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ABSTRACT

Imidazolium salt, derived from the parent imidazole, serves as a highly versatile
scaffold in medicinal chemistry, where desired functionality can be introduced into the
structure readily. Despite the fact that imidazolium salts have a poorer hydrogen
bonding ability compared to their parent imidazoles, the cationic imidazolium cores
allow the compound to interact with biological systems electrostatically. In this thesis,
a series of N-alkyl-substituted pyridine-functionalised (benz)imidazolium salts were
synthesised and characterised using both conventional heating method and microwave
irradiation. The imidazolium salts and their benzimidazolium analogues were
synthesised and compared their biological activities to evaluate how the extended =-
conjugation in benzimidazolium salts affect the biological properties. Five different
alkyl chains (hexyl, heptyl, octyl, nonyl, decyl) were selected to study the influence of
increasing carbon number on the biological properties, which include antimicrobial
property and cell cytotoxicity. All synthesised compounds were tested against a list of
microorganisms that constitutes of eight Gram-positive and four Gram-negative
bacterial species, and three yeast species. Besides, the synthesised (benz)imidazolium
salts were tested for their in vitro cell cytotoxicity against four selected cancerous cell

lines.

Chapter 1 provides a brief introduction of imidazolium salts and the medicinal
applications of existing imidazolium salts. The examples of bioactive imidazolium salts
were detailed and discussed. In addition, their applications as the precursors to ionic
liquids and N-heterocyclic carbenes were also discussed. A brief history and
background of metal N-heterocyclic carbene complexes were also discussed and their
medicinal applications were detailed.

Chapter 2 focuses on the synthesis and characterisation of a series of N-alkyl-
substituted pyridine-functionalised (benz)imidazolium salts. The synthesised
(benz)imidazolium salts bear a pyridine-containing backbone, which can be prepared
through the reduction of 2-benzoylpyridine, followed by halogenation. Subsequent
reaction with N-alkyl-substituted (benz)imidazole derivatives gives the desired
(benz)imidazolium salts with different R group at the N-wingtip (R = hexyl, heptyl,
octyl, nonyl, decyl). Silver N-heterocyclic carbene complexes of the lead compound

(Im-71g) was also synthesised and characterised. Attempt to crystallise the silver NHC



complex was unsuccessful and the crystal of silver NHC complex was not obtained,
however, the crystal of its precursor Im-76g-PFe was isolated. All synthesised
compounds were characterised with *H- and 2*C-NMR, as well as mass spectrometry.
The crystalline product was analysed using X ray diffraction (XRD). Besides, the
Lipinski’s Rule of Five was used as the reference for in-silico study. This computational
study revealed that all synthesised compounds did not violate the rules and are deemed

to be orally active.

Chapter 3 highlights on the antimicrobial screening and the evaluation of the
antimicrobial profiles of the synthesised compounds. The synthesised compounds were
tested against the selected pathogenic microorganism strains, which constitutes of eight
Gram-positive and four Gram-negative bacteria, and three yeast species. From this
study, it was noticed that the increasing alkyl chain length of the R group yielded
improved antimicrobial properties, from hexyl to decyl, with lowest MIC value from
500 pg/mL to 7.81 pg/mL, respectively. Growth curves of B. cereus ATCC 14579 and
E. coli ATCC 25922 cultured in the presence of the lead (benz)imidazolium salts, Im-
71g and Bz-71g were plotted and they showed that the compounds started killing the
bacteria the moment the bacteria were in contact with the compounds. Further test using
intracellular component leakage test confirmed that the leakage took placed in the early
phase of incubation.

Chapter 4 discusses the cell cytotoxicity profiles of the synthesised (benz)imidazolium
salts against four selected cancerous cell lines. The half maximal inhibitory
concentrations (ICso) were determined and compared to the reference cisplatin reading.
Similarly, the increasing alkyl chain length at the N-wingtip showed enhancement in
the anticancer properties, from hexyl to decyl, with lowest 1Cso value from 3.30 to 0.71
MM, respectively. The selectivity indices were determined for all synthesised
(benz)imidazolium salts against two non-cancerous cell lines. There was no selectivity
due to the rapid growth of non-cancerous cell lines where the compounds could not
differentiate the cancerous and non-cancerous cell lines. Besides, intracellular ROS
assay was conducted, and the results showed decrement in the ROS level in HCT-116
cell line. This observation stated that the mode of action of the synthesised
(benz)imidazolium salts was not through oxidative stress elevation. This result was in
agreeable to other literature reports where imidazolium salts in nature possess

antioxidant properties.



In short, a series of N-alkyl-substituted (benz)imidazolium salts were synthesised and
characterised with various spectroscopic techniques. This study revealed that the R
group and the extended m-conjugation of benzimidazole had an influence on the
biological properties. While the mode of action of imidazolium salts are not known, the
moderate biological properties discovered from this study had shown the potential of

(benz)imidazolium salts as candidate in drug developments in the future.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1  Overview of bioactive heterocycles

Heterocycles, or heterocyclic compounds, are cyclic compounds that consist of more
than one different element situated within the ring structures. Heterocycles are widely
distributed in nature, where most of them are greatly associated with our life (Gupta et
al 2013). For instance, the genetic materials such as DNA and RNA are composed of
heterocyclic bases namely pyrimidines and purines. Like cyclic hydrocarbon species,
heterocycles are generally classified into heterocycloalkanes, heterocycloalkenes, and
heteroaromatic systems, further subdivided based on the type of heteroatom, in which
the heterocycle is not limited to, can contain several heteroatoms (Pozharskii et al 2011).
Pyrimidine, pyrazine, pyrazole, and imidazole are examples of heterocycles with more
than one identical or different heteroatoms within the ring structure (Figure 1).

X\ N\ = =
EN; E ; X\N/ QN

Pyrimidine Pyrazine Pyrazole (X = NH) Imidazole (X = NH)
Isoxazole (X = O) Oxazole (X = 0)
Isothiazole (X = S) Thiazole (X = S)

Figure 1. Heterocycles with more than one identical or different heteroatoms within

the ring structure.

Heterocycles also play an important role in pharmaceutical and agricultural sciences.
Several heterocycles such as amrinone used in the treatment of congestive heart failure,
and paraquat which is used as a total herbicide, exhibit remarkable biological properties
when bearing no or small substituent(s), which proves that the heterocyclic ring is part
of the pharmacophore (Figure 2) (Angelucci & Bolle 1974; Yamatsu et al 1974). To
date, more than 70 % of pharmaceutical drugs and agrochemicals constitute at least one
heterocycle (Lamberth & Dinges 2012). Some of the biggest commercial products in
the market today, such as the blood cholesterol reducer atorvastatin and the broad-
spectrum fungicide azoxystrobin fall under the category of bioactive heterocycles

(Figure 3) (Thrash et al 2007; Wynne et al 1980). In addition, heterocycles are an easily
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accessible scaffold that allows structural modification and formulation to produce more
potent compounds. Simple aliphatic heterocycles such as gem-diethyl-substituted
barbituric acid barbital used as a sleeping aid also demonstrate excellence biological
properties (Figure 4) (Van der Burg et al 1970).

Cl
AN
\ \
cl o,
NS
Amrinone Paraquat

Figure 2. Amrinone (left) and paraquat (right) are the examples of highly active

bipyridy| derivatives bearing small substituents.
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Atorvastatin Azoxystrobin

Figure 3. Atorvastatin (left) and azoxystrobin (right) are two of the currently most

successful pharmaceutical drugs and agrochemicals in the market.



Barbital

Figure 4. Chemical structure of barbital, which is used as a sleeping aid.

1.2 Imidazole and imidazolium salts

Imidazole is a five-membered heterocycle species which consists of two nitrogen atoms
within the ring structure, with a carbon atom situated in between. Imidazole was first
prepared in 1858 by a scientist named Debus, using glyoxal and ammonia, and
glyoxaline was the original name to indicate its source (Scheme 1) (Debus & Liebigs
1858). Later, as it falls under the azole family, which the term “azole” is used to
describe five-membered polyheteroatomic ring systems, and the presence of an imino
group within the ring structure, the name imidazole was given and more commonly
used in the modern literature (Hantzsch 1888). While the chemical structure of
imidazole appears to be almost symmetrical, the two nitrogen atoms in the heterocyclic
ring exhibit different properties, where the nitrogen that is bound to a hydrogen (N1H)
is like that in a pyrrole ring, whereas the other nitrogen (N3) is much like the nitrogen
found in a pyridine (Figure 5). Imidazoles bearing a free imino hydrogen are expected
to exhibit tautomeric character, however, the removal of this hydrogen or the addition
of a proton to the pyridine nitrogen leads to the formation of ions, which results in the
loss of possibility for tautomerism (Scheme 2). Moreover, the electron-rich heterocycle
could not only readily accept or donate hydrogen, but also able to form weak
interactions, which enables the derivatives to easily interact with target enzymes and
receptors in biological systems, thereby exhibiting wide range of biological properties
(Zhang et al 2014). Furthermore, imidazole is amphoteric in nature, where the
properties can be easily tuned by the addition or removal of proton, allowing the
imidazole to act both as a base and acid, with pKa values of 14.50 and 7.01, respectively
(Scheme 2).
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Formaldehyde Glyoxal C-substituted Imidazole

Scheme 1. Synthesis route to obtain C-substituted imidazole using glyoxal and

ammonia by Debus.

Pyrrole O ¢ / / Ns : O Pyridine

Imidazole

Figure 5. Illustration of the chemical properties of the nitrogen atoms in imidazole.

/H i 3 |
N H N +H H N/
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N N
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H H L H _
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NG
| \>7H pK, = 7.01
H N

Scheme 2. Tautomeric imidazole losing its tautomerism after gaining a proton at the

pyridine nitrogen or losing a proton from the imino nitrogen.
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The discovery of imidazole has initiated the rapid development of imidazole-based
compounds due to their various possible applications in pharmaceutical and agricultural
sciences, artificial materials, supramolecular chemistry, and catalysis (Zhang et al
2014). Imidazole with multiple binding sites can coordinate with inorganic metal ions
or interact with organic molecules to produce supramolecular drugs, which can possibly
exert double biological action mechanisms to combat against drug resistances (Zhou et
al 2010; Zhou et al 2009). In fact, enormous number of drugs in the market are
imidazole-based, where these drugs are applied in various therapeutic treatments such
as anticancer (dacarbazine and azathioprine), antifungal (clotrimazole and miconazole),
antiparasitic (metronidazole and benznidazole), antihistaminic (cimetidine and
thioperamide), antineuropathic (nafimidone and fipamezole), and antihypertensive
(losartan and eprosartan) (Figure 6) (Ashley 2010; Burnier & Wuerzner 2011; Mishra
& Ganguly 2012; Steinman et al 2012). This has proven the great developmental value

in research of developing imidazole-based drugs.
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Figure 6. Common imidazole-based drugs in the market.

Imidazolium salts, derived from the parent imidazole, belong to the azolium salts family.
Like imidazole, imidazolium salt serves as a highly versatile scaffold in medicinal
chemistry, where desired functionality can be introduced into the structure readily.
Despite the fact that imidazolium salts have a poorer hydrogen bonding ability
compared to their parent imidazoles, the cationic imidazolium cores allow the
compound to interact with biological systems electrostatically (Riduan & Zhang 2013).

Furthermore, imidazolium salts are also famous for their application as ionic liquids
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(ILs). With the astonishing chemical stability, ILs are often used as electrolytes and
green solvents in the past decades (Zhang & Chan 2010). More recently, their potential
application in biological processes is also being explored. In addition, imidazolium salts
are also well-known as pro-ligands to produce N-heterocyclic carbenes (NHCs), which
have even more applications in catalysis, coordination chemistry, supramolecular
chemistry et cetera, due to their high stability and enhanced chemical properties
(Marion et al 2007).

1.2.1 Synthesis of imidazolium salts

There are several ways to prepare imidazolium salts, where most popular options being
direct nucleophilic substitution at the nitrogen atoms of imidazole, or by
multicomponent reactions yielding N,N’-substituted heterocycles. Direct nucleophilic
substitution can be further divided into two types: symmetrical and asymmetrical
substitution at the N-wingtip of imidazole (Scheme 3) (Glushkov et al 2012; Li et al
2014; Pernak et al 2004). Meanwhile, the multicomponent reactions often adopt a
simple one-pot synthesis method with glyoxal, amine and formaldehyde in presence of
acid (Scheme 4) (Hans et al 2015; Herrmann 2002)

; . ;
\

Scheme 3. General synthesis route of imidazolium salts via symmetrical (3) and

asymmetrical (4) nucleophilic substitution.
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Scheme 4. General synthesis route of imidazolium salts via the multicomponent

reactions using glyoxal (5), amine (6) and formaldehyde (7) in presence of acid.

Besides, such readily synthesised compounds also have another astounding feature,
which is the flexibility to design and introduce desired functionalities into the chemical
system, thus altering the chemical and physical properties, or even enhancing the
biological properties. For instance, the functional group of sotalol, an antiarrhythmic
agent, was introduced into an imidazolium core by Lis and co-workers, yielding
imidazolium derivative of sotalol to overcome the diminishing of myocardial function
in patients with ventricular arrhythmia caused by sotalol (Figure 7) (Lis et al 1987).
Out of all the derivatives, compound 8 displayed best antiarrhythmic properties, where
1.6 uM of compound 8 was able to cause a 20 % increase (+) and decrease (-) in action
potential duration at 95 % repolarisation (APDgs), while sotalol was only able to show
similar effect at 14.4 pM.

OH OH ,—
§ N _N
0 O 0 0 NN
\\S// \\S// -
<~ ">N HCI <~ "N Cl
H H
Sotalol 8

Figure 7. Chemical structures of sotalol and compound 8.

1.2.2 Industrial applications of imidazolium salts
In the recent development, ionic liquids (ILs) have become the emerging subject in
industries to seek a replacement for the conventional organic solvents due to their low

vapour pressure and their low melting points properties. While imidazolium based ILs
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may meet some of the ideal requirements as solvent option such as high solute
selectivity, inertness to materials, non-flammability and low carrier selectivity, the cost
and toxicity of ILs remained as important issues to be addressed (Mallakpour & Dinari
2012). The first imidazolium based IL was discovered by John Wilkes’s group in early
1980s, where 1-alkyl-3-methylimidazolium chloride aluminium chloride ionic liquids
([CnC1im]CI-AICI3, where n = 1 — 4) were introduced and [C2C1im]* showed the best
transport properties (Figure 8) (Wilkes et al 1982). Over the past decades, a group of
scientists developed a series of imidazolium based ILs and used them to synthesise a
series of antiviral nucleoside drugs namely stavudine, brivudine and trifluridine (Kumar
& Malhotra 2008). From their experiment, they found that the replacement of
dimethylacetamide with the synthesised ILs 9 — 11 to synthesise stavudine reduced the
reaction time from 30 minutes to as low as 5 minutes with yield increased from 81 %
to up to 93 % (Figure 9) (Scheme 5) (Table 1).

AlICl,~
R ~— N /\N-'-/
R = methyl, ethyl, propyl, butyl

Figure 8. Chemical structure of 1-alkyl-3-methylimidazolium chloride aluminium

chloride ionic liquids.

9, X = CH,;SO;’ n
10, X = CF;CO0"

Figure 9. Chemical structures of the ILs used as the reaction medium for the synthesis

of antiviral nucleoside drugs.
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2,3'-anhydrothymidine Stavudine

Scheme 5. Synthesis of stavudine via elimination of reaction on 2,3’-anhydrothymidine.

Table 1. Reaction conditions and yield of stavudine.

Solvent Duration (min) Yield (%)
Dimethylacetamide 30 81
9 10 89
10 5 93
11 10 91

Besides, 1-butyl-3-methylimidazolium ionic liquid was adopted as the solvent to
conduct dimerisation of simple olefines and it was found to have improvements in
catalytic activity, selectivity, and recyclability of the ILs and catalysts (Wasserscheid
& Welton 2008). In addition, the report also showed that the propene dimers produced
in ILs can be readily transformed into ethers or alkanes to produce high octane number
additives for gasoline (Chauvin et al 1995). This non-protic liquid and its free of
coordinating species also circumvented the issue faced by most of the organometallic
catalytic systems which are highly sensitive to protons or bases, where the solvating

media must be carefully chosen.

Despite most attempts in ILs has been focusing on the solvation capability for chemical
synthesis and polymerisation, ILs have also been used in exploration of their potential
in separation science such as being used as the stationary phase in HPLC and GC (Reid
et al 2008; Wang et al 2006). Furthermore, ILs have also found to be portraying an
excellent role as mobile phase additives in chromatography. Many pharmaceutical

research facilities have interest in most basic compounds due to their potential
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therapeutic properties, however, the amino group in the compounds often interact with
the residual silanols on the packing materials during isolation and purification, resulting
in asymmetric peaks, low efficiencies, and irreproducible retention (Nawrocki 1997,
Vervoort et al 1992). To overcome this problem, triethylamine (TEA) is commonly
used as additive to suppress the silanols activity, thus enhancing the separation and
resolution of the chromatogram. Over the past decades, IL 12 was found to display
much more superior suppressive properties to TEA where the elution efficiencies were
greater and higher plate numbers were achieved at same concentration (Ruiz-Angel et
al 2006). Moreover, 12 also has neglectable influence on the retention factors while
TEA decreases them due to the dual nature of ILs where both the constituting anion and

cation partake in the retention mechanism (Berthod et al 2005).

BF,
/\/\N/\N+/
\—/
12

Figure 10. Chemical structure of IL 12.

1.2.3 Potentials of imidazolium salts in medicinal applications

Aside from its well-known applications as ionic liquids, imidazolium salts also gain
uniformly increasing popularity in medicinal chemistry. With the alarming news on the
emergence of drug resistance and undesirable side effects of the existing drugs,
imidazolium salts may be a potential scaffold as it fulfils the new molecular parameters
introduced on drug discovery, which includes heteroatomicity, aromaticity, and
structural diversity (Demberelnyamba et al 2004). Owing to the unique features of
imidazolium salts, increasing numbers of novel imidazolium derivatives have been
reported with their numerous biological properties explored, which include
antimicrobial, antifungal, antitumour, antioxidant, antihelminthic, antiparasitic, and

antiviral properties.
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1.2.3.1 Antimicrobial and antifungal properties of imidazolium salts

Antimicrobial imidazolium salts have drawn much attention lately due to their ability
in reinforcing ionic affinity, water solubility, membrane permeability, and preventing
bacterial motion, thus improving the antimicrobial efficacy (Qian et al 2017).
Transformation of imidazole into imidazolium would result in antimicrobial
compounds with broadened spectrum, which can potentially combat against tough
microorganisms with multiple drug resistance. The first reported antimicrobial
imidazolium salts were a series of 1-alkyl-3-methylimidazolium halides (13a — f) and
1-alkyl-3-hydroxyethylimidazolium chlorides (14a — b) that exhibited low minimum
inhibitory concentration (MIC) ranging from 4 — 500 pg/mL. Based on the study, it was
explained that most imidazolium salts act through interacting with bacterial
cytoplasmic membrane and subsequently disrupting the permeability of the cell
membrane (Demberelnyamba et al 2004). Besides, the same group also showed that the
introduction of long alkyl chain, and the hydroxyethyl and methyl groups in different
positions within the imidazolium structure affected the antimicrobial properties mostly.
It was suggested that the compounds behave similarly to quaternary ammonium
compounds, where the longer alkyl chain length attributes to better surfactant properties,

resulting in better antimicrobial properties.

N . N N . N
RNy CHs R/+Y S o

X~ Cl”

13a, R=CgH,7, X = Cl 14a, R = C,,H,,
13b, R = C,H,,, X =ClI 14b, R = C,Ha;
13¢, R = C,Hy5, X =Cl
13d, R = C,4Hy, X = Cl
13e, R = C 4Hy, X = Br
13f, R = C,4H33, X = Cl

Figure 11. Chemical structures of 13a—f and 14a - b.

Pushing beyond the traditional design, Morzycki and his co-workers (2019) worked on
a new class of imidazolium salts which bear steroid functionality (Hryniewicka et al
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2019). The idea behind fusing two bioactive compounds into one hybrid molecules aims
to develop a new class of compound that can exert a broader spectrum of biological
applications, which is also a common practice in medicinal chemistry. The first two
steroids that were adopted in the compound design were lithocholic acid (15) and 3-
0x0-23,24-dinorchol-4-en-22-al (16), yielding 17a — d and 18a — d respectively. Based
on the study, all the tested steroid-derived imidazolium salts showed great antimicrobial
efficacy against the chosen bacteria and fungi with MIC values from 0.25 to 64 pg/mL.
Comparing between the two series, 17a — d generally displayed better antimicrobial
properties against S. aureus, B. cereus, and C. albicans, however, less effective in
antimicrobial properties against E. coli than 18a — d. Moreover, the very same study
also demonstrated that the antimicrobial properties are enhanced when the number of
carbon atoms in the alkyl substituent increases. Encouraged from the results, the group
employed dehydropiandrosterone (DHEA, 19) as the steroid option in their compound
design (Hryniewicka et al 2021). A total of 11 compounds were synthesised (20a — k),
bearing the alkyl substituent ranging from -CHs to -CieH>23, and one with aromatic
substituent. The antimicrobial properties evaluation demonstrated promising
antimicrobial properties against the selected microorganisms with MIC values ranging
from 0.25 to 64 pg/mL. While some antibiotics might cause drug-induced hemolytic
anemia and thrombocytopenia, hemocompatibility has become one of the important
criteria for successful in vivo administration as antibiotics. Based on the study,
compound 20a — k demonstrated low hemolytic activity at the MIC values. However,
the data suggested that the longer the alkyl chain length, the hemolytic activity becomes

worsen.
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Figure 12. Chemical structures of steroid-derived imidazolium salts.

