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ABSTRACT 2016

Malaria remains a major global health problem and to date, hundreds of thousands of people
die as a result of this disease every year. Malaria has been able to adapt and rebound despite
various efforts made to combat the disease. The decrease in efficacy of many front-line drugs
against malaria, due to increased resistance, prompts investigation into obtaining effective
compounds that are able to overcome this resistance. This study investigated the synthesis,
characterisation and biological evaluation of new quinoline (as antimalarial agents) as well as

non-quinoline (as antitumor agents) based compounds.

Three new ligands based on a 4-amino-7-chloroquinoline moiety with a pendant symmetric
pyrazole arm, N-(2-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-chloroquinolin-4-
amine (LY) , N-(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-chloroquinolin-4-
amine (L? and N-(2-(bis(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)ethyl)-7-
chloroquinolin-4-amine (L®) were successfully synthesized. The ligands L*, L% and L were
then subsequently reacted with Pd?*, Pt?*, Ir** and Rh® metal precursors to afford the
corresponding metal complexes [Cp*Rh"'CI(LY)]"PFs™ (C1), [Cp*Ir"'CI(LY]'PFs (C2) (Cp*
= pentamethylcyclopentadienyl), [Pd"Cl(LY)] (C3), [Pt"Cly(L?)] (C4), [Pd"CI(L?-H)] (C5)
and [Pt"CI(L?-H)] (C6). Characterization of the ligands and complexes were carried out by
using the FT-IR, *H/**C NMR, UV-Vis, ESI and elemental analysis. This study focused on
the preliminary investigation of the antimalarial activity of the designed chloroquine
analogous ligands L*-L> as well as the corresponding metal complexes C1-C6 against NF54,
a chloroquine sensitive (CQS) strain of P. falciparum. L' and L® exhibited the highest
activity of the ligands tested and the complexes C1 and C2 exhibited the highest activity of
the metal complexes with the ICs; values below 20 nM. The chloroquine analogues L*, L?
and L® were subjected to molecular docking studies in order to gain insight into the

interaction of the ligands with the dimeric enzyme, Plasmodium falciparum dihydrofolate
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reductase-thymidylate synthase (PfDHFR-TS), in the binding site of the enzyme. L3

exhibited the highest interaction with protein residues inside the binding site of the enzyme.

In addition to the quinoline analogues, three new non-quinoline based salicylaldimine
ligands, 2-((E)-((thiophen-2-yl)methylimino)methyl)-4-tert-butylphenol  (SLY), 2-((E)-(2-
(thiophen-2-yl)ethylimino)methyl)-4-tert-butylphenol (SL?), 2-((E)-((thiophen-2-
yl)methylimino)methyl)-4,6-di-tert-butylphenol (SL®) appended with a thiophene arm and
two new hydrazinic 1,2-bis(1-(5-methylthiophen-2-yl)ethylidene)hydrazine (SL*), 1,2-bis(1-
(5-bromothiophen-2-yl)ethylidene)hydrazine (SL°) ligands have been synthesized and fully
characterized.  Generic novel salicylaldiminato complexes [Cp*Rh"'CI(SL'] (C7),
[Cp*Ir''CI(SLY] (C8), [Cp*Ru"CI(SL3] (C9), [(dmso)Pt"(SL'] (C10) and [(HCOD)Pt"(SL?]
(C11) have also been successfully synthesized and characterized using a range of
aforementioned spectroscopic and analytical techniques. The molecular structures of the
salicylaldiminato SL* and SL3, azine SL* and SL® ligands with the salicylaldiminato-Rh
(C7), Ir(C8), Pt(C10) and Pt(C11) complexes have been confirmed by single crystal X-ray
diffraction studies. The salicyladimine ligands and corresponding metal complexes were
screen for their cytotoxicity against five different cancer cell lines such as a breast
adenocarcinoma (MCF-7), Human hepatocellular liver carcinoma (HepG2), non-cancer
human fibroblast (KMST-6), non-tumorigenic epithelial cell line (MCF-12). The best ICs

values obtained for all the compounds were for SL* and C10 on all tested cancer cell lines.
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1. Introduction

Malaria is a deadly disease that has been known to cause strife in humans from as early as the
days of Neolithic dwellers, early Chinese and Greeks, princes and paupers [1]. It still
continues to afflict human beings to this day and age, accounting for 150 to 300 million
deaths in the 20™ century alone [2]. The World Health Organisation (WHO), in 2015,
compiled 220 million cases of malarial infections globally with 800 000 reported deaths
(Figure 1.1) [3]. This infectious disease is transmitted by a bite from a female Anopheles
mosquito that carries the protozoan parasite. Five species of the infectious protozoan parasite
that belong to the genus Plasmodium are known i.e. P. falciparum, P. vivax, P. malariae, P.
ovale and P. knowlesi [4,5]. The two common species are P. falciparum and P. vivax, the
former being the most lethal of them all. The fifth species, P. knowlesi, was reported to infect
human in Malaysian Borneo 10 years ago [7]. Countries that bear the most burden nowadays
are those located in the sub-Saharan region of Africa as malaria weighs heavy on the
economies of the poverty stricken countries [8-10]. The fight against malaria has only
intensified after the emergence of the resistance for the advocated first line drug artemisinin
[11,12]. Resistance against artemisinin and derivatives has since spread with cases of

emergence being documented in Thailand and bordering countries [13-17].

Although malaria has been “known”, it was not until the 1800’s that the dawn into the
parasites “life journey” began when Alphonse Laveran discovered the parasite in the blood

stream of an infected patient [18].
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Figure 1.1: Countries around the world where malaria was known to occur in 2015. The
different colour shades denotes malaria prevalence in countries from around the
world. Picture taken from World Health Organization [19].

The other deadly disease that is spread by the bite of a mosquito is Zika virus that is carried
by the mosquitoes from the Aedes genus. This family of mosquitoes have been associated
with the transmission of the deadly known tropical diseases such as dengue, chikungunya and
yellow fever. This is a fairly new virus that was isolated in 1947 in the Zika forest of Uganda
from infected monkeys [20,21]. It was not until 1952 that its first human related case was
reported. Since then, its cases were only recorded mostly in Africa with occasional cases
recorded in Asia [20,21]. In 2014, Chile reported its first Zika virus encounter with other
South American countries such as Brazil, Barbados, Bolivia, Colombia, Ecuador, El
Salvador, French Guiana, Guadeloupe, Guatemala, Guyana, Haiti, Honduras, Martinique,
Mexico, Panama, Paraguay, Puerto Rico, Saint Martin, Suriname, and Venezuela reporting
their first cases since May 2015 [20-22]. Figure 1.2 depicts countries that are affected by the
emergence of the Zika virus. The emergence of this virus has attracted international attention
as Brazil has reported on babies born with microcephaly, a medical condition that causes
shrinkage in the head of babies that result in incomplete brain development. There is no

2
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available medication for the treatment of Zika virus and the only recommended option is

avoiding mosquito bites with the use of mosquito nets and mosquito skin repellents [20-23].

B Reported active transmission

- Reported active transmission

Figure 1.2: Countries and territories that are recently affected by Zika virus. Picture taken
from ref [23].

It is within this perspective that there is high demand to develop low cost antiparasitic drug
candidates that offer diverse modes of action so as to avert resistance while restoring activity

in order to combat the some of the deadliest parasitic diseases such as malaria.

1.2 Life cycle of the malaria-causing Plasmodium parasite

The malaria parasite can be viewed to co-exist in two types of habitats: human beings and
female Anopheles mosquito and its lifecycle revolves around these two innkeepers. The
malaria-causing parasite is transmitted to human beings by the female Anopheles mosquito
(Figure 1.3). The bite from the mosquito thus injects the parasite as threadlike sporozoites
into the bloodstream of the human host. The sporozoites are carried from the bloodstream
into liver cells where they infest liver cells (liver stage infection). Depending on the malaria

parasite, sporozoites (per liver cell) can take more or less than 16 days to mature, divide, and
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produce merozoites [24]. The occupancy of the liver cells as merozoites multiply, ruptures
the liver cell releasing merozoites into the bloodstream to begin what is known as the
erythrocytic stage, where they prey and replicate on the red blood cells (RBCs). In the RBCs
the parasite is at its peak, degrading an enormous percentage of hemoglobin (vide infra,
section 1.3.3). The merozoites mature and transmute into tropozoites that through asexual
replication form a schizont. The cycle is accelerated when inside the infected erythrocyte the
schizont mature and rupture, damaging the host cells and releasing a “new” batch of
merozoites that in turn invade RBC, maintain the erythrocytic phase. In the erythrocytic
cycle, asexual blood parasites differentiate into gametocytes i.e. male and female sexual
forms, which maintain the existence of the parasite through ingestion by the mosquito vector.
As the mosquito feeds on the infected human, it ingests gametocyctes that burst upon
reaching the gut of the mosquito. The transformations inside the gut of the vector results in
sporozoites being formed that eventually migrate and invade the salivary glands of the

mosquito, therefore completing the life cycle [24-26].
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Figure 1.3 Life cycle of the malaria-causing Plasmodium parasite. Image taken from ref [24].

1.3 Antimalarial drugs

1.3.1 Quinolines as antimalarial agents

A variety of the aromatic heterocyclic quinoline compounds have been used as antimalarial
drugs and are available for the prophylaxis of the malaria causing parasite. These aromatic
heterocyclic quinoline compounds can be grouped according to subcategories with similar
structural features. These different structural features permit each subcategory class of

compounds to target the parasite differently as they possess peculiar mechanism that is
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characteristic to each class. This family of aromatic heterocyclic compounds can be grouped

into three subcategories [27]:

(1) Quinoline methanols that include;

— quinine (QN), quinidine (QD), and mefloquine (MQ)

(i) 4-aminoquinolines that include;

— chloroquine (CQ), amodiaquine (AQ), and piperraquine (PQ), and

(iii) 8-aminoquinolines that include;

— primaquine (PQ), pamaquine (PQ’), and tafenoquine (TQ)

1.3.1.1 Quinoline methanols

First antimalaria agents that became known to men were the cinchona alkaloids that were
extracted from the bark of different species of cinchona trees. Although the therapeutic
effects of these cinchona alkaloids were known, it was not until the early 1700s when they
were approved in the European market as antimalarial drugs [28]. The active compound of
this class of cinchona alkaloids; a quinoline methanol, quinine (1.4, QN, Figure 1.3), was
only successfully isolated in 1820 by Pelletier and Caventou and the first total synthetic
pathway of the active quinine was reported in 1944 by Woodward and Doering [29], since
then, several more efficient total synthentic pathways have been reported [30]. Quinine is a
basic aryl amino alcohol that is mostly achieved as a salt [31]. Various forms of the quinine
salts have been prepared, and these include hydrochloride, dihydrochloride, sulphate,

bisulphate, and gluconate salts. Dihydrochloride salt is the mostly used derivative of them all


https://en.wikipedia.org/wiki/Robert_Burns_Woodward
https://en.wikipedia.org/wiki/W.E._Doering
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[28]. As antimalarial properties of quinine were identified, for nearly two centuries it was
used as the only chemotherapeutic agents [32]. The role of quinine and congeners as an
active antimalarial is still evident, as recent publications have reported on its effective use for
treatment of multidrug-resistant malaria parasite [27,33], but its use is still hampered by
severe side effects that include cinchonism, with mild forms including tinnitus, slight
impairment of hearing, headache and nausea [34—36]. Resistance has also been documented
for quinine although it has been observed to build over a span of time with the first case
reported in 1908. Amongst the limitations of quinine that include poor tolerability, poor
compliance with complex dosing regimens, accessibility to more efficacious quinolines such

as chloroquine as antimalarial further limited its use [37].

1.3.1.2 4-aminoquinolines

Chloroquine (1.1, CQ, Figure 1.4) is one of the successfully used heterocyclic aromatic
groups against malaria in the quinoline family. Quinolines have been shown to form a pool of
the most commonly used heterocyclic aromatics as antimalarial agents. Figure 1.4 depicts
some of the prominent organic quinoline-based antimalarials that are either on the

commercial market or clinically approved.

In this family of quinolines, chloroquine (CQ), since its synthesis in 1934 [32], has been the
chief drug in this family of antimalarials. CQ’s activity can be attributed to a delineate nature
of its pharmaceutical properties that renders its use crucial in prophylaxis due to better
effectiveness, low cost of production and reduced toxicity compared to its forerunner QN
that had deleterious side effects. Studies into the physicochemical nature of CQ, AQ, and

Pyronaridine (PD) revealed that at neutral pH, these compounds are diprotonated and
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lipophilic [38] assisting with accumulation to therapeutic concentrations inside the digestive
vacuole of the parasite before the build-up of resistance.. Although resistance has hindered
the activity of this widely used and effective antimalarial in most parts of the world, mostly in
Sub-Saharan Africa, it still retains its efficacy against P. ovale, P. malariae and most cases of
P. vivax malaria [27,33]. Alternatives based on 4-aminoquinolines and amodiaquine

derivatives that would restore activity were developed and reported [39].
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Figure 1.4: Quinoline based antimalarials.

Restoration of the activity of the know parent quinoline-based antimalarials became the

subject of intense investigation for many chemists. These modifications realized the
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importance of the quinoline moiety in the search for new antimalarial that might offer
different modes of action. These efforts, amongst many, led to the synthesis of chloroquine
N-oxide (1.9, Figure 1.5) and 5-azachloroquine (1.10, Figure 1.5) that were reported to be

more potent antimalarials in vivo compared to chloroquine [40].

X | XX
7 AN
|

19 © 1.10

Figure 1.5: Potent chloroquine analogues that exhibit enhanced activity compared to CQ.

Other endeavors aimed at modifying the quinoline moiety by the introduction of electron
withdrawing (NO, and CF3)and electron donating groups such as NH,, OH, OCHs, H and
CHs; on the quinoline scaffold (Figure 1.6). These modifications, like many others, were
observed to bring about a decrease in the potency of these CQ analogues [41,42].
Modification of the aminoquinoline moiety that proved favourable as far as the antimalarial
activity is concerned were the shortening or lengthening of the appended alkyl side chain that
resulted in improved antimalarial activity against CQ-resistant strain of P. falciparum

[43,44].
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Figure 1.6: Bridged alkyl bisquinoline compounds active against malaria and exhibiting
cytotoxicity.

Other ventures included the synthesis of bis-aminoquinolines (Figure 1.7) that were designed
based on the principle that they might be efficaciously retained by the CQ-resistant strain thus
inhibiting the emergence of resistance. This class of CQ-analogues proved effective as they
exhibited activity against CQ-sensitive and CQ-resistant strains while also being cytotoxic
[45-48]. As an expansion to the scope of bis-aminoquinolines, bis-aminoquinolines endowed
with a piperazine moiety were also synthesized and evaluated as antiplasmodial agents. These
included piperaquine (1.13, Figure 1.7), hydroxypiperaquine (1.14, Figure 1.7),
dichloroquinazine (1.15, Figure 1.7), 12,494RP (1.16, Figure 1.7) and 1,4-bis(7-chloro-4-
quinolylamino)piperazine (1.17, Figure 1.7) which were found to exhibit antiplasmodial

activity via a similar mechanism to CQ as they possess the quinoline moiety [49-51].

10
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Figure 1.7: Synthetic antimalarial bisquinoline compounds bridged by the heterocyclic
piperazinyl moiety.

1.3.1.3 8-aminoquinolines

The observation that methyl blue possesses chemotherapeutic effects against the malaria
causing parasite led to analogues of methyl blue where one methyl group was substituted by a
basic side chain that resulted in improved antiplasmodium activity. The notion that a basic
side chain was essential was immediately adopted and the first 8-aminoqunoline compound
plasmoquine (later termed pamaquine) was synthesized in the 1920s by the German research
workers in the Bayer laboratories. The therapeutic effect of pamaquine (1.3, PQ’, Figure 1.4)
was soon realized and it was employed as antimalarial agent in 1926 but severe side effects
namely, toxicity steered researchers into the syntheses of its derivative primaquine (PQ’) that
was used to eliminate refractory hypnozoites (liver reservoirs) of P. vivax and P. ovale

[39,52,53].

11
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1.3.2 Atermisinin and its derivatives

Artemisia annua (sweet wormwood) has been known to be an antimalarial medicine for
centuries by Chinese herbalists, hence the quote “take a handful of sweet wormwood, soak it
in a sheng of water, squeeze out the juice and drink it all.” Ge Hang, AD 340 and in 1971,
the Chinese chemists isolated from the leafy part of the plant its phytoconstituent derivative
artemisinin that was responsible for the remedial antimalarial action [54]. It was not until
1975 that the chemical structure of artemisinin was unequivocally elucidated to be a

sesquiterpene lactone bearing an endoperoxy group [55].

This class of endoperoxides have been shown to be effective in the intervention of cerebral
malaria and CQ- resistant falciparum malaria [56-57]. This remedial activity was attributed to
the effectiveness, nonresistant characteristics, and minimal side effects of artemisinin and its
synthetic derivatives that the WHO has regarded this class of compounds as the “best hope
for the treatment of malaria” [56-57]. Although artemisinin has exhibited antimalarial
activity, this prototype drug has been shown to possess pharmacokinetic limitations viz low
solubility in water or oil, poor bioavailability, and a short half-life in vivo (~2.5 h) [55,58]. To
overcome these shortfalls, three generations of artemisinin-like endoperoxides were
synthesized and it was discovered that active metabolite of artemisinin is dihydroartemisinin
(DHA, 1.21, Figure 1.8) [59-61]. Derivatives of the parent artemisinin drug that have entered
clinical trials are DHA, artemether (1.19), artesunate (1.20), and arteether. The antimalarial
activity of artemisinin and its derivatives have been linked to the endoperoxo bridge that is
inherent to all these compounds (Figure 1.8) as compounds without the endoperoxo bridge
lack the activity that is comparable to artemisinin and derivatives, such as deoxyartemisinin
[62—66]. The general consensus for the antimalarial activity is the reductive split of the

peroxo bridge by reduced heme iron inside the acidic compartment (DV) of the parasite. It is

12
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also suggested that this class of compounds might exert activity through the splitting of the
peroxo bridge by intracellular iron-sulfur redox cluster, thus activating them to kill the

parasite [67,68].
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Artemisinin (1.18, ART) Artemether (1.19) Artesunate (1.20) Dihydroartemisinin (1.21)

Figure 1.8: Artemisinin and its synthetic derivatives.

1.3.3 Mode of action of quinoline compounds

As the plasmodium parasite invades the red blood cells (RBCs), it does so at a cost of
depleting 60-80% of the host heameglobin as the source of nourishment. They degrade
hemoglobin into small amino acids and peptides which aresubsequently transported to the
cytoplasm of the parasite. The degradation of hemoglobin occurs inside the digestive vacuole
(DV) of the parasite (Figure 1.9) [69-71]. The DV of the parasite is located inside cytoplasm
and is the most “unique and sophisticated” proteolytic organelle (Figure 1.9) [72]. The DV is
an acidic compartment (pH 5.0-5.4) and has been demonstrated to be equipped for

hemoglobin degradation [73].
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Figure 1.9: Digestive vacuole of the plasmodium parasite. Picture taken and modified from
ref [74] and [75].

For decades the mechanism of action of the quinoline-based drugs was not fully understood
as conflicting theories suggested different modes of action. The general consensus of
nowadays is that quinoline-based drugs exert activity through the interruption of hemazoin
formation [76,77]. The drug activity of CQ and related derivatives as antimalarial agents is
thus associated with the ability to accumulate inside the DV of the parasite via a mechanism
known as ion-trapping in the intraerythrocytic stage of the malaria parasite [38,76,77]. The
complexity of the mechanism of action has not been disregarded as an array of factors that
govern the accumulation in the DV and influence its potency, but binding to heme or

ferriprotoporphyrin IX (FPIX) as the drug target has been manifested [78-79]. Heme or
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ferriprotoporphyrin 1X (FP1X) is the toxic byproduct produced as a result of hemoglobin
degradation by the parasite. Accumulation of this cytotoxic byproduct inside the DV is not
favoured by the parasite and as such, the plasmodium parasite has evolved and developed an
in situ detoxification mechanisms of sequestrating heme into a non-cytotoxic chemically inert

crystalline malaria pigment, hemazoin, inside the DV [80].
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Figure 1.10: Evolution of understanding chemical structure of hemazoin: (a) linear polymer
[81]; (b) antiparallel polymer chains linked by hydrogen bonds [82]; (c)
centrosymmetric dimers linked by hydrogen bonds [83]. Picture taken from ref
[84].

16



CHAPTER 1: Malaria causing parasite and the constant battle to find a cure | 2016

Earlier studies into the composition and chemical structure of hemazoin were reported in
1987 by Fitch and Kanjananggulpan. They reported on the purification of hemazoin and
showed that it consisted of ferriprotoporphyrin IX (Fe(ll1I)PPIX) residue [85]. They also
linked the chemical structure of hemazoin to synthetic f-haematin. It was not until 1991,
Slater et. al. reported for the first time the elemental analysis data and x-ray diffraction
studies that hemazoin was indeed indistinguishable to the chemical structure of the synthetic
B-haematin [81]. The study proved that the Fe(llI)PPIX molecules are linked through
coordination of the haem propionate group of one molecule to the Fe(lll) center of its
neighbor. They proposed the polymer arrangement/linkage of hemazoin as depicted in Figure
1.10 (a). Bohle et. al. reported on the in situ arrangement of hemazoin and confirmed the
identical nature to p-haematin [82]. The breakthrough into the structure of haematin was
reported by Pogola et. al., in 2000, when for the first time they confirmed the crystal structure
of B-haematin and proved that it was in fact not a polymer but rather a dimer linked through

hydrogen bonding of the propionic acid groups [83].

DNA interaction studies of quinoline-containing drugs, particularly CQ, have shown that
these heterocyclic aromatic groups intercalate into DNA to bring about biological and
physical changes [86-91]. Although it was subsequently concluded that the dominating mode
of action is through the intercalation mechanism, it was later reported that metal congeners of
CQ such as CQ-Ru exerted their activity and interact with DNA through DNA-intercalation

[92].
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1.3.3.1 Structure-Activity relationships for CQ

The activity of the aminoquinoline compounds has been shown to be highly governed and
dependent on the structure of the molecule [41]. The study suggested that in order for the
aminoquinolines and related compounds to act as effective antimalarials they should meet

these requirements:

(1) To form strong complexes with heamatin (Fe(I11)PPIX)

(ii) the ability to inhibit the formation of B-hematin/hemozoin

(ili) and the ability to accumulate to toxic concentrations in the Plasmodium that is

assisted by the presence of the basic side chain

The chemical structure of CQ moiety has been shown to meet all of the above requirements

and the following structure-activity relationships for CQ were proposed by Egan et. al. [41].

Fe(l11)-PPIX
complexing group

e
PO P

N

Weak bases: assist drug

Inhibition of B-hematin accumulation in the
formation ‘_@/ N "| parasites DV

Figure 1.11: Structure-activity relationships (SAR) for chloroguine (CQ).
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The 4-amoniquinoline pharmacophore has been shown to be essential for the m-n stacking
with hematin (Fe(lI1)PPIX) to occur [74,75,84]. Cheruku et al. reported on the carbon
isosteres of CQ (Figure 1.12). The carbon isosteres (1.22 and 1.23) are CQ analogues where
the quinolone and the aniline (4-amino) nitrogen atoms have been replaced by a carbon atom.
These were found to be inactive as antimalarials as no binding to Fe(III)PPIX and no -
hematin inhibitory activity was observed. They also observed that replacing the aniline (4-
amino) nitrogen atom resulted in weak binding affinity to Fe(II[)PPIX and weak B-hematin

inhibitory activity compared to CQ.

1.22 1.23

Figure 1.12: Structure-activity relationships of carbon isoesteres.

