol-2-yl)aniline (MIC of 15.63ug mL™!' against S.

aureus), and 2-benzyl-1-(phenylsulfonyl)-1H-benzimidazole (MIC of 15.63 ug mL! against

a3,
N
N Cl N S\\O
T X L
N cl ”

5,6-dichloro-2-(4-fluorophenyl)-  2-(1H-benzimizadol-2-yl)aniline ~ 2-benzyl-1-(phenylsulfonyl)-
1H-benzimidazole 1H-benzimidazole

P. aeruginosa) (Figure 1.5) (Ajani et al., 2017).

Figure 1.5 Structures of antibacterial benzimidazole derivatives with substituted benzyl and

phenyl groups

1.2.5 Anti-inflammatory activity

2-(1-(Biphenyl-4-ylmethyl)-5-nitro-benzimidazole)isoindoline-1,3-dione (Figure 1.6) is a
potent antagonist having multiple inhibitory effects against inflammation-released targets, for
example COX and LOX enzymes (COX-1 ICso = 9.85uM; COX-2 ICso = 1.00uM; 5-LOX

ICs0=0.32 uM and 15-LOX ICso = 1.02 uM) (Kaur and Silakari, 2018).

geites
()
v

Figure 1.6 Structure of 2-(1-(biphenyl-4-ylmethyl)-5-nitro-benzimidazole)isoindoline-1,3-
dione



1.2.6 Antiviral activity

Maribavir (Figure 1.7) is a commercial available antiviral drug with a benzimidazole core
used for the treatment of Human Herpes virus-5 (HHV-5) which affects almost everyone, but
can be fatal for immune-compromised individuals. 2-Phenylbenzimidazole derivatives were
also shown to exhibit selective and high activity against 10 RNA and DNA viruses (Tonelli et
al., 2010). Simple compounds such as 5,6-dichloro-2-(4-nitrophenyl)benzimidazole were
110 times more potent than 6-azauridine (a currently marketed drug) with an ECso value of
0.1 uM against Vaccinia Virus, and N-(4-(5-nitro-benzimidazol-2-yl)phenyl)acetamide
(Figure 1.7) exhibited high activity (ECso = 0.8 uM) against Bovine Viral Diarrhoea Virus

(Tonelli et al., 2010).

Cl N B— O,N N 9 Cl N
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5,6-dichloro-2-(4-nitrophenyl)

N-(4-(5-nitrobenzimidazol-2-yl) benzimidazaile

i\ henyl)acetamide
OH phenyl)

Maribavir

Figure 1.7 Structures of some antiviral benzimidazole derivatives

1.2.7 Anticancer activity

Current anticancer drugs containing a benzimidazole core structure include bendamustine,
veliparib and nocodazole (Figure 1.8). Benzimidazoles containing thiazolidinedione
moieties were found to be good anticancer agents against prostrate (Pc-3), cervical (HeLa),
lung (A549) and bone (HT1080) cancer cells. Derivatives of 3-benzyl-5-((2-
phenylbenzimidazol-5-yl)methylene)thiazolidine-2,4-dione (Figure 1.8) was found to be

most cytotoxic with an ICsp value in the range of 0.096-0.63 uM (Sharma et al., 2017).
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Figure 1.8 Structure of Bendamustine and anticancer derivative

1.2.8 Anti-ulcer

Benzimidazole derivatives bearing sulfoxide and methylene groups are known to inhibit
H'/K*-ATPase and block gastric acid secretion preventing gastric ulcers and reflux-
oesophagitis lesions. Omeprazole and its S-isomer esomeprazole, pantoprazole and
lansoprazole (Figure 1.9) are current agents against gastric acid production. Methoxybenzyl-
sulfonyl-benzimidazole derivatives were shown to be effective H'/K*-ATPase inhibitors.
Inhibitory activity of 95% was achieved with 2-(4-((4-(3-methoxypropoxy)-3-methylpyridin-
2-yl)methoxy)-3-methoxybenzyl sulfonyl)-5-(difluoromethoxy)-1H-benzo[d]imidazole