Antimicrobial peptides (AMPs), a type of heterogenous antibiotic molecules produced
by most multicellular organisms such as animals and plants, were also utilised to
produce imidazolium-AMP conjugates (21a — b and 22a — b) that were found to be
effective against the chosen microorganisms with MIC values ranging from 0.25 to 5
MM (Reinhardt et al 2014). From the study, it was found that the bioactive cathelicidin
AMP, LL-37 peptides (21a — b), can penetrate better into B. subtilis, which constitute

a more compact peptidoglycan layered cell wall, compared to the other cathelicidin
AMP, sC18 (22a — b). The peptide sC18 used in this study was a synthetic short C-
terminal fragment of the cationic antimicrobial peptide of LL-37 that binds to
lipopolysaccharides. Furthermore, the synthesised compounds produced best
antimicrobial properties against the acid-fast bacterium, Mycolicibacterium phlei. This

was claimed as unexpected phenomenon as M. phlei is rather tough towards antibiotic
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treatment due to their complex myolic acid layered cell wall. Meanwhile, a different
group of scientists developed biocompatible imidazolium salt-derived hydrogels which
bear antimicrobial properties (Liang et al 2019). A total of 6 hydrogels were developed,
where 4 were based on vinyl imidazolium bromide (23a — d) and 2 were based on N-
(3,6-dioxaoctane) imidazolium bromide and N-butylimidazolium itaconate (24a — b).
Such hydrogels were found to be effective against selected multidrug-resistant
microorganisms with MIC values ranging from 2 — 256 pg/mL, thus allowing potential

application as biomaterials to prevent bacterial infections in clinical settings.
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21a, n =4, Peptide = LL-37 \R
21b, n =15, Peptide = LL-37
22a, n =4, Peptide =sC18 23a, R =C,H;
22b, n =15, Peptide = sC18 23b, R = C,H,
23¢, R=C¢H 3
23d, R = CyoH,;

Figure 13. Chemical structures of AMP-containing imidazolium salts and imidazolium
salt-derived hydrogel.

1.2.3.2 Anticancer properties of imidazolium salts

The structural versatility has positioned imidazolium salts as one of the targets of
strategic advancement in drug development. Hitherto, lots of compounds that exhibited
excellent anticancer properties could not proceed into the animal trials due to the high
toxicity possessed by the compounds. With the versatility, imidazolium salts can carry
organic moiety that masks the toxicity, while inducing highly cytotoxic properties. In
the early 21% century, Cui and co-workers isolated the naturally occurring imidazolium
salts, 24 and 25, from the root extract of Lepidium meyenii and their cytotoxic profiles
were evaluated against several cancer cell lines. While 24 was only moderately
cytotoxic to the ovarian carcinoma FDIGROV with ICso of 7.39 pg/mL, 25 was more
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aggressive against the tested cancer cell lines, which include human bladder carcinoma
UMUCS3, human pancreatic adenocarcinoma PACAZ2, human breast carcinoma
MDAZ231, as well as FDIGROV cell lines with ICso of 6.46, 1.38, 1.66 and 5.26 pg/mL
respectively (Cui et al 2003).

@”“@@”“@

Figure 14. Chemical structure of 24 and 25 isolated from Lepidium meyenii.

Inspired by the cytotoxic profiles of 24 and 25, Yang and co-workers adopted the
chemical structures of 24 and 25 as the scaffold and developed a series of hybrid
imidazolium salts with various functional groups within one single compound. A total
of 21 compounds (26a — u) were synthesised and their anticancer properties were
evaluated against myeloid leukaemia HL-60 and K562, epidermoid carcinoma A431,
ovarian carcinoma SKOV-3, gastric carcinoma MKN-28, liver carcinoma SMMC-7721,
laryngeal carcinoma Hep-2, and lung carcinoma GLC-15. Remarkably, amongst the
synthesised compounds, some were extremely cytotoxic to the HL-60 and A431 cell
lines with ICsp values as low as 1.1 uM (Yang et al 2009). Like the antimicrobial profile,
the anticancer properties are greatly associated with the lipophilicity of the compounds,
where increasing the lipophilicity can greatly enhance the cytotoxic properties. Besides,
the study also revealed that compounds bearing tert-butyl group at position 1 or 3 were
almost inactive against the tested cell lines, while compounds bearing a bulkier
functional group at such position were more active, followed by compounds bearing
aromatic moiety at position 1 or 3 being the most active. These findings escalated the
extended study on hybrid imidazolium salts, where the same group of researchers
conducted structure-activity relationship on (dihydro)benzofuran imidazolium salts.
Another 15 compounds (27a — 0) were synthesised and their cytotoxic properties were
evaluated against MCF7 and HL-60 cell lines (Liu & Gust 2013; Wang et al 2013).

Despite the cytotoxic profiles were not as promising as 26a— u, 27a— 0 were considered
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relatively potent, given that the ICso values were as low as 5.78 uM against the tested

cell lines.
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t CeH2(CH3)3-2,4,6 H CeHa(Br)-4
u C6H3(i-C3H7)2-2,6 H C6H4(Br)-4

Figure 15. Chemical structures of 26a — u and 27a — o.

Utilising the delocalised lipophilic cations (DLC) such as triphenylphosphonium (TPP)

salts’ ability to kill cancer cells through accumulation in and disruption of mitochondria,

Stromyer’s group designed a new imidazolium salt bearing TPP (28) and the

cytotoxicity was evaluated in vitro and in vivo against bladder cancer. Based on the

study, 28 was able to produce Glso (the concentration where 50 % of maximal inhibition

of cell proliferation is observed) value ranging from 200 to 250 uM over a period of
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one hour (Stromyer et al 2020). Compound 28 was found to inhibit bladder cancer
through induction of apoptosis and appeared to behave like mitochondrial toxin. Similar
efficacy was observed when the compound was administered into a mouse model
intravesically. On the other hand, Haque and co-workers designed a series of
(benz)imidazolium salts (29 and 30a — c) suitable to be used as ligands for synthesis of
N-heterocyclic carbene complexes (Haque et al 2013; Haque et al 2013). The ligands
were evaluated their cytotoxic profiles against the K562 cell lines and the 1Cso values
were as low as 8.9 uM. Besides, the study also revealed that the longer the alkyl chain

length substituted, the better the anticancer activities induced by the compounds.

Q 29
O

28
302, R= C8H17
30b, R= C()ng
30c, R= C10H21
Figure 16. Chemical structures of TPP-bearing imidazolium salts and alkyl-substituted

imidazolium salts.

1.2.3.3 Antioxidant properties of imidazolium salts

While imidazolium salts have been well studied for their antimicrobial and anticancer
properties, the antioxidant properties of imidazolium salts remain in the infancy stage
in research. Based on a research conducted by Zhuo and co-workers, compound 31 and
32 demonstrated reducing power that could reduce the glutathione (GSSG — oxidised
form) into glutathione (GSH — reduced form), which increased the GSH/GSSG ratio
dramatically to 7.4-fold of the control. It was found that 31 reduced GSSG through
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neutralisation of oxidative stress imposed by the exogenous H>O> on the cells (Zhang
et al 2009). Meanwhile, Haque’s group also tested their compounds (30a — ¢, Figure
16) on their antioxidant properties, and it was found that 30a was able to reduce 17.91 %
of DPPH, while the standard reference for DPPH assay, gallic acid, was able to reduce
the DPPH by 77.68 % at 400 uM (Haque et al 2013). Recently, Sharhan and co-workers
synthesised a series of imidazolium salts and evaluated their antioxidant properties. A
total of 16 compounds (33a — p) were synthesised and the ICso for DPPH assay was
found to be as low as 43 + 2 uM. However, those compounds with lower I1Cso values
do not possess similar antioxidant properties in terms of FRAP assay. Unexpectedly,
those that displayed high ICso values for DPPH assay demonstrated high reducing
power in FRAP assay, where 33h and 33l showed value of 211 pug FE/mL. The poor
correlation of the two assays suggested that the analysis of antioxidant properties was
only limited to DPPH assay (Sharhan et al 2018).

e N N
SRV

N+

31 32
Figure 17. Chemical structures of compound 31 and 32.

33a,R; =H, R,= OCHs, R; = C¢H 3
33b,R; =H, R, = OCH;, R; = CH,
33¢c,R; =H, R, = OCHs, R; = C,H,
33d, R, = Cl, R, = OCHj, R; = CH,

N
\ 33¢,R, = CL, R, = OCHs, R; = C,Hy
N 33f, R, = Cl, R, = OCH,, R; = C,H,

N 33g, R, =Cl, R,=OCH;, R; = CgH,,
33h, R, =H, R, = H, R; = pMe-Bn
Ry 33i,R,; =H, R,=H, R; = pBr-Bn
X 33j,R;=H,R,=H, R; = 0Br-Bn
‘ 33k, R, =H, R, = H, R; = pNO,-Bn
= 331, R, =H, R,=H, R; = BzCH,
R4 N

33m, R, =H, R, = H, R, = pBr-BzCH,
33n,R; = Cl, R,= OCH;, R; = Bn

330, R, = Cl, R, = OCHj, R; = BnCH,
33p, R, = Cl, R, = OCH3, R; = pBr-BzCH,

Figure 18. Chemical structures of 33a — p.
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1.2.4 N-heterocyclic carbene — Synthesis and applications

A carbene molecule is a neutral compound containing a divalent carbon atom with six-
valence shell. The incomplete electron octet of carbene carbon results in structural
instability of free carbene, rendering it being used only as reactive species in organic
transformation reactions such as cyclopropanation in the olden days (Hopkinson et al
2014). In late 1980s, carbenes were isolated and stabilised through substituent
migration from silicon or phosphorous core to carbene carbon atom (lgau et al 1988).
Later, first successful isolation of free carbene was reported and characterised as N-
heterocyclic carbene (NHC) (Arduengo I11 et al 1991). This momentous breakthrough
has turned NHCs pivotal in developments of new class of compounds to be used in
wide range of industrial capacities, including catalysis and medical research.

NHCs are heterocyclic species containing a carbene carbon with divalent electron shell
derived from persistent carbenes and at least one nitrogen atom situated within the ring
structures (de Frémont et al 2009). Despite having a six valent electron shell, the
carbene carbon remains stable as it is stabilised electronically by the adjacent nitrogen
atoms through the m-electron donating and o-electron withdrawing effect, creating a
push-and-pull mechanism, granting NHCs the remarkably enhanced structural stability
(Figure 19) (Hopkinson et al 2014).

n-electron-donating

N3
@ c? .
VO
R/U c-electron-withdrawing

Figure 19. The m-electron donating and c-withdrawing effect in a ground-state
electronic structure of NHC, stabilises the six valent electrons carbene structure
(Hopkinson et al 2014).

There are numerous classes of NHCs that have been discovered over the past three
decades. The most extensively studied classes of NHCs are mainly derived from the

five-membered ring moieties known as imidazolylidenes (Figure 20). The formulation
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of NHCs originated from a mere laboratory curiosity and have evolved into a powerful
tool used in variety of applications due to their structural diversity. NHCs can easily
undergo modification by introducing a functional moiety at various positions on the
NHC core (Johnson et al 2017). Besides, most NHCs are relatively stable to air and
moisture, thus having a longer storage life as compared to phosphine ligands. As such,
the preparation of NHCs are generally more favourable as the reactions can be
conducted under ambient conditions. Generally, different substituted imidazolylidenes
can be either prepared from deprotonation of imidazolium salts with the use of strong
base such as sodium hydride, or by reductive desulphurisation of imidazoline-2-thiones
(Scheme 6) (Bornemann et al 2020). In this study, the deprotonation of imidazolium

salts with the use of base pathway was adopted for all synthesis of NHCs.

34a 34b 34c¢

Figure 20. Chemical structures of most studied NHC scaffolds: imidazolylidene (34a),
triazolylidene (34b) and benzimidazolylidene (34c).
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Scheme 6. General synthesis route of imidazolylidenes, 36.
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1.2.4.1 Emergence of metal NHC complexes

N-heterocyclic carbenes are often involved in coordination to transition metals. The
first metal NHCs were reported back in 1968, where Wanzlick and Ofele,
independently, produced mercury(11) and chromium(0) NHCs respectively (Ofele 1968;
Wanzlick & Schonherr 1968). The strong c-donor capabilities and the ability to partake
in n-backbonding have allowed NHC ligands to coordinate wide range of metal ions
with either low or high oxidation number, forming stable metal NHC complexes
(Johnson et al 2017; Rubio-Pérez et al 2013; Samantaray et al 2006; Zhuang et al

2013). Moreover, NHCs have the ability to displace 2-e” donor ligands such as amines
and ethers in metal coordination, rendering NHCs to bind more strongly to a metal
centre as compared to traditionally used phosphine ligands, making the metal-NHC
complexes more active in oxidative addition reactions (Baratta et al 2000; Perry et al
2003). The strong bonding between the NHCs and metals impedes the rate of
dissociation, overcoming the common issues in most modern catalysts that are prone to

rapid decomposition in catalysing reactions (Correa et al 2011).

1.2.4.2 Current application of metal NHC complexes

Metal NHC complexes emerged as one of the most powerful synthetic tools in catalysis
chemistry over the past decades. For instance, Grubbs’ second-generation catalyst
derived from ruthenium NHC has replaced its phosphine-based catalyst in olefin
metathesis (Figure 21) (Grubbs 2004). The employment of NHCs has proven to
produce better catalytic activities and the better structural stability has make NHCs
more favourable candidates in catalysis than phosphine (Derat & Maestri 2013).
Furthermore, recognised with the Nobel Prize in Chemistry, Mizoroki-Heck reaction is
one of the most significant coupling reactions that unravels the mystery to carbon-
carbon bond formation (Astruc 2011; Jagtap 2017). Despite the fact that palladium
phosphine was initially used as the catalyst, the discovery of palladium NHC replaces
the phosphine-palladium system due to the requirement of excess phosphine to
compensate the ligand loss from the P-C bond cleavage that reduces the catalyst
efficiency (Herrmann et al 1999; Sabounchei et al 2015).
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Figure 21. Chemical structure of Grubbs catalyst; first generation (38) and second

generation (39).

Metal NHCs have also gained popularity in the realm of medicinal chemistry over the
years. A wide range of transition metals including silver, gold, palladium, platinum,
rhodium and ruthenium have become favourite choices of metal for bioactivity
evaluations. Besides, the structural versatility allows NHCs to carry desired
functionality, whilst bearing a bioactive metal centre and masking the toxicity of the
metal, which make them useful in drug designs (Johnson et al 2017; Storr et al 2006).
In addition, the remarkable stability of metal NHCs prevents them from dissociation
before reaching the biomolecular target, which in turn enhances the efficacy of the
immunoresponses (Reedijk 2008). Moreover, the nitrogenous moiety of the NHC core
provides a new centre for hydrogen bonding, which could influence the binding of the
compound to the biomolecular target (Hendricks et al 1936; Ramos-Lima et al 2010).
These features have driven the interest of metal NHCs to a lesser-known function in

biological applications, from their renowned capabilities as industrial catalysts.

The very first bioactive metal NHCs were reported back in year 1996, where rhodium(l)
NHC (40) and ruthenium(ll) NHC (41) were synthesised and biologically evaluated in
the study (Figure 22). Both 40 and 41 were active against Enterococcus faecalis and
Staphylococcus aureus at minimum inhibitory concentration (MIC) value as low as
5.00 pg/mL, while 41 was also found to be effective against Escherichia coli and
Pseudomonas aeruginosa at 1.00 g/mL (Table 2) (Cetinkaya et al 1996). Despite the
antimicrobial activities were not as potent as the commercially used ampicillin, this
discovery sparks the potential in metal NHCs as drug candidates. In this research, silver

was chosen as the metal of interest.
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Figure 22. Chemical structures of rhodium(l) NHC (40) and ruthenium(ll) NHC (41)

complexes.

Table 2. Minimum inhibitory concentration (pg/mL) of 40 and 41 with ampicillin as

control.
Minimum inhibitory concentration (ug/mL)
Compound E. faecalis S. aureus E. coli P. aeruginosa
ATCC 29212 ATCC 29213 ATCC 25922 ATCC 27853
Ampicillin 0.78 0.39 3.12 > 75.00
40 5.00 5.00 > 1000.00 > 1000.00
41 6.25 6.25 1000.00 1000.00

1.2.4.3 Silver NHC complexes in medicinal chemistry

Despite majority of the bioactivity evaluations have been focused on platinum- and gold
NHC complexes, the bioactive model of silver-NHC complexes are well documented
too (Hindi et al 2009; Johnson et al 2017; Oehninger et al 2013). Silver was commonly
used as antiseptics for several medical conditions before revelation of the respective
causative agents and was the third metal known to be used after gold and copper
(Alexander 2009). Later in the 19™ century, silver nitrate was used to treat ulcers and
burns by promoting crust formation on the wound surface and removing the granulation
tissues, thus allowing wound healing through epithelisation (Klasen 2000). However,
use of silver-based drugs were dampened due to the side effects such as rare
pigmentation of the skin and eyes caused by prolonged exposure, and accidental
discovery of penicillin during the World War 1l (Drake & Hazelwood 2005). The
amazingly effective penicillin against pathogenic bacteria has led to excessive usage of
penicillin in fighting bacterial infections, creating unwanted resistant strains of

common bacteria such as Staphylococcus aureus, Neisseria gonorrhoeae, Escherichia
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coli, and Pseudomonas aeruginosa in the 20" century (Alanis 2005). Silver-based drugs
such as silver sulfadiazine was then “resurrected” to treat several bacterial infections
caused by burn and has become the first line defence against wound infections in burn
wards (Figure 23) (Fox 1968).

—s NH,
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Figure 23. Chemical structure of silver sulfadiazine.

Although the mechanism of how silver-based compounds act has not been fully
elucidated yet, it is suggested that most silver-based drugs involve the release of Ag*
ions that enter the target cell membranes to disrupt the cellular functions by inactivating
the viral enzymes through reacting with the thiol groups, or by interacting with DNA
helix, which results in pyrimidine dimerisation and prevents DNA replication
(Matsumura et al 2003). Despite of having great activity observed in silver-based drugs,
the expeditious release of Ag* ions causes the drugs to be less effective over a short
period of time (Liu & Gust 2013). Even though antimicrobial pharmaceuticals such as
silver sulfadiazine, are effective in inhibiting the growth of bacteria, these drugs tend
to lose their effectiveness over time due to development of resistance. This results in a
need to search for alternative compounds that release Ag* ions much slower. Hence,
strong coordinating ligands such as NHCs can be employed to prevail the

abovementioned limitations, developing new class of drugs that are more long-lasting.

In 2004, first antimicrobial silver NHC complexes were reported to be effective in vitro
against E. coli, S. aureus, and P. aeruginosa at MIC value of 281 mg/mL, which both
complex 43 and 44 were at least 10 folds more potent than the traditionally used silver
nitrate (Figure 24) (Melaiye et al 2004). This finding has quickly led to its dinuclear
analogue 45, encapsulated in Tecophilic polyurethanes, and it was found to demonstrate
enhanced effectiveness than silver sulfadiazine and silver nitrate (Figure 24) (Melaiye
et al 2005). The same group then moved on to further investigations on xanthine-

functionalised silver NHCs 46 and 47 and these complexes demonstrated potent
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activities against the tested microorganisms with MIC values ranging from 1 to 8
pg/mL (Figure 24) (Knapp et al 2010). Later, in vivo study showed that with 46
nebulised into lungs of mice infected with P. aeruginosa, 83 % of infected mice
survived the infection three days after the inoculation (Panzner et al 2009).
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Figure 24. Chemical structures of Ag(I) NHC complexes by Young’s group (Knapp et
al 2010; Melaiye et al 2004; Melaiye et al 2005).

The profound success of 43 inspired the development of series of novel silver NHC
complexes by other group of researchers. A pyrimidine-functionalised silver NHC
complex 48 was reported to have much lower MIC values as compared to a list of
commercially available antibiotics (Figure 25) (Table 3). According to the study, 48
permeabilising the cell wall by binding to the receptor on the bacterial peptidoglycan

layer, hence inhibiting the bacterial cell division (Roymahapatra et al 2012).
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Figure 25. Chemical structure of pyrimidine-functionalised silver(l) NHC complex 48.

Table 3. Determination of MIC value (pg/mL) of compound 25 comparing to

commercially available antibiotics.