Although it has been shown that the positional change of the amino nitrogen atom, to 2- and
4-aminoquinolines, results in the formation of strong complexes with Fe(lII)PPIX, other
positional changes of the amino nitrogen atom, 3-, 5-, 6- or 8-, are not favored and do not

form a strong complex with Fe(I11)PPIX [41].
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The other crucial feature that is necessary for B-hematin inhibition is the chloro substituent at
7-position of CQ. It has been shown that chloro substituent at 7-position is a minimum
requirement for anti-plasmodial activity. Replacing the chloro with the hydrogen (compound
1.24) retains the binding affinity to Fe(ll1I)PP1X but there was no B-hematin inhibition that
was observed. CQ analogues that possess a bromo-(1.25) or an iodo-(1.26) substituent at 7-
position, respectively, were shown to exhibit comparable activity to CQ against the CQ-
sensitive strains with improved activity against CQ-resistant strains compared to CQ. On the
other hand, the removal of the chloro group to 6-(1.27) and 8-position (1.28), respectively,
resulted in decrease of activity or total loss of antimalarial activity. The antimalarial activity
of chloroquine analogues has been associated with lipophilic and moderately electron-

withdrawing groups at 7-position [41,42,44], [93-94].

HNJ\/\/“L HNJ\/\/“KV

X X
X =Br, 1.25
H Z X & X=1126
1.24 // //
N N

HNJ\/\/ ~ HNJ\/\/ ~

X X

= =

N N
1.27 1.28

Figure 1.13: Chloroquine (CQ) derivatives with different position of the chloro group.
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The correlation between the extent of accumulation in the plasmodium DV and the
antimalarial activity has been studied and established [95]. The drug accumulation inside the
DV of the parasite has been shown to be dependent on the basic terminal nitrogen atom.
Although the drug accumulation has been shown to be slightly dependent on the drug-
Fe(I11)PP1X association [78], evidence that supports pH trapping of CQ has been shown to be
crucial for activity and necessitate equilibrium to be reach [42,96]. The pendant side chain
has been shown not to be essential for f-hematin inhibition activity but it has been shown to
be essential for 7-chloro-4-aminoquinoline compounds as the lack of the basic side chain, or
compounds that have an appendant alkyl chain that terminates with a hydroxyl group to have
been shown to exhibit poor antimalarial activity [41]. It was also shown that varying the
length of the side chain, from short (2-3 carbons) and longer (10-12 carbons) of the CQ
diaminoalkyl spacer resulted in increased activity that overcame CQ-resistance while
compounds with (4 — 8 carbons) alkyl spacer exhibited limited activity against CQ-sensitive
malaria strains [43,94,97]. The results and the observations about the relationship between
structure andactivity of CQ vividly indicate the importance of the 7-chloro-4-aminoquinoline
pharmacophore as structural modifications might yield compounds that are able to

circumvent resistance.

1.3.4 Emergence and Spread of drug resistance in malaria parasites

The emergence of resistance was first observed when one of the “old” quinoline-based
antimalarial drug, quinine, was exhibiting signs of ineffectiveness in Brazil in 1908 and the

emergence was documented again in 1938 in German [98]. It was not until 1957 that the
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emergence of resistance against chloroquine was observed in Thailand and later, in 1959, in
the boarder of Colombia-Venezuela. The rapid spread of resistances against anti-malarial
drugs was observed to surface in Sub-Sahara Africa in 1988. Nowadays, the effectiveness of
chloroquine is limited to a small portion of the world populace as resistance rendered it
useless [99-101]. Multiple factors contribute to the emergence and spread of resistance in
Plasmodium parasites, including (i) the mutation rate of the parasite, (ii) the fitness costs
associated with the resistance mutations, (iii) the overall parasite load, (iv) the strength of
drug selection, and (v) the treatment compliance [102]. The emergence of drug resistance in
malaria parasites is indirectly related to the gene mutation rate of the parasite. The emergence
of P. falciparum resistance against chloroquine has been shown to involve the chloroquine-
resistance transporter (CRT) gene [103]. The resistance has been linked to poor accumulation
of the chloroquine drug inside the digestive vacuole of the resistant parasite compared to CQ-
sensitive strain although the reason is unclear and has not been unequivocally substantiated
[104]. A probe into the genetic cross between CQ-resistant and CQ-sensitive strains
identified the P. falciparum chloroquine-resistant transporter (PfCRT) protein as the principal
target for the CQ resistance which is encoded by the PfCRT gene. The PfCRT gene is the one
responsible for encoding a 48.6-kDa protein (PfCRT) consisting of 424 amino acids and this
has been shown to be located on chromosome 7 [105,106]. In all the amino acids of PfCRT
protein, one amino acid mutation Lys76 — Thr (K76T, Figure 1.14) has been associated with
the changes that are observed in CQ-resistant parasites and it is located at position 76. It is
responsible for the observed changes from lysine to threonine (K76T). This was shown to be
found on the first of ten transmembrane domain [105,107]. It was also reported that three
other amino acids namely; Arg’® — Ser, Ala"™ — Thr and Leu’® — Tyr that also

experience the accompanied mutational changes [108]. The assumptions are that the mutated
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K76T is orientated inwards, where it faces the vascular side of the membrane. This mutation
has been suggested to act as an effective efflux pump, where it expels chloroquine effectively
from the DV of the parasite by altering the selectivity [100,109,110]. The effective
mechanism of the efflux-pump by the mutants from the DV is mediated by the PfCRT and is
associated with the reduction of CQ concentration in resistant P. falciparum isolates [111].
Two routes have been suggested that the parasite employs in order to pump out CQ in the
CQ-resistant strains. Warhurst et. al. [112] suggested the first route, where the diprotonated
CQ passively diffuses through the DV assisted by the mutated PfCRT down along an
electrochemical gradient. The second route suggested energy-dependant transport model,
where it was assumed that the PfCRT is responsible for effectively pumping out CQ from the

DV of the parasite [113,114].

oGO0 CO0H

(=]
I alalaTeta e le Lol

“HooonM,

Figure 1.14: Predicted protein structure of PFCRT postulated to possess 10 transmembrane.
Picture taken from ref [108].

23



CHAPTER 1: Malaria causing parasite and the constant battle to find a cure | 2016

1.4 Organometallic complexes as antimalarials

One of the strategies devised as an alternative to the “failing” CQ and relative derivatives as
far as efficacy is concerned when evaluated against CQR strain of the parasite as resistance
built was the modification of the organic moiety of the CQ family. An intergration or grafting
of transition metals was incorporated into the molecular structures of these known organic
frameworks with antimalarial activity. This venture proved to be beneficial due to the
inherent binding capabilities and reactivity of the transition metals that are governed by the
donor/acceptor abilities of the d-orbitals [115]. These structural modifications brought about
by covalently or coordinatively introduction of a metal centre have yielded a range of
metalloantimalarials [116—119]. The rationale aimed at restoring potency of the “primitive”
organic antimalarials through incorporation of a metal-framework was reported to augment
the acitivity [120,121]. This growing field of designing metal-containing CQ analogues has
produced a library of metal complexes with promising antiplasmodial activity [120,122-125].
Organometallic-CQ complexes have been shown to affect biologically relevant properties

such as solubility, lipophilicity and haematin formation [120,126,127].
Some of the metal complexes worth mentioning are discussed in the following subsections.
1.4.1 Platinum complexes

The first cationic platinum based non-quinoline complexes ligated by sterically demanding
aromatic bipyridyl or phenanthroline ligands with dialkyl thioureate were reported by Koch
et. al. (1.29 and 1.30, Figure 1.15) where they showed the propensity of these complexes to
self-aggregate into dimers in a acetonitrile solution, exhibiting a behaviour that has been

observed for porphyrins. They suggested that the dimers aggregated as a result of non-
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covalent = -z stacking interactions between the planar aromatic rings and the cationic- =
interactions induced by the charged complex and aromatic ligands [128]. These observation
were correlated to the possible = -stacking with haematin that is observed with known

aromatic antimalarials such as CQ and the likelihood of these platinum complexes to exert

activity in a similar fashion.

R =H, Ph R =H, Me, 'Bu

Figure 1.15: Mixed-ligand platinum (I1) complexes with pronounced tendency to undergo
self-aggregation in solution

Motivated by the above mentioned observations, a series of similar cationic complexes were
synthesized and evaluated for their efficacy as antimalarial agents against CQ-sensitive (D10)
and CQ-resistant (K1) parasite strain as well as their B-haematin inhibition ability. These
cationic square planar platinum (11) complexes (1.31-1.37, Figure 1.16), endowed with N,N -
bipyridyl and phenanthroline ligands were reported by Egan et. al. [129] and were found to
exhibit antiplasmodial activity that is more than the standard drug CQ under the same

conditions.
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Although they were conceived to exert their activity through the inhibitory mechanism of f-

hematin in the acetate solution, they were disregarded as potential antimalaria agents.
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Figure 1.16: Cationic platinum (1) complexes possessing antimalarial activity.

Coordinative platinum-chloroquine, trans-[PtCl,(CQ),], complexes (1.38, Figure 1.17) were
also prepared and evaluated for their antiprotozoan activity against the CQ-resistant (K1) of
P. falciparum [117]. The trans-Pt(11)-CQ complexes exhibited enhanced activity against the

CQ-resistant strain compared to the reference drug CQ.

To further expand on the scope of the platinum-chloroquine complexes, two research groups
have been tirelessly working to synthesize new trans-[PtCl,(CQ).], trans-[PtCl,(CQDP),]
(1.39, Figure 1.17) and trans-[Pd/Ptl,(CQDP)] (1.40, Figure 1.17) [117,130,131]. The trans-
[PtCIL(CQDP),] and trans-[Pd/Ptl,(CQDP),] complexes were tested for their antiplasmodial

activity against the CQ-sensitive strain (Dd7) and CQ-resistant strain (W2).
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The CQDP was also evaluated as the reference drug against the same strains of Plasmodium
falciparum. The two platinum, (trans-[PtCly/l,(CQDP),;], 1.39 and 1.40, Figure 1.17)
complexes exhibited better activity against the CQ-sensitive strain compared to CQDP with
the exception of the palladium, (trans-[Pdl,(CQDP),], 1.41, Figure 1.17) complexes which
exhibited lesser activity. When the complexes were evaluated against the CQ-resistant strain
(W2), it was again observed that the trans-[PtCl,/I,(CQDP),] complexes were active that the
palladium counterpart although complexes were observed to be more active that the
reference drug CQDP [131]. It was thus extrapolated that platinum and gold complexes
possess a tendency to augment antiplasmodial activity. These metal-CQ complexes exhibited

heightened activity against CQ-sensitve strain compared to CQ-resistant [131].

Figure 1.17: Chemical structures of palladium/platinum chloroquine [trans-Pt(11)X,(CQ)2]
and chloroquine diphosphate [trans-Pt(11)X,(CQDP),] (X = CI" and )
complexes.
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1.4.2 Ruthenium and Gold complexes

Ruthenium is amongst the metal-CQ containing fragments that possess increased activity.
The Ru"-CQ ([RuCly(CQ)],, 1.43, Figure 1.18) analogue as well as the Au'-CQ
([Au(CQ)(PPh3)]PFe, 1.47, Figure 1.19) analogue have been reported to have remarkable
inhibitory index when evaluated against different CQR strains of P. falciparum. Interactive
studies to gain an insight into the mechanism of action of these chloroguine congeners was
undertaken against two crucial targets, Fe(lII)PPIX and DNA, and the study revealed the
inhibitory effect of the metal complexes against the formation of f-haematin [126,132]. This
inhibitory effect of the Ru'-CQ analogues (1.43-1.46, Figure 1.18) was reported to be
effective at acidic medium (<-pH 5) and the extent that the Ru'-CQ metal complex inhibited
heme superseded the standard drug CQ. The observation led to conclusions that heme, at the
water/lipid interface, was the primary target of these Ru"-CQ analogues which can act as a
template for the mechanism of resistance for CQ [133,134]. Physicochemical properties,
solubility, high lipophilicity and basicity, of these metal-containing complexes were
attributed to be the contributing factor for the improved potency and the intrinsic character of

these congeners to decrease resistance.
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Figure 1.18: Ruthenium-chloroquine complexes possessing antimalarial activity.

Derivatives of Au'-CQ ([Au(CQ)(PPhs)]PFs Figure 1.19) were prepared so as to effectively

compare activity [135]. The Au(lll) chloroguine complexes were evaluated in vitro against a

variety of CQ-sensitive and CQ-resistant strains of P. falciparum. The gold derivatives

exhibited antimalarial activity that was comparable to the parent standard drug, CQ, when

evaluated against CQ-sensitive strain and the activity was better for CQ-resistant strains as

compared to CQ. The derivatization of the complexes from Au(l) to Au(lll) and the

modification of the complexes via the change of the counterion and phosphine ligand did not

yield significant activity.
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Figure 1.19: Proposed structure of gold-quinoline complexes.

Recently half-sandwich-CQ complexes (1.49-1.51, Figure 1.20) were synthesized and
evaluated against the CQ-sensitive (D10) and CQ-resistant (Dd2) strains of P. Falciparum
[125]. These coordination compounds were shown to be less potent in vitro compared to their
uncoordinated ligands and a resonable potency was only exhibited by the arene N,O-Ru

complex.
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Figure 1.20: Half-sandwich Ru(I1)-CQ p-cymene complexes

Ruthenocene-chloroquine (1.52 and 1.53, Figure 1.21) analogues were also prepared in order

to draw comparison with ferrocene. The prepared Ru-CQ complexes were evaluated in vitro

against CQ-resistant (K1) and CQ-sensitive (D10) strains of P. falciparum. These complexes

proved to be equally active against both parasitic strain of P. falciparum. The observed

improved activity of the Ru-CQ complexes against CQ-resistant strain indicated the imparted

superiority of these complexes, with the incorporation of the ruthenocene sandwich, to

overcome resistance that has been encountered by the standard parent drug CQ. The activity

exhibited by these complexes was thus observed to be comparable to the ferroquine complex

[136].
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Figure 1.21: Ruthenocene 4-amino-7-chloroquinolines complexes with known antimalarial
activity [136].

1.4.3 Rhodium and Iridium complexes

Rhodium-CQ and Iridium-CQ coordination - complexes are amongst a series of
metalloantimalarial synthesized and evaluated against different Plasmodium falciparum
strains. The first metal-CQ complex synthesized between these two was the [RhCI(COD)]
(COD = cyclooctadiene) (1.54, Figure 1.22) [137]. The coordinative mode of the metal ion
was discovered not to substantially augment the antiplasmodial activity. The Iridium
complexes were synthesized and reported by Navarro et. al. [123]. As observed with the Rh'-
CQ coordination complex, no substantial activity was attributed to the coordination of the
iridium (1.55) metal ion compared to the standard drug CQ when evaluated in vitro against P.

berghei [123].
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Figure 1.22: Rhodium- and Iridium-CQ complexes possessing antimalarial activity.

A series of quinoline derivatives with appended silicon functionality and their generic Ru"
(1.58), Rh' (1.59) and Rh"" (1.60) complexes have been recently reported (Figure 1.23) [138].
This new class of quinoline ligands and corresponding complexes was evaluated against CQ-
sensitive (NF54) and CQ-resistant (Dd2) P. falciparum strains and were reported to be more
potent in vitro than the parent ligands although the complexes were less active against the
CQ-resistant compared to CQ-sensitive strain. The differences in activities against the two
strains of P. falciparum were attributed to the immunity (cross-resistance) experienced by CQ

against P. falciparum.
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Figure 1.23: Organosilicon Ru(l1) (1.58), Rh(I11) (1.59) and Rh(I) (1.60) quinolines.

1.4.4 Ferroquine and derivatives

Although ferrocene was discovered in 1951 [139,140], it was only later that its chemical
structure was elucidated by two independent researcher teams, Wilkinson et. al. and Fischer
and Pfab [141,142]. The scientific and technical community immediately realized the
chemical potential that can be manipulated from the ferrocenyl moiety and as a result, the
chemistry of ferrocene-chloroquine (FQ-CQ) analogues was explored and new
organometallic FQ-CQ complexes, where the ferrocenyl fragment was covalently bound to
the 4-amino-quinoleine moiety including ferroquine (1.65, FQ, Figure 1.25, vide infra), were
evaluated against CQ-sensitive, CQ-intermediate, and CQ-resistant clones of P. falciparum
and one of these 7-chloro-4{[2-(N,N-dimethylaminomethyl)]-N-
methylferrocenylamino}quinoline derivatives, a tartaric acid with better solubility than its

counterparts, exhibited the ability to cooperatively assist to restore activity against CQ-
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resistant clone of P. falciparum [143,144]. Amongst other properties discovered to be
inherent to compounds that possess the ferrocenyl moiety, stability of ferrocenyl moiety in
aqueous and aerobic media, the accessibility to a large variety of derivatives, and its
favorable electrochemical properties that promote its use as a suitable candidates for

biological applications [145-151].

With the rationale indicated above, ferrocenyl derivatives were synthesized and evaluated for
their efficacy as antimalarials. Different classes of antimalarials were thus synthesized by
covalently incorporating the ferrocenyl fragment into the scaffold of known antimalarials
such as artemisinin (1.61, Figure 1.24) [152,153], atovaquone (1.62, Figure 1.24) [154],
mefloquine (1.63, Figure 1.24) and quinine (1.64, Figure 1.24) [155]. The resulting
modifications were not observed to augment the activity of these standard antimalarial drugs,

instead the parent drugs exhibited better activity compared to the ferrocenyl derivatives.
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Figure 1.24: Ferrocene derivatives that possess antimalarial activity.
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The greatest achievement in the fight against malaria was observed with the advent of the
ferroquine complex (FQ, 1.65, Figure 1.25), which is a result of the introduction of the
ferrocenyl moiety covalently in the lateral side chain of the CQ standard drug [156,157]. This
complex, also known as 7-chloro-4-[[[2-[(N,N-dimethylamino)methyl]-N-
ferrocenyl]methyl]amino]quinolone, gained prominence as it exhibited superior antimalarial
activity against CQ-sensitive and CQ-resistant clones that superseded the CQ standard drug
when evaluated against 19 laboratory P. falciparum clones, exhibiting 22- folds of activity
against schizontocides than chloroquine in vitro against a drug-resistant strain of P.
falciparum [156,158]. It was also indicated that the activity is highly dependent on the
position of the ferrocenyl moiety within the lateral side chain of CQ [159] and the activity
was not hampered by the different structural formulations of ferroquine: base, ditartrate or
dihydrochloride salts as the organometallic complex endowed with tartaric acid exhibited

improved solubility and was highly effective [160].

HN N/
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Ferroquine (FQ, 1.65)

Figure 1.25: A potent antimalarial agents that has entered phase-I1 clinical trials, Ferroquine

(FQ).
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Structural modifications of FQ have been undertaken to assess whether derivatives of FQ
might possess enhanced activity compared to already active FQ complex. Thus the basic
tertiary amino group of FQ was varied by covalently introducing different alkyl substituents
such as H, C,Hs, CH3; and FcCH, aimed at augmenting the activity of FQ (1.66, Figure 1.26).
These FQ derivatives were found to exhibit comparable activity to FQ when evaluated
against CQ-resistant strains (Dd2 and W2) of P. falciparum. It was also shown that the
introduction of a secondary ferrocenyl unit was detrimental to the efficacy of the derivatives
as it resulted in decrease activity [161]. Modification of the basic tertiary amino group by
introduction of a secondary amine was seen not to alter the activity much but rather essential
when evaluated against the CQ-sensitive strain, as enhanced activity was observed compared
to CQ [162]. Introduction of the hydroxyl moiety on the terminal nitrogen atom gave the FQ
derivative hydroxylferroquine (1.67, Figure 1.26) and this derivative was shown to exhibit
decrease activity compared to FQ, leading to conclusion that the modification was not
favourable. The positive aspect of these structural modifications was the enhanced activity
displayed by these derivatives in vitro when evaluated against the parasitic P. falciparum

compared to CQ [163].
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Figure 1.26: Ferroquine derivatives that are actively comparable to Ferroquine.

Ferroquine-chloroquine (FQ-CQ) conjugates were also synthesized and evaluated against
CQ-sensitive strain (BH3) and CQ-resistant strain (Dd2) of Plasmodium faciparum. These
conjugates were synthesized in order to gauge the activity and correlate it to different
substitution positions of the ferrocenyl moiety. The salt bridge complex (1.68, Figure 1.27)
was synthesized by direct condensation of the ferrocenecarboxylic acid with CQ [160]. This
conjugate exhibited antimalarial activity although antagonistic effect was observed for the
two fragments. A decrease in activity was reported for the quanternary ammonium cationic
complex (1.69, Figure 1.27) that was achieved as a direct condensation of the
ferrocenylmethyl moiety. This is a consequence of charged species not being able to cross
through the membrane of the parasite, hence the observed decrease in activity for both CQ-
sensitive and CQ-resistant strains of P. falciparum [164]. Substitution of the ferrocenyl
moiety at position C-3 of the quinoline moiety (1.70, Figure 1.27) also resulted in decrease

activity and this was attributed to the bulkiness of the ferrocenyl moiety that hinders the vital

38



CHAPTER 1: Malaria causing parasite and the constant battle to find a cure | 2016

n-stacking between the quinoline moiety and heme. Covalently attaching a ferrocenyl moiety
in the pendant basic side chain of CQ (1.71-1.74, Figure 1.27) produced an observed decrease
in the activity of these complexes as this basic site has been shown to be crucial for B-
heamatin inhibition. The bisquinoline complex (1.75, Figure 1.27) exhibited better activity

when evaluated against the CQ-resistant (Dd2) compare to the CQ-sensitive strain (BH3).
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Figure 1.27: Ferroquine-chloroquine conjugates.
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1.5 Scope of the thesis

Combining two biologically active motifs (pharmacorephores) has been shown to possess the
ability to enhance activity due to the synergistic effect. This strategy has been extent and
explored into the synthesis of new quinoline-based antimalarials. Quinoline has been
investigated in order to devise new potent antimalarial agents that might circumvent the
emergence of resistance and restore activity to the failing drugs and offer an avenue to

antimalarial discovery.

This study was aimed at synthesizing 4-aminoquinolines that possess a pendant pyrazole arm.
The rationale to retain the known biologically active 4-aminoquinoline moiety and endow it
with the pharmacologically active pyrazole is envisioned to accentuate key structural features
in the fight against malaria. As highlighted in this chapter, organometallic complexes have
played a pivotal role in the fight against malaria with the discovery of ferroquine exhibiting
the greatest success with biological properties that overcome cross-resistance in the CQ-
resistant strains of P. falciparum. The advances made by ferroquine, ferroquine derivatives
and other organometallic complexes have led to intense search for organometallic complexes
as only a few metal-complexes that are able to act as effective antimalarials are known. In
that light, we aimed at expanding the search for active organometallic and coordination
compounds that might be effective against known disease, such as malaria and cancer, that

bothers human health.
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1.6 Aims and Objectives

1.6.1 General Aims

The studies of choloroquine analogues/salicylaldimine ligands and corresponding metal
complexes have paved an avenue into the search of new lead compounds in the study of

malaria and cancer. With that in mind, the primary aims of the present study were thus:
1. The synthesis of new chloroquine analogue ligands with a pendant pyrazole arm

2. The chelation of the chloroquine analogue ligands to Pd(ll), Pt(11), Rh(I11) and Ir(I11)

metal ions

3. The synthesis of new salicylaldimine and azine ligands appended with a thiophene

moiety
4. The synthesis of salicylaldiminato-Pt(l1), Ru(ll), Rh(l11) and Ir(I1l) complexes
5. The evaluation of new coordination/organometallic complexes as anti-malarial and,

6. The evaluation of the salicylaldiminato complexes in vitro as anticancer agents
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1.6.2 Specific Objectives

The specific objectives of the study were:

1) To design, synthesize and characterize novel 4-aminoquinolines with pendant

pyrazole arms, L*, L? and-L®

/
I
o5
NH
HN > /\/NH HN/\/N\/\N \

2) To design, synthesize and characterize new salicylaldimine ligands with a pendant

thiophenyl moiety, SL*-SL* and hydrazine derivatives with a thiophenyl moiety SL*-

SL®
AN . ﬁ
W Wl \
N N
OH OH OH
1 SL2 sLS
> m
S N—N s S N—N\ S
SL4 \ \ | SLS \ |
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3) To chelate L' and L? with different metal precursors (Pd", Pt", Rh"' and Ir'") to afford
cationic NN ’-(C1 and C2), neutral NN ’-(C3 and C4), and C,N,N’-(C5 and C6) metal

complexes.