(Figure 1.9) higher than omeprazole (80%) (Rajesh et al., 2017).
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Figure 1.9 Structures of some anti-ulcer drugs

1.2.9 Antidiabetic activity

Rivoglitazone (Figure 1.10) is a benzimidazole-thiazolidinone drug used for the treatment of
type-Il-diabetes. It acts by increasing the interaction of peroxisome proliferator-activated
receptorsin fat cells and the hormone insulin. A series of benzimidazole derivatives, also
showed antidiabetic activity by a-glucosidase inhibition. Benzimidazoles containing a
hydrazide and oxadiazole (Figure 1.10) demonstrated ICso values of 10.49 uM and 26.93 uM

respectively with 99% inhibition (Ozil et al., 2016).
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Figure 1.10 Structures of antidiabetic benzimidazoles

1.2.10 Antihypertensive activity

Azilsartan and candesartan (Figure 1.11) are benzimidazole containing drugs used in
hypersensitive treatments acting as angiotension-II receptor antagonists. Other N-aryl
substituted benzimidazoles (Figure 1.11) were also shown to be potent angiotension-I1I-AT;
receptor antagonists by significantly reducing blood pressure by up to 36.2 mmHg (Shah et

al., 2008).

N.
N M OH
N=
N ©
HO.___O
HO.___O HN N
N o= _
N ,>—0
)—0 N . . -
N — 4'-(2-Butyl-5-propionylamino-benzoimidazol-
candesartan 1-ylmethyl)-biphenyl-2-carboxylic acid
azilsartan

Figure 1.11 Structures of some antihypertensive agents

1.2.11 Anthelmintic activity
Benzimidazoles are known to be highly effective anthelmintic agents, with thiabendazole and

mebendazole acting against nematode infections. Albendazole (Figure 1.12) is another
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example, which is effective against tapeworms and roundworms. Benzimidazole-chalcone
hybrids were shown to exhibit significant in vitro anthelmintic activity against
Pheretimaposthuma.  Structure-activity relationship studies showed that polar electron
donating groups (OH, OCH3) and halogens at the para position increased activity, while non-

polar electron donating groups (NCH3) reduced activity (Babu and Selvakumar, 2013).
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Figure 1.12 Anthelmintic benzimidazoles

1.3 Benzimidazole hybrids
Benzimidazoles are excellent scaffolds to which other pharmacophores can be attached, since
other frameworks can be added to the nitrogen atoms, C-2 or functional groups present on the

aromatic ring.

Benzimidazole-quinazoline hybrids were synthesised in a two step process where the
benzimidazoles were first synthesized from o-phenyldiamines and carboxylic acid. These
compounds were further nitrated producing 5-nitrobenzimidazole which then underwent
nucleophilic substitution with aryl bromide to yield 5-nitro-1-allyl-2-methylbenzimidazole
and finally reduced to amine derivatives. The quinazoilines were synthesised from

aminobenzoic acid and urea and subsequently treated with phosphoryl chloride to form 2,4-
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dichloroquinazoline derivatives. The benzimidazoles were then coupled with 2,4-dichloro
quinazolines in the presence of isopropyl alcohol to afford the final hybrid molecules

(Scheme 1.16).

These compounds were shown to have antitumor activity against 60 tumour cell lines
(Sharma et al., 2013). On their own, quinazolines have been shown to effect critical phases
in the cancer cell cycle by modulating aurora kinase (Bebbington et al., 2009) activity or
inducing apoptosis (Sirisoma et al., 2008) and benzimidazoles are known to inhibit cell
proliferation by acting on cyclin dependant kinase (Snow et al., 2007). Molecular docking
predicted the mode of action of the benzimidazole-quinazoline hybrids, showing binding in

the Topo I and Topo II active site, suggesting topoisomerase enzyme inhibition.