Minimum inhibitory concentration (pug/mL)

Compound E. coli S. aureus
(Clinical isolate) (Clincial isolate)
Streptomycin 128 64
Ampicillin 64 32
Vancomycin 64 32-64
Ciprofloxacin 128 32
Chloramphenicol 16 - 32 64 - 128
48 8 4

Besides its acclaimed debut in antimicrobial properties, numerous reports have shown
that silver NHCs demonstrated anticancer properties too. Young’s group has
synthesised a class of silver NHC derived from 4,5-dimethylimidazolium salts, 49 — 51,
where all three complexes show promising half maximal inhibitory concentration (1Cso)
with the exception that 49 was reported to be 2 times more cytotoxic than cisplatin
against breast carcinoma MB157 (Figure 26) (Medvetz et al 2008). An in vitro study
was also conducted by the same group to support the finding where 49 eliminated the
ovarian carcinoma OVCAR-3 tumour without causing damage to the major organs of

the infected mice.
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49 50 51

Figure 26. Chemical structures of silver NHC complexes prepared by Young’s group.

Aside from Young’s group, Haque and coworkers have contributed in synthesis of a
library of mono- and dinuclear silver NHCs and the anticancer properties were
evaluated. Silver NHC complex 52 portrayed deadly cytotoxic properties against colon
carcinoma HCT-116 with ICso value of 0.31 uM, while 53 and 54 showed much weaker
inhibition on the cellular proliferation with 1Cso value of 15.1 and 1.99 uM respectively
(Atif et al 2020). Based on the observations, HCT-116 cells treated with 52 lost their
pseudopodial-shaped extensions and viability wherein cellular debris remained in the
growth medium. Both 52 — 54 were found to induce caspase-independent apoptotic
cellular death via mitochondrial apoptosis-inducing factor and deposit silver ions in
cytosol to disrupt the cellular functionality while interacting with rate-limiting enzymes
and proteins that are essential in cellular metabolic pathways. A tetra-NHC species 55
was designed and evaluated against HCT 116 cells alongside with fluorouracil (5-FU)
(Fatima et al 2017). Interestingly, 55 shows better anticancer activities against HCT-
116 cells with ICs value of 6.61 + 0.50 uM than 5-FU. Further investigation shows
that 55 has the tendency to promote wound closure by inhibiting metastatic activity of
HCT-116, where with concentration of 2.5 and 5 pug/mL, 15.37 £ 3.43 % and 32.9 £
5.62 % wound closure activity was recorded after 6 hours, 5.54 = 1.07 % and 6.24 +
3.76 % after 12 hours of treatment. The similar group has also synthesised nitrile-
functionalised silver NHC complexes 56 and 57 which have shown to possess
anticancer properties with 1Cso values as low as 4.1 and 3.7 uM against breast cancer
cell line MCF-7 (Hussaini et al 2018). The study was conducted alongside with
tamoxifen, a drug that is commonly used to treat early-stage breast cancer, with 1Csg
value of 11.2 uM. This finding has attributed to the potential of silver NHC complexes

as the novel drugs for cancer treatments.
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Figure 27. Chemical structures of silver NHC complexes prepared by Haque’s group.

Other notable silver NHC complexes include sulfonated silver NHC complexes 58 — 62
developed by Yasar’s group. These complexes were tested against pancreatic
carcinoma HelLa cells, colorectal adenocarcinoma HT-29, and murine fibroblast L929
alongside with cisplatin, and were found to be more effective than cisplatin with 1Csg
values ranging from 5.99 — 61.6 UM (Yasar et al 2018). In addition, Roland’s group
worked on silver NHC complexes 63 and 64 derived from imidazoline-based ligands
bearing steric R-group such as diisopropylphenyl and trimethylphenyl (Eloy et al 2012).
Complexes 63 and 64 were tremendously more cytotoxic than cisplatin against various
cell lines, including HCT-116, HCT-15, MCF-7, MCF-7R, HL-60, HL-60R, MRCS
and EPC cells, with 1Cso value ranging from 28 + 1 to 3295 + 55 nM. Besides, 63 and
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64 were found having ability to induce apoptosis in HL-60 cells through release of
mitochondrial materials into the cytoplasm as soon as 24 hours after treatment with

negligible effect on necrosis.
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Figure 28. Chemical structures of silver NHC complexes synthesised by Yasar’s and

Roland’s group.

1.3  Microwave-assisted organic synthesis

Since the first attempt of microwave-assisted organic synthesis using a domestic
microwave oven by Gedye and Giguere, independently, in 1986, microwave-assisted
organic synthesis has embarked a new wave of interest in synthetic chemistry (Gedye
et al 1986; Gedye et al 1988; Giguere et al 1986). Being situated between infrared
radiation and radio frequencies, microwave region lies within the wavelength range
from 0.1 — 1 m in air, corresponding to a frequency range of 0.3 — 3 GHz (Berk 2018).
Generally, the heat is generated by the electric component of microwave
electromagnetic field through dipolar polarisation, where molecules with dipole
moment, once being irradiated with electromagnetic field, rotate and align to the

applied electric field. As the electric field oscillates, the molecules tend to orientate
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themselves, aligning to the direction of electric field, resulting in a constant rotation of
molecules. As fast as the molecules try to align themselves to the field, the molecules
will never accurately align to the field, leading to a phase difference between the field
and molecules, where energy is lost in form of heat through intermolecular friction and
dielectric loss (Nuchter et al 2004).

Microwaves have been applied in various industries, including the textile and
sterilisation industries. Today, microwave irradiation has been widely used in various
organic synthesis, including acylation, alkylation, condensation, elimination, and
coupling reactions that involve catalytic activation such as C-C or C-N activation
(Keglevich et al 2013). The main feature of microwave irradiation is that it significantly
reduces the reaction time from days to minutes, while increasing the yield and
preventing decomposition of reactants (Hosseini et al 2007; Safari et al 2007). The
traditional heating techniques with the use of oil or sand baths are rather slower
compared to microwave irradiation, as the wall of reaction vessel absorbs the energy
first before the heat is passed to the reaction mixture via convection. This could also
cause the formation of temperature gradient within the reaction, resulting in formation
of multiple products from side reactions and overheating of the reaction which can
unnecessarily decompose the reagents or products (Lidstrom et al 2001). In contrast,
microwave irradiation runs on dielectric heating where the microwave energy radiates
through the wall of vessel, causing the molecules to vibrate, thereby generating the heat

from the molecules.

Gedye’s group presented the first microwave-assisted Diels-Alder reaction, where
anthracene was reacted with dimethyl fumarate in a significant reduced reaction time
from 4 hours to 10 minutes (Scheme 7) (Gedye et al 1986). Not long after, Gedye’s
group performed a small experiment to investigate the types of molecules that absorb
the microwave energy. Based on this study, it was found that polar compounds such as
acids, esters, alkyl halides, primary alcohols and amines, and carbonyl compounds
absorbed significant amounts of microwave energy readily, where compounds with
boiling points of less than 100 °C achieved their boiling point within a minute. On the
other hand, the less polar ether, tertiary amine, and bulkier alcohol absorbed the
microwave energy poorly, while the nonpolar carbon tetrachloride and hydrocarbon
solvents did not absorb any of the microwave energy (Gedye et al 1988). Meanwhile,

Giguere’s group presented a list of reactions with dramatic reductions in reaction time
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in microwave using the Diels-Alder reaction, ene reaction, and Claisen condensation
(Giguere et al 1986).

MeO,C,

/\/COZMG
MEOZC

~ MeO,C O
p-Xylene, MW O

Anthracene

Scheme 7. Diels-Alder reaction of anthracene with dimethyl fumarate via microwave
irradiation (MW).

Perillo’s group presented the results of microwave-assisted synthesis of N-alkylisatins
66 by N-alkylation of isatin (65) with desired alkyl and benzyl halides (Scheme 8)
(Shmidt et al 2008). A comparison study between microwave-assisted synthesis and
conventional heating revealed that reactions that require one to four hours using
conventional heating were reduced to two to seven minutes when the reactions were
carried out using microwave irradiation. Besides, the products yielded from
microwave-assisted synthesis were higher than those of conventional heating method.
For instance, microwave-assisted reaction of isatin and equimolar amount of
bromoallylbenzene led to 24 % increase in yield production and reaction was completed

in two minutes instead of four hours with the use of conventional heating method.

65 65 66

Scheme 8. Synthetic route for N-substituted isatins 65.

Pyridine-functionalised isoniazid, prescribed in combination with other drugs such as
ethambutol, rifampin, streptomycin or pyrazinamide, is often used to treat latent

tuberculosis. However, the emergence of drug-resistance in bacteria requires
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development of new derivatives, many of which bear pyrazole moieties that possess
strong antimicrobial activity, while serving a vital role in the biological system
(Castagnolo et al 2008; Castagnolo et al 2009). However, such development could be
time and energy consuming, given that each of the conventional synthesis requires
hours to days to optimise and achieve the desired products. Hence, a rapid protocol such
as microwave-assisted N-alkylation becomes a handy tool to combat the issue.
Muthusubramanian’s group presented the rapid synthesis of arylthiol/cyclohexylthio-
substituted pyrazoles using microwave irradiation (Scheme 9) (Manikannan et al 2010).
The cyclisation of w-arylthio-substituted acetophenoneazine 67 was achieved at 150 °C

for 30 — 60 seconds to afford almost quantitative conversion of reactants.
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Scheme 9. Synthetic route for m-arylthio-substituted acetophenoneazine.

Besides its role in discovery of novel antibiotics, microwave irradiation has also been
useful in the search for non-steroidal anti-inflammatory agents. Belongs to the
heterocycle family, imidazole possesses both anti-inflammatory and antifungal
properties (Garella et al 2013). Tripathy’s group has demonstrated the schematic route
to prepare new analgesic and anti-inflammatory compounds derived from variously
substituted imidazole 70 (Scheme 10) (Tripathy et al 2010). The cyclisation of benzil
69 with aldehyde and imine was achieved in eight minutes using microwave irradiation,

affording acceptable yields of 60 — 70 %.
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Scheme 10. Synthetic route for 1,4,5-substituted imidazole 70.

1.4  Research objectives

Previously, our lab reported the synthesis and characterisation of a series of bioactive
pyridine-functionalised alkyl-substituted imidazolium salts, 71a — ¢, which possess
moderate antimicrobial properties with MIC values as low as 1.25 mM and MBC values
as low as 2.50 mM. However, 71a — ¢ were not cytotoxic to the tested human carcinoma
cell lines (H103, HCT116, and MCF7) at the highest tested concentration (40 puM)
(Choo et al 2018; Choo et al 2019). This could be due to the short alkyl chain (N-methyl)
or the steric hindrance induced by the phenyl ring and branched alkyl chain (tert-butyl)

in 71a—c.
Cl Cl™ Cl”
N N N N A N-
F N Z N F N
\ \
t-Bu
71a 71b 71e

Figure 29. Pyridine-functionalised imidazolium salts synthesised and reported by our
lab.

In this study, a series of pyridine-functionalised (benz)imidazolium salts were

synthesised and characterised. With the biological potential of imidazolium salts, as
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supported by all the published studies, it is hypothesised that the compounds of interest
in this study shall display similar or enhanced biological properties. Besides that, the
influence of alkyl chain length in their biological properties were investigated. As
literature implies, the increased lipophilicity of the compound facilitates the penetration
of the lipid membrane of the biomolecular target, inhibiting the binding sites of
enzymes, leading to disturbance of the cellular respiration and protein synthesis,
thereby inhibiting the cellular growth (Choo et al 2019). Moreover, the effect of
extended n-conjugation in benzimidazolium core on the biological activities were also
evaluated. Furthermore, microwave-assisted N-alkylation were performed to prepare
the N-substituted imidazole and their corresponding imidazolium salts to demonstrate
a greener synthetic route. Finally, the antimicrobial and anticancer properties of the
synthesised complexes were evaluated against several microorganism strains and cell

lines. Therefore, the objectives of this study are summarised as follow:

I. To synthesise and characterise a series of N-alkyl-substituted
(benz)imidazole and their corresponding (benz)imidazolium salts via the
conventional heating method and microwave-assisted N-alkylation
(Chapter 2).

ii. To evaluate the antimicrobial properties of all synthesised compounds
against selected microorganism strains, which include Gram-positive and
Gram-negative bacteria, and yeast (Chapter 3).

iii. To evaluate the cell cytotoxicity of all synthesised compounds against

selected human carcinoma cell lines (Chapter 4).

In this thesis, the objectives will be deliberated and discussed in detailed in sequential

order, from Chapter 2 to Chapter 4 correspondingly.
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General representation of chemical structures of compounds synthesised in this thesis.
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CHAPTER 2 SYNTHESIS AND CHARACTERISATION OF N-
ALKYL-SUBSTITUTED (BENZ)IMIDAZOLE AND THEIR
CORRESPONDING SALTS via CONVENTIONAL HEATING AND
MICROWAVE-ASSISTED N-ALKYLATION

2.1 Introduction

As mentioned in subchapter 1.4, our lab has previously synthesised and characterised a
series of pyridine-functionalised alkyl-substituted imidazolium salts with moderate
antimicrobial properties with MIC value as low as 1.25 mM, and no cytotoxic properties
were observed. The pyridinyl ligand and the imidazole derivatives were synthesised
separately as per literature methods with slight modifications (Scheme 11) (Chiang et
al 2010; Kim & Kang 2014).

O
H3C—Q—CI
NaBH, !
X o C,H;OH | X OH I)CTZC12> X cl
N N 2) N(C,Hs); N
72 73 74

D D e

N CH;CN, TEAI

— N
R
75 76a, R = CH; 71a, R = CH;
76b, R= C6H5 71b, R= C6H5
76¢, R = -Bu 71¢, R = t-Bu

Scheme 11. General synthesis route of pyridine-functionalised alkyl-substituted

imidazolium salts by our lab.

Based on our previous study, it was shown that the antimicrobial profiles of
imidazolium salts 71a— c corresponded to several reported studies, where simply tuning
the imidazolium core by introducing an additional functional group would yield an
enhance antimicrobial profile (Borowiecki et al 2013; Demberelnyamba et al 2004;

Gravel & Schmitzer 2017; Mumtaz et al 2016). However, the antimicrobial profiles of
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7la — ¢ were not comparable to several reported imidazolium salts where the
antimicrobial properties were shown to be with MIC values in uM range (Riduan &
Zhang 2013). Since the biological properties are greatly influenced by the N-substituted
R group, it was suggested that the weak antimicrobial profiles of 71a — ¢ were most
likely due to the lack of binding affinity in the side chain. Furthermore, 71a — ¢ were
not cytotoxic to the chosen human carcinoma at the highest tested concentration (40
MM). As previously suggested, the R group plays a fairly important role on the
biological profiles. To prove our hypotheses and claims, alkyl chains with different
number of carbons were used to substitute the R group to evaluate how the elongated
alkyl chain length would affect the biological properties. Besides, benzimidazole will
also be studied in this research to see the influence of the extended n-conjugation in
benzimidazole on the biological properties.

In this chapter, the synthesis and characterisation of N-alkyl-substituted
(benz)imidazolium salts were discussed. Similar to 71a — c, the newly synthesised salts,
71d — h possessed a five-membered imidazole ring (additional extended m-conjugation
for benzimidazole derivatives), a pyridinyl functional group, a chiral backbone bearing
a phenyl group, and chloride as the anion (Figure 30). The synthesis of 71d — h adopted
the method shown in Scheme 11 with further modification to improve the results.
Finally, microwave irradiation was utilised in the synthesis to develop a greener
synthesis route, where lesser energy and time are being used. Characterisation and
identification of all synthesised compounds were done using several spectroscopic
techniques, including proton (*H) and carbon (*3C) NMR, FT-IR and mass spectrometry.
While in a racemic drug, it is known that each enantiomer possesses its own
pharmacological activities where that can be null, similar, different, or opposite
(Nguyen et al 2006). However, the chirality of the synthesised compounds was not

resolved and the effect of chirality on the biological activities was not evaluated.
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Im-71d, R = C¢H;
Im-71e, R = C;H ;5
Im-71f, R = CgH,,
Im-71g, R = CoH

I Im-71h, R = C;oH,,
/I \,)
X M Bz-71d, R = C¢H
\ — Bz-7le, R = C;H, 5
= N \\N Bz-71f, R = CgH
\ Bz-71g, R = CoH 4
\ Bz-71h, R = C;oH,,

Figure 30. General representation chemical structure of (benz)imidazolium salts

synthesised in this study (Im = imidazolium core; Bz = benzimidazolium core).

2.2 Results and Discussion

2.2.1 Synthesis of alkyl-substituted (benz)imidazolium salts via conventional
heating

As shown in Scheme 11, the pyridinyl ligand was synthesised through reduction of
commercially available 2-benzoylpyridine (72) using sodium borohydride into
phenyl(pyridin-2-yl)methanol (73), followed by halogenation using methanesulphonyl
chloride to yield 2-[chloro(phenyl)Jmethyl]pyridine (74). On the other hand,
(benz)imidazole derivatives were synthesised through reacting (benz)imidazole (Im-75
or Bz-75) with their respective alkyl bromide (Ceto Cyo) to yield 76d — h (Figure 31).
Upon obtaining the (benz)imidazole 76d — h, compound 74 was added as the second
alkylating agent to yield (benz)imidazolium salt 71d — h.

Im-76d, R= C6H13
Im-768, R= C7H15

Ir_—_’_’:__‘\ lm-76f, R= C8H17
III \/\) Im-76g, R= C9H19

N \ /:II Im'76h, R= C10H21
H\ BZ-76d, R= C6H]3
N BZ-76e, R= C7H15
\ BZ-76f, R= C8H17
R Bz-76g, R = CoH,o

BZ-76h, R= C10H21

Figure 31. General representation chemical structure of (benz)imidazole synthesised

in this study (Im = imidazole core; Bz = benzimidazole core).
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Compound 73 was prepared and isolated as pale green oil, further crystallised into clear
white crystal via slow evaporation method, where result was in agreement as per
literature method (Kim & Kang 2014). The physical appearance and retention factor
(Rf = 0.65) on a TLC were used as reference to confirm the formation of 73. Further
identification was performed using FT-IR where the O-H stretch was observed at
wavenumber 2990 to 3090 cm™. Upon obtaining the pure 73 crystal, subsequent
halogenation was performed using methanesulphonyl chloride in the presence of
triethylamine as per stated in the literature (Chiang et al 2010). The alcohol moiety of
73 allows it to attack the sulphur centre of methanesulphonyl chloride, removing its
chloride and forming a weakly stable intermediate mesyl-73 complex (Scheme 12).
The triethylamine then removes the proton from the intermediate complex to prevent
the reversion of the reaction (Bruice 2014). Due to the good leaving nature of mesyl
group, the free chloride released from the methanesulphonyl chloride backside attacks
the carbon centre, displacing the methyl group through Sn2 mechanism and forming 74
as red oil (Lee et al 1996). The red oil was then subjected to column chromatography
(hexane/ethyl acetate, 80:20 v/v) to yield yellow oil. The physical appearance and the
retention factor (Rf = 0.80) on a TLC were used as reference to confirm the formation
of 74. Further identification was performed using FT-IR where the O-H stretch was no
longer observable, confirming the presence of 74. Compound 74 must be prepared fresh
prior to be used as the alkylating agent as the chloro- is highly reactive.

[ \E [\\E Eos: CH
3(_‘, s c—»C%O S—CH3 — - 3

N(C2H5)3

N(C2H5)3 H

‘N(C,Hs)s o— s CH,
HO— S CH3 Ql N(C2H5)3

Scheme 12. Proposed schematic mechanism of halogenation of 73 to yield 74.
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2.2.1.1 Synthesis of 1-alkyl-substituted (benz)imidazole, 76d — h

The (benz)imidazole derivatives were synthesised in similar analogous fashion, where
(benz)imidazole, potassium carbonate, tetraethylammonium iodide (TEAI), and alkyl
bromide were used (Scheme 13). The (benz)imidazole was first stirred in acetonitrile
in the presence of potassium carbonate for one hour to deprotonate the pyrrolyl
hydrogen of the (benz)imidazole. The respective alkyl bromide was then added into the
reaction mixture and heated to reflux temperature for five to seven consecutive days to
yield the crude N-alkyl-substituted (benz)imidazole derivatives. Pure fraction of 76d —
h was isolated as yellow oil from liquid-liquid extraction to remove the acidic by-
products, followed by column chromatography (chloroform/ethanol, 95:5 v/v). TEAI
serves as a phase transfer catalyst to assist the bond formation between the pyrrolyl
nitrogen of the imidazole and alkyl chain (Starks et al 1994). In addition, TLC was used
to monitor the progress of the reaction. As the imidazole derivatives Im-76d — h were
not UV active, a subsequent iodine stain method was used to monitor the progress of

the reaction.

"
N/\> Vi TEAL K,CO, N \ Y
| - + Br R > | -
L CH;CN L
N N

75 76d, R = C¢H 3
76e, R =C;H 5
76f, R = CgH,,
76g, R = CoHq
76h, R = CoH,,

Scheme 13. General synthesis route of (benz)imidazole derivatives.