PR 5 (Y

N = N

HN N o HN/\/HTMi N/\/HN N
0 : Jookd
N N~
M = Rh (C1) M = Pd; R = Me (C3) M = Pt (C5)
=1r (C2) M = Pt; R = Ph (C4) M = Pd (C6)

4) To chelatethe salicylaldimine ligands SL*-SL® with different metal precursors (Pd",
Pt", Ru", Rh"" and Ir'") in order to achieve corresponding salicylaldimato metal

complexes, C7-C11

s S N\, s

C7 cs8 C9

D,
= \3/

//S
I\ =

O—pt

C10 Cil1
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5) To evaluate the antimalarial activity of three novel 4-aminoquinoline derivatives L'-

L3 and their corresponding complexes C1-C6

6) To study the proten-ligand interaction of L*, L? and L® with dihydrofolate reductase-

thymidylate synthase with molecular docking

7) To evaluate the cytotoxic activity of three new salicylaldimine ligands SL*-SL* and

generic metal complexes C7-C11 on different cancer cell lines
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2.1 Introduction

Pyrazole compounds and derivatives (Figure 2.1) have attracted considerable attention from
medicinal chemists recently. The ease of synthesis of many differently substituted pyrazoles,
permitting the tuning of their steric and metal complexes, is an important reason for the
popularity of this structural motif. Pyrazoles have relatively poor m-acceptor abilities but are
good m-donors. Their donor properties may be characterized as “hard” which affect the
electronic properties of metal complexes accordingly [1]. This class of compounds has been
investigated for a range of biological activities, such-as anti-inflammatory [2,3], antimicrobial

[4-6], antiviral [7] and antitumor activity [8,9].

There has been a great need to synthesize compounds (organic and inorganic) based on the
classical (arternisinin and its derivatives) and the non-classical (4-aminoquinolines e.g.
chloroquine, primaquine) antimalarial agents that can restore activity and offer different
modes. Glans et. al. [10] and recently Ekengard et. al. [11,12] have reported the bidentate 7-
chloroamino-quinoline containing ligands with salicylaldimine, amino pyridyl, and amino
imidazole moieties as the chelating binding site, and ruthenium and osmium complexes of

these ligands.
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R=a:H;b:2-Cl; c:4-Cl;d: 4N(CH3),; e : 4CHj; f : 4-OCHas; g :3,4-(OCHa),; h : 2,4,6-(OCHs),

R = 2-OH; R' = 4-Cl phenyl; R" = 4-OCH;
R = 4-OH; R' = -C(O)CHg; R"= 2-OCHsz

Figure 2.1: Selected pyrazole derivatives evaluated for their pharmacological activity,
chemical structures reported from references [13-21].
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In this study, we set out to expand the scope of this family of metal-containing chloroquine
derivatives by designing a set of ligands with pyrazole-containing side chains which may
coordinate to suitable transition metals. Here, we report the syntheses and characterization of
N-(2-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-chloroquinolin-4-amine (L%) , N-
(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-chloroquinolin-4-amine (L% and
N-(2-(bis(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)ethyl)-7-chloroquinolin-4-amine (L)
as well as the metal complexes [(LY)Rh(Cp*)CI], C1, [(LY)Ir(Cp*)CI], C2, [(L})PdCI,], C3,

[(L?)PtCI,], C4, and the cyclometallated complexes [(L?-H)PtCI], C5, and [(L-H)PdCI], C6.

2.2 Results and Discussion

2.2.1 Synthesis and Characterization of CQ-analogues, L*-L*
The ligands L*and L?, bearing a sterically different pendant pyrazole arm, and ligand L3, that
is structurally similar to L' except that L® is endowed with two sterically similar pendant
pyrazole arms, were synthesized by reaction of the appropriate chloro-alkyl pyrazole (P1 and
P2) with the primary amine N-(7-chloroquinolin-4-yl)ethane-1,2-diamine (A). The general
synthesis of the new 4-aminoquinoline derivative is shown Scheme 2.1. The ligands were

isolated in good yields as light-brown solids.
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Scheme 2.1: Synthesis of ligand L*, L?and L2,

2.2.1.1 Infrared Spectroscopy

H

N
AN N=
N/ Ll

L3

Infrared spectroscopy was used to investigate the stretching frequencies of the key functional

group that are informative and indicative of a successful elimination reaction between the

chloro-alkyls and the primary amine. Potassium bromide (KBr) pellet was thus used to record

the stretching frequencies of the ligands L'-L%. Formation of the new secondary amine (NH)

bonds for the ligands L*-L* was confirmed by the appearance of the stretching frequencies in
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the region 3230 — 3262 cm™ attributed to the successful amination reaction. The 4-amino, NH
moiety, stretching frequencies were observed in the region 3259-3253 cm™ and the stretching
frequencies characteristic to the C=N quinoline moiety were observed within the range 1616-
1649 cm™, respectively. Infrared spectroscopic data for the ligands is summarized in Table
2.1. The observed stretching frequencies were within reported limits for similar ligands,

confirming the success of the amination reactions [11,12,22].

Table 2.1: Selected Infrared spectroscopy (KBr) data for ligands, L*-L2.

Ligands Stretching frequencies (cm™)

v (N-H)4-amino v (N-H) v (7-CQ)
L 3253 3230 1616m?, 1581s% 1550m?
L2 3255 3259 1615s% 1582s, 1549m?
L 3259 - 1616m° 1578s?, 1550m*

%' m = medium; s = strong; w = weak

2.2.1.2 *H and *C {*H} NMR Spectroscopy

The *H NMR spectra of all the ligands L'-L2 (Figure 2.2, with an insert showing *H and **C
{*H} NMR numbering scheme) were recorded using CD;OD. Analysis of the 'H NMR
spectra of the ligands L*-L> confirmed that the proposed compounds were obtained and were

all in agreement with all the proposed structural formulations.
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4 5 11 16
5 X 2
17
= 1
9
7 N
Ll
4
5
6

Figure 2.2: Chloroquine analogue ligands L*-L2, with insert for *H and **C NMR numbering
system.

The integration of all the proton resonances in the spectrum of L* was consistent with the
mono-alkylated chloroquine analogue when compared with the L3 with two parallel
alkylated pyrazole arms (Figure 2.2). Similar results were observed with bis-alkylated
chloroquine analogues derived from 2-pyridinecarboxaldehyde [10]. The spectrum of L'
(Figure 2.3) and L® (Figure 2.4) showed two distinct singlets resonating close to each other
that are attributed to the —CHj3 substituents at position C-14 and C-16 of the pyrazole.
Alkylating the parent pyrazole removes the tautomeric nature of the pyrazole, in relation to
the equivalence of position C-14 and C-16 of the pyrazole, resulting in resonances observed
at 2.16 ppm (H-17) and 2.27 ppm (H-17"), respectively. The resonances, for both the ethyl
linkers, appeared at 2.97 (H-11), 3.44 (H-12), 3.85 (H-10), 4.27 (H-13) ppm, respectively.
Successful synthesis of L? was confirmed by the appearance of additional multiplet in the
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region 7.28 — 7.53 ppm, ascribed by the presence of the phenyl rings on position C-14 and C-
16 of the heterocyclic pendant arm [23]. Further confirmation of the ligands was done using

Bc{*H}, 2-dimensional homo COSY, 2-dimensional heteronuclear HSQC and HMBC NMR.

The two dimensional heteronuclear {*H-*C}-HSQC and HMBC experiments helped to
unambiguously assign *H and *C nuclei chemical shifts that arose from the presence of an
extra aromatic system in the pyrazole moiety for ligand L2. The {"H-"*C}-HMBC spectra of
L2 exhibited cross-peaks that were assigned to the coupling of H-18. H-19 and H-20 and
further confirmed the existence of quaternary C-14, C-16 and C-17 carbon atoms. The
doublet observed for H-18 showed two interactions with 2 (C-17) and three (C-16) bond

distance quaternary carbons.
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3.84
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Figure 2.3: *H NMR spectrum of ligand L*, with numbering inserts
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Figure 2.4: 'H NMR spectrum of ligand L?, with numbering inserts.

2.2.1.3 Mass Spectroscopy

The parent molecular peaks for all the ligands were confirmed using Electron Spray
lonization Mass Spectrometry (ESI-MS)* in the positive mode. The data obtained was in
agreement with the proposed structural formulations. The ESI-MS molecular ion, {[M] +
H}", for all the ligands was observed to be protonated analogues of the free ligands [11,
12,22]. Summary of the ESI-MS data is given in Table 2.2. The microanalysis data for the

ligands was also within accepted limits for the synthesized ligands further confirming the

successful synthesis of the targeted ligands.
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Table 2.2: ESI-MS data for the title ligands L*-L°,

Ligand Molecular Formula MS*?

(assignment, fragment)

[m/z]
L C1sH22CIN; {[M] + H}" 343.16
L2 CasH3:CIN7 {[ M] + H}" 465.25
L3 CasH27CINs {[ M] + H}" 468.19

& = Electron Spray lonization Mass Spectroscopy.

2.2.2 Synthesis and Characterization of metal complexes, C1-C6.

The half-sandwich complexes [(LHRh(Cp*)CI] (C1) and [(LY)Ir(Cp*)CI] (C2) were
synthesized by reacting L' with [Rh(Cp*)Cl.], and [Ir(Cp*)Cl,]., respectively, in methanol at
room temperature in the presence of one equivalent of NH;PFs. The palladium complex
[(LYPACI,] (C3) was obtained from reacting L' with [PdCl,(COD)] in a mixture of
dichloromethane and diethyl ether in the absence of base. The platinum complex [(L?)PtCl.]
(C4) was synthesized from L? and PtCl,(COD) following the same reaction conditions as for
the synthesis of [(LY)PdCI,] (C3) . The cyclometallated platinum complex [(L2-H)PtCI] (C5)
was the product of the reaction between L? and [PtCl,(DMSO),] in a refluxing mixture of
methanol and toluene with the addition of NaOAc as a base. Under the same reaction
conditions the palladacycle [(L?-H)PdCI] (C6) was produced from the reaction between L?

and [PdCIz(DMSO),], (Scheme 2.2).
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The complexes were stable both on exposure to air and in solution — important characteristics
for any potential biological usage. Thorough characterization of the complexes was done
using various spectroscopic (IR, ‘H-, *C{1H}-, COSY- and HSQC-NMR, ESI-MS)

techniques in combination with elemental (C, H, N) analysis.

toE -
Cp*\l\\/l/ \N
N7 N\ [RhCp*Cl], J
§ l\\l\ + or __MeOH x C1, M=Rh
[IrCp*Cl], NH4PFg C2, M=Ir
=
cl N/ Cl N

H
NH
HN/\/N\/\N HN/\/ \)

N\
\er/ T IS pSEp ey S v §
= Ether c3
=
cl N cl N

7\ -
N NH
Nee + [PtCl,(COD)] __DCM HN > J
Ether o
Q ca

Cl N

N/\/ \/\N \ MeOH!/
+ [MCly(dmso),] _ Toluene
NaOAC SN
reflux C5, M=Pt
C6, M=Pd
CI N cl N/

Scheme 2.2: Synthesis of half-sandwich complexes C1 and C2, coordination compounds C3
and C4, and metallacycles C5 and C6.
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2.2.2.1 Infrared Spectroscopy
Crucial structural information about the functionalities taking part in the chelation of the
synthesized complexes C1-C6 was elucidated by use of infrared spectroscopy. The bidentate
capability of the ligands L* and L? was confirmed by the blue-shift that was observed in the
NH stretching frequency of the free ligand from 3258 cm™ to 3444 cm™ the complexes C1-
C6 as the amine participated in the chelation via the lone pairs of the nitrogen [11,12,22].
There was also an observed blue-shift for the stretching frequencies of the N,,=C
participating in the metal chelation. A similar behaviour has been reported for similar N,N’-
bidentate chelating ligands [23,26]. There were no observable vibrations associated with
coordination of the N-atom of the 7-chloroquine’s moiety [12,22]. The Infrared spectroscopy

results are summarized in Table 2.3.

Table 2.3: Selected FT-IR data for the complexes C1-C6.

Ligands Stretching frequencies (cm™)
LV} (N'H)4.amin0 U (N'H) 1V} (7'CQ)

C1 3240 3439 1610m?, 1580s% 1538m?
C2 3241 3435 1609, 1582s%, 1541m®
C3 3237 3423 1615s% 1581s% 15390m*
C4 3239 3438 1613m?, 1581s% 1542w*
C5 3240 3442 1614m? 1578s% 1530m?
C6 3241 3444 1613m? 1579s% 1550m?

%' m = medium; s = strong; w = weak
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2.2.2.2 'H and *C {*H} NMR Spectroscopy of chloroquine analogues metal complexes,
C1-C6

In the *H NMR spectra of C1, C2 and C3, the only chemical shifts observed where the ones
that correspond to the coordination of the ligand L'to the metal ion via one nitrogen donor of
the pyrazole, Ny, and the alkyl amine, Namine. This was confirmed by the absence of a
significant chemical shift of the H-1 proton, suggesting coordination only at the chelating site
Namine, Npyz [11,12,22]. Coordination of L' to the metal centres (Rh(Ill) = C1, Ir(lll) = C1
and Pd(Il) = C3) resulted in an upfield chemical shift of the protons adjacent to the alkyl
amine, Namine, for the complexes compared to the free ligand. A diastereotopic splitting for
the methylene (CH,) protons adjacent to the Namine Was observed for the complexes attributed
to the bidentate coordination fashion of the ligand L', resulting in a stereogenic metal centre.
A similar pattern where the chemical shifts of the protons adjacent to the coordinating NH
moiety experiencing diasterotopic splitting has been reported for N,N- and N,O-Ru(ll), Os(I1)
Rh(I11) and Ir(111) complexes [12,22,27-31]. In the *H NMR spectrum of C4, no evidence of
the C-H activation was observed in the absence of the activating base (NaOAc). The presence
of a base, especially NaOAc, has been deemed crucial in the isolation of metallacycles as
reported in the literature [43]. In the synthesis of the metallacycles C5 and C6, a slight
excess of NaOAc was used to ensure successful isolation of the intended metallacycles. The
success of the intended metallacyles C5 and C6 was confirmed by the downfield chemical
shifts in the *H NMR spectra of these complexes, attributed to the removal of the electron

density on Pd/Pt-C bond [32,33], that confirms the presence of o (M-C) bond and the

presence of five-membered ring metallacycles (Figure 2.5 and 2.6). In addition, success of
the formation of the Pd/Pt-C was confirmed by the disappearance of the H-18' chemical shift

of the free ligand in the *H and the observed low-field shift of C-18" in the *C{"H} NMR
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spectra of the cyclometallated complexes C5 and C6. Absence of a cross-peak interaction in
the [*H-"3C]-HSQC spectra of cyclometallated compounds C5 and C6 between H-18' and C-
18', observed in the free ligand, further cemented the successful isolation of the metallacyles.
The metallacycles C5 (Figure 2.5) and C6 (Figure 2.5) were successfully prepared using the
cis-MCl,(dmso), (M = Pd(C5) and Pt(C6)) metal (I1) precursors as compared to the synthesis
of complexes C4 employing PtCl,(COD). The choice of using cis-PtCl,(dmso), as the
capable electrophilic cyclometallating agent [34-38] was motivated by the ease of synthesis
of the cis-Pd/PtCl,(dmso), metal precursors as well as their high stability. The alternative cis-
PtCl,(COD) was chosen for synthesis of the N,N - complex C4 because the N,N - compounds
from this platinum source can be isolated as prior steps to the cyclometallating process thus
increasing the overall reaction yields. The N,N’- coordination compounds synthesized from
cis-PtCl,(COD) thus can subsequently be converted to platinacycles in a donor solvent such

as methanol, under reflux, in the presence of sodium acetate base (NaOAc) [37,38].

In the *C{*H} NMR spectrum of the complexes, 9 distinct peaks that are characteristic to
the aromatic quinoline moiety within the region 151-121 ppm. The methylenic (CHy)

chemical shifts were observed as four signals in the region 68-22 ppm (Figure 2.6).
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C5: C,N,N-PdCIL2
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Figure 2.5: 'H NMR spectrum of complex C5, with *H numbering insert.
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Figure 2.6: *C{*H} NMR spectrum of complex C6, with *H numbering insert.
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Table 2.4: Selected *H and “*C{*H} NMR data for complexes C1-C6.

complexes | & (C=N)quin 5 (C"&CH) 3 (3,5-di-Me) 3(3,5-diPh)
1H (13C{ H}) 1H (130{1H}) 1H (130{1H}) 1H
ppm ppm ppm (°c{'H})
ppm
C1 8.02(151.42) 2,58:2.62 2.37;2.45(11.8:14.7) | -
(59.59, 53.12)
C2 8.11(150.92) 2,53:2.57 2.38:2.44(12.4:14.9) | -
(59.59, 53.12)
C3 8.21(150.78) 2,54:2.59 2.33;2.40(12.1;15.2) | -
(53.56;65.21)
C4 8.12(151.02) 2.55:4.43 -
(54.45;69.26)
C5 7.98(151.32) 3.83;4.71 - -(167)
(51.22;67.88)
C6 7.82(151.11) 3.91;4.82 - -(169)
(53.11;69.23)

2.2.2.3 Elemental Analysis and Mass Spectroscopy of C1-C6.

The ESI mass for complex C1 and C2 exhibited the most abundant peaks at m/z 617.44 and
706.75, respectively, which are assigned to the the {[M] - PF6}" fragment ([M] = Rh and Ir)
for each complex stabilized as hexafluorophosphate salt. The palladium C3 and platinum C4
complexes synthesized from ligand L' and L?, respectively, showed the protonated {[M] +
H}" ([M] = Pd and Pt) as the abundant peak with m/z values at 521.17 and 733.97,
respectively. The metallacyles C5 and C6 had m/z values at 473.40 and 660.66 , respectively,

as the prominent peaks corresponding to the {{M]-CI}" fragment ([M] = Pd and Pt).
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2.3 Summary and Conclusions:

In the present work, three new 4-aminoquinoline-pyrazole ligands have been synthesized and
complexes of the generic structures [(L)M(Cp*)] (M=Rh, Ir), [(L)MCI;] and [(L-H)MCI]
(M=Pd, Pt; L=general pyrazole ligand) have been prepared and fully characterized using
spectroscopic (IR, 1H, *C{'H}, 2-dimensional homo COSY, 2-dimensional heteronuclear
HSQC and HMBC NMR and ESI-MS) techniques in combination with elemental (C, H, N)
analysis. The prepared ligands L'-L% and corresponding complexes C1-C6 will be evaluated

as antimalarial agents against the chloroquine susceptible strain NF54.

2.4 Experimental

2.4.1 Chemistry
2.4.1.1 Materials and methods

All reactions were carried out under nitrogen atmosphere using a dual vacuum/nitrogen line
and standard Schlenk line techniques unless stated otherwise. All commercial chemicals,
used herein, were purchased from Sigma Aldrich and used as received. The palladium and
platinum metal precursors, MCIl,(COD) and cis-[M(I1)Cl,(DMSQ),] (M = Pd or Pt) [39-41],
[M(IT)(n5-C1oH15)(n-CI),Cll2, (M = Rh and Ir) [42] were prepared according to the
established protocols reported in the literature. The Solvents were dried and purified by
heating at reflux under nitrogen in the presence of a suitable drying agent. Dichloromethane
was dried over phosphorus pentoxide while hexane was refluxed and distilled from calcium

hydride (CaH). Diethyl ether was dried over sodium wire and benzophenone under nitrogen
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while methanol and ethanol were dried by magnesium wire. Reaction progress and product
mixtures were monitored by IR spectroscopy. Anhydrous magnesium sulphate (MgSO,) was
used for drying the organic layer of organic:water extration. NMR spectra were recorded on a
Varian Inova 500 MHz (Lund University, Sweden) and Bruker 500 MHz (University of the
Western Cape, South Africa) spectrometer using the solvent resonances as an internal
standard for '"H NMR and *C NMR shifts. Infrared spectra were recorded on a Nicolet

Avatar 360 FT-IR spectrometer (Lund University, Sweden). *H and **C chemical shifts (§)

are reported in ppm. The deuterated solvents used are CDCls;, CD3;0D-d4 and DMSO-d6
respectively and coupling constants (J) are given in Hz. All NMR assignments were made
based on one and two dimensional *H and *C{*H} NMR experiments (gradient correlation
spectroscopy gCOSY, Gradient Heteronuclear Single Quantum Correlation gHSQC, and

gradient Heteronuclear Multiple Bond Correlation gHMBC).

2.5 Synthesis

251 Synthesis  of  N-(2-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-
chloroquinolin-4-amine, L*.

N-(7-chloro-4-quinolinyl)-1,2-diaminoethane A (0.200 g, 1.1 mmol) and 1-(2-chloroethyl)-
3,5-dimethyl-pyrazole P1 (0.185 g, 1.0 mmol) were dissolved in ethanol (16 mL) and stirred
for two minutes at room temperature. Potassium carbonate (0.215 g, 1.5 mmol) was added
and the mixture was refluxed for 19 h at 80 °C. The solvent was removed under reduced
pressure before the residue was extracted with dichloromethane and washed with water. The
organic phase was dried over sodium sulfate and evaporated under reduced pressure to yield

the product as a yellow powdery solid. *H NMR (500 MHz, CDs0D) & 8.35 (d, J = 5.6 Hz,

85



Chapter 2: Synthesis and characterization of N,N’- and -C,N,N*-Pd", pt" | 2016
Rh'" and Ir'"" complexes

1H), 8.11 (d, J = 9.0 Hz, 1H), 7.77 (t, J = 4.3 Hz, 3H), 7.40 (dd, J = 9.0, 2.1 Hz, 1H), 6.58
(dd, J = 17.8, 5.6 Hz, 2H), 5.83 (s, 1H), 5.48 (s, 1H), 4.85 (s, 1H), 4.27 (t, J = 6.0 Hz, 2H),
3.85 (t, J = 6.0 Hz, 2H), 3.44 (t, J = 6.4 Hz, 2H), 3.30 (dt, J = 3.2, 1.6 Hz, 3H), 2.97 (t, J =
6.4 Hz, 2H), 2.27 (s, H-10"), 2.16 (s, H-10). *C NMR (101 MHz, CD;0D) § 154.5, 151.4,
149.4, 148.2, 140.9, 134.9, 129.4, 127.3, 122.5, 119.7, 113.0, 105.4, 49.9, 48.7, 48.1, 49.0,
18.0, 11.5. MS (ESI) m/z calc. for C1gH23CINs 344.16420, found 344.16420. MS (ESI*) m/z

calc. for C1gH,,CINs 343.16, found {[M] + H}" 343.16

2.5.2  Synthesis  of  N-(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-
chloroquinolin-4-amine, L2,

L? was synthesized by the same procedure as L' from N-(7-chloro-4-quinolinyl)-1,2-
diaminoethane A (0.7169, g, 3.23 mmol) and 1-(2-chloroethyl)-3,5-diphenyl-pyrazole P2
(0.8862 g, 3.13 mmol) to vyield the product as a tan solid (80%). '"H NMR (500 MHz,
CD30D) & 8.35 (d, J = 5.6 Hz, 3H), 8.11 (d, J = 9.0 Hz, 3H), 7.77 (t, J = 4.3 Hz, 2H), 7.40
(dd, J = 9.0, 2.1 Hz, 2H), 6.58 (dd, J = 17.8, 5.6 Hz, 2H), 5.83 (s, 1H), 5.48 (s, 1H), 4.85 (5,
1H), 4.27 (t, J = 6.0 Hz, 101H), 3.85 (t, J = 6.0 Hz, 97H), 3.44 (t, J = 6.4 Hz, 2H), 3.30 (dt, J
= 3.2, 1.6 Hz, 3H), 2.97 (t, J = 6.4 Hz, 3H), 2.27 (s, 10H), 2.16 (s, 10H). **C NMR (101
MHz, CD3;0D) ¢ 152.18, 151.50, 151.41, 151.02, 148.19, 146.49, 145.07, 135.05, 133.01,
132.64, 130.15, 129.99, 129.51, 129.07, 128.97, 128.91, 128.85, 128.69, 128.58, 128.55,
128.52, 128.43, 128.35, 128.32, 128.03, 127.85, 127.65, 127.52, 126.19, 125.63, 125.38,
125.36, 125.31, 124.76, 122.97, 117.43, 104.46, 103.31, 103.12, 100.90, 99.50, 98.37, 60.55,
51.04, 50.23, 48.27, 48.06, 47.85, 47.63, 47.42, 47.21, 46.99, 44.19, 42.18, 39.18. MS (ESI")

m/z calc. for Co5H3,CIN7 465.24, found {[M] + H}" 465.25
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3C DEPT 135 NMR (101 MHz, CDs0D) & 151.02, 130.17, 129.07, 128.98, 128.91, 128.85,
128.69, 128.58, 128.55, 128.52, 128.43, 128.35, 128.32, 128.03, 127.85, 127.65, 127.52,
126.19, 125.63, 125.38, 125.36, 125.31, 124.76, 122.97, 104.46, 103.31, 103.12, 100.90,

99.50, 98.37, 60.55, 51.05, 50.24, 47.92, 44.19, 42.18, 39.18.