1. Synthesis of Benzimidazole derivatives
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2. Synthesis of Quinazoline derivatives
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Scheme 1.16 Synthetic route for the preparation of benzimidazole-quinazoline hybrids

\
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A series of benzimidazole-pyrazole hybrids were synthesised by Noor et al. (2017) by a three
step reaction process where 2-mercaptobenzimidazole was treated with ethyl chloroacetate to
form ethyl 2-(benzimidazolythio) acetate, which was further condensed with hydrazine
hydrate to yield hydrazides. The hydrazides were further reacted with chalcones in the

presence of acid catalysts to form pyrazole derivatives (Scheme 1.17).

The anti-ulcer activity of these hybrids was tested in vivo by the ethanol-induced gastric ulcer
model in rats. All compounds were found to exhibit anti-ulcer activity. Pyrazoles have been
previously reported to inhibit the bacterium Helicobacter pylori, the causative agent of
gastritis and gastric ulcers (Haque et al., 2002). The hybridization of these two
pharmacophores showed comparable or higher anti-ulcer activity than omeprazole (Noor et

al., 2017).

Scheme 1.17 Synthetic procedure for benzimidazole-pyrazole hybrids

A series of thiazolidinone and cyanopyridine based benzimidazoles were synthesised from
benzimidazoyl ethanone and converted to chalcones with substituted benzaldehydes under

basic conditions (Scheme 1.18). The chalcone intermediates then reacted in a Knoevenagel
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condensation with malanonitrile and ammonium acetate to produce 2-aminobenzimidazole-
cyanopyridines. This was followed by condensation of the amine group with benzaldehydes
yielding an imine intermediate, which was converted to thiazolidinones with thioglycolic acid
(Scheme 1.18). The synthesized compounds showed antibacterial activity comparable to
chloramphenicol, with compounds containing electron withdrawing groups at the ortho and

para positions having the highest activity (Desai et al., 2014).
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Scheme 1.18 Synthesis of benzimidazole-thiazolidinone-cyanopyridine hybrids

Since benzimidazoles are well-known cyclooxygenase (COX) and lipoxygenase (LOX)
enzyme inhibitors (Gaba et al., 2014; Carvalho et al., 2015; Rathore et al., 2015) and
phthalimide, a subunit of thalidomide was reported as TNF-a inhibitors (Deng et al., 2003;
Casal et al., 2016), a hybrid molecule was designed, which incorporated both

pharmacophores (Scheme 1.19) (Kaur and Silakari, 2018). This hybridised molecule showed
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a reduction of inflammation at sub-micromolar concentrations (COX-2 ICso = 100 uM, 5-

LOX ICs0= 0.32 uM).
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Scheme 1.19 Synthetic scheme to benzimidazole-thalidomide hybrids

1.4 Thiazolidinones

Thiazolidinones belong to a class of heterocyclic compounds containing sulphur, nitrogen
and a carbonyl group in a five membered ring. When these molecules have a carbonyl group
at position 4, they are called 4-thiazolidinone derivatives (Figure 1.13). Substitutions at
positions 2, 3 and 5 can lead to a large number of new derivatives. The 4-thiazolidinones

occur as a yellow odourless solid, soluble in water and ethanol.

Figure 1.13 Structure of 4-thiazolidinone
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1.4.1 Synthesis

Thiazolidinones and their derivatives are synthesised from various methods using different
substrates and reagents. Substitutions occur at the 2, 3 and 5 positions. They are commonly
synthesised by the cyclisation of aliphatic acyclic compounds using thioglycolic acid (TGA)
and thiourea (Brown, 1961; Yusuf and Jain, 2014; Manjal et al., 2017). TGA reacts with

Schiff bases giving rise to 2-substituted-4-thiazolidinones.

The reaction mechanism is well documented (Scheme 1.20) (Bolognese et al., 2004; Kumar
et al., 2013). Two mechanisms are proposed. The first proceeds by the formation of an
imine from an aldehyde and amine. Thioglycolic acid then adds to the imine through the
sulfur and cyclises in the following step by nucleophilic substitution of the amide at the
carbonyl group of the acid. The second approach is the condensation of the amine with TGA,
forming a thioamide, which is followed by condensation of the aldehyde with the thiol group

of the thioamide resulting in the formation of the thiazolidinone.