The formation of product was confirmed with 'H- and C-NMR, and mass
spectrometry. Based on the *H-NMR, all imidazole derivatives Im-76d — h showed
similar trend, with the only difference of two additional protons in the upfield region
(approximately ¢ 1.00 — 1.50 ppm) for each increment in the methylene protons of the
alkyl chain. The chemical shift of methyl peak can also be seen at approximately ¢ 0.87
ppm, followed by a quintet (CH2CH2CH:) and a triplet (CH2CH2N) at approximately ¢
1.75 and 3.90 ppm, respectively. The characteristics imidazolium proton peak (NCHN)
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was also observed at approximately ¢ 7.43 ppm, deducing that all imidazole derivatives
were successfully synthesised and characterised. Similarly, the benzimidazole
derivatives Bz-76d — h were also displaying same NMR spectra as those of Im-76d —
h. The four additional protons from the extended r-conjugated benzene ring in
benzimidazole can be observed at the aromatic region, approximately 6 7.20 —7.90 ppm.
Besides, the number of carbons in the 3C-NMR spectrum corresponded to the
respective (benz)imidazole derivatives, further confirming the chemical structure of the
synthesised compounds. Moreover, the molecular ion peak [M+H]" for each derivatives
was analysed using a triple quadrupole mass spectrometer and the data are summarised
in Table 4. Based on the table, it could be noticed that the experimental m/z ratio of
benzimidazole derivatives appeared to be [M] instead of [M+H]". This is supported by
the theory that the electronic withdrawing power of the extended m-conjugation in
benzimidazole weakens the bond between the C-H bond of the benzimidazole proton,
causing it to be more susceptible to cleavage in exposure to ionisation during the ESI-
MS (Abiramasundari et al 2015; Breslow 2019; Chai et al 2016; Di Marco et al 2016).
A separate study also revealed the possibility of loss of hydrogen atom upon protonation
in the mass spectrometer chamber, further supporting the above observation (Sioud et
al 2014).

Table 4. The m/z of Im-76d — h and Bz-76d — h.

m/z: [M+H]*
Compound Molecular weight :
Calculated Experimental
Im-76d 152.24 153.14 152.90
Im-76e 166.27 167.15 166.90
Im-76f 180.30 181.17 181.00
Im-769g 194.32 195.19 195.00
Im-76h 208.35 209.20 209.00
Bz-76d 202.30 203.15 202.47
Bz-76e 216.33 217.17 216.79
Bz-76f 230.36 231.19 230.48
Bz-76g 244.38 245.19 244 .47
Bz-76h 258.41 259.21 258.49

*see appendices for the spectra
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2.2.1.2 Synthesis of 1-alkyl-substituted (benz)imidazolium salt, 71d — h

The 1-alkyl-substituted (benz)imidazolium salt 71d — h were synthesised in an
analogous fashion, where the respective (benz)imidazole derivatives 76d — h were
reacted with 74. The reaction mixtures were heated at reflux for two to four days and
yielded reddish brown oil (imidazolium salts) and pinkish hygroscopic solid
(benzimidazolium salts) upon three successive precipitation from chloroform and
diethyl ether. In several cases where impurities were shown on TLC, the products were
subjected to column chromatography (chloroform/ethanol, 95:5 v/v) to remove the

impurities.

N =
N \ ,’/III Cl /I - \\\
+ " - ! 7
X cl D CH,CN X N N\ i/

N \\ ’
N \R N \
\
74 76d,R:C6H13 71d,R: C6H13
76e,R:C7H15 71e,R=C7H15
76f, R= C8H17 71f, R= C8H17
76g, R= C9H19 71g, R= C9H19

Scheme 14. General synthesis route of (benz)imidazolium salts.

The downfield shift of characteristic imidazolium proton peak (NCHN) on *H-NMR to
approximately 10.30 ppm signified the successful alkylation at the pyridinyl nitrogen
of the imidazole ring. Such phenomenon was observed due to the delocalized positive
charge within the heterocycle, thus deshielding the NCHN proton (Weader 2020).
Similarly, the respective alkyl chain can be observed at the aliphatic region where the
number of carbons and hydrogens are in agreement to the respective chemical structure.
The proton on the chiral centre of the compound has a downfield shift that appeared in
the aromatic region on the *H-NMR spectrum and was indistinguishable from other
aromatic protons. However, this finding is consistent with those reported in the
literatures (Chiang et al 2010; Choo et al 2018; Choo et al 2019). Meanwhile, based on
the aliphatic region of the *H-NMR spectra of most (benz)imidazolium salts (Im-71e —

h, Bz-71d — e and Bz-71g — h), it was noticed that the number of integrated protons at
63



the aliphatic region was two times to the expected ratio to the aromatic region. For

instance, the NCH2C peak of Im-71e appeared to be split triplets at approximately o

4.50 ppm (Figure 32). It was suspected that such phenomenon could be most likely due

to the NMR time scale effect, where the compounds relaxed in the solvent, slowing the

overall molecular motion, resulting in the freely rotating alkyl chain to be captured by

the NMR twice (Huggins et al 2020). One of the compounds was subjected to various

temperature-NMR (VT-NMR) with temperatures ranged from 25 — 55 °C, however, the

split triplets at approximately ¢ 4.50 ppm did not show any significant coalescence even

at 55 °C (see Figure A3.21). Nevertheless, the number of carbons integrated

corresponded to their respective compounds, and the molecular ion peak [M-CI]* for

each derivatives was analysed and summarised in Table 5.
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Table 5. The m/z of Im-71d — h and Bz-71d - h.

m/z: [M-CI]*
Compound Molecular weight
Calculated Experimental
Im-71d 355.91 320.21 319.93
Im-71e 369.94 334.23 333.93
Im-71f 383.96 348.24 348.10
Im-71g 397.99 362.26 361.71
Im-71h 412.02 376.28 375.98
Bz-71d 405.97 370.23 369.72
Bz-71e 420.00 384.24 383.77
Bz-71f 434.02 398.26 397.92
Bz-71g 448.05 412.28 411.73
Bz-71h 462.08 426.29 425.88

*see appendices for the spectra

2.2.1.3 Synthesis of [1-nonyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-
ium]silver bromide, Im-77g

Our lab has previously reported the synthesis of nickel, palladium, and platinum NHC
complexes. While nickel is different, palladium and platinum NHC complexes were
synthesised via transmetallation, which involved an intermediate formation of silver
NHC complex (Im-77a) (Scheme 15). In this study, we intended to isolate the
intermediate silver NHC complex. Expectedly, the highly light sensitive nature of the
silver NHC intermediate hindered the isolation. In addition, the metal-NHC bond bears
significant resemblance to simple metal-carbon bond in terms of bond length and
polarisation, which causes the alkyl complexes to undergo decomposition reactions,
namely reductive elimination (Boehme & Frenking 1998; Frenking et al 2005). Several
attempts to optimise the synthesis of the designated silver NHC complex were
performed and summarised in Table 6. However, regardless of the reaction conditions
and parameters, the product was always extracted in oil form, and decomposed

overtime during the subsequent workup steps.
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Pd-Im-78a

Scheme 15. Synthesis route of platinum and palladium NHC complexes via

transmetallation.

Table 6. List of synthesis conditions and parameters to obtain Ag NHC complexes.

Entry Reactant (A) Agsource (B) Ratio (A:B) Solvent Temp. (°C) Duration Remarks

1 Im-71a (CI) Ag20 2:1 CHCl; 25 12 hours No
2 Im-71a (CI) Ag.0 1:1 CHCl; 25 12 hours No
3 Im-71a (CI") Ag20 1:2 CH:Cl2 25 12 hours No
4 Im-71a (CI") Ag20 1:2 CH:Cl2 25 12 hours No
5 Im-71a (CI) Ag20 2:1 CH3OH 25 12 hours No
6 Im-71a (CI) Ag20 1:2 CH3OH 25 12 hours No
7 Im-71a (Cl') AgCH3COO 1:2 CH:ClI 25 72 hours No
8 Im-71a (CI') AgNO3/Ag.0 1:2:1 CH30OH 25 12 hours No
9 Im-71a (PF¢) Ag20 2:1 CHCl; 25 12 hours No*
10 Im-71g (Br) Ag20 2:1 CHCl. 25 12 hours Yes

The “Remarks” column stating “Yes” indicates successful crystallisation, while “No” indicates
unsuccessful attempt.
*Crystallisation took place and the crystal suitable for X-ray diffraction was analysed, but the structure

was Im-77a-PFs

As counterion is one of the factors contributing to the formation of halogeno complexes,
where the relative stabilities of halogeno complexes are I > Br- > CI", chloride ion as
the ancillary ligand is generally less stable (Garrison & Youngs 2005). Hence, bromide
was opted as the alternative ancillary ligand to reduce the reactivity of the complex.

Before subjecting the salt to complexation, the anion was exchanged between chloride
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into bromide ion. Im-71g-Br was selected for the complexation due to its highest
antimicrobial profile, which will be discussed in Chapter 3, and the generally higher
molecular weight of the nonyl R group than a methyl R group should possess better
chances in crystallisation in the later stage. To prevent chemical decomposition, the
synthesised silver NHC complex Im-77g-Br was immediately characterised with NMR
spectroscopy. Based on the 'H-NMR spectrum, the disappearance of downfield
imidazolium proton peak (approximately 10.30 ppm) signified the formation of bond
between silver and the carbene carbon where the proton at C. position had been
displaced. This observation was in agreement to those reports that demonstrated the
synthesis of silver mono-NHC in a similar fashion (Gok et al 2014; Slimani et al 2020).
Besides, the *C-NMR spectrum also showed that three carbon signals were not
observable on the spectrum, where two of them, namely Ci4 and Czo, are quaternary
carbons which do not bear a hydrogen atom. The third missing carbon signal could be
Co, due to the lack of Ag(l)-*C coupling caused by the labile nature in chiral silver
complexes (Garner et al 2015; Williams et al 2010). Such phenomenon was also
observed in several studies on chiral silver(l) NHC complexes (Bonnet et al 2003; Hu
et al 2003).

cr N N ’
NN
c 5 c3
/Cz? 2°\N A C1
C, y/ |
2\\C /C/24 B
23

Figure 33. Chemical structure of silver NHC complex Im-77g-Br.

Meanwhile, attempt to crystallise silver NHC complex Im-77a-PFs was also performed.
It was intended to synthesise a bisimidazolium silver NHC using hexafluorophosphate
as crystallising anion due to its capability to coordinate multiple hydrogen bonds
(Grepioni et al 1998). Unexpectedly, the crystal obtained from the mother liquor of Im-
77a-PFs was found to be its precursor Im-71a-PFes, despite that the *H-NMR spectrum

showed disappearance of imidazolium proton peak at the carbene carbon, indicating the
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formation of carbene. The molecular structure of the compound is shown in Figure 35

and the selected bond lengths and bond angles are compiled as shown in Table 7. The

reason behind the regaining of proton by the carbene, forming the imidazolium salt

remained unclear. However, it was hypothesised that one of the possible reason could

be due to the attraction of hydrogen from the solvent (methanol) (Liebman & Greenberg

1989; Ramnial 2006).
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Figure 34. Chemical structure of Im-71a-PFs, obtained from crystallisation.

Table 7. Selected bond lengths (/f&) and angles (°) for Im-71a-PFe.

N(D-C(1) 1.470(3) N(1)-C(2) 1.325(4)
N(1)-C(3) 1.380(3) N(2)-C(2) 1.337(3)
N(2)-C(4) 1.382(3) N(2)-C(5) 1.478(3)
C(3)-C(4) 1.343(3) C(5)-C(6) 1.524(3)
C(5)-C(12) 1.521(3) C(6)-C(7) 1.389(3)
Bond length (A)  C(7)-C(8) 1.390(4) C(8)-C(9) 1.388(4)
C(9)-C(10) 1.378(3) C(10)-C(L1) 1.393(3)
C(11)-C(6) 1.392(3) C(12)-N(@3) 1.387(4)
N(3)-C(16) 1.394(3) C(16)-C(15) 1.377(4)
C(15)-C(14) 1.388(4) C(14)-C(13) 1.337(3)
C(13)-C(12) 1.337(3)
T N)CQN@)  108.642) N(2)-C(5)-C(12)  109.96(2)
Bondangle ) oy cazyn@)  119.49(2) C(12)-N(3)-C(16)  117.98(2)
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Figure 35. Molecular structure of Im-71a-PFs with thermal ellipsoids at 50 %

probability. Hydrogen atoms are omitted for clarity.

Table 8. Crystallographic data of Im-71a-PFe.

Formula

Formula weight
Crystal system
Space group
Temperature (K)
a, b, c(A)

a, B, v (°)

V (A%)

z

Radiation type

b (mm)

Crystal size (mm)
No.
observed [I > 2u(l)] reflections
Rint

R1

WR2

Apmax, Apmin (¢ A?)

of measured, independent

and

CieH16NsPFs

395.29

Triclinic

P-1

100

8.5368(19), 10.2143(3), 10.9118(3)
65.377(2), 85.113(2), 80.762(2)
853.56(4)

2

Cuka

2.07

0.10 x 0.06 x 0.04

20346, 3046, 2744

0.037
0.044
0.130
0.78,-0.72
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The Im-71a-PFs crystallises in the triclinic space group P-1 and in asymmetric manner
as shown in Figure 35. The presence of hexafluorophosphate anion in the lattice
balances the overall charge of the compound. The structural parameters within the
cation are in agreement to those reported previously in other salts. The internal ring
angle of imidazolium ring, N(1)-C(2)-N(2), has a bond angle of 108.64(2), which shows
similar angle to those reported literatures for the bond angle between the NCN (Haque
et al 2015; Haziz et al 2016; Igbal et al 2013; Selvarajoo et al 2017). The carbenium-
nitrogen distances between N(1)-C(2)-N(2) were 1.325(4) and 1.337(3) A, which are
similar to those reported distances of 1.325(3) and 1.337(3) A (Shih et al 2009).

2.2.2 Synthesis of alkyl-substituted (benz)imidazole and (benz)imidazolium salts
via microwave irradiation

2.2.2.1 Optimisation of reaction condition

Like conventional heating method, the ratio between the reactants remained unchanged.
The amount of each reactants used per synthesis was reduced due to the small capacity
of the vial to be inserted into dedicated microwave synthesiser. Before the parameters
and conditions were decided for the synthesis, optimisations of reaction conditions were
performed using imidazole (75) and 1-bromohexane to identify the best reaction
parameter combinations (Scheme 16). Based on Table 9a, reaction was found to be
unsuccessful when tetraethylammonium iodide (TEAI) was absent. Despite having
reaction carried forward with the use of triethylamine, the use of potassium carbonate
is more favoured as the reaction only produces water and carbon dioxide as by-products.
Thus, Entry 2 was selected to screen for the reaction duration, ranging from 30 minutes
to 180 minutes (Table 9b). The reaction was found to be completed at 180 minutes,
with the yield of 86.3 %, as there was no significant increment in % yield at 210 minutes.
From the results, it showed that the use of microwave irradiation has shortened the
reaction duration from 5 — 7 days to 3 hours and increased the % yield for about 20 %
as shown in Table 10. Similarly, the reaction parameters for synthesis of
(benz)imidazolium salts derivatives using microwave irradiation were first optimised
using Im-76a and 74 to identify the best reaction duration (Scheme 18). The reaction
was found to be completed at 60 minutes, with a yield of 79.9 %. From the results, it
showed that the use of microwave irradiation has shortened the reaction duration from

2 — 4 days to 1 hour and increased the yield % for about 20 to 30 % as shown in Table

70



12. All the synthesised (benz)imidazole and (benz)imidazolium salts were confirmed

with *H-NMR.
N‘/> 1-bromohexane . N‘/>
\\ CH,CN, TEAL, MW \\
N N\

H
CeH1s3

Im-75 Im-76d

Scheme 16. Synthesis pathway of Im-76d using microwave irradiation.

Table 9a. Screening reaction conditions for alkylation of imidazole 75 with 1-

bromohexane.
Entry Base Catalyst Solvent Yield (%)*
1 K2COs3 - CHsCN -
2 K2COs3 TEAI CH3CN 31.1
3 K2COs3 TEAI CH:Cls -
4 K2CO3 TEAI CHCIs -
5 K2COs3 TEAI H20 -
6 NaOH TEAI CHsCN -
7 KOH TEAI CHsCN -
8 Triethylamine TEAI CHsCN 25.6

* Yield (%) refer to isolated yield.

Table 9b. Screening reaction duration for alkylation of imidazole with 1-bromohexane.

Entry Time/min Temperature/°C Yield (%)
9 30 150 31.1
10 45 150 44.4
11 60 150 62.7
12 120 150 71.9
13 180 150 86.3
14 210 150 85.5

*Yield (%) refer to isolated yield.
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AN ' K,COs, alkyl bromide NN
H\ TEAL CH,CN H\

75 76d, R = C4H, 5
76e, R = C;H, 5
76f, R = CgH
76g, R = CoH o
76h, R = C,oH,y,

Scheme 17. Synthesis pathway of (benz)imidazole using microwave irradiation.

Table 10. Comparison of reaction yields for (benz)imidazole N-alkylation under

microwave irradiation (3 hours) and conventional heating (120 hours).

Compound Yield (%)
Conventional heating Microwave irradiation
Im-76d 67.7 86.3
Im-76e 56.4 88.0
Im-76f 62.3 82.1
Im-76g 47.7 83.1
Im-76h 68.0 84.8
Bz-76d 54.2 76.3
Bz-76e 60.5 81.4
Bz-76f 50.2 60.9
Bz-769g 54.8 77.1
Bz-76h 56.8 68.8

* Yield (%) refer to isolated yield.
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Im-76a

Y

Im-71a

Scheme 18. Synthesis pathway of Im-71a using microwave irradiation.

Table 11. Screening of reaction duration for N-alkylation of 1-methylimidazole.

Entry Time/min Temperature/°C Yield (%)
1 15 150 -
2 30 150 10.5
3 60 150 79.1
4 90 150 79.9
*Yield (%) refer to isolated yield.
/ ,’\,) N - Cl JESTEEN
N II:/I N /Il \
@ - . NN
N | N\
\ _=N
N
R
\R
76e,R=C7H15 71e,R:C7H15
76f,R:C8H17 71f$R=C8H17
76g, R= Cngg 71g, R= C9H19
76h,R:C10H2| 71h,R=C10H21

Scheme 19. Synthesis pathway of 71 using microwave irradiation.
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Table 12. Comparison of reaction yields for imidazolium salts under microwave

irradiation (60 minutes) and conventional heating (48 hours).

Yield (%)

Compound Conventional heating Microwave irradiation
Im-71a 49.1 79.1
Im-71d 53.6 711
Im-71e 49.9 79.4
Im-71f 50.2 83.7
Im-71g 36.6 80.8
Im-71h 46.1 82.4
Bz-71d 46.5 86.4
Bz-71e 34.1 88.7
Bz-71f 40.1 89.6
Bz-71g 63.4 91.3
Bz-71h 52.0 87.6

* Yield (%) refer to isolated yield.

2.2.3 Lipinski’s Rule of Five Analysis

The Lipinski’s Rule of Five (Ro5) was formulated by Lipinski and his coworkers in the
1990s, which suggests that having calculated properties and descriptors similar to oral
drugs may increase the likelihood of a compound being orally active (Shultz 2018).
Based on this “drugability” guidelines, a compound that violates the Ro5, such as
having more than five hydrogen bond donors, 10 hydrogen bond acceptors, molecular
weight is greater than 500, and the calculated Log P (CLog P) is greater than five, is
more likely to have poor absorption or permeation (Benet et al 2016). A CLog P value
is defined as the logarithm of its partition coefficient between n-octanol and water,
which demonstrates the compound’s hydrophilicity. A CLog P value of greater than
five indicates that the compound may be too lipophilic, thus having weaker aqueous
solubility and compromising its bioavailability. The compound may also be sequestered
by body fatty tissue, resulting in difficulty in excretion. This leads to accumulation of
such compound, which may impact the systemic toxicity of the substance. Furthermore,
compounds with much lower CLog P values have better penetration through certain
barriers, such as central nervous system drugs with CLog P value of approximately 2,
and orally absorbed drugs with CLog P value around 1.5 (Greenberg 1980; Hansch et
al 1987). For compounds Im-71d — h and Bz-71d - h, in silico predictions were

performed to study if the compounds conform to the Lipinski’s Ro5 using the
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Chemicalise software and summarised in Table 12. Based on Table 13, the molecular
structures of all synthesised compounds (Im-71d —h and Bz-71d — h) did not show any
violation to the Lipinski’s Ro5. With no hydrogen bond donor and one hydrogen bond
acceptor, molecular weight being less than 500 Da, and CLog P value lower than five,

Im-71d — h and Bz-71d — h conformed to the Ro5 and are presumed to be orally active.

Table 13. Chemical information of compounds Im-71d — h and Bz-71d — h.