2.5.3 Synthesis of N-(2-(bis(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)ethyl)-7-
chloroquinolin-4-amine, L°.

L3 was synthesized by the same procedure as L* except that two equivalents of P1 was used
from N-(7-chloro-4-quinolinyl)-1,2-diaminoethane A (0.200 g, 1.1 mmol) and 2 mol. equiv.
of 1-(2-chloroethyl)-3,5-dimethyl-pyrazole P1 (0.370 g, 2.0 mmol) to yield the product as a
orange solid ( 80%). *H NMR (500 MHz, CD30D) & 8.35 (d, J = 5.6 Hz, 1H), 8.11 (d, J = 9.0
Hz, 1H), 7.77 (t, J = 4.3 Hz, 40H), 7.40 (dd, J = 9.0, 2.1 Hz, 1H), 6.58 (dd, J = 17.8, 5.6 Hz,
2H), 5.83 (s, 1H), 5.48 (s, 1H), 4.85 (s, 1H), 4.27 (t, J = 6.0 Hz, 2H), 3.85 (t, J = 6.0 Hz, 2H),
3.44 (t, J = 6.4 Hz, 4H), 3.30 (dt, J = 3.2, 1.6 Hz, H), 2.97 (t, J = 6.4 Hz, 4H), 2.27 (s, H-10",
6H), 2.16 (s, H-10, 6H). *C NMR (101 MHz, CD;0D) & 154.5, 151.4, 149.4, 148.2, 140.9,
134.9, 129.4, 127.3, 122.5, 119.7, 113.0, 105.4, 49.9, 48.7, 48.1, 49.0, 18.0, 11.5. MS (ESI*)

m/z calc. for CygH,7CINs 467.1855, found {[M] + H}" 468.19.
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2.5.4. Preparation of (7°-Cp*)N-(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-
7-chloroquinolin-4-amine)chlororhodium/iridium (111) , [RhCICp*(LY], (C1),
and [IrCICp*(LY], (C2).

A mixture of the appropriate metal dimer (Rh, 89.78 mg, 0.145265 mmol; Ir, 97.42 mg,
0.12229 mmol) and the ligand L* (99.9 mg, 0.29053 mmol for Rh; 84.1 mg, 0.24458 mmol
for Ir) and one equivalent of NH4PFg was stirred in dry MeOH (25 mL) overnight at room
temperature. The precipitate formed was filtered, washed with EtOH, Et,O and dried under
reduced pressure. The product was obtained as an orange-solid for Rh (111) and yellow solids

for Ir (111).

[RhCICp*(LY)] (C1): *H NMR (500 MHz, dmso-gs) & 9.20 (s, 1H), 8.56 (d, J = 2.0 Hz,
1H), 8.48 (d, J = 9.1 Hz, 1H), 8.51 —8.32 (m, 8H), 8.23 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 9.2
Hz, 1H), 7.67 (s, 1H), 7.58 (s, 1H), 7.49 — 7.33 (m, 3H), 7.21 (s, 1H), 6.57 (dd, J = 11.1, 5.4
Hz, 2H), 5.59 — 5.46 (m, 1H), 5.35 (s, 1H), 4.31 (d, J = 19.3 Hz, 3H), 4.04 (s, 7H), 3.52 (t, J
= 6.2 Hz, 1H), 3.42 (dd, J = 13:8, 7.0 Hz, 1H), 3.38 = 3.24 (m, 4H), 3.07 (t, J = 6.3 Hz, 1H),
2.52 — 2.45 (m, 4H), 2.32 (d, J = 12.1 Hz, 3H), 1.76 — 1.70 (m, 1H), 1.71 — 1.65 (m, 1H), 1.64
—1.56 (m, 3H), 1.55 — 1.45 (m, 3H), 1.11 — 0.99 (m, 3H). **C NMR (101 MHz, dmso-g¢) &
179.92, 155.67, 152.42, 147.09, 135.72, 128.58, 126.83, 125.41, 123.23, 118.94, 116.45,
100.39, 95.44, 49.81, 42.28, 39.48, 7.72. MS (ESI") m/z calc. for CasHssC L2FgNsPRh

762.40, found {[M] - PF6}" 617.44

[IrCICp*(LY] (C2): *H NMR (500 MHz, dmso-g) & 9.20 (s, 1H), 8.56 (d, J = 2.0 Hz,
1H), 8.48 (d, J = 9.1 Hz, 1H), 8.51 — 8.32 (m, 8H), 8.23 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 9.2
Hz, 1H), 7.67 (s, 1H), 7.58 (s, 1H), 7.49 — 7.33 (m, 3H), 7.21 (s, 1H), 6.57 (dd, J = 11.1, 5.4
Hz, 2H), 5.59 — 5.46 (m, 1H), 5.35 (s, 1H), 4.31 (d, J = 19.3 Hz, 23H), 4.04 (s, 1H), 3.52 (t, J

= 6.2 Hz, 1H), 3.42 (dd, J = 13.8, 7.0 Hz, 1H), 3.38 — 3.24 (m, 4H), 3.07 (1, J = 6.3 Hz, 1H),
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2.52 — 2.45 (m, 4H), 2.32 (d, J = 12.1 Hz, 3H), 1.76 — 1.70 (m, 1H), 1.71 — 1.65 (m, 1H), 1.64
—1.56 (m, 3H), 1.55 — 1.45 (m, 15H), 1.11 — 0.99 (m, 3H). *C NMR (101 MHz, dmso-¢) &
179.94, 167.13, 155.00, 152.42, 147.10, 136.09, 128.56, 126.83, 125.41, 123.23, 118.93,
100.42, 95.06, 61.17, 50.18, 42.28, 39.78, 11.63, 8.09, 7.34. MS (ESI") m/z calc. for CgH3C

LFNsPIr 851.71, found {[M] - PF6}" 706.75.
[IrCICp*(LY)] (C2), stability test: after 24 hours in DMSO stock solution.

'H NMR (500 MHz, dmso-dg) & 9.20 (s, 1H), 8.56 (s, 1H), 8.49 — 8.39 (m, 17H), 8.34 (t, J =
9.7 Hz, 10H), 8.08 (d, J = 9.4 Hz, 2H), 7.78 (d, J = 5.7 Hz, 12H), 7.64 (s, TH), 7.54 (s, 1H),
7.44 (dd, J = 19.1, 9.1 Hz, 23H), 7.22 (s, 3H), 7.10 — 7.07 (m, 1H), 3.51 (t, J = 5.9 Hz, 2H),
3.07 (t, J = 6.1 Hz, 2H), 2.98 (s, 9H), 2.42 — 2.28 (m, 7H), 1.65 — 1.56 (m, 15H), 1.51 (d, J =

12.9 Hz, 3H).

255 Preparation of (N-(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-
chloroquinolin-4-amine)dichloropalladium/platinum (11), [PdCl,(LY)], (C3), and
[PtCIy(L%)], (C4).

To a suspension of cis-[Pt/PdCI,(COD)] (65.6 mg, 0.15534 mmol for Pd; 70.1 mg, 0.1658
mmol for Pt) in a DCM solution (10 mL), L* (72.7 mg, 0.15534 mmol for Pd) and L? 0.1658
mmol for Pt) was added to a solvent mixture of MeOH: toluene (25 mL, 1: 12) and the
reaction mixture was refluxed for 12 h while being monitored by TLC. When it was deemed
complete, the reaction mixture was concentrated to dryness. The precipitate formed was
subsequently dissolved in dry DCM and filtered through celite. The resulting filtrate was then
evaporated to yield a residue that was purified by column chromatography {Al,Os,

hexane:CH,Cl, (75:25)}, to obtain the respective metal complexes as yellow solids.
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[PACI,(LY] (C3): *H NMR (500 MHz, DMSO) & 10.18 (s, 1H), 8.46 (dd, J = 11.4, 6.5
Hz, 2H), 8.31 (s, 1H), 7.84 (s, 1H), 7.65 (s, 1H), 7.53 (s, 1H), 6.80 — 6.56 (m, 3H), 5.66 (d, J
= 7.6 Hz, 1H), 5.48 (s, 4H), 3.63 (t, J = 8.3 Hz, 3H), 3.10 (d, J = 5.9 Hz, 4H), 2.48 (s, 1H),
2.28 (s, 1H), 1.97 (s, 1H). *C NMR (101 MHz, CDs0D) & 167.43, 131.58, 130.48, 128.59,
128.38, 128.27, 128.13, 128.11, 127.89, 127.34, 125.25, 125.01, 103.07, 67.50, 48.66, 42.99,
39.24, 17.88, 10.77. MS (ESI*) m/z calc. for CogHpC L3NsPd 521.17, found {[M] + H}*

521.17.

[PtCI,(LA)] (C4): 'H NMR (500 MHz, pyridine) & 8.07 (d, J = 8.9 Hz, 1H), 7.48 (d, J =
5.5 Hz, 1H), 7.44 (d, J = 5.3 Hz, 1H), 7.11 (s, 1H), 7.05 (s, 1H), 6.37 (s, 4H), 6.24 (d, J = 7.0
Hz, 1H), 6.00 (s, 1H), 5.35 (dt, J = 17.0, 8.4 Hz, 1H), 4.65 (s, 1H), 4.51 (s, 1H), 4.48 (s, 1H),
4.36 (s, 3H), 3.18 (s, 1H), 3.05 (t, J = 6.0 Hz, 1H), 2.84 — 2.73 (m, 2H), 2.65 — 2.58 (m, 2H),
2.43 (d, J = 32.2 Hz, 1H), 2.29 (s, 1H), 2.19 (s, 1H), 2.10 (d, J = 6.6 Hz, 1H), 1.93 (d, J = 6.7
Hz, 1H), 1.05 (d, J = 7.0 Hz, 3H). *C NMR (101 MHz, CD;0D) & 167.59, 131.58, 130.48,
128.60, 128.40, 128.29, 128.09, 128.05, 127.87, 127.26, 125.25, 125.01, 103.07, 67.49,
49.72, 41.54, 38.14, 29.74, 29.48, 28.91, 28.27, 28.27, 23.05, 22.17, 12.89, 9.88. MS (ESI")

m/z calc. for CagHa6C L3NsPt 733.97, found {[M] + H}" 733.97.
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2.5.6 Preparation of cyclometallated Pd (I1)(C5) and Pt (11)(C6) complexes

The complexes were synthesized using a modified literature procedure [43]. Briefly, a
suspension of cis-[Pt/PdCI,(DMSO0);] (65.6 mg, 0.15534 mmol for Pd; 70.1 mg, 0.1658
mmol for Pt) in a DCM solution (10 mL), L? (72.7 mg, 0.15534 mmol for Pd; 0.1658 mmol
for Pt) was added to a solvent mixture of MeOH: toluene (25 mL, 1:12) and 1 mL solution of
NaOAc (16.4 mg, 0.2 mmol) and the reaction mixture was refluxed for 12 h while monitored
with TLC. After deemed complete, the reaction mixture was concentrated to dryness. The
precipitate formed was subsequently dissolved in dry DCM and filtered through celite. The
resulting filtrate was then evaporated to yield a residue that was purified by column
chromatography {Al,Os3, hexane:CH,Cl; (75:25)}, to obtain the respective metal complexes

as yellow solids.

25.6 [Pd{i*-C.N,N’-{[1-(CH2);NH(CH,),NH-4-CQ}-3-(CsH.)-5-Ph-pzol])}C (LA)] (C5)

'H NMR (500 MHz, CDC l5) § 7.85 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 7.4 Hz, 1H), 7.64 (dd, J
= 5.5, 3.3 Hz, 2H), 7.46 (dd, J = 5.6, 3.3 Hz, 2H), 7.41 (t, J = 5.3 Hz, 2H), 7.35 (dd, J = 14.2,
7.1 Hz, 2H), 7.30 — 7.22 (m, 3H), 6.99 — 6.91 (m, 1H), 6.61 (d, J = 7.9 Hz, 1H), 6.53 (s, 1H),
5.23 (s, 2H), 4.79 (t, J = 7.5 Hz, 1H), 4.41 — 4.34 (m, 3H), 4.15 (qd, J = 10.9, 6.0 Hz, 3H),
3.89 (t, J = 6.6 Hz, 3H), 2.10 (s, 1H), 1.40 — 1.32 (m, 4H), 1.26 (dt, J = 47.1, 20.5 Hz, 3H),
0.84 (dd, J = 13.8, 6.4 Hz, 2H). *C NMR (101 MHz, CDs;0D) & 167.60, 131.59, 130.49,
128.41, 128.29, 128.10, 128.06, 127.88, 127.27, 125.02, 103.08, 77.32, 77.00, 76.67, 67.50,
49.73, 48.22, 48.01, 47.79, 47.58, 47.37, 47.16, 46.94, 41.55, 38.15, 29.70, 29.46, 28.91,
28.23, 23.06, 22.18, 12.89, 9.89. MS (ESI*) m/z calc. for CasHysC L°NsPd 608.85, found
{[M]-CI}* 573.40.
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2.5.7 [Pt{x*-C,N,N -{[1-(CH2),NH(CH>),NH-4-CQ}-3-(CsHa)-5-Ph-pzol])}C (L?)] (C6)

'H NMR (500 MHz, CDC I5) & 7.85 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 7.4 Hz, 1H), 7.64 (dd, J
= 5.5, 3.3 Hz, 2H), 7.46 (dd, J = 5.6, 3.3 Hz, 2H), 7.41 (t, J = 5.3 Hz, 10H), 7.35 (dd, J =
14.2, 7.1 Hz, 2H), 7.30 — 7.22 (m, 3H), 6.99 — 6.91 (m, 1H), 6.61 (d, J = 7.9 Hz, 1H), 6.53 (s,
1H), 5.23 (s, 2H), 4.79 (t, J = 7.5 Hz, 1H), 4.41 — 4.34 (m, 3H), 4.15 (qd, J = 10.9, 6.0 Hz,
3H), 3.89 (t, J = 6.6 Hz, 3H), 2.10 (s, 1H), 1.40 — 1.32 (m, 3H), 1.26 (dt, J = 47.1, 20.5 Hz,
2H), 0.84 (dd, J = 13.8, 6.4 Hz, 48H). *C NMR (101 MHz, CD;OD) § 168.19, 132.16,
131.08, 129.19, 129.00, 128.87, 128.68, 128.64, 128.46, 127.84, 125.83, 125.57, 103.63,
77.93, 77.80, 77.61, 77.29, 68.05, 50.29, 48.77, 48.56, 48.35, 48.13, 47.92, 47.71, 47.50,
42.14, 38.73, 30.28, 30.01, 29.50, 28.81, 23.63, 22.77, 13.46, 10.45. MS (ESI*) m/z calc. for

CasH25C L?NsPt 696.11, found {[M]-CI}" 660.66.
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3.1 Introduction

In 1864, Hugo Schiff synthesized a class of flexible ligands that were subsequently named in
honor of him [1]. The Schiff base ligands were successfully synthesized from an amine and a
carbonyl compound bynucleophilic addition resulting in a hemi-aminalfunctionality that is
subsequently dehydrated in situ to producean imine functionality (vide supra). These ligands
possess an inherent characteristic structure that can be depicted as RR;C=NR; (R =R; = R3=
alkyl, aryl, or hydrogen). The difference in the R substituted group separates these ligands
into different subgroups of the same class. Aldimines (R-CH=NR;) are a subgroup that have
R as an alkyl or aryl and R; as a hydrogen atom. Compounds where both substituent’s ( R =
R1) are alkyls or aryl groups are referred to as ketimines. Different subgroups of Schiff base

ligands are shown in Figure 3.1.

N N=—

@C\ . e
N

Salicylaldime-type Salen-type
N
O Wan\
N—R N N—R
Diimine-I Diimine-II

Figure 3.1: Different subclass of Schiff base ligands.
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The type of subgroup that is of interest in this study is the salicylaldimine that have two
hetero-donor sites that constitute of oxygen and nitrogen for chelation to the transition metals.
Metal complexes anchored by Salen-type Schiff base ligands (Figure 3.1) have been
extensively studied and employed as catalyst precursors and these include Pd'(Salen),
Pt"(Salen), Ru'(Salen), Co"(Salen) and zn"(Salen) complexes and early metal complexes,
Ti"(Salen) and Zr''(Salen), based on a chiral salen ligands just to mention a few that were

varied according to the steric demand of the Salen ligand [2,3].

Recently, salicylaldimine/salen-metal complexes have also found a niche as
metallomesogens; these include the Ni"L,, Cu'L,, VO"L, and [La(L)x(L-H)][NOs], (L =
salicylaldimine ligand and L-H = zwitterions form of the salicylaldimine ligand) [4-6],
extensively studied as biomimentic biological model compounds such as [(Mn'(Salen),
Cu'(Diimine-11)im and dinunclear diimine complexes [Cu,(apy-pol);]**, and [Cua(sal-
pol)2]**, Im = Imidazole,) [7-9], and as metal complexes that are able to act as antimicrobial
agents (Co"™", cu", Ni", Zn" metal precursors that are based on mercapto- and thiazole-
derivide furaly, thiophenyl, pyrrolyl, salicylyl, pyridinyl, and nicotinic-acid Schiff-base

ligands) [10-14].

Furthermore, structural modifications of Schiff-bases in order to afford tridentate
coordinating [N,O,S] ligands have inspired biomimentic studies of metal (Schiff-base)
complexes that are capable of modelling the copper-containing enzymes. These biomimentic
models include the Cu' complex that is based on the tridentate (2-pyridylmethyl)imine and (2-
pyridylmethyl)amine ligands and the oxo-bridged Cu' complexes based on N3Ss thianisole
ligands [(L*™)cu'T*, [(LE®)Cu'T", [(LECB)CU'T", (LASM= (2-(methylthio)-N,N-bis((pyridin-2-
yl)methyl)benzenamine)), the same annotation reported in the literature for the tridentate
ligands and corresponding copper complexes is herein used; LFSE= 2-ethylthio-N,N-
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bis((pyridin-2-yl)methyl)ethanamine) and LEOF= (2-ethoxy-N,N-bis((pyridin-2-
yl)methyl)ethanamine)) [15-18]. Investigation of benzothiazolyl-, bis-thiazolyl and valinyl
Schiff-base with Ni", Cu", Zn" and Co"" metal complexes as candidates to model biological

systems has recently been under the spotlight [19-22].

Sulphur containing heterocyclic compounds are playing a major role in the process of
synthesizing new pharmaceuticals. One class of compounds lately studied are the
heterocyclic thiophene compounds that have been shown to be effective pharmacological
agents that possess biological activities such as anti-inflammatory, antifungal and
antimicrobial. Another class of aromatic heterocyclic compounds that have recently received
attention as pharmacological agents is the benzothiophene and its derivatives.
Benzothiophene and related derivatives have been shown to be potent antibacterial,
antifungal and anti-inflammatory agents [23-25]. Thiophene containing heterocyclics based
on a polymer scaffold have also found a niche as chemical sensors [26-28], optoelectronic
devices that are based on organic alkyl-substituted oligothiophenes and fused thiophenes that
are employed as thin film transistors [29-30], novel drug candidates [31] and bio-diagnostics
devices that are either based on an electrostatic polythiophene transducer and a fluorescent
able amino acid probe for DNA tagging or a fluorescent signal amplifier in order to detect

nucleic acids [32,33].

This chapter details the synthesis, characterization, and molecular structures of novel
platinun-, ruthenium-, rhodium- and iridium salicylaldimine/ketimine ligands with a pendant

thiophene arm. Spectroscopic (FT-IR, *H and *C{1H} NMR) techniques in conjuction with
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analytical (C,H,O) techiniques were employed in order to gain insight into the structural

formulations of the ligands SL*-SL> and the corresponding metal complexes C7-C11.

3.2 Results and Discussion

3.2.1 Synthesis and characterization of N,O-salicylaldimine ligands, SL*-SL>.

The new N,O-salicyladimine ligands SL*-SL* with a varied pendant thiophene arm were
prepared by a modified literature method [34-37]. Substituted 3- or 3,5-'Bu-
salicylaldehyde(s) was reacted with a desired heterocyclic amine (Scheme 3.1) using a Schiff
base condensation reaction (Scheme 3.2, general reaction mechanism for the formation of a
Schiff-base). The formation of the intended imine (C=Ninine) functional group with time was

monitored by TLC and infrared spectroscopy.

b
Il
-
vl
c
s
53
I
N

Reagents and reaction conditions:
(i) dry MeOH, anhydr. MgSQOy,, r.t, 24 hr

sL3 - E\:

Scheme 3.1: Synthesis of N,O-salicylaldimine ligands, SL*-SL3,
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Scheme 3.2: Mechanistic outline of a general Schiff-base condensation reaction.

The salicyladimine ligands SL*-SL® were separated from a methanolic solution after 12h at
room temperature in the presence of anhydrous MgSO, that was employed to quench the by-
product water (depicted in Scheme 3.2). The successful recovery of the prepared ligands was
subsequently extracted using a liquid-liquid (water/dichloromethane) system in order to
remove unreacted starting reagents. These ligands, SL*-SL® were isolated as yellow
crystalline solids in good yields (Table 2.1). The ligands, SL'-SL?, are all soluble in most

organic solvents such as dichloromethane, methanol, toluene, diethyl ether and
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dimethylsulfoxide. Spectroscopic (IR, *H, *C{1H} NMR) and analytical data (Elemental
Analysis and Mass Spectrometry) techniques were employed in order to confirm the

proposed structural formulations.

3.2.1.1 Infrared Spectroscopy of the N,O-salicylaldimine ligands, SL*-SL>.

In order to successfully confirm the Schiff base condensation reaction, Infrared Spectroscopy
was used to probe and monitor the key structural features that become evident in the
formation of the salicylaldimine ligands. The spectra of these salicyladimine ligands SL*-SL3
were recorded using KBr pellets. The stretching frequencies characteristic of a hydroxyl
moiety were observed in the region 2900-3050 cm™ as broad “indicative” bands for all the
ligands. The appearance of a strong stretching vibration at 1634, 1644, and 1637 cm™ (Table
2.2) for the ligands SL*, SL? and SL?, respectively, were assigned to the imine (C=Nimine)
stretching vibrations [38]. The possibility of tautomerism between the hydroxyimine and
keto-amine structures as depicted in Scheme 3.3, was ruled out due to the absence of the
stretching vibrations of the starting carbonyl (~1700 cm™) and amine (~3300 cm™)
functionalities, respectively. These normally suggest the occurrence of tautomerism of the
two in solution. The spectroscopic data obtained for the ligands SL*-SL® was in accordance
with the observation of similar NH O and OHN system that indicated the favourable

formation of a hydroxyimine than the keto-imine as depicted in Scheme 3.3 [39].
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Scheme 3.3: Possible tautomerism of the hydroxyimine (SL*, left) to the keto-amine (right).

Table 3.1: Infrared data of the N,O-salicylaldimine ligands, SL*-SL>.