Method 1:
0 o H
Q :S/Y s S S
)J\ + R4-NH, '\/—R\ |l| OH /Fﬂ/ -H20 )\/B:O
R H - R/\N, { —> R NH + R N
b proton transfer -H |
from S to N, then R1 Ry
protonation of OH
Method 2: o
O O ’)kN/R‘] S
-R¢ proton transfer NC -H,0 0
%OH + Ry-NH, HLN P . s ¢ H 2 Jy
S protonation of OH r7—R -H* R L
o.\ 1

H H” L ) H'O‘+H

Scheme 1.20 Mechanism showing cyclisation of thiazolidinone
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Alternative synthetic approaches have also been documented. A solvent free, one-pot
synthetic route using azides, triphenylphosphine, aldehydes and TGA in a Staudinger/aza-
Wittig reaction was also successful under microwave conditions (Scheme 1.21)
(Shanmugavelan et al., 2014). This reaction commences with the in situ generation of
phosphazenes, which give rise to imines when reacted with aldehydes. This is followed by
nucleophilic attack of TGA on the imines and proceeds to intramolecular cyclisation as in the

previous mechanism (Shanmugavelan et al., 2014).

)

Staudinger RJ\H ’/\‘$/\fo

PPh; + Ry-N3 ————————— R-N=PPhy H OH

~ ,R1
N4 Aza-Wittig RN
-PhsPO proton transfer
then protonation
H
‘0
S “H,0 S
o - 1
R N -H* o
R NH

Ry [

Scheme 1.21 Mechanism showing the synthesis of thiazolidinones using the aza-Wittig

reaction

A sydnonyl group was substituted onto the thiazolidinone by a modified Knoevenagel
condensation (Scheme 1.22). This reaction was carried out with 3-aryl-4-formylsydnones
and condensed with thiazolidine-2,4-dione or 2-thioxo-thiazolidinone in a piperidine/glacial

acetic acid buffer system using ethanol (Shih et al., 2015).
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Scheme 1.22 Synthesis of sydnonyl-thiazolidinone derivatives

Thiazolidinones substituted at the 2- and 3- positions were synthesised in a one-pot reaction
from aromatic aldehydes, anilines and thioglycolic acid using various protic acids (TfOH,

H>SOs4, p-TsOH, TFA) as catalysts (Scheme 1.23) (Kumar et al., 2013).

COOH ——
toluene, 100°C

O
CHO NH, ,//<N©
Protic acid S
ShHele

Scheme 1.23 Protic acid catalysed synthesis of thiazolidinone derivatives

A series of 2-imino-3-(4-arylthiazol-2-yl)thiazolidin-4-ones were synthesised via a 2-amino-
4-arylthiazole intermediate, which was reacted with chloroacetyl chloride to produce 2-
chloroacetamido-4-arylthiazoles. This was then treated with potassium thiocyanate under

reflux with acetone to give rise to the imino thiazolidinone derivatives (Scheme 1.24) (Liu et

al., 2000).
S
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Scheme 1.24 Synthesis of 2-imino-3-(4-arylthiazol-2-yl)-thiazolidinones
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1.4.2 Biological activity

Thiazolidinones are attractive pharmacophores in the field of medicinal chemistry. They
occur in nature as a substructure of penicillin, and in the antibiotic actithiazic acid (Figure
1.14), isolated from Actinomyces and Streptomyces spp. (Schenck and De Rose, 1952). This
is a versatile scaffold found in a number of clinically used drugs such as pioglitazone
(antidiabetic), etozoline (antihypertensive), ralitoline (anticonvulsant) and thiazolidomycin

(antibacterial) (Figure 1.14).
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Figure 1.14 Structures of thiazolidinone drugs

Thiazolidinone derivatives are known to exhibit antibacterial (Andres et al., 2000; Mahmoud
et al., 2013), anticancer (Angapelly et al., 2017; Sharma et al., 2017), anti-tubercular, anti-
inflammatory (Abdellatif et al., 2016), anticonvulsant, antidiabetic (Nanjan et al., 2018), FSH
receptor agonist (Jain et al., 2012), anti-HIV (Suryawanshi et al., 2017), antimalarial (Jain et
al., 2018), antifungal (Carradori et al., 2017), COX-2 inhibitory (Manjal et al., 2017) and

antihypertensive activity (Bhalgat et al., 2014).