Compound  Formula H-bond donor  H-bond acceptor Exact mass (Da) CLogP  Ro5
Im-71d  C21H26N3Cl 0 1 355.1815 1.268  Yes
Im-71le  CaH2gNsCl 0 1 369.1972 1.712  Yes
Im-71f  Ca3H3oN3Cl 0 1 383.2128 2.157  Yes
Im-71g  CasH32N3Cl 0 1 397.2285 2.602  Yes
Im-71h  CasHasN3Cl 0 1 411.2441 3.046  Yes
Bz-71d  CasH2sN3Cl 0 1 405.1972 2.316  Yes
Bz-71le  C2H30N3Cl 0 1 419.2128 2.761  Yes
Bz-71f  Ca7H32NsCl 0 1 433.2285 3.205  Yes
Bz-71g  CasHasNsCl 0 1 447.2441 3.650 Yes
Bz-71h  C29H3sN3Cl 0 1 461.2598 4094  Yes

2.3 Conclusion

In this chapter, a series of N-alkyl-substituted (benz)imidazole derivatives and their
respective pyridine-functionalised (benz)imidazolium salts were successfully
synthesised. The chemical structures and identities of the synthesised compounds were
confirmed by using analytical spectroscopic techniques, which include *H- and **C-
NMR, FT-IR, and mass spectrometry. The silver NHC complex for Im-71g-Br was
also synthesised and characterised. The attempt to crystallise the silver NHC complex
was unsuccessful, and its imidazolium salt Im-71a-PFs crystallised via unexplainable
regaining of imidazolium proton. In addition, a greener synthesis protocols which
involved microwave irradiation for both (benz)imidazole derivatives and their
respective salts were also developed. It was found that the reaction durations were
shortened significantly from 5 — 7 days to 3 hours, and from 2 — 4 days to 1 hour. The
yield percentage of each derivative was increased about 20 — 30 % as compared to the
yield isolated from the conventional heating method. Furthermore, in silico study
showed that the synthesised compounds Im-71d — h and Bz-71d — h conformed to
Lipinski’s Ro5, which make them potential drug candidates for medicinal applications.
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2.4  Experimental

2.4.1 General procedures

All the commercially available chemicals and solvents were used without prior drying
or purification. Synthesis of 73 and 74 were conducted as per literature method with
slight modifications (Chiang et al 2010; Kim & Kang 2014). The synthesis of alkyl-
suibstituted (benz)imidazoles was performed in analogous fashion with the respective
alkyl bromide (hexyl, heptyl, octyl, nonyl, decyl). The synthesised alkyl-substituted
(benz)imidazoles were then reacted with 74 to yield the respective alkyl-substitued
(benz)imidazolium salts. Reactions involving light sensitive compounds were
conducted with aluminium foil-wrapped glass apparatuses. The solvent system used for
all TLC was similar to the solvent system used in the respective column
chromatography. Mass spectra were recorded on Waters Xevo TQ-XS Triple
Quadrupole Mass Spectrometer. *H- and 3C-NMR spectroscopy were performed on a
Bruker Avance 300 NMR Spectrometer. The number of protons (n) for a given
resonance was indicated by n H. Coupling constants were reported as a J value in Hz.
!H-NMR spectra were reported as ¢ in units of parts per million (ppm) downfield from
SiMes (6 = 0.00). 13C-NMR spectra were reported as ¢ in units of parts per million (ppm)
relative to the signal of chloroform-d (6 = 77.16 ppm, triplet) and DMSO-ds (0 = 39.52
ppm, septet). All chemical shifts reported were referenced to the chemical shifts of their
respective residual solvent resonances. Unless stated otherwise, all NMR experiments
were carried out at 300 K. The VT-NMR analysis was performed by Faculty of Science,
University of Malaya. The single crystal X-ray diffraction analysis was performed by
Research Centre for Crystalline Materials at Sunway University, Malaysia. The
Lipinski’s Rule of Five analysis was conducted using Chemicalise software. The

microwave-assisted N-alkylation was performed using Anton Paar Monowave 450.
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2.4.2 Synthesis of N-alkyl-substituted imidazole
2.4.2.1 Synthesis of 1-hexylimidazole, [Im-76d]

/08:0\7
"N _Cs C,
Co Ce \C4/ \C/C1

2 To a solution of imidazole Im-75 (0.34 g, 5.0
mmol) in acetonitrile (20 mL), potassium carbonate (1.38 g, 10.0 mmol) and
tetraethylammonium iodide (0.13 g, 0.5 mmol) were added and the mixture was stirred
for 1 hour at room temperature. Subsequently, 1-bromohexane (0.76 g, 5.0 mmol) was
added into the solution and the mixture was stirred for 5 days under reflux condition.
Water (30 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (50 mL). The organic phase was washed with a saturated solution of
sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (0.22 g,
1.4 mmol, 29.1 %). 'H-NMR (300 MHz, CDCls): 6 = 0.85 — 0.89 (t, 3 H, H1, 3Jun =
6.9 Hz), 1.27 - 1.31 (m, 6 H, H2 — H4), 1.69 — 1.79 (quin, 2 H, H5, 3y 1= 6.9 Hz), 3.87
—3.92 (t, 2 H, H6, 3Ju = 6.9 Hz), 6.89 (s, 1 H, aromatic), 7.01 (s, 1 H, aromatic) and
7.43 (s, 1 H, H 9) ppm. BC-NMR (300 MHz, CDCls): § = 13.92 (C1), 22.37 (C2),
25.84 (C3), 30.28 (C4), 31.07 (C5), 47.13 (C6), 118.99 and 128.91 (aromatic), 136.95
(C9) ppm. MS (ESI) m/z: [M+H]" calcd. for CoH16N2 153.14, found 152.90.
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2.4.2.2 Synthesis of 1-heptylimidazole, [Im-76e€]

C1 To a solution of imidazole Im-75 (0.34 g,
5.0 mmol) in acetonitrile (20 mL), potassium carbonate (1.38 g, 10.0 mmol) and
tetraethylammonium iodide (0.13 g, 0.5 mmol) were added and the mixture was stirred
for 1 hour at room temperature. Subsequently, 1-bromoheptane (0.83 g, 5.0 mmol) was
added into the solution and the mixture was stirred for 5 days under reflux condition.
Water (30 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (50 mL). The organic phase was washed with a saturated solution of
sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (0.47 g,
2.8 mmol, 56.4 %). 'H-NMR (300 MHz, CDCls3): 6 = 0.81 — 0.97 (t, 3 H, H1, 3Jun=
6.9 Hz), 1.14 — 1.40 (m, 8 H, H2 — H5), 1.64 — 1.85 (quin, 2 H, H6, 3Ju 1= 6.9 Hz), 3.83
—3.96 (t, 2 H, H7, 3Jun= 6.9 Hz), 6.89 (s, 1 H, aromatic), 7.02 (s, 1 H, aromatic) and
7.43 (s, 1 H, H 10) ppm. 3C-NMR (300 MHz, CDCls): 6 = 14.02 (C1), 22.53 (C2),
26.47 (C3), 28.72 (C4), 31.09 (C5), 31.63 (C6), 46.94 (C7), 118.80 and 129.19
(aromatic), 137.02 (C10) ppm. MS (ESI) m/z: [M+H]" calcd. for CioH1sN2 167.15,
found 166.90.
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2.4.2.3 Synthesis of 1-octylimidazole, [Im-76f]

/C10:C\g
NN G c
C( \Cs/ \Cs/ S\C/ 3\ Cy
4

C2 To a solution of imidazole Im-75 (0.34 g,
5.0 mmol) in acetonitrile (20 mL), potassium carbonate (1.38 g, 10.0 mmol) and
tetraethylammonium iodide (0.13 g, 0.5 mmol) were added and the mixture was stirred
for 1 hour at room temperature. Subsequently, 1-bromooctane (0.90 g, 5.0 mmol) was
added into the solution and the mixture was stirred for 5 days under reflux condition.
Water (30 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (50 mL). The organic phase was washed with a saturated solution of
sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid. *H-NMR
(300 MHz, CDCl3): 6 =0.76 — 0.99 (t, 3 H, H1, 3Jyn=6.9 Hz), 1.12 — 1.39 (m, 10 H,
H2 — H6), 1.59 — 1.84 (quin, 2 H, H7, *Jy 1= 6.9 Hz), 3.85 - 3.89 (t, 2 H, H8, 3Jhn=
6.9 Hz), 6.88 (s, 1 H, aromatic), 6.98 (s, 1 H, aromatic) and 7.43 (s, 1 H, H 11) ppm.
13C-NMR (300 MHz, CDCls): 6 = 14.06 (C1), 22.61 (C2), 26.53 (C3), 29.04 (C4),
29.10 (C5), 31.10 (C6), 31.73 (C7), 46.94 (C8), 118.77 and 129.22 (aromatic), 137.01
(C11) ppm. MS (ESI) m/z: [M+H]" calcd. for C11H20N2 181.17, found 181.00.
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2.4.2.4 Synthesis of 1-nonylimidazole, [Im-76g]

/C11:C\10
N
X\ N c
\C{ N 9/ 8\07/06\ /04\ /02
C . ..
° c C1+ To a solution of imidazole Im-75

(0.34 g, 5.0 mmol) in acetonitrile (20 mL), potassium carbonate (1.38 g, 10.0 mmol)
and tetraethylammonium iodide (0.13 g, 0.5 mmol) were added and the mixture was
stirred for 1 hour at room temperature. Subsequently, 1-bromononane (0.97 g, 5.0 mmol)
was added into the solution and the mixture was stirred for 5 days under reflux condition.
Water (30 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (50 mL). The organic phase was washed with a saturated solution of
sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (0.22 g,
1.4 mmol, 29.1 %). 'H-NMR (300 MHz, CDCls): 6 = 0.84 — 0.88 (t, 3 H, H1, 3Jun=
6.9 Hz), 1.12 — 1.41 (m, 12 H, H2 — H7), 1.66 — 1.76 (quin, 2 H, H8, 3Jun= 6.9 Hz),
3.78 —3.97 (t, 2 H, H9, 3Jun= 6.9 Hz), 6.86 (s, 1 H, aromatic), 6.98 (s, 1 H, aromatic)
and 7.44 (s, 1 H, H 12) ppm. *C-NMR (300 MHz, CDCls): 6 = 14.08 (C1), 22.64 (C2),
26.53 (C3), 29.07 (C4), 29.18 (C5), 29.39 (C6), 31.09 (C7), 31.82 (C8), 47.00 (C9),
118.77 and 129.25 (aromatic), 137.03 (C12) ppm. MS (ESI) m/z: [M+H]" calcd. for
C12H22N2 195.33, found 195.00.
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2.4.2.5 Synthesis of 1-decylimidazole, [Im-76h]

Cro=cy,

/

N\ /N\ _~Ce

C
Cis CTh \Cs/ Cq

\0‘3/05\04/03\02/ To a solution of imidazole Im-75
(0.34 g, 5.0 mmol) in acetonitrile (20 mL), potassium carbonate (1.38 g, 10.0 mmol)
and tetraethylammonium iodide (0.13 g, 0.5 mmol) were added and the mixture was
stirred for 1 hour at room temperature. Subsequently, 1-bromodecane (1.11 g, 5.0 mmol)
was added into the solution and the mixture was stirred for 5 days under reflux condition.
Water (30 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (50 mL). The organic phase was washed with a saturated solution of
sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (0.70 g,
3.4 mmol, 68.0 %). 'H-NMR (300 MHz, CDCls3): 6 =0.82 — 0.92 (t, 3 H, H1, 3Jun =
6.7 Hz), 1.20 — 1.36 (m, 14 H, H2 — H8), 1.70 — 1.83 (quin, 2 H, H9, 3Jun = 6.7 Hz),
3.87-3.96 (t, 2 H, H10, 3Jun= 6.9 Hz), 6.90 (s, 1 H, aromatic), 7.05 (s, 1 H, aromatic)
and 7.46 (s, 1 H, H 13) ppm. *C-NMR (100 MHz, CDCls): 6 = 14.09 (C1), 22.66 (C2),
26.56 (C3), 29.07 (C4), 29.26 (C5), 29.43 (C6), 29.48 (C7), 31.09 (C8), 31.86 (C9),
47.08 (C10), 118.78 and 129.29 (aromatic), 137.05 (C13) ppm. MS (ESI) m/z: [M+H]"
calcd. for C13H24N2 209.20, found 209.00.
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2.4.3 Synthesis of N-alkyl-substituted benzimidazole
2.4.3.1 Synthesis of 1-hexylbenzimidazole, [Bz-76d]

C10—Cq

JN\

C12:C7

N
\ N Cs
C{ \Ce/ \C4/C3

\Cz/c1 To asolution of benzimidazole Bz-75 (1.19 g, 10.0
mmol) in acetonitrile (30 mL), potassium carbonate (2.00 g, 14.5 mmol) and
tetraethylammonium iodide (0.26 g, 1.0 mmol) were added and the mixture was stirred
for 1 hour at room temperature. Subsequently, 1-bromohexane (1.65 g, 10.0 mmol) was
added into the solution and the mixture was stirred for 7 days under reflux condition.
Water (100 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (100 mL). The organic phase was washed with a saturated solution
of sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (1.10 g,
5.4 mmol, 54.2 %). 'H-NMR (300 MHz, CDCls3): 6 = 0.81 — 0.92 (t, 3 H, H1, 3Jun =
6.8 Hz), 1.21 — 1.41 (m, 6 H, H2 — H4), 1.78 — 1.95 (quin, 2 H, H5, 3Ju 1= 7.2 Hz), 4.09
—4.20 (t, 2 H, H10, 3Jyn= 7.2 Hz), 7.22 — 7.34 (m, 2 H, aromatic), 7.35 — 7.43 (m, 1
H, aromatic), 7.77 — 7.85 (m, 1 H, aromatic) and 7.88 (s, 1 H, H 13) ppm. ¥C-NMR
(100 MHz, CDCl3): 0 = 13.94 (C1), 22.46 (C2), 26.56 (C3), 26.48 (C4), 29.77 (C5),
45.12 (C6), 109.67, 120.35, 122.01, 122.78, 133.82, 142.98 (aromatic), 143.84 (C13)
ppm. MS (ESI) m/z: [M+H]" calcd. for C13H19N2 203.15, found 202.47.
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2.4.3.2 Synthesis of 1-heptylbenzimidazole, [Bz-76¢]

C11‘C10

Vi

G2 Co

N/Cm‘C8
\C{N\Q/CB\C/C“\ _-C2

’ 6 N, To a solution of benzimidazole Bz-75 (1.19 g,
10.0 mmol) in acetonitrile (30 mL), potassium carbonate (2.00 g, 14.5 mmol) and
tetraethylammonium iodide (0.26 g, 1.0 mmol) were added and the mixture was stirred
for 1 hour at room temperature. Subsequently, 1-bromoheptane (1.79 g, 10.0 mmol)
was added into the solution and the mixture was stirred for 7 days under reflux condition.
Water (100 mL) was added to the mixture and the water phase was extracted three times
with ethyl acetate (100 mL). The organic phase was washed with a saturated solution
of sodium chloride and dried over anhydrous magnesium sulphate. Ethyl acetate was
removed in vacuo and the reaction mixture was subjected to column chromatography
(chloroform: ethanol = 95:5). The pure product was obtained as yellow liquid (1.31 g,
6.1 mmol, 60.5 %). 'H-NMR (300 MHz, CDCls): 6 = 0.82 — 0.93 (t, 3 H, H1, 3Jun=
6.7 Hz), 1.18 — 1.40 (m, 8 H, H2 — H5), 1.81 — 1.88 (quin, 2 H, H6, 3Jun= 6.7 Hz), 4.11
—4.22 (t, 2 H, H10, 3y = 7.1 Hz), 7.23 — 7.35 (m, 1 H, aromatic), 7.36 — 7.44 (m, 1
H, aromatic), 7.77 — 7.85 (m, 1 H, aromatic) and 7.89 (s, 1 H, H 14) ppm. 3C-NMR
(100 MHz, CDClIs): 6 = 14.00 (C1), 22.53 (C2), 26.79 (C3), 28.76 (C4), 29.83 (C5),
31.61 (C6), 45.14 (C7), 109.67, 120.36, 122.03, 122.79, 133.83 and 142.92 (aromatic),

143.84 (C14) ppm. MS (ESI) m/z: [M+H]" calcd. for C14H21N2217.17, found 216.79.
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2.4.3.3 Synthesis of 1-octylbenzimidazole, [Bz-76f]

C12‘C11

Vi

S Cro

Cia==c,

/
N\C{N\Cs/C7\Ce/CS\C/Cs c,
¢ C2 To a solution of benzimidazole Bz-75
(1.19 g, 10.0 mmol) in acetonitrile (30 mL), potassium carbonate (2.00 g, 14.5 mmol)
and tetraethylammonium iodide (0.26 g, 1.0 mmol) were added and the mixture was
stirred for 1 hour at room temperature. Subsequently, 1-bromoheptane (1.93 g, 10.0
mmol) was added into the solution and the mixture was stirred for 7 days under reflux
condition. Water (100 mL) was added to the mixture and the water phase was extracted
three times with ethyl acetate (100 mL). The organic phase was washed with a saturated
solution of sodium chloride and dried over anhydrous magnesium sulphate. Ethyl
acetate was removed in vacuo and the reaction mixture was subjected to column
chromatography (chloroform: ethanol = 95:5). The pure product was obtained as yellow
liquid (1.16 g, 5.0 mmol, 50.2 %). *H-NMR (300 MHz, CDCls): 6 = 0.81 - 0.94 (t, 3
H, H1,3Jyn=6.7 Hz), 1.15—1.42 (m, 10 H, H2 — H6), 1.78 — 1.97 (quin, 2 H, H7, 3Ju
=7.0Hz), 4.09 — 4.21 (t, 2 H, H8, 3Jun= 6.9 Hz), 7.22 — 7.34 (m, 1 H, aromatic), 7.35
—7.44 (m, 1 H, aromatic) 7.76 — 7.84 (m, 1 H, aromatic) and 7.88 (s, 1 H, H 15) ppm.
13C-NMR (100 MHz, CDCls): § = 14.05 (C1), 22.58 (C2), 26.81 (C3), 29.06 (C4),
29.07 (C5), 29.80 (C6), 31.71 (C7), 45.12 (C8), 109.67, 120.35, 121.99, 122.77, 133.81
and 142.92 (aromatic), 143.84 (C15) ppm. MS (ESI) m/z: [M+H]" calcd. for C1sH13N>
231.19, found 230.48.
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2.4.3.4 Synthesis of 1-nonylbenzimidazole, [Bz-76g]

C13—C,

V4

Qs Ci11

C15=C1

/
N
Nt e N I NPEN
° Cs €1 To a solution of benzimidazole Bz-75
(2.95 g, 25.0 mmol) in acetonitrile (100 mL), potassium carbonate (5.00 g, 36.3 mmol)
and tetraethylammonium iodide (0.65 g, 2.5 mmol) were added and the mixture was
stirred for 1 hour at room temperature. Subsequently, 1-bromononane (5.18 g, 25.0
mmol) was added into the solution and the mixture was stirred for 7 days under reflux
condition. Water (100 mL) was added to the mixture and the water phase was extracted
three times with ethyl acetate (100 mL). The organic phase was washed with a saturated
solution of sodium chloride and dried over anhydrous magnesium sulphate. Ethyl
acetate was removed in vacuo and the reaction mixture was subjected to column
chromatography (chloroform: ethanol = 95:5). The pure product was obtained as yellow
liquid (3.34 g, 13.7 mmol, 54.8 %). 'H-NMR (300 MHz, CDCls): 6 = 0.82 — 0.94 (t, 3
H, H1,3Jun=6.7 Hz), 1.22 — 1.40 (m, 12 H, H2 — H7), 1.82 — 1.95 (quin, 2 H, H8, *Ju 1
=7.0Hz),4.13-4.22 (t,2 H, H9, 3Jyn= 7.2 Hz), 7.24 — 7.35 (m, 2 H, aromatic), 7.37
—7.45 (m, 1 H, aromatic) 7.78 — 7.86 (m, 1 H, aromatic) and 7.92 (s, 1 H, H 16) ppm.
13C-NMR (100 MHz, CDCls): § = 14.07 (C1), 22.61 (C2), 26.80 (C3), 29.08 (C4),
29.16 (C5), 29.37 (C6), 29.79 (C7), 31.78 (C8), 45.10 (C9), 109.67, 120.32, 121.98,
122.76, 133.81 and 142.91 (aromatic), 143.84 (C16) ppm. MS (ESI) m/z: [M+H]" calcd.
for C16H1sN2 245.19, found 244.47. MS (ESI) m/z: [M+H]" calcd. for C16H15N2 245.19,

found 244.47.
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2.4.3.5 Synthesis of 1-decylbenzimidazole, [Bz-76h]
C14—Cys4

C12

C
Ci7 Ch \C/ 7\ /CS Cy Cq
8 C \ / \ / - - .
6 Ca C2 To a solution of benzimidazole