Ligands U(C:N)imine : U(C:C)heterocyc . U(OH) 2 U(C-S-C) a Yield
(%)
SL! 1634 1504 2955 1319 88
SL? 1644 LoCH 3050 1322 90
sL® 1637 1505 2980 1320 85

2 = stretching frequencies in cm™

The heterocyclic ring absorption bands (C-S-C) for the ligands were observed in the range
1319 -1321 cm™ (Table 3.1) and these are in agreement with the reported literature values for
ferrocenylimine and salicylaldimine ligands with a heterocyclic (thiophenyl and furyl)
pendant arm [40-42]. The presence of a heterocyclic ring in the ligands was also supported by

observed bands in the region 1504-1507 cm™, that are characteristic for a C=C stretching
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vibrations of the heterocyclic frequency, especially thiophenyl. Similar observations have

been reported for ferrocenylimine ligands with a pendant thiophenyl arm [41,42].

3.2.1.2 *H and **C {H} NMR spectroscopy of N,O-salicylaldimine ligands, SL*-SL3

All of the 'H and *C{*H} NMR spectra of the synthesized N,O-salicylaldimine ligands,SL"-

SL3, were recorded in deuterated chloroform (CDCls).

The 'H NMR spectra of all the ligands, SL*-SL® exhibited characteristic azomethine
(HC=N) resonances. The appearance of the a singlet peak observed within the range of 8.43-
8.45 ppm was thus attributed to the presence of an azomethine functionality. The formation
of the azomethine (C=N) functionality resulted in imparted increase in the electron density
between the C and N atoms, causing.an up field shift in the resonance of the protons of the
azomethine (HC=N) functionality relative to the proton of unreacted aldehyde that normally
appear downfield at approximately 10 ppm. These chemical shift values are in good
agreement with those reported for similar salicylaldimine, salen and salophen type Schiff-
base ligands (Figure 3.1) [40]. The hydroxyl (HO-) protons were observed downfield in the
range 12.99- 13.60 ppm for the ligands reported herein. This downfield appearance of the
hydroxyl protons for these ligands SL*-SL> (Table 3.2) can be attributed to the intramolecular
hydrogen bonding (OH~N), that has been observed to govern the appearance of a downfield
hydroxyl signals in similar salicylaldimine ligands [43]. The chemical shifts of the
methylene arm (=N-CH,) for ligand SL* and SL> appeared as singlets at 4.68 ppm and 4.81

ppm, respectively, compared to the 4.00 ppm signal of the heterocyclic amine starting
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material, thus reflecting a downfield shift in the alkyl protons upon successful condensation
reaction. The two triplets observed at 3.20 ppm and 3.71 ppm in SL? confirmed the presence
of an ethylene arm (=N-CH,CH,) in the ligand [41,42] and the appearance of triplets
indicated vicinal proton-proton coupling. The presence of the electron rich ethylene arm in
ligand SL? influences the appearance of the signals upfield compared to the downfield
appearance of the signals that correspond to the methylene arm for SL' and SL®. The
analytical purity of these ligands was further confirmed by the absence of signals at 2.20 ppm

and 9.90 ppm, which would represent unreacted -NH; and -CHO groups respectively.

OH N

8 10
11
Xy 12
2;14

1312 14 13

©o

T T T T T T T T T T
8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 10

s ETEEN ||
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Chemical Shift (ppm)

Figure 3.2: 'H NMR of N,O-salicyladimine ligand SL* with insert for *"H NMR numbering
scheme.
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Figure 3.3: 'H NMR of N,O-salicyladimine ligand SL* with insert for *H NMR numbering
scheme.

Table 3.2: '"H NMR spectral data (8 in ppm) in CDCl3 (unless noted otherwise).

Ligands 3(C=NH)imine 6(O'H)heterocyc
SL! 8.42 12.91
SL? 8.30 13.08
sL® 8.43 13.51

In the *C NMR analysis of the ligands, the characteristic signals for the iminic carbons
appeared between 161.9 ppm and 163.3 ppm, which is within the range 161.8 — 165 ppm for
similar salicylaldimine compounds [40,44]. The signals for the imine carbons also revealed
an upfield shift compared to the unreacted aldehyde carbons, vividly confirming the presence
of C=N bond. The carbon signals for the methylene arm in SL*and SLappeared at 57.4 ppm
and 59.4 ppm, respectively. The two signals for the ethylene arm in SL?appeared at 63.1 ppm
and further upfield at 31.5 ppm. The two carbon signals in SL? differ greatly because the
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deshielding effect of the nitrogen atom becomes less pronounced as the length of the alkyl
chain increases. These observations are consistent with those of similar compounds where the
ethyl linker was reported to have a similar influence for ferrocenylimine and salicylaldimine

ligands with an appended heterocyclic moiety [40,44,45].

Table 3.3: *C{*H} NMR spectral data (& in ppm)in CDCI3 (unless noted otherwise).

Ligands S(C:N H)imine 8(CO'H)heterocyc
sL? 163.3 161.2
SL? 162.6 159.4
sL® 166.2 166.1

3.2.1.3 Elemental Analysis and Mass Spectroscopy of SL*- SL®

The elemental analysis for all the N,O-salicylaldimine ligands were found to be consistent
and within the acceptable limits. No solvent inclusion was observed and this was attributable

to thorough recrystallization and drying of the ligands before microanalysis.

Electrospray ionisation mass spectrometry (ESI-MS) further confirmed the successful
synthesis of the ligands as the molecular parent ions [M]* was observed for the respectively

ligands.
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3.2.1.4 Synthesis and Characterization of azine ligands, SL* and SL°.

The symmetric N,S- donor ligands were also synthesized following standardized Schiff base
condensation reaction followed herein (vide infra) [41,42]. A suitable ketone was reacted
with hydrazine hydrate in a methanolic solution to afford the azine derivatives SL*and SL>as
yellow crystalline solids in good yields 88-90 %. The ligands are soluble in most common
organic solvents such as chloroform, dichloromethane (DCM), dimethylsulphoxide,
dimethylformamide (DMSO), etc. Although the ligands have been previously prepared, they
have been independently prepared herein. To our knowledge, the respective molecular
structures (section 3.2.4.1, Figure 3.6) are reported herein for the first time although
corresponding metal congeners were not synthesized. Scheme 3.4 depicts the synthetic route

for the formation of these hydrazinic ligands.

| \ H,N—NH,

—_—
2 ed. S MeOH sL4
R o r.t
! 12 hr
3 7

- 4
R, = Me
Rl = BI’ | \ 2 6 \

5

SL®

Scheme 3.4: General synthetic route for the hydrazinic/ketimines, SL* and SL°.
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3.2.1.5 Infrared Spectroscopy of azine ligands SL*and SL°.

Absence of the stretching frequency corresponding to the aldehydic moiety (~1700 cm™) and
appearance of new strong stretching frequencies in the range 1649-1647 cm™, attributed to
the v(C=N)imine, Were indicative of a successful condensation reaction [41,42]. No discernible
data from the infrared spectroscopy studies was obtained about the favoured geometry of the
prepared ligands. The peaks at around 1019 cm™* and 1058 cm * can be assigned to (N-N) of
SL* and SL°, respectively. The structures of the compounds were confirmed by NMR
spectrocopy and single crystal XRD. They are trans-/anti-(E) with respect to the imine

functionality as confirmed by the X-ray studies.

Table 3.4: Infrared data of the N,O-salicylaldimine ligands, SL“*andSL>".

ngaﬂdS U(C:N)imine a U(C:C)heterocyc = U(C'S'C) : Yield
(%)
sL? 1646 1504 1319 88
SL® 1640 1507 1322 90

% = stretching frequencies reported in cm™

It was also observed that the substituents on the thiophene moiety influenced the observed
stretching frequencies, as the electron-withdrawing group (Br, SL°) had a blueshift (1322 cm”

1y influence compared to the electro-donating group (Me, SL*) that had a redshift (1319 cm

1).
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3.2.1.6 'H and **C NMR of azine ligands, SL* and SL°

The *H and *C{1H} NMR spectra of the synthesized ketimine Schiff base ligands SL* and
SL° were in agreement with the proposed structural formulations as shown in Scheme 3.4
above. Four signals (6(ppm) H-6: 2.52, H-8: 3.21, H-4: 6.97, H-3: 7.33) and three signals (6
(ppm) H-7: 2.50, H-3: 7.09, H-4: 7.42) were observed in the '"H NMR spectra of SL* and
SL°, respectively. Figure 3.4 depicts *H NMR spectrum of the bromo substituted hydrazinic
(SL®) derivative. The proton signals were in agreement with the proposed structural formula
of the ligand. The **C NMR showed signals in the range 110-140 ppm that are characteristic
of the heterocylic carbons (C2-C5) and these resonances were within reported data for similar
ligands such as diimine (Figure 3.1) and ferrocenylimine with an appended heterocyclic
(thienyl or furyl) motifs [41]. The iminic C=N resonances were observed downfield with

respect to the heterocyclic carbons (Table 3.5).

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 16
Chemical Shift (ppm)

Figure 3.4: *H NMR spectra of ligand SL> recorded in CDCls.
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Table 3.5: *H and *C{1H} NMR data for ligands , SL*-SL°.

LigandS 6(C=N)|m|ne 8(C=C)heterocyc Yield
[1H,13C] a [1H,13C] a (%)
sL* -,160.5 7.33&6.97, 110-140 88
s’ -, 161.3 7.43&7.09, 110-140 90

3.3 Single X-ray crystallography

3.3.1 Crystal and Molecular structure of salicylaldimines, SL*and SL®.

The single-crystal structures of the salicylaldimine SL' and SL* corroborate the molecular
composition of these Schiff bases. Summary of the crystallographic data and refinement
residuals are given in Table 3.6 and the data for selected bond lengths and bond angles are
summarized in Table 3.7. The complete data for the salicyladimine ligands can be obtained
from the compact disc (Appendix). Their molecular structures are depicted below in Figure

3.5.

The salicylaldimine ligands SL' and SL%crystallize in the monoclinic space group P21/c.
There was an observed distortion in the configuration of these ligands around the thienyl and
‘Bu moieties. The C(6)-N(L)imine bond distance of both ligands were reported to be within
expected limits,1.282(2) A for SL* and 1.280(2) A for SL*, comparable to O,N,S-Schiff base

ligands1.275(2) A that are reported in the literature [46,48] The presence of the salicyl-OH
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functionality in the two ligands was confirmed by the observed intramolecular hydrogen bond
0.9400(3) for SL* and 0.973(15) for SL*between the salicyl-OH and imine nitrogen [49]. The
molecular packing of SL' and SL® only exhibited C-H---n interaction [50-57]. The
salicylaldimine ligands consist of N,O-donor sets that are capable of chelating to metal centre

through the imine nitrogen and the deprotonated phenolic oxygen atom (vide infra).

clgA C18C

Figure 3.5: ORTEP representations of molecular structures of salicylaldimine ligands SL*(left) with
hydrogen atoms included, and SL? (right) shown with 50% probability ellipsoids.
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Table 3.6: Crystal data and structure refinement of ligand SL* and SL2.

SL* SL®
Formula C16H19C|NOS C20H27NOS
Formula weight 276.36 329.50

Crystal system, Space group
a(A)

b (A)

c(A)

P (deg)

VIA®

Z

Dc (g cm™®)

u (mm™)

0 range for data collection
(deg.)

no. of reflns meads

no. of reflns used (Riqt)
no. of params

Observed data R [1 > 20(1)]

Ry

WR,

R (all data)
R1

WR,

Min. Max. Resd. Dens. [e/A%]

Monoclinic, P21/c
10.3061(3)
6.0431(2)
24.5788(6)

112.1940(4)
1422.87(7)
4
1.29

0.880

1.2t028.4
54904
0.075
575

10402

0.0416

0.0810

0.04
0.0810

-0.92, 0.46

Monoclinic, P21/c
16.3063(8)
10.0545(9)
11.6245(11)

92.721(4)
2542.7(2)
4
1.660

5.456

1.9t0 284
12728
0.063

575

11739

0.0311

0.0640

0.03
0.063

-1.48,1.01
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Table 3.7: Selected bond lengths [A] and angles [°] for salicylaldimine ligands SLandSL*

Interatomic distances S sL’
C6-Nimine 1.282(3) 1.280(2)(5)
c8-01 1.356(13) 1.3596(18)
Cc4-s 1.703(3) 1.672(3)
C3-S 1.703(3) 1.643(3)
O(1)-H(1)...N1 0.9400(3) 0.973(15)
Angles
N(L)imine-C5-C4 1103(2) 110.24(13)
N(L)imine-C6-C7 121.2(2) 122.26(13)
C5-N(1)imine-C6 117.89(19) 118.36(13)
C12[8]*-O1-H1A 109.5 106.1(11)
01-C8-C7 119.35(13)
01-C8-C9 118.98(19) 119.120.70(13)
0(1)-C(12)-C(11) 121.8(2)

0(1)-C(12)-C(7)

*=[°] bond angle of SL°

3.3.2 Crystal and Molecular structure of ketazine ligands, SL*and SL°.

Suitable crystals for SL* and SL° for single X-ray diffraction studies were grown from a

concentrated methanolic solution under slow evaporation conditions. The molecular structure

of the ligands unequivocally confirmed the success of the condensation reaction via the

formation of the new azomethine bond. The bond distance N1-C6 in SL*is 1.2989(18)(2) A

and 1.296(8) A for SL°, characteristic of the formation of an azomethine bond and within

acceptable limits for reported Schiff-base ligands(C=N) bond distances of 1.296(10) A. SL*

has a bite angle [N1-C6-C5] of 115.80(11) while °SL°® has a bite angle [N1-C6-C5] of
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115.9(5), respectively, suggesting that the hybridization between C6-N1 (SL*) and C5-N1
(SL®) is sp?. The ligands SL* and SL° crystallizes in a trans-geometry with respect to the
azomethine double bond (N1=C6), minimizing the repulsion between the two thiophenyl
moieties and orientate in a fashion to accommodate metal chelation through the available N
and S donor sites. The N-N1a bond distance of 1.4000(17) A for SL* and 1.393(6) A for SL°
are comparable to the bong length of S-benzyldithiocarbazate1.406 A [58]. Table 3.8

summarizes selected parameters such as bond lengths, bond angles, cell volume, and density.

sL? SL®

Figure 3.6: ORTEP representations of mononuclear ketimine ligands SL*(left) and
SL>(right). Thermal ellipsoids are drawn at the 50 % probability level.
Hydrogen atoms have been included.
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Table 3.8: Crystal data and structure refinement of ligand SL* and SL°.

sL* SL®
Formula C1sH16CN,S, C1oH1gN2S2
Formula weight 276.43 406.16

Crystal system, Space group
a(A)

b (A)

c(A)

P (deg)

VIA?

4

Dc (g cm™®)

p (mm™)

0 range for data collection
(deg.)

no. of reflns meads

no. of reflns used (Rjq)
no. of params

Observed data R [I > 20(I)]

R:

WR,

R (all data)
Ry

WR,

Min. Max. Resd. Dens. [e/A%]

Monoclinic, P21/n
5.8357(5)
7.6207(7)

15.2026
90.245
676.09(11)
2
1.358

0.377

2.7t028.4
1695
0.047
84

11459

0.0322

0.0927

0.03
0.0927

-0.26, 0.31

Monoclinic, P21/n

4.0317(7)
5.7627(10)
29.848(5)
93.847(4)
691.9(2)
2
1.950

6.142

2.7t028.4
1675
0.050
83

8144

0.0531

0.1204

0.05
0.05

-1.462, 0.90
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Table 3.9: Selected bond lengths [A] and angles [°] for ketamine ligand SL* and SL>.

Interatomic distances sL* SL®

Nimine-C5[6]* [1.2989(18)] 1.296(8)
S1-C1[2]* [1.7197(14)] 1.720(5)
S1-CA[5]* [1.7269(13)] 1.739(6)
N1-Nla 1.4000(17) 1.393(6)

Angles

N1a-Nimine-C5 113.60(11) 113.5(5)
Nimine-C5[6]*-C4[5]* [115.80(11)] 115.9(5)
Niine-C5[6]*-CB[7]* [126.53(13)] 126.1(5)

*=[°] bond angle of SL*

3.4 Synthesis and Characterization of N,O-salicylaldimine complexes, C7-C11.

Synthesis of the title complexes commenced with the synthesis of the suitable metal
precursors such as M(I1)Cly(COD) and cis-[M(I1)Cl2(DMSQ);] (M = Pt) [59,61] and the
dimeric metal precursors [M(I1I/111)(arene)(u-Cl),Cl]2, (M = Ru(I1), Rh(I11) and Ir(I1); arene
= p-cymene for Ru(ll) and cyclopentadienyl for Rh(Ill) and Ir(111)) following methodologies
reported in the literature [62,64]. The appropriate metal precursors were then subsequently
reacted with the parent ligands SL-SL3, independently, in the presence of the weak base
triethylamine (EtsN). The weak base was initially allowed to deprotonate the parent ligands
before the addition of an appropriate metal precursor. The strategic preparation of complexes
C7-C9 involved the dimer, [M(l11/l11)(arene)(u-Cl),Cl],, splitting reaction in a presence of a

weak base using a 1:2 (metal precursor: ligand) molar ratios.
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The complexes synthesized herein are reported for the first time according to our knowledge.
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C7; M = Rh, R; = H, arene = Cp*
C8; M =1Ir, Ry = H, arene = Cp*
C9; M = Ru, R1 = 'Bu, arene = p-cym

Arenes
[a¥nUal [SnWa)
p-cym = @_(; Cp* = Eé

Reagents and reaction conditions: (i) dry MeOH, [M(arene)(u-Cl,)CI],, rt, overnight

Scheme 3.5: General synthesis of half-sandwich/arene salicylaldimine complexes, C7-C9.
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Scheme 3.6: Synthesis of the unexpected platinacycle C10.
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Synthesis of the complex C10 was undertaken as depicted in Scheme 3.6. As observed with
complex C11, the reaction conditions employed to synthesize the Pt" metal complexes did
not favour the intended bis-chelation mode. The reaction conditions instead favoured the C-H
activation of the heterocyclic moiety to form a thioplatin species, with the DMSO ligand still
attached to the metal ion (vide supra, Scheme 3.6) in the case of complex C10. The isolation
of complex C11 instead of the envsioned bis-chelated one was attributed to the steric demand
of tBu substituent at 5-position of the ligand SL2. Both complex, C10 and C11, were isolated
as a yellow crystalline solids, that are soluble in common organic solvents such as DCM and
CHCls. The *H and **C {*H} NMR confirmed the formation metallacycle and crystals
suitable for X-ray studies were grown from slow diffusion hexane into a concentrated DCM

solution of the metal complex.

L) 82 D
Rs @vf/

N\
® \\@)(

I anN

G+

Reagents and reaction conditions: (i) PtCl,(COD), dry MeOH, 2 mol. eq. EtzN, rt, overningt

Scheme 3.7: Synthesis of salicylaldimine Pt"-H(COD) complex, C11.
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The proposed structural formulations for the platinum complexes were found to form
different complexes depending on the starting metal precursor, Pt(I11)Cl,(COD) or
[Pt(INCI(DMSO),], used. The formation of the proposed bis-chelate complex C10 was
found not to be favoured under the reaction conditions used (Scheme 3.7). The use of 2 molar
equivalence of triethylamine as a base to deprotonate the ligand SL® (vide infra, Scheme 3.8)
resulted in the formation of a Pt"-(COD) complex where the fluxional chloride atom has been
abstracted. The formation of the Pt"-(COD) complex as the favoured complex was confirmed

by 'H and **C {*H} NMR.

3.4.1 Infrared Spectroscopy, C7-C11.

The vibration of the complexes in solution when irradiated by the infrared radiation was
studied in order to gain insight into the behaviour of the title complexes and to confirm
coordination by monitoring the stretching frequency of the key functional groups that are
proposed to be involved in the chelation to the metal centres.The chelation/coordination of
the ligands to the Pt", Ru", Rh""" and Ir'" metalions was confirmed by a pronounced shift in
the stretching frequencies of the imine (C=Nimine) Moiety of the free ligands (from 1644cm™-
1634 cm™) to lower stretching vibrations in the range 1630-1623 cm™. The absence of the
hydroxyl functionality, (OH)nyaroxyl, Stretching vibration at about 2950 cm™ confirmed the
deprotonation of the ligands and the formation of the o-bond with the metal ions (vide infra,
Scheme 3.8). The stretching frequencies of the heterocyclic (C-S-C) moiety were observed in
the region 1319-1340 cm™. The presence of a M-C bond for complex C10 through the ortho
activation of the heterocyclic ring was also evident as the stretching frequencies of the

thiophenyl moiety were blueshifted (1340 cm™) compared complex C7-C9 and C11 that
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chelated only through the N,O-donor sites. The appearance of a new band in the range 499—

478 cm‘confirms the coordination via a nitrogen atom to the metal atoms.

Table 3.10: Infrared data of the N,O-salicylaldimine ligands, C7-C11.

Complexes 0(C=N)imine * v(OH)*? v(C-S-C)*? Yield
(%)
C7 1624 - 1319 88
C8 1627 - 1322 90
C9 1623 - 1320 85
C10 1630 - 1340 76
C1l1 1627 - 1324 72

2 = stretching frequencies reported in cm™.

3.4.2 'H and **C {H} NMR, C7-C11.

The 'H NMR spectra of the salicylaldiminato complexes C7-C11 all exhibited a distinctive
upfield ssinglet in the range 1.25-1.30 ppm, which was assigned to the ‘Bu substituent at 3-
position. An upfield shifts for all the iminic proton complexes was also observed, from ~8.4
ppm for the uncoordination ligand to ~7.7 ppm for the complexes. In the *H NMR spectra of
complexes [Cp*Rh"'CI(SLY)] (C7), [Cp*Ir'"'CI(SLY] (C8) and [(p-cym)Ru"CI(SL®)] (C9),
the methylene (-CH>-) linker, adjacent to the iminic functionality, experienced diastereotopic
slitting due to the induced chirality by the bidentate chelating ligand (Figure 3.7, 3.8 and 3,9).
The methyl protons of the cyclopentadienyl ring (Cp*CHs) for complex C7 and C8 were
observed upfield as a singlet that intergrates for 15-protons, respectively, in the region 1.5 -
1.2 ppm. Complex C9 displayed two distinct doubles that were assigned to the methyl
protons of the isoproponyl substituents of the ring that appeared in the region 1.07-1.20 ppm

and the methyl protons of the ring appreared as a singlet at 2.25 ppm, respectively. Four
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distinct doublets were observed in the region 5.0-5.6 ppm that were attributed to the presence
of the p-cyme ring. For complex C9 and C11, an additional singlet appeared at ~1.20 ppm
and it was attributed to the presence of an additional 'Bu at 5-position of the ligand and
singlet corresponding to this signal was observed downfield shifted compared to the free
ligand (1.55 ppm), indicative of the participation of the phenoxy O- atom in the coordination
to the metal ion. For complex C10, the disappearance of the characteristic peak of the
heterocylicH-3 proton was indicative of a C-H activation of the thiophene moiety. The
observations were in agreement with the data reported in the literature for

thiophenylcycloruthenate, Pd(11) and Pt(11) metallacycles [65-77].

RhCICp*(SL1)

4 Cp*Me

mmmmmmmm
mmmmmmmm

2.15
—1.57
1.40
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—~1.17
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Figure 3.7: *H NMR spectrum of the salicylaldiminato-rhodium(111) complex C7, recorded in
CDCls.
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Figure 3.8: *H NMR spectrum of the salicylaldiminato-iridium(I11) complex C8, recorded in
CDCls.
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Figure 3.9: 'H NMR spectrum of the salicylaldiminato-ruthenium(11) complex C9, recorded
in CDCls.

127



Chapter 3: Synthesis, characterization and molecular structure of N,O- | 2016
salicylaldimine, azine ligands and corresponding salicylaldiminato-
Pt", Ru", Rh", and Ir'"" complexes

In the *C {1H} NMR spectra of the salicylaldimine complexes C7-C11, the aromatic
carbons were observed in the region 112-140 ppm. The observed chemical shifts of the imine
protons and the aromatic protons was attributed to the influence modulated by the chelation
of the imine nitrogen and phenolic oxygen to metal ions. The appearance of a downfield
signal at 200 ppm for complex C10 further confirmed the formation of a M-C o-bond
between the platinum ion and the C-3 of the heterocyclic moiety as observed with a series of

thiophene-based ruthenacyles [65].