Thiazolidinine-thiazole-adamantine hybrid molecules showed broad spectrum activity against

Gram +ve and Gram —ve bacteria, and fungi. Their MIC activity was between 4 to 14 times
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more active than the reference drugs ampicillin and streptomycin. These molecules also
showed excellent antifungal activity with MICs as low as 0.21 uM. The derivative with a
dichlorophenyl substituted thiazolidinone moiety (Figure 1.15), recorded the best overall
antibacterial (MIC 9.0 — 62.5 uM) and antifungal activity (MIC 0.21- 0.42 uM) (Pitta et al.,

2015). The compounds showed no activity against HIV-1 reverse transcriptase.

3-(4-(adamantan-1-yl)thiazol-2-
(2,3-dichlorophenyl)thiazolidinone

Figure 1.15 3-(4-(adamantan-1-yl)thiazol-2-(2,3-dichlorophenyl)thiazolidinone

Pyridine-thiazolidinone derivatives were shown to possess anticancer activity by carbonic
anhydrase X (CAIX) inhibition (Ansari ef al., 2018). CAIX is a protein responsible for cell
survival by regulating cellular pH levels (Sedlakova et al., 2014). 1t is also responsible for
the progression of cancer by stimulating cancer cell migration and adhesion (Kato ef al.,
2013). Derivatives of 2-(phenylimino)-3-(pyridine-4-ylmethyl)thiazolidin-4-one (Figure
1.16) were the most effective with an ICso value of 1.61 and 1.84 uM against MCF-7 (breast)
and HepG-2 (liver) cancer cell lines.
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Figure 1.16 The structure of 2-(phenylimino)-3-(pyridine-4-ylmethyl)thiazolidin-4-one
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A series of quinoline-thiazolidinone hybrids (Figure 1.17) showed good in vitro antimalarial
activity with ECsovalues of 0.42-2.62 and 0.82-11.41 pg mL! against 3D7 and RKL-9 strains
of Plasmodium falciparum respectively. The most potent activity was shown by the chloro

derivative (Figure 21) with an ECso of 0.42 and 0.82 pug mL™' against 3D7 and RKL-9

1
Cl HN SN
\Q\(N o

5-(4-methylbenzylidene)-2-(4-chlorophenyl)-3-(4-
methylquinolin-2-ylamino) thiazolidin-4-one

respectively (Jain et al., 2018).

Figure 1.17 Antimalarial thiazolidinone hybrid molecules

Pyrazolo[3,4-d]pyrimidine-thiazolidinone derivatives (Figure 1.18) displayed higher in vitro
COX-1 and COX-2 anti-inflammatory activity (ICso = 2.87-5.27 uM) than the reference drug
celecoxib (ICso = 5.64 uM). The compounds were further tested for their in vivo anti-
inflamatory activity using the formalin-induced paw edema bioassay. The activity (Al) of the

compounds (%Al of 48.6-85.7) was also higher than celecoxib (%Al = 46.4) (Tageldin et al.,

0
N IN/)\NH H
O e

5-methyl-2-(2-(4-oxo-1,5-diphenyl-4,5-dihydropyrazolo
[3,4-d]pyrimidin-6-yl)hydrazono)thiazolidin-4-one

2018).

Figure 1.18 Pyrazolo[3,4-d]pyrimidine-thiazolidinone derivatives with anti-inflammatory
activity
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1.5 Amino Acids

Amino acids are naturally occurring organic compounds and the building blocks of proteins
and enzymes. They contain a carboxyl group (COOH), amino group (NH2) and a variable
side chain at the a-carbon (Figure 1.19). Amino acids exist as neutral or zwitterions that
make them partially soluble in water. Naturally occurring o-amino acids possess a

stereogenic centre, but are common and commercially available.