Bz-75 (2.95 g, 25.0 mmol) in acetonitrile (100 mL), potassium carbonate (5.00 g, 36.3
mmol) and tetraethylammonium iodide (0.65 g, 2.5 mmol) were added and the mixture
was stirred for 1 hour at room temperature. Subsequently, 1-bromodecane (5.53 g, 25.0
mmol) was added into the solution and the mixture was stirred for 7 days under reflux
condition. Water (100 mL) was added to the mixture and the water phase was extracted
three times with ethyl acetate (100 mL). The organic phase was washed with a saturated
solution of sodium chloride and dried over anhydrous magnesium sulphate. Ethyl
acetate was removed in vacuo and the reaction mixture was subjected to column
chromatography (chloroform: ethanol = 95:5). The pure product was obtained as yellow
liquid (3.66 g, 14.2 mmol, 56.8 %). 'H-NMR (300 MHz, CDCls): 6 = 0.74 — 0.87 (t, 3
H, H1,3Jyn=6.6 Hz), 1.08 — 1.33 (M, 14 H, H2 — H8), 1.72 — 1.87 (quin, 2 H, H9, 3Ju 1
=6.9 Hz), 4.02-4.12 (t, 2 H, H10, 3Jun= 7.2 Hz), 7.15— 7.20 (m, 1 H, aromatic), 7.21
—7.26 (m, 1 H, aromatic) 7.28 — 7.36 (m, 1 H, aromatic) 7.68 — 7.77 (m, 1 H, aromatic)
and 7.81 (s, 1 H, H 17) ppm. *C-NMR (100 MHz, CDCls): 6 = 14.09 (C1), 22.65 (C2),
26.81 (C3), 29.08 (C4), 29.23 (C5), 29.41 (C6), 29.46 (C7), 29.80 (C8), 31.83 (C9),
45.11 (C10), 109.66, 120.36, 121.98, 122.75, 133.82 and 142.92 (aromatic), 143.86
(C17) ppm. MS (ESI) m/z: [M+H]" calcd. for C17H17N2259.21, found 258.49.
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2.4.4 Synthesis of pyridine-functionalised imidazolium salts

2.4.4.1 Synthesis of  1-hexyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium
chloride, [Im-71d]

0144013 Cl
/ >/C12
C15 Cg:C
Ve T
N
C1O/ \/N C5 C
N N o
2
6=
N
C1g //
\C _—Cyy
20

To a solution of compound
Im-76d (1.87 g, 12.3 mmol) in acetonitrile (50 mL), 2-[chloro(phenyl)methyl]pyridine
74 (2.50 g, 12.3 mmol) was added and heated at refluxing temperature for 48 hours.
The resulting mixture was reduced in vacuo to obtain brown oil. Three consecutive
successive precipitations were conducted with chloroform and diethyl ether to purify
the crude compound. The pure product was obtained as dark brownish liquid (2.34 g,
6.6 mmol, 53.6 %). 'H-NMR (300 MHz, CDCls): 6 = 0.84 — 0.88 (t, 3 H, H1, 3Jun=
6.9 Hz), 1.24 — 1.38 (m, 6 H, H2 — H4), 1.85 — 1.97 (quin, 2 H, H5, 3Jy 1= 7.2 Hz), 4.22
—4.32(t,2H, H6,3J4n=6.0Hz), 7.21 (s, 1 H, aromatic), 7.33 — 7.42 (m, 4 H, aromatic),
7.78 (s, 1 H, aromatic), 7.80 — 7.87 (m, 2 H, aromatic), 7.98 (s, 1 H, aromatic), 8.57 —
8.63 (d, 1 H, aromatic, 3Jun = 4.8 Hz) and 10.55 (s, 1 H, H9) ppm. 3C-NMR (100
MHz, CDCls): ¢ = 13.87 (C1), 22.35 (C2), 25.91 (C3), 30.04 (C4), 31.03 (C5), 50.27
(C6), 65.61 (C10), 120.16, 120.46, 122.80, 123.94, 125.01, 128.92, 129.49, 136.29,
137.71, 138.26 and 148.94 (aromatic) and 155.90 (C9) ppm. MS (ESI) m/z: [M-CI]*
calcd. for C21H26Ns* 320.21, found 319.93.
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2.4.4.2 Synthesis of 1-heptyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium
chloride, [Im-71¢]

To a solution of
compound Im-76e (2.05 g, 123 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 48 hours. The resulting mixture was reduced in vacuo to
obtain brown oil. Three consecutive successive precipitations were conducted with
chloroform and diethyl ether to purify the crude compound. The pure product was
obtained as dark brownish oil (1.78 g, 5.3 mmol, 43.0 %). 'H-NMR (300 MHz, CDCls):
0=0.79-0.93 (m, 6 H, H1), 1.18 — 1.40 (m, 16 H, H2 — H5), 1.79 — 1.98 (quin, 4 H,
H6, 3Jnn= 6.0 Hz), 4.20 — 4.41 (dt, 4 H, H9, 3Jun= 7.2 Hz, 28.5 Hz), 7.20 — 7.37 (m,
5 H, aromatic), 7.53 — 7.96 (m, 3 H, aromatic) 9.07 (s, 1 H, aromatic) and 10.23 — 10.39
(d, 1 H, H 10, 3Jun = 30.0 Hz) ppm. 3C-NMR (100 MHz, CDCls): ¢ = 14.01 (C1),
22.42 (C2), 26.02 (C3), 30.15 (C4), 30.16 (C5), 31.21 (C6), 50.38 (C7) 65.77, 120.27,
120.57, 122.91, 124.05, 125.12, 129.03, 129.51, 136.41, 137.85, 138.40 and 149.20
(aromatic), 156.04 (C16) ppm. MS (ESI) m/z: [M-CI]* calcd. for C22H2sN3™ 334.23,
found 333.93.
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2.4.4.3 Synthesis of  1-octyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium
chloride, [Im-71f]

To a solution of
compound Im-76f (2.22 g, 123 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 48 hours. The resulting mixture was reduced in vacuo to
obtain brown oil. Three consecutive successive precipitations were conducted with
chloroform and diethyl ether to purify the crude compound. The pure product was
obtained as dark brownish oil (2.88 g, 7.5 mmol, 61.0 %). 'H-NMR (300 MHz, CDCls):
0=0.81-0.92 (m, 6 H, H1), 1.16 — 1.39 (m, 20 H, H2 — H6), 1.82 — 1.98 (quin, 4 H,
H7, 3Jnn= 6.0 Hz), 4.20 — 4.42 (dt, 4 H, H9, 3Jun= 7.5 Hz, 28.5 Hz), 7.30 — 7.37 (m,
5 H, aromatic), 7.43 — 7.47 (m, 3 H, aromatic), 7.67 — 7.79 (m, 3 H, aromatic), 7.91 (s,
1 H, aromatic) and 10.48 (s, 1 H, H 11, 3Jun = 39.0 Hz) ppm. 3*C-NMR (100 MHz,
CDCls): 6 = 14.02 (C1), 22.53 (C2), 26.48 (C3), 28.99 (C4), 29.33 (C5), 29.47 (C6),
31.61 (C7),47.89 (C8), 66.38, 112.64, 116.35, 124.01, 124.80, 126.73, 126.79, 128.85,
129.31, 134.99, 138.00, 142.96 and 149.51 (aromatic), and 154.59 (C23) ppm. MS (ESI)
m/z: [M-CI]* calcd. for C23H3oN3* 348.24, found 348.01.
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2.4.4.4 Synthesis of  1-nonyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium
chloride, [Im-71g]

—Cis Cl

To a solution
of compound Im-76g (2.39 g, 12.3 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 48 hours. The resulting mixture was reduced in vacuo to
obtain brown oil. Three consecutive successive precipitations were conducted with
chloroform and diethyl ether to purify the crude compound. The pure product was
obtained as dark brownish oil (2.13 g, 5.4 mmol, 43.9 %). *H-NMR (300 MHz, CDClz):
0=0.82-0.93(m, 6 H, H1), 1.19 - 1.39 (m, 24 H, H2 — H7), 1.84 — 1.98 (quin, 4 H,
H8, 3Jnn= 5.1 Hz), 4.20 — 4.40 (dt, 4 H, H9, 3Jun= 7.5 Hz, 36.0 Hz), 7.24 — 7.25 (m,
1 H, aromatic), 7.28 — 7.33 (m, 1 H, aromatic), 7.34 — 7.39 (m, 3 H, aromatic), 7.44 —
7.50 (m, 2 H, aromatic), 7.70 — 7.77 (m, 3 H, aromatic), 7.93 (s, 1 H, aromatic) and
10.70 (s, 1 H, H 12) ppm. 3C-NMR (100 MHz, CDCls): 6 = 13.98 (C1), 22.51 (C2),
26.12 (C3), 28.82 (C4), 28.90 (C5), 29.05 (C6), 29.20 (C7), 31.67 (C8), 50.04 (C9),
65.64, 120.99, 122.01, 122.86, 123.73, 124.36, 126.94, 129.28, 136.35, 136.42, 137.54
and 149.42 (aromatic), and 154.91 (C24) ppm. MS (ESI) m/z: [M-CI]" calcd. for
C24H32N3" 362.26, found 361.71.
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2.4.4.5 Synthesis of  1-decyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium
chloride, [Im-71h]

] Cl
Cig— |
7/016
Cig Ciz=cCy,
\\CZO/C15\ +/ \1
N
C N
/[ Nor N O Cs c
13 10 Cs \Ce/ N G
e o N
/ N
Cza\ //
N C
Co % To a

solution of compound Im-76h (2.56 g, 12.3 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 48 hours. The resulting mixture was reduced in vacuo to
obtain brown oil. Three consecutive successive precipitations were conducted with
chloroform and diethyl ether to purify the crude compound. The pure product was
obtained as dark brownish oil (2.74 g, 6.7 mmol, 54.5 %). 'H-NMR (300 MHz, CDCls):
0=0.80-0.95(m, 6 H, H1), 1.15 - 1.42 (m, 28 H, H2 — H8), 1.81 — 1.98 (quin, 4 H,
H9, 3Jun= 8.4 Hz), 4.24 — 4.41 (dt, 4 H, H9, 3Jun= 7.5 Hz, 21.0 Hz), 7.27 — 7.30 (m,
1 H, aromatic), 7.31 — 7.36 (m, 3 H, aromatic), 7.44 — 7.50 (m, 3 H, aromatic), 7.68 —
7.78 (m, 3 H, aromatic), 7.84 (s, 1 H, aromatic), 8.56 — 8.62 (m, 1 H, aromatic) and
10.30 (s, 1 H, H 12) ppm. 3C-NMR (100 MHz, CDCls): 6 = 14.09 (C1), 22.64 (C2),
26.28 (C3), 29.03 (C4), 29.23 (C5), 29.40 (C6), 30.16 (C7), 30.32 (C8), 31.83 (C9),
50.12 (C10), 65.90, 121.01, 122.03, 122.82, 123.78, 124.46, 128.85, 129.32, 136.54,
137.04, 137.63 and 149.50 (aromatic), and 155.13 (C25) ppm. MS (ESI) m/z: [M-CI]*
calcd. for C2sH34Ns* 376.28, found 375.98.
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2.4.5 Synthesis of pyridine-functionalised benzimidazolium salts

2.4.5.1 Synthesis of 1-hexyl-3-[phenyl(pyridin-2-yl)methyl]-1H-benzimidazol-3-
ium chloride, [Bz-71d]

Cr
C10—C,
C184C17\ C{ \\
/ Cis /C8
Cg // Ci2=c¢;
\\C —C1s +/ \
2N NG
c o]
/14 \C{ \Ce/ 5 C4/C:3\C/C1
/CZ?C“\ 2
N
C
L
24

To a solution of compound
Bz-76d (2.49 g, 12.3 mmol) in acetonitrile (50 mL), 2-[chloro(phenyl)methyl]pyridine
74 (2.50 g, 12.3 mmol) was added and heated at refluxing temperature for 96 hours.
The resulting mixture was reduced in vacuo to about 20 mL, four equivalent of diethyl
ether was added into the flask to yield pinkish red solid. (2.32 g, 5.7 mmol, 46.5 %).
IH-NMR (300 MHz, CDCls): = 0.80 — 0.90 (t, 3 H, H1, 3y = 7.1 Hz), 1.21 — 1.48
(m, 6 H, H2 — H4), 1.97 — 2.10 (quin, 2 H, H5, 3y = 7.5 Hz), 4.57 — 4.67 (t, 2 H, H6,
8Jun=7.5Hz), 7.28 — 7.33 (m, 1 H, aromatic), 7.34 — 7.48 (m, 6 H, aromatic), 7.51 —
7.59 (t, 1 H, aromatic, 3Jyn = 8.4 Hz), 7.69 — 7.76 (d, 1 H, aromatic, 3Jun = 8.4 Hz),
7.76 — 7.85 (td, 1 H, aromatic, 3Jun = 1.8 Hz, 7.7 Hz) 7.85 — 7.91 (d, 1 H, aromatic,
3Jun=7.8 Hz), 7.93 (s, 1 H, aromatic), 8.51 — 8.56 (dt, 1 H, aromatic, 3Jun = 0.8 Hz,
4.7 Hz) and 11.40 (s, 1 H, H13) ppm. *C-NMR (100 MHz, CDCls): § = 13.89 (C1),
22.38 (C2), 26.16 (C3), 29.28 (C4), 31.09 (C5), 47.79 (C6), 66.59, 112.50, 116.61,
123.99, 124.91, 126.63, 126.71, 128.81, 129.34, 131.52, 135.01, 137.96 and 143.42
(aromatic), and 154.68 (C25). MS (ESI) m/z: [M-CI]" calcd. for CasH2sN3* 370.23,
found 369.72.
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2.4.5.2 Synthesis of 1-heptyl-3-[phenyl(pyridin-2-yl)methyl]-1H-benzimidazol-3-
ium chloride, [Bz-71¢e]

CI
/C11 C10
c
CigT— 18\ C1s \\C
Cq7 \ 9
Ca // Ci3
Cs
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N_. _N
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% /CZG .
C2s To a solution of

compound Bz-76e (2.66 ¢, 12.3 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 96 hours. The resulting mixture was reduced in vacuo to about
20 mL, four equivalent of diethyl ether was added into the flask to yield pinkish red
solid (1.78 g, 4.2 mmol, 34.1 %). *H-NMR (300 MHz, CDCls): 6 = 0.73 - 0.81 (m, 6
H, H1), 1.16 — 1.38 (m, 8 H, H2 — H5), 1.88 — 2.04 (m, 4 H, H5), 4.45 — 4.62 (m, 4 H,
H7), 7.12 —7.22 (m, 1 H, aromatic), 7.26 — 7.33 (m, 1 H, aromatic), 7.35 — 7.60 (m, 6
H, aromatic), 7.64 — 7.77 (m, 2 H, aromatic), 7.88 — 7.99 (m, 1 H, aromatic), 8.44 —
8.69 (m, 1 H, aromatic) 9.93 (s, 1 H, aromatic) and 11.20 (s, 1 H, H14) ppm. 13C-NMR
(100 MHz, CDCls): 0 = 13.98 (C1), 22.46 (C2), 26.47 (C3), 28.67 (C4), 29.50 (C5),
31.49 (C6), 47.77 (C7), 64.25 (C15), 111.84, 113.14, 116.26, 126.28, 126.54, 126.88,
126.99, 127.75, 128.15, 128.31, 130.94, 130.98, 140.54, 143.13 and 148.89 (aromatic),
and 154.54 (C26). MS (ESI) m/z: [M-CI]" calcd. for C26H3oNs™ 384.24, found 383.77.
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2.4.5.3 Synthesis of  1-octyl-3-[phenyl(pyridin-2-yl)methyl]-1H-benzimidazol-3-
ium chloride, [Bz-71f]

CI
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compound Bz-76f (2.83 g, 123 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 96 hours. The resulting mixture was reduced in vacuo to about
20 mL, four equivalent of diethyl ether was added into the flask to yield pinkish red
solid. (2.14 g, 4.9 mmol, 40.1 %). *H-NMR (300 MHz, CDCls): 6 = 0.73 - 0.84 (t, 3
H, H1,3Jyn=6.7 Hz), 1.19 — 1.40 (m, 10 H, H2 — H6), 1.90 — 2.04 (quin, 2 H, H7, 3Ju
=7.4Hz),452-4.61 (t, 2 H, H8, 3Jyn=7.5Hz), 7.21 — 7.27 (m, 1 H, aromatic), 7.29
—7.38 (m, 6 H, aromatic), 7.48 —7.51 (m, 1 H, aromatic), 7.55 - 7.67 (m, 3 H, aromatic),
7.70 — 7.78 (td, 1 H, aromatic, 3Jun = 1.8 Hz, 7.5 Hz) 7.78 — 7.83 (d, 1 H, aromatic,
3Jun=10.2 Hz), 7.83 (s, 1 H, aromatic), 8.45 — 8.50 (dt, 1 H, aromatic, 3Jyn= 0.6 Hz,
5.4 Hz) and 11.20 (s, 1 H, H15) ppm. *C-NMR (100 MHz, CDCls): ¢ = 14.03 (C1),
22.55 (C2), 26.52 (C3), 28.96 (C4), 29.01 (C5), 29.36 (C6), 31.63 (C7), 47.85 (C8),
65.84 (C16), 112.53, 116.59, 124.00, 126.62, 126.70, 128.83, 129.29, 134.99, 137.95,
143.40 and 149.57 (aromatic), and 154.71 (C27). MS (ESI) m/z: [M-CI]* calcd. for
Co7H32N3" 398.26, found 398.96.
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2.4.5.4 Synthesis of 1-nonyl-3-[phenyl(pyridin-2-yl)methyl]-1H-benzimidazol-3-
ium chloride, [Bz-71q]
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of compound Bz-76g (3.01 g, 12.3 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 96 hours. The resulting mixture was reduced in vacuo to about
20 mL, four equivalent of diethyl ether was added into the flask to yield pinkish red
solid. (3.17 g, 7.8 mmol, 63.4 %). 'H-NMR (300 MHz, CDCl3): 6 =0.71 - 0.84 (m, 6
H, H1), 1.12 — 1.41 (m, 24 H, H2 — H7), 1.90 — 2.03 (quin, 2 H, H8, 3Jun = 7.5 Hz),
452 —-4.62 (t, 4 H, H9, 3Jun=7.5Hz), 7.19 - 7.25 (m, 1 H, aromatic), 7.27 — 7.39 (m,
4 H, aromatic), 7.44 — 7.52 (td, 1 H, aromatic, 3Ju = 0.9 Hz, 8.1 Hz), 7.56 — 7.68 (m,
4 H, aromatic), 7.70 — 7.75 (dd, 1 H, aromatic, 3Jun=1.8 Hz, 7.5 Hz) 7.76 - 7.81 (d, 1
H, aromatic, Jun = 7.5 Hz), 7.84 (s, 1 H, aromatic), 8.44 — 8.49 (ddd, 1 H, aromatic,
3Jup = 0.8 Hz, 1.8 Hz, 4.8 Hz) and 11.11 (s, 1 H, H16) ppm. 3C-NMR (100 MHz,
CDCls): 6 = 14.06 (C1), 22.59 (C2), 26.52 (C3), 29.00 (C4), 29.10 (C5), 29.31 (C6),
29.55 (C7), 31.75 (C8), 47.68 (C9), 66.74 (C17), 112.49, 113.05, 123.95, 124.87,
126.58, 126.67, 126.95, 128.81, 129.26, 131.36, 135.05, 137.84, 143.49 and 149.62
(aromatic), and 154.77 (C28). MS (ESI) m/z: [M-CI]" calcd. for CasH3aN3* 412.28,
found 411.73.
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2.4.5.5 Synthesis of 1-decyl-3-[phenyl(pyridin-2-yl)methyl]-1H-benzimidazol-3-
ium chloride, [Bz-71h]
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solution of compound Bz-76h (3.18 g, 12.3 mmol) in acetonitrile (50 mL), 2-
[chloro(phenyl)methyl]pyridine 74 (2.50 g, 12.3 mmol) was added and heated at
refluxing temperature for 96 hours. The resulting mixture was reduced in vacuo to about
20 mL, four equivalent of diethyl ether was added into the flask to yield pinkish red
solid. (2.96 g, 6.4 mmol, 52.0 %). *H-NMR (300 MHz, CDCls): 6 =0.76 — 0.84 (m, 6
H, H1), 1.11 — 1.41 (m, 28 H, H2 — H8), 1.91 — 2.03 (quin, 2 H, H9, 3Jun = 7.8 Hz),
4.30 — 4.61 (dt, 4 H, H10, 3Jyn = 7.5 Hz, 62 Hz), 7.36 — 7.43 (m, 4 H, aromatic), 7.49
—7.52 (m, 1 H, aromatic), 7.55—7.63 (m, 4 H, aromatic), 7.64 — 7.68 (dd, 1 H, aromatic,
8Jun=1.8 Hz, 7.8 Hz) 7.76 — 7.78 (m, 1 H, aromatic), 7.80 (s, 1 H, aromatic), 8.45 —
8.50 (dq, 1 H, aromatic, 3Jun=0.9 Hz, 5.4 Hz) and 11.21 (s, 1 H, H17) ppm. 3C-NMR
(100 MHz, CDCls): 6 = 14.09 (C1), 22.63 (C2), 26.53 (C3), 26.55 (C4), 29.00 (C5),
29.22 (C6), 29.36 (C7), 29.41 (C8), 31.81 (C9), 47.83 (C10), 66.76, 112.53, 116.57,
122.15, 122.88, 123.98, 124.85, 127.78, 128.31, 129.29, 135.01, 137.21, 137.90,
139.87, 143.41 and 149.63 (aromatic), and 154.75 (C29) ppm. MS (ESI) m/z: [M-CI]*
calcd. for CaoH3sN3* 426.29, found 425.88.
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2.4.6 Synthesis of silver NHC complex

2.4.6.1 Synthesis of [1-nonyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazol-3-ium]
silver bromide, [Im-77g-Br]

C
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of compound Im-71g-Br (2.21 g, 5.0 mmol) in dichloromethane (50 mL), silver oxide
(2.32 g, 10.0 mmol) was added in the dark and the reaction mixture was stirred at room
temperature for 12 hours. The resulting mixture was filter through celite reduced in
vacuo to obtain crude yellow oil. The crude oil was washed with diethyl ether and the
diethyl ether layer was decanted and yielded complex Im-77g-Br in yellow oil (1.17 g,
2.1 mmol, 42.0 %). *H-NMR (300 MHz, CDCl3): 6 =0.84 —0.94 (m, 6 H, H1), 1.20 -
1.37 (M, 24 H, H2 —H7), 1.75—1.87 (m, 4 H, H8), 3.89 — 4.13 (dt, 4 H, H9, 3Jun=7.2
Hz, 31.4 Hz), 6.89 — 6.99 (m, 3 H, aromatic), 7.13 — 7.19 (m, 2 H, aromatic), 7.25 —
7.40 (m, 5 H, aromatic), 7.71 — 7.79 (td, 1 H, aromatic, 3Ju 1= 1.8 Hz, 7.8 Hz) and 8.62
—8.67 (dg, 1 H, aromatic, 3Jun= 0.9 Hz, 4.8 Hz) ppm. 3C-NMR (100 MHz, CDCl5):
0 =14.08 (C1), 22.62 (C2), 26.46 (C3), 29.05 (C4), 29.13 (C5), 29.36 (C6), 31.07 (C7),
31.79 (C8), 47.05 (C9), 69.82, 120.44, 120.71, 121.52, 123.42, 123.70, 128.22, 128.70,
128.99, 137.40, 137.95, 149.97 (aromatic), and 157.15 (C24) ppm.
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CHAPTER 3 EVALUATION OF ANTIMICROBIAL
ACTIVITIES

3.1 Introduction

Antimicrobials are substances that are capable in suppressing or preventing pathogenic
action of microbes, or even eliminating them. While there are many types of
antimicrobials with different mechanism of action, they are often used in combinations
to treat bacterial infections, and as prophylaxis to prevent initial or recurrence of an
infection (Banin et al 2017). However, the abusive usage of these antimicrobials has
caused them to lose effectiveness over time, as bacteria can evolve to survive under
unfavourable conditions through acquiring antibiotics resistance (Munita & Arias
2016). Despites there are still drugs that can combat the tough bugs, the alarming
phenomenon will eventually leave the medical officers with limited treatment options.
Hence, there is a need of novel antimicrobials development to prevent any unwanted

massacre in the future.