—_———
Ry deprotonation =
o s
H\
o e +
Et;N EtzN

R;=H &N S R;=H §§N R; = tert-But E\N S
/\E) s /\Q

/
SL1 SL2 SL3

Scheme 3.8: Depronationation mechanism of the phenolic proton for the salicylaldimine
ligands, SL*-SL>.
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3.4.3 Elemental Analysis and Mass Spectroscopy, C7 - C11

The title complexes were subjected to micro-analysis and mass spectroscopy studies in order
to gain insight about the percentage composition of the complexes and molecular, base peaks,

respectively.

The chelation of the ligands to the metal precursors proceeds via deprotonation of the parent
ligands leading to the formation of the by-product EtsNH*CI™ (vide supra, Scheme 3.8) as a
by-product that is observable in the *H NMR. The ESI mass spectrometry data was consistent
with the NMR spectrocopy data observed . The mass-to charge (m/z) data is in agreement
with a loss of chloride ion {[M - CI]J}+, confirming the likelyhood of salicylaldiminato

complexes to lose a chloride atom as reported in the litarture.

3.5 Single-Crystal X-ray diffraction

3.5.1 Crystal and molecular structures of complex C7 and C8

Suitable single x-ray crystals for the complexes [Cp*Rh"'CI(SL")] (C7) and [Cp*Ir'"'CI(SLY)]
(C8) were achieved by slow evaporation of hexane into a concentrated solution of the
complexes in DCM. The data collection and processing parameters for each the
salicylaldimine complexes is summarized below (see Table 3.10) and selected bond angles
and lengths are listed in Table 3.11. The pseudotetrahedral or “piano-stool” configuration
around the neutral mononuclear [Cp*Rh"'CI(SLY)] (C7) and [Cp*Ir'"'CI(SLY)] (C8) metal
centres was confirmed by single-crystal x-ray diffraction studies. The metal complexes
[Cp*Rh"'CI(SLY)] (C7) and [Cp*Ir'"'CI(SLY)] (C8) crystallizes in monoclinic crystal system
with P21 space group. The coordination of the salicylaldiminato ligand SL* was shown to be

bidentate, chelating through the deprotonated phenolic oxygen and the imine nitrogen
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moieties (Figure 3.7). The molecular structure of the complexes further confirmed the
stereogenic nature of the two neutral mononuclear complexes C7 and C8. The Rh(1)-N(1)
and Ir(1)-N(1) bond lengths are 2.078(5) A for complex C7 and 2.090(5) A for complex C8,
shorter than the reported complexes [(n°-CsMes)RhCI(S-1-phenylethylsalicylaldiimine)]
[2.136(3) A] and [(n°-CsMes)IrCI(S-1-phenylethylsalicylaldiimine)] [2.121(3) A] [78]. The
M—CI bond lengths are 2.4062(17) A (in C7) and 2.400(8) A (in C8), which are closely
comparable to those reported for poly-pyridyl rhodium complex cation [(n°-CsMes)RhC1(4'-
phenyl-2,2":6',2"-terpyridine)]* [2.3984(1) A] [79]. The M-Caene bond distance for
[Cp*Rh"'CI(SLY)] (C7) 2.154(5) A and [Cp*Ir'"'CI(SLY)] (C8) 2.1540(6) A is comparable to
the neutral ruthenium complexes [Cp*Ru"CI(SL)] (SL = salicylaldimine) [2.154(15)] A [80].
The bond distances of these salicylaldimine [Cp*Rh"'CI(SL")] (C7) and [Cp*Ir''CI(SLY)]
(C8) complexes were in agreement with geometric parameters reported in the literature for

similar salicylaldimineRh" and I1r"

analogues [81-83].

Cc7 C8

Figure 3.10: ORTEP representations of mononuclear ligand C7(left) and C8 (right). Thermal
ellipsoids are drawn at the 50 % probability level. Hydrogen atoms have been
omitted for clarity.
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Table 3.11: Data collection and selected parameters for the salicyclaldimine complexes C7

and C8

C7

C8

Formula

Formula weight

Crystal system, Space group
a(A)

b (A)

c(A)

P (deg)

VIA?

Z

Dc (g cm™®)

u (mm™)

0 range for data collection
(deg.)

no. of reflns meads

no. of reflns used (Rixt)
no. of params

Observed dataR [1 > 26(1)]

Ry

WR,

R (all data)
Ry

WR,

Min. Max. Resd. Dens. [e/A%]

Co6H33CINORK S
545.96
Monoclinic, P21
12.3089(14)
12.3391(12)
17.0088(19)
101.423(2)
2532.1(5)

4
1.432

0.880

1.2t028.4
54904
0.075
575

10402

0.0416

0.0810

0.04
0.0810

-0.92,0.46

Cy6H33ClIrNOS
635.27
Monoclinic, P21
12.2823(6)
12.3773(6)
17.0339(8)
100.9090(10)
2542.7(2)

4
1.660

5.456

19to 284
12728
0.063

575

11739

0.0311

0.0640

0.03
0.063

-1.48,1.01
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Table 3.12: Selected bond lengths [A] and angles [°] for salicylaldiminecomplexesC7 and

Interatomic (cj:iiances C7 C8
M-Nimine 2.078(5) 2.090(5)
M-O 2.082(4) 2.083(5)
M-Cl 2.4062(17) 2.400(2)
M-Carene 2.154(5) 2.1500(6)
Angles

CI-M-Nimine 89.62(14) 87.19(16)
CI-M-0 88.30(11) 87.11(15)
O-M-Nimine 83.89(17) 84.1(2)

3.5.2 Crystal and molecular structure studies of complex C10 and C11.

Suitable crystals for the two complexes were also obtained by slow diffusion of hexane into
concentrated solution of DCM of the complexes. The complexes adopt a distorted square-
planarity configuration. These Pt(I1)-metal complexes Pt(C10) and Pt(C11) also crystallizes
in monoclinic crystal system with P21 space group. Selected bond distances and angles in
complexes C10 and C11 are given in Table 3.12 and Table 3.13, respectively. The bond
distances for Pt-N in C10 and C11 are within range for those observed in related reported
complexes [84-91] although in C10 the Pt-N bond distance (2.039(2) and 2.040(2) A for
C11, respectively, shorter than other reported platinum analogues 2.1662(15)A and the Pt-C
bond distance from the thiophenyl moiety of C10 was 2.002(3) A and it is observed to be
within limits although a bit longer than the Pt-C bond distance [Pt2(CH3)4(1-S(CHs)2)2]

1.9719(18) A [92-94]. It is also worth noting that the Pt-N bond distance of 2.039(2) is
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almost identical to the one found in Au-N, 2.035(4) A, in [Au{CsH4(PPh,=N(C¢Hs))-
,}(PPh3)] [95]. The Pt-O bond distance fo the two metal complexes was 2.081(2) A for C10
and 2.0808(18) for C11, a bit shorter than the Pt (1) NHC complexes [Pt(CAC*)(07O)]
2.116(16) A but longer than 2.050(11) A for the same series of cyclometallating ligands
(C~C*) and B-diketonato auxiliary ligand (O"O). The distances Pt—Xjand Pt—X, to the
centroids of the C=C double bond character of the COD ligand are 2.1465(3) A and 2.047(3)
A, respectively. This has been shown to be an indication that reflects the higher trans

influence of O versus N (longer Pt—X;distance) [96].

Figure 3.11: ORTEP representations of mononuclear ligand C10 (left) and C11(right).
Thermal ellipsoids are drawn at the 50 % probability level. Hydrogen atoms
have been omitted for clarity.
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Table 3.13: Data collection and selected parameters for the salicyclaldimine complexes C10

and C11
C10 C11
Formula C1oH,5NO2PLS, CosH37NOPtS
Formula weight 558.62 630.74

Crystal system, Space group
a(A)

b (A)

c(A)

P (deg)

VIA?

Z

Dc (g cm™®)

u (mm™)

0 range for data collection
(deg.)

no. of reflns meads

no. of reflns used (Rint)
no. of params

Observed data R [1 > 26(1)]

Ry

WR,

R (all data)
R1

WR,

Min. Max. Resd. Dens. [e/A%]

Monoclinic, P21/c
14.1436(8)
11.1982(6)
13.5302(7)

112.4690(10)
1980.27(19)
4
1.874

7.309

1.6 t0 28.3
4930
0.057

231

4352

0.0198

0.0455

0.02
0.0455

-0.96, 1.18

Monoclinic, P21/n
12.3077(12)
10.7551(11)

19.317(2)
95.585(2)
2544.9(4)
4
1.646

5.616

19to 284
6386
0.058
295

5559

0.0198

0.0459

0.02
0.0459

-1.61,0.72
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Table 3.14: Selected bond lengths [A] and angles [°] for salicylaldiminecomplexes C10 and

Cl1
Interatomic distances C10 C11
M-Nimine 2.039(2) 2.040(2)
M-O 2.081(2) 2.0808(18)
M-C 2.002(3)
M-S, 2.2091(8)
M-X,? 2.1465(3)
M-X,? 2.047(3)

Angles

X-M-Nipine 89.70(11) 96.53(10)
X;-M-0 89.44(9) 90.31(9)
O-M-Nimine 89.93(6) 90.40(8)
S-M-0 91.11(9)
X1-M-X; 85.65(11)

& = centroid distance between the C=C of 1,5-cyclooctadiene

3.6 Summary and Conclusion

A series of new salicylaldimine2-((E)-((thiophen-2-yl)methylimino)methyl)-4-tert-
butylphenol (SLY), 2-((E)-(2-(thiophen-2-yl)ethylimino)methyl)-4-tert-butylphenol (SL?), -2-
((E)-((thiophen-2-yl)methylimino)methyl)-4,6-di-tert-butylphenol (SL®) and azine ligands
1,2-bis(1-(5-methylthiophen-2-yl)ethylidene)hydrazine (SL% and 1,2-bis(1-(5-
bromothiophen-2-yl)ethylidene)hydrazine (SL®) have been successfully synthesized and
characterized by arange of spectroscopic (*H, *C{*H} NMR, Infrared, Mass Spectrometry)

and analytical (C,N,O,S) techniques. Their structural formulations were further confirmed by
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single crystal X-ray diffraction studies.The ligands were obtained as yellow crystalline solids
in good vyields. Corresponding novel salicylaldiminato [Cp*Rh"'CI(SLY)] (C7),
[Cp*Ir'"'CI(SLA)] (C8), [Cp*Ru"CI(SL?)] (C9), [H(COD)Pt"(SL®)] (C11) complexes and the
terdentate C,N,O-[dmsoPt"(SL2)] (C10) platinacycle complex were also synthesized and
thoroughly characterized using a combination of spectroscopic and analytical techniques. The
proposed structural formulations and coordination modes, through the imine nitrogen and
phenolic oxygen atoms, were further unequivocally affirmed by single crystal X-ray
diffraction studies. The ortho activation in order to afford M-C complex C10 was studied by
FT-IR, *H, ®C{*H} NMR and confirmed by single crystal X-ray. The complexes were

obtained as air stable yellow-orange solids, in good yields.

3.7 Experimental

3. 7.1 Chemistry
3.7.1.1 Materials and Methods

All reactions were carried out under nitrogen atmosphere using a dual vacuum/nitrogen line
and standard Schlenk line techniques unless stated otherwise. All commercial chemicals,
used herein, were purchased from Sigma Aldrich and used as received. The palladium and
platinum metal precursors, MCI,(COD) and cis-[M(II)Cl,(DMSO),] (M = Pt) [59-61],
[M(IIT)(m5-C1oH15)(1-CI).Cl]2,(M = Rh and 1Ir) [97] were prepared according to the
established protocols reported in the literature. The Solvents were dried and purified by
heating at reflux under nitrogen in the presence of a suitable drying agent. Dichloromethane
was dried over phosphorus pentoxide while hexane was refluxed and distilled from calcium
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hydride (CaH). Diethyl ether was dried over sodium wire and benzophenone under nitrogen
while methanol and ethanol were dried from magnesium wire. Reaction progress and
product mixtures were monitored by IR spectroscopy. Anhydrous magnesium sulphate
(MgSQ,) was used for drying the organic layer in the aquoes extraction. NMR spectra were
recorded on a Varian Inova 500 MHz (Lund University, Sweden) and 500 MHz Bruker
(University of the Western Cape, South Africa) spectrometer using the solvent resonance as
an internal standard for '"HNMR and **C NMR shifts. Infrared spectra were recorded on

aNicolet Avatar 360 FT-IR spectrometer (Lund University, Sweden).

3.8 Synthesis

3.8.1 General Synthesis of salicylaldimine ligands, SL*- SL2.
A solution of 3-tert-butyl-2-hydroxybenzaaldehyde/3,5-di-tert-butyl-2-hydroxybenzaldehyde
(2 mmol) in methanol (5 ml) was stirred at room temperature and a solution of 2-
thiophenemethylamine/2-thiopheneethylamine (1.1 mmol) in methanol (5 ml) was added to
the solution dropwise. The colour of the reaction changed immediately to yellow and a
precipitate formed. The reaction was monitored by TLC and was allowed to continue at room
temperature for 12 hr. The precipitate was collected and washed with cold methanol and

hexane. The solids were dried over CaCl; to obtain yellow crystalline solids after 24 hr.

3.8.1.1 2-((E)-((thiophen-2-yl)methylimino)methyl)-4-tert-butylphenol, SL*
IR data (KBr, cm ) SL*: 2955 v(CO-H), 1634 v(C=N), 1504 v(C=C).
'H NMR data (CDCls, ppm): 7.28 (1H, s), 7.13 (1H, d, J = 5.11 Hz), 6.99 (1H, s), 6.83-6.90

(2H, m), 6.66 (1H, s), 4.08 (2H, t, J = 6.40 Hz), 3.37 (1H, t, J = 6.37 Hz), 2.17 (3H, s). °C
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NMR (CDCl3, ppm): 163.3 (C=N), 161.2 (C-OH), 158.2 (C-8), 142.1 (C-3), 140.3 (C-11),
127.3 (C-13), 126.9 (C-6), 126.2 (C-12), 125.6 (C-2), 119.1 (C-7), 55.3 (C-10), 41.4 (C-5),
33.1(C-4). Anal.Calc. ForCi;sH19gNOS: C, 70.29; H, 7.00; N, 5.12; S, 11.73%. Found: C,

70.55; H, 7.08; N, 5.42; S, 11.65%. ESI-MS, m/z: 273{[M] + H}

3.8.1.2 2-((E)-(2-(thiophen-2-yl)ethylimino)methyl)-4-tert-butylphenol, SL?
IR data (KBr, cm ™) SL?: 3050 v(CO—H), 1644 v(C=N), 1507 v(C=C).
'H NMR data (CDCls, ppm): 7.28 (1H, s), 7.13 (1H, d, J = 5.11 Hz), 6.99 (1H, s), 6.83-6.90
(2H, m), 6.66 (1H, s), 4.08 (2H, t, J = 6.40 Hz), 3.37 (2H, t, J = 6.37 Hz), 2.17 (3H, s). *C
NMR (CDCls, ppm): 159.4 (C=N), 159.4 (C-OH), 157.8 (C-8), 143.2 (C-3), 127.3 (C-13),
126.9 (C-6), 126.2 (C-12), 125.6 (C-2), 119.1 (C-7), 65.1 (C-10), 38.4 (C-11), 33.1 (C-4).
Anal.Calc.For C17H21NOSC, 71.04; H, 7.36; N, 4.87; S, 11.16%. Found: C, 71.11; H, 7.30;

N, 5.17; S, 11.08%. ESI-MS, m/z: 287{[M] + H}

3.8.1.3 2-((E)-((thiophen-2-yl)methylimino)methyl)-4,6-di-tert-butylphenol, SL*
IR data (KBr, cm ™) SL3: 2980 v(CO-H), 1637 v(C=N), 1505 v(C=C).
'H NMR data (CDCls, ppm): 7.28 (2H, s), 7.13 (1H, d, J = 5.11 Hz), 6.99 (1H, s), 6.83-6.90
(2H, m), 6.66 (1H, s), 4.08 (2H, t, J = 6.40 Hz), 3.37 (2H, t, J=6.37 Hz), 2.17 (3H, s).
3CNMR (CDCls, ppm): 166.2 (C=N), 159.9 (C-OH), 155.2 (C-9), 141.1 (C-3), 139.3 (C-
12), 137.1 (C-7), 126.8 (C-14), 126.6 (C-13), 126.2 (C-6), 123.3 (C-2). 55.3 (C-10), 42.1 (C-
5), 34.2 (C-4), 33.9 (C-4’), 30.8 (C-8). Anal.Calc. For CyHNOS: C, 72.90; H, 8.26; N,

4.25; S, 9.73%. Found: C, 72.83; H, 8.31; N, 4.55; S, 9.69%. ESI-MS, m/z: 330.47{[M] + H}
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3.8.2 General synthesis of azine ligands, SL*and SL°.

3.8.2.1 1,2-bis(1-(5-methylthiophen-2-yl)ethylidene)hydrazine, SL*
IR data (KBr, cm ™) SL*: 1646 v(C=N), 1504 v(C=C), 1319 v(C-S-C).
'H NMR data (CDCls, ppm): 7.28 (2H, s), 7.13 (2H, d, J = 5.11 Hz), 6.99 (2H, s), 6.83-6.90
(4H, m), 6.66 (2H, s), 4.08 (4H, t, J = 6.40 Hz), 3.37 (4H, t, J = 6.37 Hz), 2.17 (6H, s). *C
NMR (CDCls, ppm): 160.5 (C=N), 127.2 (C-3), 126.7 (C-4), 139.0 (C-5), 140.6 (C-2), 16.6
(C-6), 14.9 (C-8). Anal.Calc. ForC14H16N2S,: C, 60.83; H, 5.83; N, 10.13%. Found: C, 60.84;

H, 5.85; N, 10.43%. ESI-MS, m/z: 276{[M] + H}

3.8.2.2 1,2-bis(1-(5-bromothiophen-2-yl)ethylidene)hydrazine, SL°
IR data (KBr, cm ™) SL°: 1640 v(C=N), 1507 v(C=N), 1322 v(C-S-C).
'H NMR data (CDCls, ppm): 7.28 (2H, s), 7.13 (2H, d, J =5.11 Hz), 6.99 (2H, s), 6.83-6.90
(4H, m), 6.66 (2H, s), 4.08 (4H, t; J =6.40 Hz), 3.37 (4H, t, J = 6.37 Hz), 2.17 (6H, s). *C
NMR (CDCls, ppm): 161.3 (C=N), 150.2 (C-5), 129.6 (C-3), 139.3 (C-2), 131.2 (C-4), 14.9
(C-7).Anal.Calc. For C12H10Br2N,S;: C, 35.49; H, 2.48; N, 6.90%. Found: C, 35.53; H, 2.52;

N, 7.20%. ESI-MS, m/z: 406{[M] + H}

3.8.3 General synthesis of [Cp*Rh"'CI(SLY] (C7), [Cp*Ir'"'CI(SL1)] (C8) and
[Cp*Ru"CI(SL?)] (C9) complexes

A methanolic solution (10mL) of the ligand (2 mmol, SL*and 2 mmol SL?) and a methanolic
(5 mL) solution of the base triethylamine (EtzN, 2 mmol SL* and 2 mmol SL?) were stirred
at room temperature (rt) for 30 minutes in order to deprotonate the ligand. After that, 15 mL

methanolic solution of the dimeric metal precursor (1 mmol) at rt, was added dropwise. There
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was an immediate colour change and an orange-red precipitate formed. The reaction solution
was kept at rt 12 hr. The precipitates was subsequently collected by filtration and washed

with cold methanol several times and dried in a vacuum desiccator over anhydrous CaCls.

IR data (KBr, cm ™) C7: 1624 v(C=N), 1324 v(C-S-C).

'H NMR (500 MHz, CDCls) &: 8.41 (s, 1H), 7.53 (s, 1H), 7.43 — 7.39 (m, 1H), 7.26 (s, 4H),
7.20 (dd, J = 8.8, 2.6 Hz, 1H), 7.09 (d, J = 3.7 Hz, 2H), 6.87 (d, J = 8.8 Hz, 1H), 6.72 (d, J =
2.5 Hz, 1H), 5.56 (s, 1H), 5.28 (s, 1H), 4.95 (s, 1H), 3.57 (9, J = 7.2 Hz, 2H), 3.08 (9, J = 7.3
Hz, 46H), 2.15 (s, 5H), 1.65 (s, 2H), 1.57 (s, 14H), 1.40 (dt, J = 14.7, 7.3 Hz, 70H), 1.17 (s,
9H). Anal. calc. for C;6H33CINORNS: C, 57.20; H, 6.09; N, 2.57; S, 5.87%. Found: C, 57.16;

H, 6.01; N, 2.51; S, 5.80%. ESI-MS, m/z: 510.55{[M]" - CI}

IR data (KBr, cm ™) C8: 1627 v(C=N), 1322 v(C-S-C).

'H NMR (500 MHz, CDCl3) &: 7.45 (s, 1H), 7.44 — 7.41 (m, 1H), 7.28 — 7.24 (m, 3H), 7.12 —
7.09 (m, 2H), 6.82 (d, J = 8.8 Hz, 1H), 6.72 (d, J = 2.6 Hz, 1H), 5.57 (s, 1H), 5.29 (s, 1H),
3.59 (d, J = 7.3 Hz, 1H), 3.09 (g, J = 7.3 Hz, 9H), 2.16 (s, 1H), 1.58 (s, 16H), 1.41 (q, J = 7.2
Hz, 13H), 1.17 (s, 9H). Anal.calc. for CH33CINOIIS: C, 49.16; H, 5.24; N, 2.20; S, 5.05%.

Found: C, 49.10; H, 5.20; N, 2.15; S, 4.98%. ESI-MS, m/z: 599.86{[M]" - CI}

IR data (KBr, cm %) C9: 1623 v(C=N), 1320 v(C-S-C).

'H NMR (500 MHz, CDCl3) & 7.72 (s, 1H), 7.40 (dd, J = 5.1, 1.1 Hz, 1H), 7.26 (s, 1H), 7.24
(d, J = 2.6 Hz, 1H), 7.23 (d, J = 2.6 Hz, 1H), 7.14 (d, J = 2.7 Hz, 1H), 7.11 (dd, J = 5.0, 3.5
Hz, 1H), 6.90 (d, J = 8.9 Hz, 1H), 6.78 (d, J = 2.6 Hz, 1H), 5.56 (d, J = 15.6 Hz, 1H), 5.31 (d,

J=15.1 Hz, 3H), 5.18 (d, J = 5.7 Hz, 1H), 5.01 (d, J = 5.7 Hz, 1H), 3.09 (g, J = 7.2 Hz, 6H),
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2.73 (hept, J = 6.9 Hz, 1H), 2.16 (s, 1H), 2.12 (s, 3H), 1.39 (t, J = 7.2 Hz, 9H), 1.22 — 1.13
(m, 13H), 1.07 (d, J= 6.8 Hz, 3H). Anal.calc. for C;sH33CINORUS: C, 60.13; H, 6.73; N,

2.34: S, 5.35%. Found: C, 59.06; H, 6.66; N, 2.29; S, 5.29%. ESI-MS, m/z: 563.82{[M]"- CI}

3.8.3.1 Synthesis of platinacycle, (C10)

IR data (KBr, cm ™) C10: 1630 v(C=N), 1340 v(C-S-C).