Amino grou
growp o o+ 4 OH
H,N-C~C-OH HsN-C-C=0"
+
R Carboxylicgroup M r 1
Side Chain Zwitterion

Figure 1.19 General structure of a-amino acid

Amino acids play a significant role in drug discovery and occur in antibiotics such as
bacitracin and vancomycin. They are becoming prominent features in new drugs due to
having two orthogonal functional groups, which are easily modified by conventional
chemistry, for example acylation and amidation. They also have a wide variety of side

chains attached to a chiral centre.

Conjugation of heterocycles with amino acids and peptides is an important branch of
biomedical research. Amino acids are found naturally in bacterial cells and conjugating an
amino acid to another pharmacophore aids in facilitating the passage of the conjugated drug
across cell membranes for release into the cytosol (Beck, 2012). They also bind specifically
to their in vivo targets, increasing the potency of the drug. Other advantages of peptide drugs

include lower toxicity, broad range of targets and low accumulation in tissues (Craik, 2013).
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A study of 1,3-benzodioxole-amino acid hybrids (Figure 1.20) on antitumor activity in vivo
indicated that compounds linked to leucine, valine, glutamic acid and glycine inhibited

tumour mass in mice by 66-83% (Leite ef al., 2004).

: R
<O m)\ NH(Boc)
o 0

R = amino acid side chain

Figure 1.20 General structure of a 1,3-benzodioxole-amino acid derivative

N-glycoconjugates of D-glucose linked with amino acids (Figure 1.21) exhibited good
activity against Gram +ve and —ve bacterial strains, with the highest activity shown by the
tryptophan derivative against E. coli and the isoleucine derivative against K. pneumoniae,

both with a MIC of 16 pg mL™! (Baig et al., 2012).
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f 1
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Figure 1.21 Structure of D-glucose linked-amino acids

Xanthone conjugated amino acids modified with cationic amino acids and lipophilic chains
(Figure 1.22) displayed promising antimicrobial activity against multidrug-resistant Gram
+ve MRSA and VRE (MIC = 0.5-3.0 ug mL!)(Koh et al., 2015). Cationic amino
acids/peptides are components of the innate immune system and act by disrupting the

bacterial membrane (Bai et al., 2012).
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R= cationic amino acid side chain

Figure 1.22 Structure of xanthone conjugated amino acids

1.6 Synthesis involving amino acids and benzimidazoles

There are few reports in literature for the synthesis of benzimidazoles coupled with amino
acid residues, but numerous reports on amino acid conjugated heterocycles. A commonly
reported reaction is cyclisation of ortho phenylenediamine with a-amino acids (Scheme 1.25)
to synthesise benzimidazoles with chiral substituents at C-2 possessing an amino acid side

chain (Zhang et al., 2009; Xu et al., 2012; Ajani et al., 2016; Sabithakala et al., 2016).

NH, H R " N R
@ +  HpN-C-C-OH @: N
NH2 R reflux H NH2

Scheme 1.25 General scheme involving amino acids to synthesise benzimidazoles

Amino acids do not easily undergo standard chemical conversions due to their acid/base
character and low solubility in organic solvents. It is therefore necessary to protect the amine
and/or carboxylic acid functional groups. The carboxylic acid is easily converted to an ester
and the amine is protected with protecting groups such as #-butoxycarbonyl (Boc) and

benzyloxycarbonyl (Cbz).
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In an alternate synthetic procedure to benzimidazoles synthesised from amino acids, the
amino acids protected at the carboxyl end as esters were substituted with the fluorine in ortho
nitrofluorobenzene in the presence of a base to form nitrobenzylamines. The nitro group was
subsequently reduced and the resultant amino group arylated by a Chan-Lam cross coupling
reaction before the molecule was cyclised to benzimidazole salts with trimethoxymethane

(Scheme 1.26) (Zhou et al., 2016).
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