In this chapter, the synthesised compounds as discussed in Chapter 2 were tested their
antimicrobial properties using broth microdilution assay (BMD). A panel of clinically
relevant microorganisms was selected, which involved eight Gram-positive and six
Gram-negative bacteria, and three yeast species. Apart from the selected pathogenic
bacteria, the rationale behind the inclusion of yeasts in the evaluation was due to the
normalcy of yeast infection these days, also known as candidiasis, which affects mouth,
genitals, and potentially blood. There are several methods published by the Clinical &
Laboratory Standards Institute (CLSI) to evaluate the antimicrobial profiles of
substances or compounds, which include broth dilution assay, broth microdilution assay,
antimicrobial gradient diffusion method, well diffusion test, disk diffusion test et cetera.
Broth microdilution assay was adopted in this study as it allows the generation of
quantitative results (MIC and MBC values) with high reproducibility and operational
convenience. Besides, the miniaturisation of the assay also allows the evaluation to be
conducted at a much lower cost. Next, bacterial growth curves were plotted against B.
cereus ATCC 14579 and E. coli ATCC 25922 with and without treatment of the lead
compound (Im-71g) to estimate the suppressive capability over 24 hours. Besides, cell

leakage assay was also performed to determine the release of intercellular components
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such as nucleic acid and proteins. The internal components will be measured

spectrophotometrically.

3.2  Results and Discussion

3.2.1 Broth microdilution assay (BMD)

As mentioned in subchapter 3.1, broth microdilution assay (BMD) was chosen as the
method to evaluate the antimicrobial profiles of the synthesised compounds against a
total of 15 pathogenic microorganisms, which include eight Gram-positive and six
Gram-negative bacteria, and three yeast species (see 3.4 Experimental). The
antimicrobial properties were quantitatively reported in minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) values. MIC is
the minimum concentration of a compound to inhibit the growth of microorganisms,
while MBC is the minimum concentration of a compound to eliminate the tested
microorganisms. The antimicrobial profiles of each synthesised compounds along with
previously synthesised compounds Im-71a — c were tabulated in Table 14a —c. Due to
the highly lipophilic character of the synthesised compounds, the solubility possessed
a rather great challenge. Hence, the stock solutions of the synthesised compounds were
prepared with 10 % DMSO in phosphate-buffered saline solution. The final working
concentration of DMSO in the 96-well microtiter plate upon addition of all necessary
contents was reduced to 2.5 %. Solvent control was conducted against all the
microorganisms, and it showed that the DMSO at 2.5 % did not have effect on the

growth of microorganisms.

In this study, two commercially available antibiotics namely chloramphenicol (CHL)
and cycloheximide (CHX) were used as the reference drugs in the antimicrobial profile
evaluation. Chloramphenicol is a broad-spectrum antibiotic that eliminates wide range
of bacteria through inhibiting the protein synthesis by binding to the bacterial 50S
ribosomal subunit. Cycloheximide on the other hand, is a common antifungal agent
used to treat yeast infection which eliminates the yeast via inhibition of protein

synthesis and induces apoptosis.
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Table 14a. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC) in pg/mL of synthesised compounds against the

chosen microorganism strains (CHL — Chloramphenicol; CHX — Cycloheximide).

Minimum inhibitory concentration (ug/mL)

B. cereus B. subtilis MSSA MSSA MRSA
Compound ATCC 14579 ATCC 8188 ATCC 29213 ATCC 6538p ATCC 43300

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

74 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 > 1000
1-bromohexane  >1000 >1000 >1000 >1000 >1000 >1000 =>1000 >1000 >1000 > 1000
1-bromoheptane  >1000 >1000 >1000 >1000 >1000 >1000 =>1000 >1000 =>1000 =>1000
1-bromooctane  >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
1-bromononane  >1000 >1000 >1000 >1000 >1000 >1000 >1000 =>1000 >1000 > 1000
1-bromodecane  >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 > 1000
Im-76a* >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 > 1000
Im-76d 1000.00 >1000 1000.00 =>1000 1000.00 =>1000 1000.00 =>1000 1000.00 > 1000
Im-76e 62.50 125.00 62.50 125.00 250.00 500.00 125.00 500.00 250.0 1000.00
Im-76f 62.50 125.00 31.25 62.50 6250 500.00 6250 500.00 6250 500.00

Im-76g 7.81 31.25 7.81 15.63 15.63 62.50 7.81 62.50 7.81 62.50
Im-76h 125.00 250.00 250.00 250.00 250.00 >1000 250.0 1000.00 250.0 > 1000
Bz-76a* >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 > 1000
Bz-76d 250.00 500.00 250.00 500.00 500.00 1000.00 500.00 1000.00 500.00 1000.00
Bz-76e 250.00 500.00 250.00 500.00 500.00 500.00 500.00 500.00 500.00 500.00
Bz-76f 125.00 500.00 250.00 500.00 250.00 500.00 125.00 500.00 250.00 500.00
Bz-76g 3.91 > 1000 3.91 > 1000 3.91 > 1000 3.91 > 1000 7.81 > 1000
Bz-76h 3.91 > 1000 3.91 > 1000 7.81 > 1000 3.91 > 1000 7.81 > 1000
Im-71a** 1410.00 1410.00 1410.00 >1410 707.00 1410.00 707.00 1410.00 1410.00 1410.00
Im-71d 250.00 500.00 250.00 500.00 250.0 1000.00 250.0 1000.00 500.00 1000.00
Im-71e 62.50 125.00 6250 250.00 62.50 125.00 31.25 125.00 62.50 250.00
Im-71f 31.25 125.00 62.50 125.00 31.25 125.00 31.25 125.00 31.25 125.00

Im-71g 15.63 62.50 7.81 31.25 15.63 31.25 7.81 31.25 15.63 31.25
Im-71h 125.00 1000.00 125.00 500.00 31.25 250.00 31.25 125.00 15.63 125.00
Bz-71a** > 1414 >1414 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410
Bz-71d 6250 >1000 6250 >1000 12500 >1000 125.00 >1000 125.00 >1000
Bz-71e 6250 >1000 6250 >1000 12500 >1000 6250 >1000 125.00 >1000
Bz-71f 6250 >1000 6250 >1000 6250 >1000 6250 >1000 6250 >1000
Bz-71g 3.91 > 1000 3.91 > 1000 3.91 > 1000 3.91 > 1000 3.91 > 1000
Bz-71h 3.91 > 1000 3.91 > 1000 7.81 > 1000 7.81 > 1000 7.81 > 1000
CHL*** 1.94 > 16.20 1.94 > 16.20 8.08 > 16.20 8.08 >16.20 8.08 > 16.20
CHX*** >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >14.10

Abbreviation: CHL — Chloramphenicol, CHX — Cycloheximide

* Commercially available

** Results obtained from (Choo et al 2018)

***Results are expressed in ng/mL
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Table 14b. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC) in pg/mL of synthesised compounds against the

chosen microorganism strains (CHL — Chloramphenicol; CHX — Cycloheximide).

Minimum inhibitory concentration (ug/mL)

MRSA E. faecalis VRE E. coli K. pneumoniae
Compound ATCC 33591 ATCC 29212 ATCC 700802 ATCC 25922 ATCC 10031

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
74 >1000 >1000 >1000 =>1000 =>1000 >1000 =>1000 =>1000 =>1000 > 1000
1-bromohexane >1000 >1000 >1000 >1000 =>1000 >1000 =>1000 =>1000 =>1000 =>1000
1-bromoheptane  >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
1-bromooctane >1000 >1000 =>1000 >1000 =>1000 =>1000 =>1000 =>1000 >1000 >1000
1-bromononane >1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000 =>1000 =>1000
1-bromodecane >1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000 =>1000 =>1000
Im-76a* >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 =>1000 >1000
Im-76d 1000.00 >1000 >1000 =>1000 =>1000 >1000 500.00 =>1000 500.00 > 1000
Im-76e 62.50 500.00 250.0 500.00 250.0 500.00 6250 250.00 125.00 250.00
Im-76f 31.25 250.00 125.00 250.00 125.00 250.00 31.25 125.00 62,50 125.00

Im-76g 7.81 62.50 15.63 62.50 31.25 62.50 31.25 62.50 15.63 31.25
Im-76h 500.00 >1000 >1000 >1000 >1000 >1000 500.00 =>1000 500.00 >1000
Bz-76a* >1000 >1000 >1000 =>1000 =>1000 >1000 =>1000 =>1000 =>1000 > 1000
Bz-76d 500.00 1000.00 1000.00 >1000 500.00 1000.00 >1000 >1000 500.00 1000.00
Bz-76e 500.00 500.00 1000.00 1000.00 500.00 500.00 >1000 >1000 500.00 1000.00
Bz-76f 250.00 500.00 500.00 1000.00 125.00 500.00 >1000 >1000 250.00 500.00
Bz-769 3.91 > 1000 7.81 62.50 7.81 >1000 >1000 > 1000 7.81 > 1000
Bz-76h 7.81 > 1000 7.81 500.00 15.63 >1000 >1000 >1000 125.00 >1000
Im-71a** 1410 >1414 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410
Im-71d 500.00 1000.00 500.00 1000.00 500.00 1000.00 >1000 >1000 500.00 1000.00
Im-71e 62.50 250.00 250.0 500.00 500.00 1000.00 6250 250.00 250.00 500.00
Im-71f 31.25 125.00 62,50 250.00 125.00 500.00 6250 125.00 125.00 250.00
Im-71g 31.25 62.50 7.81 12500 3125 125.00 6250 125.00 125.00 125.00
Im-71h 62.50 500.00 250.0 1000.00 250.0 >1000 1000.00 =>1000 250.00 250.00
Bz-71a** >1414 >1414 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410
Bz-71d 62.50 >1000 500.00 1000.00 500.00 >1000 1000.00 >1000 125.00 >1000
Bz-71e 62.50 >1000 500.00 1000.00 500.00 >1000 1000.00 =>1000 125.00 > 1000
Bz-71f 62.50 >1000 125.00 500.00 250.00 >1000 500.00 1000.00 3125 >1000
Bz-71g 3.91 > 1000 3.91 125.00 7.81 >1000 15.63  250.00 7.81 > 1000
Bz-71h 7.81 > 1000 3.91 250.0 7.81 >1000 31.25 1000.00 31.25 >1000

CHL*** 8.08 >16.20 16.20 >16.20 16.20 >16.20 8.08 > 16.20 0.97 0.97
CHX*** >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >14.10

Abbreviation: CHL — Chloramphenicol, CHX — Cycloheximide

* Commercially available

** Results obtained from (Choo et al 2018)

***Results are expressed in ng/mL
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Table 14c. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC) in pg/mL of synthesised compounds against the

chosen microorganism strains (CHL — Chloramphenicol; CHX — Cycloheximide).

Minimum inhibitory concentration (ug/mL)

P. aeruginosa S. flexneri C. albicans C. albicans C. tropicalis

Compound ATCC 10145 ATCC 12022 IMR Clinical isolates Clinical isolates
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

74 >1000 >1000 >1000 >1000 =>1000 >1000 >1000 >1000 >1000 > 1000
1-bromohexane >1000 >1000 >1000 =>1000 =>1000 >1000 >1000 =>1000 >1000 =>1000
1-bromoheptane  >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
1-bromooctane >1000 >1000 >1000 >1000 =>1000 >1000 >1000 =>1000 >1000 =>1000
1-bromononane >1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000 =>1000 >1000 =>1000
1-bromodecane >1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000 =>1000 =>1000 =>1000
Im-76a* >1000 >1000 >1000 >1000 =>1000 >1000 =>1000 =>1000 =>1000 =>1000
Im-76d 1000.00 >1000 250.00 500.00 >1000 >1000 =>1000 >1000 >1000 > 1000
Im-76e 500.00 >1000 6250 250.00 >1000 >1000 >1000 >1000 >1000 > 1000
Im-76f 500.00 >1000 62.50 125.00 >1000 >1000 >1000 >1000 >1000 >1000
Im-76g 500.00 >1000 31.25 6250 >1000 >1000 >1000 >1000 >1000 >1000
Im-76h 1000.00 >1000 500.00 500.00 >1000 >1000 =>1000 >1000 >1000 > 1000
Bz-76a* >1000 >1000 >1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 > 1000
Bz-76d >1000 >1000 =>1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 > 1000
Bz-76e >1000 >1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000 >1000
Bz-76f >1000 >1000 >1000 =>1000 >1000 >1000 =>1000 =>1000 =>1000 =>1000
Bz-76g >1000 >1000 =>1000 >1000 >1000 >1000 =>1000 =>1000 =>1000 > 1000
Bz-76h >1000 >1000 =>1000 >1000 =>1000 >1000 =>1000 =>1000 >1000 > 1000
Im-71a** > 1410 >1410 1410.00 1410.00 707.00 1410.00 1410.00 >1410 1410.00 =>1410
Im-71d >1000 >1000 500.00 1000.00 =>1000 =>1000 =>1000 =>1000 >1000 >1000
Im-71e >1000 >1000 250.00 500.00 >1000 >1000 =>1000 =>1000 =>1000 > 1000
Im-71f >1000 >1000 125.00 250.00 >1000 >1000 =>1000 =>1000 =>1000 > 1000
Im-71g >1000 >1000 125.00 125.00 >1000 >1000 =>1000 =>1000 >1000 >1000
Im-71h >1000 >1000 1000.00 1000.00 =>1000 =>1000 =>1000 =>1000 >1000 >1000
Bz-71a** >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410 >1410
Bz-71d >1000 >1000 500.00 >1000 250.00 >1000 250.00 >1000 125.00 > 1000
Bz-71e >1000 >1000 500.00 =>1000 250.00 >1000 250.00 =>1000 125.00 >1000
Bz-71f >1000 >1000 250.00 1000.00 125.00 >1000 31.25 >1000 125.00 >1000
Bz-71g 250.00 1000.00 31.25 500.00 15.63  >1000 3.91 > 1000 7.81 > 1000
Bz-71h 250.00 >1000 31.25 >1000 500.00 >1000 250.00 =>1000 500.00 =>1000
CHL*** >16.20 >16.20 8.08 1620 >16.20 >16.20 >16.20 >16.20 >16.20 >16.20
CHX*** >1410 >1410 >1410 »>1410 14.10 14.10 14.10 14.10 14.10 14.10

Abbreviation: CHL — Chloramphenicol, CHX — Cycloheximide
* Commercially available

** Results obtained from (Choo et al 2018)

***Results are expressed in ng/mL
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Based on Table 14a — c, most of the synthesised compounds display moderate
antimicrobial activities against the chosen bacterial strains, with the exception of
compound Im-71g and Bz-71g which showed good bacteriostatic activities as low as
7.81 pg/mL (20.0 nM) and 3.91 pg/mL (8.7 nM). As expected, as the number of carbons
in the alkyl chain increased (up to Cn =9), the antimicrobial properties increase. A
longer alkyl chain eases the integration of the hydrocarbon alkyl chain with the lipid
bilayer of bacterial cell wall through the hydrophobic and van der Waal’s interactions
(Birnie et al 2000; Patrick 2013). Besides, longer alkyl chain has better lipophilic
property which results in increased in affinity of the compound to the liposome
membrane of microorganisms, thus promoting the interactions between the
microorganism and the compound (de Almeida et al 2009). As mentioned earlier, a
higher CLog P value indicates a higher lipophilicity of the compound, hence a better
penetration and permeation are expected. Hence, Im-71h and Bz-71h with CLog P
value of 3.046 and 4.094 respectively, should possess a much better antimicrobial
profile than Im-71g and Bz-71g with CLog P value of 2.602 and 3.650, respectively.
However, a retardation in the antimicrobial property of the compound when the chain
length is increased to 10 carbons was observed in both imidazole-derived and
benzimidazole-derived salts from 7.81 to 31.25 pg/mL and 3.91 to 7.81 pg/mL,
respectively, as demonstrated by Im-71g and Bz-71g against S. aureus, which the trend
is similar to their parent imidazole and benzimidazole derivatives. This is due to the
high lipophilicity of the alkyl chain which hindered the diffusion of the compound into
the targeted cell membrane, therefore triggering a weaker immune response. Hence, it

can be deduced that the “cut-off” point for Im-71 and Bz-71 are nine carbons.

Comparing to our previously reported pyridine-functionalised imidazolium salts Im-
71a — c, the salts bearing a longer alkyl chain showed better antimicrobial activities,
with the increment of at least 160-fold, from 1.25 mM (Im-71c) to 2 x 10° mM (Im-
71g). Besides, the pyridine functionality also showed superiority in the antimicrobial
properties. For instance, a study was conducted on ester- and amide-functionalised
imidazolium salts, where the lowest MIC values reported for each was 75 pg/mL and
9.375 pg/mL respectively against the selected microorganisms (Kanjilal et al 2009).
Moreover, a different group worked on alcohol-functionalised imidazolium salts and
the lowest MIC reported was 8 pg/mL (Demberelnyamba et al 2004). The excellent
antimicrobial property of Im-71g and Bz-71g with MIC values of 7.81 pg/mL and 3.91
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pg/mL respectively, had shown the promising approach of pyridine functionalisation
in drug design. Despite the great antimicrobial activities were observed, the
antimicrobial profiles of this class of pyridine-functionalised imidazolium salts were
inferior to a class of dialkyl substituted imidazolium salts, where the MIC values were
found to be as low as 0.013 pg/mL (Zheng et al 2016).

Based on Table 14a — ¢, Bz-71 have better bacteriostatic properties of the compounds,
but the bactericidal properties of the benzimidazole-derived compounds remained
weaker than their imidazolium counter parts. For examples, Bz-71 showed MIC values
as low as 3.91 pg/mL against the tested microorganisms, whereas Im-71 showed lowest
MIC values of 7.81 pg/mL. However, Bz-71 were almost non-bactericidal at highest
tested concentration (MBC values > 1000 pg/mL) while Im-71 showed MBC values as
low as 31.25 pg/mL against the tested microorganisms. This is rather an interesting
finding which requires additional studies as there is no related evidence found in the
scholarly database. Interestingly, Bz-71e — h were active against all three yeast strains
with MIC values as low as 3.91 pg/mL, in which their imidazolium counter parts Im-
7le — h did not display any activity. With the great antiyeast properties of
benzimidazole-derived vitamin B12, it is believed that benzimidazolium salts would
possess similar antiyeast property and be much more effective against yeasts as
compared to the imidazolium salts (Woolley 1944).