'H NMR (500 MHz, CDCl3) § 11.74 (s, 7H), 7.81 (s, 1H), 7.32 (dd, J = 8.9, 2.4 Hz, 1H), 7.26
(s, 6H), 7.21 (d, J = 4.1 Hz, 1H), 7.12 — 7.06 (m, 2H), 6.94 — 6.91 (m, 1H), 6.88 (d, J = 8.9
Hz, 1H), 6.34 (s, 2H), 5.83 (d, J = 36.8 Hz, 3H), 5.62 (s, 1H), 5.11 (d, J = 11.5 Hz, 4H), 4.02
(s, 1H), 3.60 (g, J = 7.2 Hz, 3H), 3.11 (q, J = 7.3 Hz, 71H), 2.76 (d, J = 19.4 Hz, 2H), 2.49 —
2.35 (m, 2H), 1.93 (d, J = 18.4 Hz, 6H), 1.43 (dt, J = 26.2, 7.3 Hz, 108H), 1.26 (s, 12H).
Anal.calc. for Cy5H33CINORUS: C, 40.85; H, 4.51; N, 2.51; S, 11.48%. Found: C, 40.81; H,

4.46; N, 2.50; S, 11.40%. ESI-MS, m/z: 558.14 {[M] + H}

3.8.3.2 Synthesis of [Pt"SL3(HCOD)] C11

IR data (KBr, cm ™) C11: 1627 v(C=N), 1324 v(C-S-C).

'H NMR (500 MHz, CDCls) & 13.05 (s, 2H), 10.87 (s, 1H), 9.90 (s, 1H), 8.30 (s, 4H), 8.21 (s,
1H), 7.59 (dd, J = 8.7, 2.4 Hz, 1H), 7.53 — 7.47 (m, 5H), 7.35 (dd, J = 8.6, 2.4 Hz, 4H), 7.26
(s, 3H), 7.20 (d, J = 2.4 Hz, 4H), 7.15 (dt, J = 5.6, 3.6 Hz, 6H), 6.99 — 6.87 (m, 13H), 6.85 (d,
J = 2.6 Hz, 4H), 6.80 (d, J = 8.9 Hz, 2H), 5.30 (s, 1H), 3.87 (t, J = 6.8 Hz, 8H), 3.82 — 3.75
(m, 4H), 3.42 — 3.36 (m, 13H), 3.27 — 3.18 (m, 10H), 2.98 (dd, J = 11.4, 6.1 Hz, 4H), 1.59 (s,
5H), 1.28 (dt, J = 14.5, 11.7 Hz, 78H). Anal.calc. for C,sH33CINORuUS: C, 53.23; H, 6.06; N,

2.22: S, 5.08%. Found: C, 53.15; H, 4.98: N, 2.25; S, 5.00%. ESI-MS, m/z: 630.78 {[M] + H}
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4.1 Introduction

Despite the enormous advancement in modern 21%-century medicine, malaria still remains
one of the greatest problems facing developing nations, especially in the tropical and
subtropical regions. It afflicts more than 500 million people, with a mortality rate of more
than 800 000 per annum [1-4]. The drug chloroquine (CQ) was for several decades the
preferred chemotherapeutic agent in the treatment of uncomplicated malaria [5-7]. This
quinoline derivative belongs to the class of 4-aminoquinolines, which have been extensively
explored as therapeutic agents for malaria treatment. Other compounds possessing a
quinoline moiety that have been explored as antimalarial drugs include, inter alia,
amodiaquine, piperaquine, and pyronaridine. These drugs have been shown to support the
build-up of hematin, which is lethal to the parasite, by complexing with hematin and
interrupting a biomineralization process [8,9]. The parasite employs this biomineralization as
a defence mechanism in order to detoxify hematin into crystalline malaria pigment,

hemozoin, which is harmless to the parasite [10-14].

The battle against malaria is still intensified by the constant development of resistance to
current treatments; hence there is a consistent need for the development of hybrid
antimalarial compounds [15,16] that ideally should possess novel structures, unique modes
of action, or both, in order to successfully restore the potency of known organic compounds
currently in use. Within the efforts to restore activity, one strategy that has gained
considerable interest involves the incorporation/coordination of a transition metal to known

organic skeletons with antimalarial activity, in order to enhance or restore the acitivity [6,16].
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Such metal complexes remain a relatively unexplored area of modern medicinal chemistry,
and they have shown to offer a rich source of effective therapeutic drugs against the malaria
parasite. Sanchez-Delgado et al. reported the incorporation of a metal fragment into an
organic drug, CQ, of known biological importance. This was demonstrated by the advent of

the first antimalarial organometallic complex [RhCI(COD)CQ] (vide supra, Chapter 1) [16].

One of the major achievements in the efforts aimed at restoring the activity of the parent
chloroquine drug was the incorporation of a ferrocenyl moiety into the side chain of
chloroquine. This strategy led to the discovery of ferroquine (FQ) that has exhibited enhanced
activity when evaluated against CQ-susceptible and CQ-resistant strains of P. falciparum [17-
21]. Ferroquine is the single most active compound of a growing family of organometallic
conjugates and it has entered Phase Ilb clinical trials. Significant progress into the parasite
genomics and the identification of a few biomolecular targets has been made and this offers
new leads [22] that may further aid the development of anti-malarial drugs, including metal-

based drugs.

This chapter presents data from the evaluation of chloroquine analogous ligands L*-L* with
their generic metal complexes C1-C6 as antiplasmodium agents against a CQ-sensitive NF54
strain of P. falciparum and as agents capable of inhibiting the formation of the synthetic -

hematin.
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4.2 Invitro antiplasmodial activity of chloroquine analogues and corresponding
complexes

4.2.1 Antiplasmodial activity of ligand L*-L* against the chloroquine sensitive strain of
plasmodium falciparum

The structures of the ligands L*-L® (Figure 4.1) were confirmed by spectroscopic and
analytical techniques. The antimalarial activities of the three chloroquine analogues and
corresponding metal complexes were assessed on in vitro cultures of the NF54 chloroquine-
sensitive strain (CQS) of P. falciparum. Ligand L3 was included in the antimalarial study as a
comparison to L*, even though a corresponding metal complex had not been synthesized. In
the assays, chloroquine (CQ) and artesunate were employed as reference standard drugs for

the treatment of malaria.
N
s e )
N
\
N N=
/

Figure 4.1: Ligands evaluated for their antiplasmodial activity against the CQS NF54 of
plasmodium falciparum.

The antimalarial activities of the CQ analogue ligands L*, L? and L2 are summarized in Table
1. Ligands L' and L* exhibited similar activity against P.falciparum with ICs-values of 19
nM and 21 nM, respectively, approximately twice as high as for chloroquine phosphate.

Ligand L? exhibited moderate activity, with an 1Cs of 43 nM, i.e. half as potent as L* or L.
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Table 4.1: In vitro anti-plasmodial activities of L*-L° and 1-6, against NF54

Compound P. falciparum P. falciparum
(ICso, ng/ml + SD) NF54 (ICso, "M + SD) NF54
L! 6.6 +1.3 19.3+3.9
L? 19.7 +1.8 42.3 +4.0
L3 9.6 +0.7 20.6 +1.4
CQ 4.80 +0.82 0.31 +1.6
Artesunate 2.52 +0.37 6.55 +1.0

Comparison of L with L? revealed that the steric bulkiness around the heterocyclic pyrazolyl
moiety does not influence activity as envisioned. L* was the most active in these ligand
series, half as active as the structurally similar reference drug CQ, indicating that the one
pendant pyrazole arm might be sufficient for activity that might be comparable or even better
than CQ. The ligands reported herein exhibited better antimalarial activity compared to the
organometallic silicon containing CQ (61.40-459.54 nM) and ferrocenyl-salicylaldimine
hydrazone (3940-32830 nM) analogues, exhibiting activity that is far more superior to most
compounds against the same CQ-sensitive NF54 strain with comparable activity to that of
ferroquine (0.033 uM or 33 nM) respectively [23-25]. The performance of these ligands as
active antimalarial candidates has paved a way into possible modifications around the

pyrazolyl moiety that might augment the inherent activity these of ligands even further.
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4.2.2 Antiplasmodial activity of complex C1-C6 against the chloroquine sensitive strain
of plasmodium falciparum, NF54.

Complexes C1-C3 demonstrated relatively good antiplasmodial activities, although the
activities of C1 and C2 were not significantly different from L. This suggests that the
coordination site of the ligand might be the pharmacophore of the molecule, hence the
complexation did not augment the activity of the ligand significantly. Antimalarial activity

CQ analogue complexes C1-C6 are summarized in Table 4.2.

i R {
NN
FNN\\ s ,‘\,Q N
HN 185 HN
HN/\/ /‘M/ HN/\/Cl/ (ly R HN/\/ \M/N Vi
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M = Rh (C1) M = Pd; R = Me (C3) M = Pt (C5)

M = Ir (C2) M = Pt; R = Ph (C4) M = Pd (C6)

Figure 4.2: Complexes evaluated for their antiplasmodial activity against the CQS NF54 of
plasmodium falciparum

Complex C3 is a coordination palladium complex of ligand L'. As stated (vide supra),
coordination of the palladium ion by L' through the amine (NH) and the pyrazolyl (N=C)
nitrogen atoms did not improve the antimalarial activity of the parent ligand L', as the
antimalarial activity of the metal complex C3 (48 nM) was observed to be lower compared to
the free ligand L* (19 nM). The antimalarial activity of C5 was found to be moderate with
ICs0-value less than 170 nM while complex C4 and C6 displayed weak activities against the

NF54 P. falciparum strain. It should be noted that the cyclometallated complex C5 was more
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potent compared to the corresponding dichlorido complex C4. The chloroquine metallacycles
C5 and C6 also exhibited better activity compared to those pyrazolyl metallacycles that were
synthesized and evaluated as antimalarials by Quirante et. al. [26]. The latter compounds
were obtained after the orthometallation of the 3-phenyl ring of the pyrzole moiety without
the appended quinoline moiety. The improved antimalarial activity reported herein can be
attributed to the presence of the quinoline moiety, that has been shown to be crucial for
antimalarial activity (vide supra, Chapter 1), that is inherent to the ligands and the generic
metal complexes. The platinacycle C5 performed better compared to the palladacycle C6;
this observation might be due to the increased and faster rate of hydrolysis of the latter
compared to the former as reported in the literature [26], thus rendering the platinacyle
analogue more active due to the slower hydrolysis rate of the Pt-Cl bond, and a resultant
relative stability of the platinacyle as compared to the palladacyle. In general, the new
pyrazole-containing derivatives and their corresponding metal complexes display good (C1-
C3), moderate (C5) to weak (C4 and CB6) inhibitory effects relative to the standard drugs
chloroquine and artesunate. The ligands (L*-L.%) exhibited superior activity compared to their

corresponding metal compounds.

Stability tests on C1 and C2 in DMSO-¢4s were conducted in order to gauge if whether the
complexes were stable under the experimental conditions. The NMR stability tests of C1 and
C2 revealed that complexes were stable under the experimental conditions even after 24 hr as

no uncoordinated parent ligand L' was observed in the NMR spectra of the complexes. .
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Table 4.2: In vitro anti-plasmodial activities of C1-C6, against CQ-susceptibe strain NF54

P. falciparum P. falciparum

Compound (ICso, ng/ml + SD) NF54 (ICs0, NnM = SD) NF54

C1 13.5+4.3 17.7 £5.7

C2 152124 20.0£3.1

C3 25.4 4.0 48.7 +7.8

C4 312 +39.4 401 +51

C5 117 +35.6 168 £51

C6 219 +56.9 360 +93

CQ 4.80 +0.82 9.31+1.6
Artesunate 2.52+0.37 6.55 +1.0

4.2.3 Heme Aggregation Inhibition Assays

The malaria parasite, P. falciparum, is most active in its blood (erythrocytic) stage as it
degrades large amounts of the hosts’s hemoglobin in order to nourish and grow. This active
phase of the parasite’s life cycle that mainly involves the digestion of the proteins from
haemoglobin occurs in an acidic, pH in the range 4.5-4.9, compartment termed the digestive
vacuole [27,28]. The consumption and degradation of 70-95 % of haemoglobin [29,30] by the
parasite for biosynthetic requirements is a highly ordered process involving several proteases
[31,33]. This process results in the formation of the non-toxic (to the parasite) by-product,
heme. The larger amounts of generated non-toxic free heme (heme b, ferriprotoporphyrin-IX
or Fe(IPPIX) from hemoglobin is autoxidized into toxic ferric form (hematin, hemin or
aquaferriprotoporphyrin-1X or H,O-Fe(llII)PPIX) that results in the inhibition of vacuolar
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proteases and damaged parasite membranes as was seen with chloroquine, artemisinin and
amodiaquine that exhibited enhanced peroxidase activity of heme [34,38]. Thus it is vital for
the parasite’s survival to get rid of the toxic heme through a biomineralization (detoxification
mechanism) process, converting heme into a highly insoluble microcrystalline malaria
pigment hemazoin that is non-toxic to the parasite. Antimalarial drugs, such as artemisin and
chloroquine, have been observed to block this detoxification mechanism by complexing with
the heme and this has been demonstrated to be the likely mode of action for these antimalarial

drugs [39,40].

Chloroquine and 4-aminoquinoline compounds have been shown to interrupt the
detoxification of the toxic heme to the nontoxic hemazoin by binding with the Fe(l11)-PPIX,
thus encouraging the build-up of the cytotoxic Fe(l11)-PPIX by-product (vide supra, Chapter
1) [41,42]. This antiplasmodial activity was studied through the structure-activity
relationships of 4-aminoquinolines and the effects of alkylating heme with artemisinin. It has
also been shown that in some instances the chloroquine and related 4-aminoquinoline target
heamazoin as the mode of action as thiourea, thiazolidinedione and thioparabanic acid
derivatives of 4-aminoquinoline exhibited antimalarial activity with potent B-hematin
inhibition formation as well as the proposed noncovalent binding sites of these quinoline

derivatives [43,44].

4.2.3.1 Heme Aggregation Inhibition Assays of the ligands, L-L3.

The ability of the ligands, L -L3, to act as heme aggregation agents was investigated because
the ligands exhibited good activity against the CQS NF54 of p. falciparum. The results are

tabulated (vide supra, table 4.3) and represented graphically below.
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Table 4.3: B-haematin inhibition activity of ligands L*-L°.

Compounds ICsp (value + SD)
Lt 65.91+15
L* 60.30 + 1.2
L3 92.22+3.2
CcQ 78.5+2.2
AQ 76.8+1.3

SD — Standard deviation
CQ — Chloroquine
AQ — Amidoquine

The ligands were assessed using a reported literature procedure employing Nonidet P-40
(NP-40) detergent mediated assay [45]. The detergent, NP-40, was used in the interactive
study of the ligands in order to imitate the neutral lipids found in digestive vacuole of the
parasite and therefore probe the ability of the ligands L*-L* and corresponding complexes
C1-C6 to inhibit B-hematin formation [46,47]. Methods used to measure the amount of 3-
hematin inhibited have been reported in the literature; titration calorimeter and
spectrophotometric titration, and the latter has been found to be a preferred replacement in
the absence of the former and yields comparable association constants to the former

technique [27,48,49].
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Figure 4.3: Process of haemoglobin degradation and heme detoxification by intraerythrocytic
malaria parasite, picture taken from ref [6].

The ligands L' and L? were found to act as better B-hematin inhibition agents, with lower
IC5o values comparable to the standard drugs chloroquine diphosphate (CQDP) and
amidoquine (AQ). Ligand L? with two phenyl rings on the pyrazole moiety, performed
slightly better than L*, with methyl substituents on the pyrazole moiety. This suggests that the
two phenyl rings on the pyrazole moiety of L? might be interacting better with heme than L,
by interfering with the parasite’s inherent behaviour to detoxify and thus resulting in the

blockage/ sequestration of toxic heme that leads to the death of the parasite [50,51].

4.2.3.2 Heme Aggregation Inhibition Assays of the metal complexes, C1-C6.

The metal complexes C1-C6 were also probed for their ability to act as the synthetic -

hematin inhibition agents. The efficacy of the prepared metal complexes in the heme
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aggregation inhibition assay (HAIA) was conducted in a buffer medium as reported in the
literature using the titration colometric methods [45,49]. The B-hematin inhibitory activity of
the complexes C1-C6 were conducted in an acetate buffer at the pH 4.7. The obtained ICs
values of the complexes were comparable to the standard drug CQDP. The correlation
between the dependence of the antimalarial activity to the f-heamatin inhibitory activity was
studied. No observable trend could be extrapolated for this series of metal complexes unlike
similar reported metal-CQ complexes, such as the half-sandwich ruthenium(ll),
[Au(CQ)(PPh3)]PFs and ruthenium(ll) chloroquine complexes, where a correlation was

established between the anti-malarial activity, hemin and p—hematin inhibition [7,52,53].

Table 4.4: B-haematin inhibition acticity of complexes C1-C6é.

Compounds ICs (value + SD)

C1 62.1+14

C2 86.5.+ 1.7

C3 >100

C4 83.5+2.1

C5 85+1.1

C6 82+1.4

CcQ 78+2.1

AQ 76.2.0

SD - Standard deviation
CQ - Chloroquine
AQ — Amidoquine
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Figure 4.4: Graphical representation of the ICsy values for the ligands L'-L°® and

corresponding complexes C1-C6.
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Figure 4.5: Correlation of drug inhibition of p-haematin inhibition induced by haemozoin at

pH 4.7 and inhibition of parasite growth using the CQ-sensitive P.
falciparum strain NF54. Values are given for ligands (L*-L?), metal complexes
(C1-C6), and chloroquine (CQ).

The results obtained showed that there was no distinguishable correlation between the

antimalarial activity and the B-haematin inhibition activity of the ligands L*-L*® and metal
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complexes C1-C6 in vitro. The antiplasmodial activity exerted by the compounds against the
CQ-sensitive NF54 strain of P. falciparum did not automate the ligands and complexes to
exert enhanced activity as f-haematin inhibition agents. As it can be ascertained from the plot
above (Figure 4.5), no correlation was observed between B-haematin inhibition activity and
the potency of this series of compounds compared to the CQ-sensitive NF54 strain of P.
falciparum although Dorn et. al. and Vippagunta et. al. have demonstrated good correlation
between hematin polymerisation inhibition and parasite growth inhibition for quinoline-
containing blood schizonticides [54,55]. It is known that for a compound to act as a better -
haematin inhibition agent, its compounds physiological properties must allow for sufficient
accumulation in high concentration in the digestive vacuole of the parasite [56-59]. These
suggest that physiological properties of the prepared compounds play a role in the
antimalarial and B-haematin inhibition activity, respectively. Thus changes in structural
formulation might affect the cellular accumulation of CQ analogues in the DV of the parasite
resulting in impeded activity [60-62]." A study into the accumulation of the prepared CQ
analogues and corresponding metal complexes, can aid with the correlation of the

antimalarial activity and B-haematin inhibition establishment [63].

4.3 Computational studies

4.3.1 Molecular Docking of chloroquine analogues, L*-L>.

The dimeric enzyme from Plasmodium falciparum dihydrofolate reductase—thymidylate
synthase (PfDHFR-TS) has been identified as the crucial target of antimalarial drugs [64,65].
Antimalarial drugs such as pyrimethamine and the pro drug proguanil has been shown to

170



Chapter 4: Antimalarial activity of chloroquine analogue ligands and | 2016
corresponding Pd", Pt', Rh', and Ir'""" metal complexes, with
molecular docking of chloroquine analogue ligandds

inhibit dihydrofolate reductase enzyme although rapid parasite immunity has been
documented [66]. Thus it was in the interest of the present study to evaluate the ligands L*-L3
as folate antagonists that might offer different modes of action and overcome the emergence

of resistance to known folate antagonists.

Figure 4.6-4.8 show the conformations of the docked ligands (L!, L? and L% with
dihydrofolate reductase-thymidylate synthase (PDB ID - 1J3I) present in P. falciparum. The
active site of the protein was assesed through the information available in the literature, as the
crystal structure of PFDHFR-TS revelead the favourable conformation for the potent inhibitor
WR99210 over the pyrimethamine [64-66]. All ligands were docked into the active site
pocket of the protein and the resulting docked conformations were selected on the basis of the
interaction energy parameters and scoring functions of the binding energy efficiency. The
assessed scores of the molecular docking are summarized in Table 4.5. All ligands showed
the Root Mean Square Deviation (RMSD) values (<2 A), indicating the reliability of the
docked complexes. The L' interacted with Ile14, Alal6, Leud0, Phe58, 1le112, lle 164 and
Tyrl70 (Figure 4.6). Similarly, L? showed interaction with Alal6, Val45, Leu46, Phe58,
lle112 and Pro113 (figure 4.7). Furthermore, L* interacted with highest number of residues
(llel4, Alal6, Leud6, Cys50, Met55, Phe58, Metl04, Serlll, lle112, Proll3, Phells,
Leull9, Ile 164 and Tyrl70) as illustrated in Figure 4.8, showed highest binding efficiency
towards dihydrofolate reductase-thymidylate synthase with binding energy of -7.13 kcal/mol,

which is in accordance with the experimental results.
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LEU40

ILE112

Figure 4.6: Docked conformation of L' with P. falciparum dihydrofolate reductase-
thiymidylate synthase (The dotted line shows the hydrogen bonds between the
L and protein residues).

ALAIl6

Figure 4.7: L? bound into the P. falciparum dihydrofolate reductase-thymidylate synthase.
The dotted lines show the hydrogen bonds.
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SER111

PRO113

Figure 4.8: Docked conformation of dihydrofolate reductase-thymidylate synthase with L3,

Table 4.5: List parameters generated from molecular docking showing the interaction
behaviours of protein and ligands.

Ligand Selected DrugScoreX Free Ligand vdW + Intermolecular Total Torsional
S.  name Docked  scoring energy of - Efficiency - Hbond +  energy internal energy
No Pose results Binding desolv (kcal/mol) (kcal/mol)  (kcal/mol)

(kcal/mol) Energy
(kcal/mol)

1. L' 42 -100 -6.49 -0.27 -8.83 -8.58 -2.47 2.09
2. L2 29 -142 -8.61 -0.25 -11.52 -11.29 -2.05 2.68
3. L® 41 -137 -7.13 -0.22 -10.36 -10.11 -2.26 2.98

4.4 Summary and Conclusions:

In the present work, a class of new chloroquine analogues was prepared and fully
characterized. The syntheses of these new series of 4-aminoquinoline derivatives were
achieved by varying the pendant pyrazoles in efforts to gain insight into new leads for hybrids

that might have pharmacological activity against the lethal plasmodium falciparum parasite.
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The 4-aminoquinoline ligands L*-L3 exhibited substantial activity with L' and L? having the
highest activity. The highest activity showed by the corresponding complexes was seen for
complex C1 against the chloroquine sensitive strain (CQS) of P. falciparum. The activity of
the compounds can arranged as follows, L'~L3<L? C1~C2<C3 and C5~C6<C4. The
promising feature about some of the compounds synthesized was that L*-L* and complex C1-
C3 displayed activity against the CQS that was below 50nM. The ligands L'-L* and
complexes C1-C6 have been shown to interact with haem. These chloroquine analogues and
their corresponding metal-based antimalarial candidates have shown to inhibit B-haematin
formation to a comparable extent than chloroquine diphosphate (CQDP) and other known
metal-based anti-malarial agents reported in the literature. Molecular docking also provided

some insight into the interaction of the ligands with the active site of the parasite.

4.5 Experimental
4.5.1 Determination of in vitro antiplasmodial activity

The test samples were tested in triplicate on one or two separate occasions against
chloroquine sensitive (CQS) strain of Plasmodium falciparum (NF54). Continuous in vitro
cultures of asexual erythrocyte stages of P. falciparum were maintained using a modified
method of Trager and Jensen [67]. Quantitative assessment of antiplasmodial activity in vitro
was determined via the parasite lactate dehydrogenase assay using a modified method
described by Makler [68]. The test samples were prepared to a 20 mg/ml stock solution in
100% DMSO. Samples were tested as a suspension if not completely dissolved. Stock
solutions were stored at -20°C. Further dilutions were prepared on the day of the experiment.

Chloroquine (CQ) and artesunate were used as the reference drugs in all experiments. A full
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dose-response was performed for all compounds to determine the concentration inhibiting
50% of parasite growth (ICsp—Vvalue). Test samples were tested at a starting concentration of
1000 ng/ml, which was then serially diluted 2-fold in complete medium to give 10
concentrations; with the lowest concentration being 2 ng/ml. The same dilution technique
was used for all samples. The highest concentration of solvent to which the parasites were
exposed to had no measurable effect on the parasite viability (data not shown). The ICso-
values were obtained using a non-linear dose-response curve fitting analysis via Graph Pad

Prism v.4.0 software.