Moreover, Im-71 have shown almost similar strength (lowest MIC of 7.81 pg/mL) in
antimicrobial properties against the Staphylococcus species and Enterococcus species,
but generally weaker than their parent imidazole Im-75 against the other bacterial
strains (lowest MIC of Im-71 to Im-75; 15.63 to 7.81 pug/mL). On the other hand, Bz-
71 showed improved bacteriostatic properties against all tested microorganisms,
including the yeast strains, as compared to their parent benzimidazole Bz-75 (lowest
MIC of 500.00 to 31.25 pg/mL against S. flexneri, and > 1000 to 250 pg/mL against C.
albicans). However, the bactericidal properties of Bz-71 are weaker than Bz-75. This
finding is in line with the reported literature, where (benz)imidazolium salts tend to
self-assemble, limiting the rate of diffusion to the cell surface. This would result in
weaker permeability and lower bioavailability at the site of action, hence triggering a

weaker immune response (Luczak et al 2010).
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3.2.2 Bacterial growth curve

The lead compounds, Im-71g and Bz-71g, were selected to study their killing nature.
B. cereus ATCC 14579 and E. coli ATCC 25922 were chosen and cultured overnight
in the presence of the compounds at various concentrations, ranging from 1.00 mg/mL
to 3.91 mg/mL. As the bacterial cultures were growing, the absorbance readings were
measured spectrophotometrically every 1-hour interval at 620 nm. The absorbance
values were converted into culture density (untreated bacteria set to be 100 % at 21%
hour). The growth curves for each tested compound against each bacterial strain were

plotted as shown in Figure 36a — d.
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Figure 36a. Growth curve of B. cereus ATCC 14579 over 21 hours cultured in MHB

containing compound Im-71g.
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Figure 36b. Growth curve of B. cereus ATCC 14579 over 21 hours cultured in MHB

containing compound Bz-71g.
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Figure 36¢. Growth curve of E. coli ATCC 25922 over 21 hours cultured in MHB

containing compound Im-71g.
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Figure 36d. Growth curve of E. coli ATCC 25922 over 21 hours cultured in MHB

containing compound Bz-71g.

Based on Figure 36a —d, it was observed that the tested compounds acted immediately
upon exposing to the bacterial cultures. Despite Im-71g was found to have MIC values
against B. cereus and E. coli at 3.71 and 7.81 pg/mL respectively as shown in broth
microdilution assay, the sub-MIC (concentration that is half of the MIC) of Im-71g
against B. cereus and E. coli at 7.81 and 15.63 pg/mL were found to retard the growth
of the bacterial culture. As shown in Figure 36a and Figure 36c, the log phase of B.
cereus and E. coli was delayed by four and one hour(s) respectively, upon exposing to
Im-71g. Meanwhile, since the MIC of Bz-71g against B. cereus was 3.71 pug/mL, the
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sub-MIC profile was not able to be determined from the graph. However, it was still
visible that the log phase of E. coli was delayed by two hours upon exposed to Bz-71g

as shown in Figure 36d.

3.2.3 Cell leakage assay

Antimicrobial compounds such as antimicrobial peptides can pierce through the target
cell membrane to induce cellular leakage of the entrapped intracellular contents. As
previously described briefly in subchapter 1.4, an increased alkyl chain length could
attribute to the overall lipophilicity character of the compound, allowing the alkyl side
chain to pierce through the bacterial cell wall more effectively. Since nonyl-substituted
(benz)imidazolium salts Im-71g and Bz-71g were found to be the most potent among
all the synthesised compounds, they were employed in cell leakage assay. Based on
Figure 37, it was observed that the absorbance readings for both nucleic acid and
protein leakages increased over the course of 6-hour incubation. This indicated that
both the Im-71g and Bz-71g pierced through the bacterial cell wall, thus leading to the
leakage of intercellular components from the tested bacteria. There was no obvious
trend to conclude that the penetration is a time-dependent mechanism, as there was a
drop in absorbance reading at 4" hour for B. cereus treated with Im-71g. Meanwhile,
the benzimidazolium-derived salts generally potrayed weaker penetrations as supported
by the data collected from this assay. This could be explained by the electron-
withdrawing nature of extended m-conjugation that reduces the binding affinity of the
benzimidazolium salts. These results also corresponded to the broth microdilution assay
in which where imidazolium salts were generally more bactericidal than the

benzimidazolium analogues.
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Figure 37. Leakage of nucleic acid (260 nm) (a) and proteins (280 nm) (b) from B.
cereus ATCC 14579 and leakage of nucleic acid (260 nm) (c) and proteins (280 nm)
(d) from E. coli ATCC 25922 after treated with 1 x MIC of Im-71g and Bz-71g for 6
hours. The absorbance was reported in mean. The assay was performed in triplicates.
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3.3  Conclusion

This chapter discussed the antimicrobial profiles of all the synthesised
(benz)imidazolium salts. Their respective antimicrobial profiles were evaluated against
a panel of clinically pathogenic microorganisms, which include eight Gram-positive
and six Gram-negative bacteria, and three yeast species, using broth microdilution assay.
Compound Im-71g and Bz-71g which showed good bacteriostatic activities as low as
7.81 pg/mL (20.0 nM) and 3.91 pg/mL (8.7 nM). The results revealed that the length
of alkyl chain influenced the antimicrobial properties of the compounds, where
increasing alkyl chain length enhances the antimicrobial properties of the compounds
against the tested microorganisms. However, a “cut-off” point was determined, where
alkyl chain with more than nine carbons (i.e., decyl-) possessed weaker antimicrobial
properties. This was due to the high lipophilic moiety that faced challenge in diffusing
through the hydrophilic membrane, hence triggering a slower and weaker immune
response. Generally, Im-76d - h showed higher MIC values than their
benzimidazolium analogues, Bz-76d — h, but lower MBC values were seen in Im-76d
— h. Similar trend of finding can also be seen in the Im-71d — h and Bz-71d - h.
Bacterial growth curves for B. cereus and E. coli treated with Im-71g and Bz-71g
respectively were plotted and revealed that the compounds acted immediately the
moment the bacteria cultures were exposed to the tested compounds. Besides, the sub-
MIC of both compounds also showed the potential of suppressing the growth of the
bacterial cultures. Moreover, cell leakage assay was also conducted and showed that
the intercellular components were released from the bacterial cells when exposed to
Im-71g and Bz-71g. This result was in line with the bacterial growth curve study, where
the killing of bacterial took place at the moment the bacterial cultures were exposed to

the tested compounds.
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3.4  Experimental
3.4.1 Microorganisms
The broth microdilution assay was conducted using the microorganisms tabulated in

Table 15 to determine the antimicrobial profiles of the synthesised compounds.

Table 15. List of microorganism strains to be used in this study to determine the

antimicrobial profiles of the synthesised compounds.

Group Strain Microorganism
ATCC 14579 Bacillus cereus
ATCC 8188 Bacillus subtilis

ATCC 29213 Methicillin-sensitive Staphylococcus aureus (MSSA)
ATCC 6538p Methicillin-sensitive Staphylococcus aureus (MSSA)
ATCC 43300 Methicillin-resistant Staphylococcus aureus (MRSA)
ATCC 33591 Methicillin-resistant Staphylococcus aureus (MRSA)
ATCC 29212 Enterecoccus faecalis

ATCC 700802  Vancomycin-resistant Enterococcus faecalis (VRE)

Gram-positive

ATCC 25922 Escherichia coli

ATCC 10031 Klebsiella pneumoniae
ATCC 10145 Pseudomonas aeruginosa
ATCC 12022 Shigella flexneri

Gram-negative

IMR Candida albicans
Yeast Clinical isolate Candida albicans

Clinical isolate ~ Candida tropicalis
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3.4.2 Broth microdilution assay (BMD)

Broth microdilution assay was conducted using 96-well microtiter plates as per shown
in the protocol provided by Clinical & Laboratory Standards Institute (CLSI, 2012)
with slight modifications. The synthesised compounds were prepared in 10 % DMSO
in PBS solution. Positive controls used in this study were chloramphenicol (0.25
mg/mL) for bacterial strains and cycloheximide (1.00 mg/mL) for yeast species. Three
negative controls were used, namely blank control (MHB broth only), solvent control
(MHB and 2.5 % DMSO only), and sterility control (MHB and compound only). The
microorganisms were freshly cultured on MHA and inoculated into MHB. The
overnight cultures in MHB were adjusted to match 0.5 McFarland Standard and 100-
fold diluted with MHB. The 96-well microtiter plates were charged with synthesised
compounds per the protocol provided by CLSI with final working concentration
ranging from 1.00 mg/mL to 3.91 pg/mL. Then, the diluted microorganism suspensions
were added into each well and the 96-well microtiter plates were allowed to incubate at
37 °C for 24 hours. The well with the lowest concentration where no growth was
observed (non-turbid) was determined as the minimum inhibitory concentration (MIC).
The clear wells were restreaked onto fresh MHA and incubated overnight. The lowest
concentration where the microorganisms did not grow on MHA was determined as the
minimum bactericidal concentration (MBC). All the experiments were conducted in

triplicates.

3.4.3 Bacterial growth curve

Two selected microorganisms namely B. cereus ATCC 14579 and E. coli ATCC 25922
were used for the study of bacterial growth curve. Overnight bacteria cultures in MHB
were adjusted to match 0.5 McFarland standard. Bacteria were incubated with different
concentrations of Im-71g in Tecan Infinite® M200 PRO where the absorbance of
bacterial suspensions were recorded spectrophotometrically at 625 nm at one-hour
interval for 24 hours. The growth curves were plotted. The experiment was performed

in triplicates.
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3.4.4 Cell leakage assay

Cell leakage assay was performed based on literature method with slight modifications
(Ong et al 2015). The leakage of the intercellular components due to bacterial cell
membrane rupture was measured spectrophotometrically at 260 nm and 280 nm for
nucleic acids and proteins, respectively. Briefly, B. cereus ATCC 14579 and E. coli
ATCC 25922 were cultured overnight in MHB. The bacterial cells were harvested via
centrifugation (10,000 x g, 15 minutes) at room temperature, washed twice, and
resuspended in sterile phosphate-buffered saline solution. The bacterial suspensions
were then adjusted to ODgoo Of 1.5. At time t = 0" hour, MIC of Im-71g and Bz-71g
were added to the adjusted bacterial suspension. Untreated cultures of B. cereus and E.
coli and separate vials containing bacterial suspension treated with DMSO were used
as negative controls. Aliguots of the treated bacterial suspension (200 pL) was removed
at regular time interval (0™, 1%, 2" 4" and 6" hour). Cell supernatants were obtained
via centrifugation (6000 x g, 5 minutes). The absorbance of bacterial cell supernatant
at 260 nm and 280 nm was measured using Tecan NanoQuant Plate™. The experiment

was performed in triplicates.
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CHAPTER 4 EVALUATION OF CELL CYTOTOXICITY

4.1 Introduction

Despite maximum effort was put in clinical research and trials of promising therapies,
cancer remains one of the leading causes of morbidity and mortality for the past decades
(Bailar & Gornik 1997). The occurrence of cancers are due to somatic mutations in the
cells, particularly in the ‘cancer gene’, activating a competitive advantage that allows
these mutated cells to proliferate and grow more rapidly, even in less favourable
conditions, than non-cancerous cells (Weinberg 1996). The cell cycle of a non-
cancerous cells involves programmed cell death, also known as apoptosis, when the
cells are eliminated when damaged or no longer needed, whereas the growth of cancer
cells is not regulated, and they are capable of proliferate uncontrollably with the
possibility of invading neighbouring tissues and eventually metastasise to other organs
(Tandon et al 2019; Vucic 2008). There are many types of cancers that have been
identified, where those that are accountable for most cancer-associated deaths are such

as lungs, breast, colorectal, stomach, and liver cancers (WHO 2014).

Early in the 1840s, an Italian chemist Michele Peyrone (1813 — 1883) successfully
synthesised cis-diamminedichloroplatinum(ll), or commonly known as cisplatin, the
basis of today’s most commonly used family of anticancer drugs (Kauffman et al 2010).
However, its anticancer properties were only discovered later in 1965 by a biophysical
chemist, Barnett Rosenberg. The discovery of cisplatin has completely turned the tide
on how some cancers were being treated, greatly reducing the mortality rate of several
cancer cases, especially testicular cancer. Nonetheless, the severe side effects of
cisplatin which include nausea and nephrotoxicity have limited the dose of the drug that
can be prescribed to patients (Arany & Safirstein 2003). As a result, many cancer cases
ended up being treated with less-than-optimal doses and this leads to the development
of cisplatin-resistance in several cancers. Such alarming issue has urged the need in
searching for alternative compounds to be used in cancer treatment. While several
research groups focus on developing the third generation of cisplatin such as satraplatin
and picoplatin, organic compounds such as imidazolium salts have also created a new
wave of interest, bringing them to the forefront in drug discovery (Olszewski &
Hamilton 2010; Wong & Giandomenico 1999).
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In this chapter, cytotoxicity profiles of the synthesised (benz)imidazolium salts were
reported and discussed. MTT cell viability assay will be carried out to evaluate the
cytotoxicity profiles of the synthesised (benz)imidazolium salts against a list of human
carcinoma cell lines, such as oral (H103), breast (MCF-7), colon (HCT-116) and skin
(HT1080) cancer cells. The synthesised (benz)imidazolium salts were also tested
against a series of human non-cancerous cell lines such as skin keratinocytes (HaCaT),
lung epithelial cells (Beas2B) for selectivity index study. Furthermore, DCFDA
intracellular reactive oxygen species (ROS) assay was also performed using HCT-116

to identify the mode of action of the synthesised (benz)imidazolium salts.

4.2  Results and Discussion

4.2.1 Cell cytotoxicity of pyridine-functionalised (benz)imidazolium salts

MTT cell viability assay was performed to determine the cell cytotoxicity profiles of
the synthesised (benz)imidazolium salts. When viable cells are exposed to MTT dye,
the mitochondrial dehydrogenase of the cells reduces the MTT tetrazolium dyes into
blue formazan crystals. Hence, the higher concentration of blue formazan crystal

indicates higher cell viability.

In this study, four selected human carcinoma cell lines, including H103 (oral squamous
carcinoma), HCT-116 (colorectal epithelial carcinoma), MCF-7 (breast epithelial
carcinoma), and HT1080 (skin fibrosarcoma) were treated to various concentrations of
synthesised (benz)imidazolium salts, ranging from 1.0 to 4.0 uM for 24 hours before
loading the MTT dye. The absorbance values based on the dissolved formazan were
converted to their respective cell viability at different concentration to generate cell
viability-concentration plots. The cytotoxicity profiles of the synthesised
(benz)imidazolium salts were expressed in terms of 1Cso or half maximal inhibitory
concentration, where 50 % of the cell growth were inhibited by the compounds. The
ICso values were summarised and tabulated in Table 16. Cisplatin was used as the

positive control due to its clinically proven cytotoxicity.
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Table 16. Cell cytotoxicity of the synthesised compounds against selected human

carcinoma cell lines, reported as ICso in uM.

1Cs0 (LM)

HT1080 HCT-116 H103 MCF-7
Im-71d > 4.00 3.30£0.18 3.49+0.04 3.70+0.20
Im-71e >4.00 3.06 £0.12 3.08+£0.10 3.65+0.03
Im-71f 3.80+0.41 2.17 £0.09 2.53 +0.03 2.39 +£0.07
Im-71g 1.68 + 0.15 1.40 + 0.06 1.99 £ 0.02 2.38 £0.07
Im-71h 1.07 £ 0.07 0.71 £ 0.03* 1.80+0.14 2.00 £0.08

Bz-71d > 4.00 3.85+0.25 3.70+£0.11 > 4.00

Bz-71e > 4.00 3.36 £ 0.44 3.28+0.31 > 4.00
Bz-71f 3.15+0.15 3.13+0.11 2.53+0.04 3.07 £0.07
Bz-71g 2.86 £0.15 243 +0.20 2.20 £ 0.07 2.62+0.10
Bz-71h 1.92 +0.20 1.23+0.04 1.99+£0.12 1.55+£0.07
Cisplatin N/A 10.78 £ 0.21 6.16 + 0.04 19.78 £ 0.21

*The value was based on extrapolation using the regression curve due to the high

cytotoxicity of the compound against the cell line.

Based on Table 16, all the synthesised imidazolium salts and benzimidazolium salts
were cytotoxic to the selected human carcinoma cell lines ranging from 0.71 to 3.80
UM, except for Im-71d — e against HT1080 and Bz-71d — e against HT1080 and MCF-
7 where no cytotoxicity was observed at highest tested concentration (4.00 uM). The
findings were in agreement to several published reports where imidazolium salts may
have cytotoxicity against selected cell lines with ICso values ranging from 3 — 30 uM
(Wright et al 2015; Yang et al 2019). As mentioned in subchapter 1.4, the previously
synthesised imidazolium salts Im-71a (N-methyl), Im-71b (N-phenyl), and Im-71c (N-
tert-butyl) did not show any cytotoxicity at even higher concentration (40.00 uM). The
results have supported the initial hypothesis, where increasing the carbon number of
the alkyl chain length will enhance the biological properties. For instance, the
lengthening of the alkyl chain length in imidazolium salt derivatives against HCT-116
showed increment in 1Cso value from 3.30 puM (six carbon) to 0.71 puM (10 carbon).
These findings can be evident and supported by other studies where better anticancer
properties can be seen in compound bearing a longer alkyl side chain up to 20 carbons
(Komeda et al 2017; Laha et al 2018; Takahashi et al 2006; Zheng et al 2016). These
findings were also corresponded to reported literatures, where compounds containing

imidazole moieties display anticancer characters that target cancer cells differently,
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which include DNA, vascular endothelial growth factor, mitotic microtubules, histone
deacetylases, receptor tyrosine kinases, topoisomerases et cetera (Ali et al 2015; Ali et
al 2017; Chen et al 2008). Unlike antimicrobial profiles, (benz)imidazolium salts
bearing a decyl R-group produced better cytotoxic properties. This could be due to the
difference in the combined hydrophobicity and electrostatics interactions of the

surfactants on the mammalian cells and on the bacterial cells (Zhang et al 2015).

Like the mode of action in killing the bacterial cells, the tested compounds primarily
acted on cancer cells via penetration of cell membrane, which was evident from the
enhanced cytotoxicity profiles from increasing carbon chain length. The increased
carbon chain length elevated the lipophilicity of the compound, which enabled a better
binding affinity of the compound to the cellular membrane (Fatima et al 2017). As
lipids are one of the major constituents of cell and mitochondrial membrane, it was
assumed that the increased lipophilicity of the compounds increased the bioavailability
of the compounds to invade the cells where they can produce cytotoxicity by inhibiting
cellular respiration and causing loss of adenosine triphosphate (Igbal et al 2013;
Schenkel & Bakovic 2014). Hence, a higher calculated log P value of the compound
will be expected to demonstrate more cytotoxic profile due to its high lipophilicity. This
statement was supported by the experimental data, where Im-71h with CLog P value
of 3.046 showed better cytotoxic profile than Im-71d with CLog P value of 1.268, and
Bz-71h with CLog P value of 4.094 was more cytotoxic to the cell lines than Bz-71d
with CLog P value of 2.316. Furthermore, it was also worth noting that most tested
compounds showed better inhibition of proliferation at lower concentration when
compared to the commercially used cisplatin.

In addition, it was also observable that all benzimidazolium salts have slightly weaker
cytotoxicity when compared to their imidazolium salt analogues as shown in Table 16,
where imidazolium salt analogues were about two-fold more cytotoxic than
benzimidazolium salt analogues against HT1080 and HCT-116 with ICso value of 1.07
and 0.71 uM respectively. Since the same observations were obtained for both
antimicrobial and cell cytotoxicity profiles, it can be deduced that the extended =-
conjugation in benzimidazolium salts with such functional groups will yield poorer
biological properties. Despite of the higher CLog P value calculated for Bz-71h (4.094)
than Im-71h (3.046), the poorer cytotoxic profiles could be explained by that extended

n-conjugation reduced the water-solubility, which leads to inaccurate subcellular
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targeting and obstacles to penetration through the biological barrier such as plasma
membrane and capillary endothelium (Tian et al 2017). However, such statement may
not comply to other types of imidazolium salts or their NHC complexes where, for
instance, a sulfonated benzimidazolium-derived copper NHC complex appeared to be
more cytotoxic to the tested cancer cell line than its imidazolium analogue. Hence, there
is scarce evidence to deduce how the extended n-conjugation in benzimidazolium salts

influence the cell cytotoxicity.

4.2.2 Selectivity index study

Despite that the cytotoxic profiles of tested (benz)imidazolium salts against the selected
cell lines were remarkable, low toxicity to non-cancerous cells was required to ensure
the compounds only selectively targeting the cancer cells. Hence, a selectivity index
study was conducted to compare the cytotoxicity profiles of these compo