4.5.2 Heme Aggregation Inhibition Assay

The colorometric method used to quantify the formation of B-haematin was a template of the
method described by Wright et. al. [45]. Test compounds were prepared as a 10mM stock
solution in 100% DMSO. Test samples were tested at a starting concentration of S00uM and
the lowest drug concentration being 5 uM. The stock solution was serially diluted to give 12
concentrations in a 96 well flat-bottom assay plate. NP-40 detergent was then added to
mediate the formation of B-haematin (30.55 puM, final concentration). A 25 mM stock
solution of haematin was prepared by dissolving haemin (16.3 mg) in dimethyl sulfoxide (1
ml). A 177.76 pl aliquot of haematin stock was suspended in 20 ml of a 2 M acetate buffer,
pH 4.7. The haematin suspension was then added to the plate to give a final haematin
concentration of 100 uM. The plate was then incubated for 16 hours at 37°C. The well-
established method developed by Ncokazi and Egan, using the pyridineferrochrome was
employed.[49] 32 ul of a solution of 50% pyridine 20% acetone, 20% water, and 10% 2M

HEPES buffer (pH 7.4) was added to each well. To this, 60 pl acetone was then added to each
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well and mixed. The absorbance of the resulting complex was measured at 405 nm on a
SpectraMax 340PC plate reader. The 1Cso values were obtained using a non-linear dose-

response curve fitting analysis via Graph Pad Prism v.5.0 software.

4.6 Computational Studies
4.6.1 Molecular Docking

The docking studies were performed against the active site of dihydrofolate reductase-
thymidylate synthase (PDB ID - 1J3I) of P. falciparum by using the AutoDock 4[69]
package, in order to evaluate the binding mechanism of L*, L? and L® with the respective
protein. The AutoDock uses the combination of a free energy based empirical force field
along with Lamarckian Genetic algorithm for the prediction of the bound conformations [69].
The grid dimensions of 41 x 71 x 49 A beside the X'YZ directions was assigned in accordance
with active site of the protein [64] by using the AutoGrid module with grid spacing of 0.392
A. The Lamarckian genetic algorithm was used with the default parameters. Around 100
conformations were generated which were clustered according to the RMSD tolerance of 2.0
A. The obtained conformations were rescored using the DrugScoreX server [70] and the best
conformation was selected on the basis of consensus of the obtained parameters. The docked
complexes were optimized and validation using modules present in the “Receptor-Ligand
Interactions” section of Discover Studio 4.0 [71]. Furthermore, docked complexes were

minimized using CHARMM [72] force field.
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5.1 Introduction

To date Malaria may be a threat to a large population of mankind; however, it has been able
to have some cure and even possible inoculation. So many other dreaded diseases exist which
kill far above malaria. Other diseases such as TB, HIV/AIDS and cancer are more or less a
death sentence. As the lifestyles of the general populace, both from the developed and
developing counties, continue to deteriorate the number of people suffering from cancer is
expected to increase to 20 million in the next coming two decades. This global expected
increase in cancer incidences is envisioned to be accompanied by the emergence of new
cancer incidences that will burden the prophylaxis and care of patients throughout the world.
Therefore, all efforts aimed at addressing changes that will arise from "complicated” cancer

incidences will be needed in order to address this global scourge [1].

Cisplatin, (cis-diamminedichloroplatinum, cis-[Pt(NH3),(Cl).], Figure 5.1, (i)), the first
successful member of the category of platinum-containing anticancer drugs was initially
identified for its ability to exert anti-bacterial activity, was later discovered to be active
against cancer. The platinum complex exhibited activity when evaluated as an anticancer
agent against testicular, ovarian, bladder, head and neck cancers and other solid tumours [2].
The activity was associated with the ability of these complexes to bring “destructive” changes
to the DNA through the formation of an adduct between the Pt-DNA as the results of the
absorption of the drug [3,4]. Extensive study into the use of cis-platin however limited its
therapeutic use as severe side effects, which include nephrotoxicity, nausea, and vomiting
were among ailments identified [5]. The search for clinically beneficial platinum analogues
resulted in the discovery and achievement of oxaliplatin Figure 5.1, (ii)), amongst the arrays
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of investigated complexes and a very small number of clinically approved platinum drugs, an

excellent candidate that emerged superior in the treatment of colon cancer [6].

Organometallic complexes offer great potential for design as anticancer drugs. They can act
as inert scaffolds and specifically inhibit enzymes such as kinases, or as pro-drugs which

undergo activation by various mechanisms [7].

(i) (i) (i)

Figure 5.1: Structure of the prominent anticancer platinum derivatives, cis-platin (i),
carboplatin (ii), and oxaliplatin (iii).

Platinum (I1) salicylaldiminato complexes with a pendant heterocyclic thiophene moiety,
thioplatin, have been shown to have antitumor activity that is corresponding to cisplatin
without the accompanying grave side effects associated with the latter [8-10]. The associable
activity of thioplatin can be attributed to the inherent lipophilic nature, leading to thioplatins

accumulating readily in cis-platin-resistant cells [11].

5.1.1 Biochemical mechanism of cis-platin action

With the successful advances made in the chemotherapy of cancer with cis-platin and other

platinum based metal drugs, one of the teething problems that researchers have been trying to
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clearly understand is the biochemical interaction of the cis-platin with the DNA. It is now
accepted that cis-platin exerts it’s cytotoxicity by binding with the DNA and forming DNA-
adducts, that have been characterized, resulting in cell death (see Figures 5.3(a) and (b)) [12-

20].

5.1.2 Binding modes of bioinorganics to DNA structure

Literature has shown that only a limited number of metal containing drug candidates are able
to interact with the DNA as their target. These include bulky intercalating complexes of
[Ru(bpy)(2)dppz]** (bpy = 2,2-bipyridine and dppz = dipyridophenazine) [21] that were
luminescent upon  binding to  duplex  DNA,  cobalt polypyridyl coordination
compounds [Co(L3)]** (L=1,10-phenanthroline (phen), and bpy) [22] that have been shown to
interact with 6-mercaptopurine and calf thymus DNA, mononuclear Ni(ll) and Cu(ll)
complexes [(NiL(1Me-Im)] (1), [(CuL(1Me-Im)] (2) and [(NiL(PPh3)] (3) (1Me-Im = 1-
methylimidazole and PPhj = triphenylphosphine) that were investigated for their binding
ability to DNA [23]. Some copper complexes [(tom™®){Cu(OAc)},] (Cux(OAc),), (tom™® =
2,7-Bis(N,N-di((6-methylpyridin-2-yl)methyl)- aminomethyl)-1,8-
bis(methoxymethoxy)naphthalene) were shown to target the neighboring phosphates of the
DNA backbone by molecular recognition [20]. On the other hand, salicylaldiminato-Ni(ll),
Cu(ll) and Zn(I1) complexes exerted their activity through DNA-binding affirnity and were
shown to be effective intercalating agents with DNA [24]. Rare-earth metal compounds of
[LnL2(NO3),].NO3 [Ln=La(1), Sm(2), Dy(3), Eu(4), where the ligand L is the 6-hydroxy
chromone-3-carbaldehyde-(2'-hydroxy) benzoyl hydrazone, have also been shown to bind

calf thymus DNA presumably via the intercalation mechanism with Eu(l1l) exhibiting the
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strongest binding affinity [25,26]. It has been shown that coordination compounds are able to
interact with DNA via two main interactiv modes; the irreversible (covalent or coordination
binding) and reversible (intermolecular association) mode due to the complexity of DNA

strand that offers many potential binding sites.

Axial Ligands
- only present for Pt (1V)
- additional targeting or biological properties

- lipophilicity
- solubility
)
Uy X
. A 1/ N
Non-Leaving Group Ligands / \\\ Leaving Group Ligands
- nature of Pt-DNA adduct L/ X - reaction kinetics
- resistance profile @ - toxicity profile
- Ilpophl_llcny - Lipophilicity
- solubility - Solubility

Figure 5.2: Different components of platinum anticancer agents. Additional factors that can
be varied are the stereochemistry and the respective number of non-leaving group
and leaving group ligands, picture modified from ref [27].

5.1.2.1 Covalent binding

The size of the coordination compounds dictates the manner in which the compounds interact
and bind to DNA or nucleodite sequence [28]. One of the requirements of the
chemotherapeutic agents necessary in order to act effectively as an antineoplastic agent is the
propensity of the coordination compounds to produce activated, aquated form(s). Cisplatin

has been shown to readily undergo stepwise hydrolysis in aqueous solution by nucleophilic
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substitution of chloride with water, producing the activated molecules cis-
[PtCI(H20)(NHs),]" and cis-[Pt(H.0)2(NH3),]**. The cationic monoaqua complex cis-
[PtCI(NH3)2(H,0)]" is the most reactive hydrolysed species and is believed to readily bond

with the purine bases of the DNA [29-37].

Figure 5.3(a): Representation of the cis-Pt-DNA adduct formed with the N-7 of the guanine
base, picture take from ref [28].

Studies into binding affinity of cis-platin to DNA, shows the preferential binding of cis-platin
to the N7 position of the purine DNA bases. This binding of cis-platin to the purine DNA
bases results in the formation of an intrastrand cross-links cis-Pt-DNA adduct between two
adjacent guanine-guanine [cis-Pt(NHs).d(pGpG), 1,2-GG] (Figure 5.2(b)). The nitrogen atom
N7 of the purines are known to be electron-rich and as such they are the accesible site for an
electrophilic attack by the platinum metal centre in the DNA as they are exposed in the major

groove of the double helix strand excluding the hydrogen bonding base pair interaction. The
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Pt-DNA adduct formed is perceived as the most important lesion in the platinum-induced

DNA kink [37-41].

Undamaged (GG) Cisplatin adduct (PtGpG)
AR N / cl ¥ guanme
I > /\ P
NK""”‘ X )| ‘{
ot “\*\5 gu&nlne ,\ b~ I N7 Pt f ‘
N Cl
V] | ‘1 T}
= -
‘. ) . Cis-diamminedichloroplatinum(|l) N \\ ¥ diiaiing
'\ 3 guanine (cisplatin) g

Figure 5.4(b): Reaction of cis-PtCl,(NHs); with purine DNA bases to form [cis-
Pt(NH3).d(pGpG), 1,2-GG] adduct, picture taken from ref [42].

5.2 Other bioinorganic compounds as anticancer agents

5.2.1 Ruthenium

The therapeutic properties of ruthenium were later discovered in the 1970s as a result of a
search for alternative metal-based drug candidates that might possess lesser side effects and
be active against a range of cancerous cells with an improved selectivity than their platinum
counterparts. The first organoruthenium complex reported was the antitumor agent that is the
half-sandwich 1- #-hydroxyethyl-2-methyl-5-nitro-imidazole (metronidazole) (Figure 5.5)
which was discovered to be an effective chemothepeutic agent in vitro. The metronidazole

complex was more active than the free ligand [43].
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Figure 5.5: The first reported half-sandwich Ru'"-based antitumor agent [43].

Clark et. al. reported the successful synthesis of [Ru(NHs)s(purine)]** complex that was
discovered to inhibit DNA and protein synthesis in human nasopharyngeal carcinoma cells in
vitro [44,45]. The scope of the Ru" complexes was later expanded by the development of Ru"
complexes that had dimethylsulfoxide (DMSQ) and chloride ligands, orientated in a cis- and
trans- [RuCly(dmso)s] configuration, by Mestroni et. al. These ruthenium complexes
exhibited anticancer activities as they were shown to target and interact with DNA both in

vitro and in vivo [46].

The continued effort aimed at synthesizing novel Ru'-based drug candidates led to two of the
Ru"-based anticancer drugs: NAMI-A [47-49] and KP1019 [50-53] (Figure 5.6), entering

clinical trials.
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Figure 5.6: Chemical structures of the Ru'-based drug candidates in clinical trials: NAMI-A
and KP1019.

It has thus been shown that Ru" and Os" arene complexes exhibit appreciable cytotoxic
activity against human ovarian cancerous cells possessing potent activity comparable to cis-
platin and carboplatin as their structure-activity relationship has been established [30-42].
The chemistry of Ru'-based anticancer agents has been broadly investigated equally to Ru'""
complexes [43-62]. Half-sandwich complexes based on the ruthenium-arene and ruthenium-
cyclopentadienyl have been the most extensively studied organoruthenium compounds [62].
Ruthenium' complexes, just like other d® metal centres (Os", Ir'" or Rh'"), are known to form

three binding configurations with the ligands coordinated around the metal centre (Figure

5.7).
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arene

X, Y, Z = ligands
(monodentate,
bidentate or tridentate)

Ml - RU”, OS” M2 - Rhlll, |r|”

Figure 5.7: A general representation of Ru", Os"-, Rh"- and Ir'-based | half-sandwich
‘piano-stool’ complexes.

The nature of the ligand on the complexes that are shown above governs the coordination
mode, as such the ligand can bind in a monodentate (Z), bidentate (X-Y) or tridentate (X-Y-
Z) fashion, resulting in neutral or charged complexes (isolated as salts). The inherent
reactivity (labile or inert) character of the metal complexes is regulated by the different types
of coordinating ligands (X, Y, Z and arene/Cp). The z-donor ability of the arene/Cp ligands
on the metal centres have been shown to stabilize and protect the metal centres from

oxidation [47].

5.2.2 Rhodium and Iridium

Organometallic rhodium(l1l) and iridium(lll) complexes have found their niche as
chemotherapeutic agents in the treatment of cancerous cell lines, and they have been
discovered to be stabilized by the negatively charged pentamethylcyclopentadienyl ligand
(Cp*) ring moiety, possessing bidentate ligand with nitrogen, oxygen and/or carbon donor
atoms such as NAN-, N*O-, 07O, or even the C-H activated CAN-chelating ligand, Z = Cl or

py) have shown appreciable cytotoxic activity against different human cancer cell lines
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although only a small number of literature articles have thus far reported on their anticancer

activity [63-75].

Fixed ligand, stabilizer Ir'",
promotes substitution of Z

\ o/n*

R Cp*
Me Cp*

phenyl  Cp*P" ‘
biphenyl Cp*PiPh

L

Monodentate: labile e L\)
(leaving group) or non-labile

Normally bidentate:
stabilizes complex,
determines nucleobase
selectivity

Figure 5.8: General structure of half-sandwich Ir'"' cyclopentadienyl complexes. The ligands
tune the chemical and biological activity. Picture taken and modified from ref

[74].
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5. 3 Results and Discussion

5.3.1 In vitro screening of N,O-salicylaldimine ligands and corresponding
complexes.

5.3.1.1 In vitro anticancer activity of N,O-salicylaldimine ligands, SL*-SL2.

The in vitro preliminary cytotoxic activity of the synthesized salicylaldimine ligands SL*-SL®
(Figure 5.2) as agents able to circumvent the proliferation of cancerous cells was evaluated
against four different human cancer cell lines, namely, breast adenocarcinoma (MCF-7),
human hepatocellular liver carcinoma (HepG2), non-cancer Human Fibroblast (KMST-6),
non-tumorigenic epithelial cell line (MCF-12) together with the antineoplastic standard
reference drug, cis-platin. The in vitro 1Cso values for the salicylaldimine ligands are listed

below in Table 5.1.

The highest activity for the ligands evaluated was observed for SL*, with 1Cs, value of 17 +
0.9 uM with the transformed/malignant cells (MCF-7) and 35 + 1.3 uM for the healthy un-
transformed/non-malignant cells (MCF-12). Ligand SL' was found to exhibit the lowest
cytotoxicity against the non-malignant MCF-12 cells, a necessary prerequisite for a
compound to be considered as a viable anticancer agent due to its selective nature (Table 5.1,
SI = 0.48). This is the only ligand that performed better than its corresponding metal
complexes (vide infra). Ligand SL? with the ethylene (-CH,CH.-) linker showed
cytotoxicities that were the least promising of the ligand series with an 1Cs, value of 38.59
MM against the malignant MCF-7 cells although it was more active in comparison to the
reference drug cis-platin (ICso = 100 + 2.0 uM). Ligand SL* was more cytotoxic than SL>

(33.43 + 1.1uM), although structurally similar except that ligand SL2 has a di-substituted ‘Bu
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in position 3- and 5- on the salicylaldimine moiety, indicating preferential selectivity for the

malignant MCF-7 cell line by SL* than the latter ligand.

X

g7 S S__.

- | 2 MP
- OH OH

SL! SL? sL®

Figure 5.9: Ligands, SL*-SL?, evaluated against different human cancer cell lines.

Table 5.1: 1Cso (um) values of the salicylaldimine ligands SL*-SL3 and the reference drug
cis-platin against the different human tumor cell lines®.

Cancer cell SL! SL? SL® Cis-platin
lines®
MCF-7 1+ 10 3859+12 | 3343+12 | 100+21
HepG2 60.16 + 1.8 83.5+14 N.D >100
KMST-6 (ICs* +SD”) | 99.53+2.1 N.D* N.D >100
MCF-12 35.78+1.3 N.D N.D >100
MCF- SELECTIVITY 2.1 - - N.D
12/MCF-7 INDEX (SI)
0.54 - - N.D
MCF-
12/HepG2

8ICs, corresponds to the concentration required to inhibit 50% of the cell growth when the cells are exposed to
the compounds during 24h. Each value is the average of three independent experiments.

bStandard deviation.

*Breast adenocarcinoma (MCF-7), HepG2 (Human hepatocellular liver carcinoma), KMST-6 (Non Cancer

Human Fibroblast), MCF-12 (non-tumorigenic epithelial cell line). ®Not determined (precisely).
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5.3.1.2 Invitro anticancer activity of N,O-salicylaldimine complexes, C7-C10.

The coordination/organometallic complexes, C7-C10 (Figure 5.10), were screened for in
vitro cytotoxicity against human breast carcinoma (MCF-7), Human hepatocellular liver
carcinoma (HepG2), non-tumorigenic epithelial cell line (MCF-12) cell lines with varied
concentrations of the synthesized complexes in 24 hr employing the well-established
colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) bio-

assay, respectively.

C9 Cc10

Figure 5.10: N,O-salicylaldimine complexes, C7-C10, evaluated against different human
cancer cell lines.
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The MTT bio-assay employed in this study has been shown to quantify the amount of MTT
dye that has been reduced by the mitochondrial dehydrogenase as live cells incorporate and
bind to the dye. All the compounds were soluble in dmso and medium used herein. The
effective dmso percentage used for probing cytotoxicity profiles of all of the complexes was
less than 1%. The corresponding ICsq values for the studies are listed below (Table 5.2). The
standard anticancer drug cis-platin was also evaluated under the same experimental condition

in order to fully compare the cytotoxicities.

Table 5.2: 1Cs gjum) values of the complexes C7-C10 against the different human tumor cell

lines
Complexes ICso (UM £ SD)? SELECTIVITY INDEX (SI)
MCF-7 HepG2 MCF-12 MCF-12/MCF- | MCF-
7 12/HepG2
C7 244 +£1.2 N.D 5359+15 2.19 -
C8 43.75+1.7 | 89.68+1.1 | 2453+1.3 0.56 0.27
C9 63.01+2.2 N.D N.D - -
C10 21.25+1.9 N.D 55.47 +2.2 2.61 -
cis-platin 100+ 2.1 >100 >100+ 2.4 N.D N.D

8Cs, corresponds to the concentration required to inhibit 50% of the cell growth when the cells are exposed to
the compounds during 24 h. Each value is the average of three independent experiments.

®Breast adenocarcinoma (MCF-7), HepG2 (Human hepatocellular liver carcinoma), MCF-12 (non-tumorigenic
epithelial cell line).
Not determined (precisely).

The 1Cs values tabulated above indicate that the platinacycle complex C10 was the most
active against MCF-7 cancer cell line. A tetracycle, and metallacyles have been shown to
have promising antitumor activity when evaluated against different cancer cell lines [75-85].
The presence of a metal-carbon 6-bond appears to increase the stability of the complexes, and
therefore giving the cyclometallated complexes an advantage of being target specific as they
are evaluated for their pharmacological abilities [86]. Complex C10 is a square planar
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complex and as it has been indicated in the literature, square planar complexes exert their
activity via binding to the DNA intercalation and as such the complex C10 may also exert its

chemotherapeutic effect through DNA intercalation as well [87].

Comparison between complex C7 and C8, two different metal complexes Rh"'(C7) and
Ir'"'(C8) anchored by the same ligand SL in the same oxidation state, showed that complex
C7 (24.4 £ 1.2 uM) possessed potent activity than its counterpart C8 (43.74 = 1.9 uM) when
screened against the invasive breast cancer cell line MCF-7. The activity of complex C8 was
almost half of complex C7. The difference in the metal centres of these complexes thus lead
us to conclude that rhodium complexes of similar fashion can be viable candidates as
antitumor agents as they are herein observed to retain activity, suggesting that structural
modifications of this series of ligands and corresponding metal complexes might augment the
cytotoxic profile. The opposite was observed for the non-tumorigenic epithelial cell line
MCF-12, complex C8 exhibited enhanced cytoxicity profile (24.53 uM = 1.3) than C7
(53.59 + 1.5 pM). The selective index for complex C7 and C10, calculated as the ratio of
ICso (non-malignant cells, MCF-12)/1Cs (malignant cells, MCF-7), were found to be higher
than ca. 2, compared to 0.5 for complex C8. The greater (greater than 2) the Sl value is, the
more selective the complex is . Since the Sl (0.56) value of complex C8 is lower than 2, the
pure complex is regarded as toxic [88,89]. The similarities in the cytotoxicity profiles of C7
and C10 suggestes that the complexes might exert their antiproliferative activity in the
estrogen receptor of MCF-7 cells by having the same target sites [88-90]. The same
extrapolation was made with the non-malignant MCF-12 cells, suggesting that the C7 and
C10 might share the same target sites. The effect of the metal centre was also investigated as
C7 was a Rh(lIl) and C8 was a Ir(l11) metal complex bound by the same ligand (SL%). The

Rh(111) metal centre proved to retain comparable activity to the ligand SL* while the Ir(111)
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complex (C8) exhibited a decrease in the cytotoxic activity in comparison with that of the
free ligand. These observations were in agreement with reported Rh(Ill) complexes
[Cp*RhIICI(N~N)] (N~N = bipyridyl, phenanthroline) evaluated against MCF-7 and human
ovarian cancer cells A2780 [91]. The complexes reported herein were observed to be potent
anticancer agents (ICsp values below 50 puM), far more antiproliferative than some of the
Rh(I11) complexes reported in the literature (between 50-100 pM or even inactive) [91]. The
activity of the salicylaldimine complexes can thus be arranged in the order of increasing

activity C10>C7>C8>C9 (MCF-7) and C8>C7>C10 (MCF-12).

5.4 Summary and Conclusion

The cytotoxicity assessment of the novel salicylaldimine ligands (SL'-SL®) and complexes
(C7-C9) with the terdentate [C,N,O] platinacycle C10 against a panel of human cancer cell
lines MCF-7 (human breast carcinoma), HepG2 (Human hepatocellular liver carcinoma),
KMST-6 (Non Cancer Human Fibroblast), MCF-12 revealed that the complexes exhibit a
comparable antiproliferative activity to cis-platin in the two human cancerous and two normal
cell lines, with complex C10 showing cytotoxic activity that is five times that of the standard
drug cis-paltin. The activity of the complexes against the cancerous MCF-7 cell line can be
arranged as follows C10>C7>C8>C9 as the complexes behaved better across all tested
concentrations compared to the standard drug. The preliminary studies indicated that the
synthesized complexes possess the potential of becoming better antitumor agents compared

to the reference standard drug cis-platin.
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5.5 Experimental

5.5.1 Materials

5.5.2 Commercial Kits/ Molecular Probes

3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium bromide (MTT dye) Sigma Aldrich

Table 5.3: Tissue culture media used in the study and the suppliers.

Chemicals Suppliers

Phosphate Buffer Saline (PBS) without | GIBCO® Life Technologies
CaCl2, MgCl

Foeta Bovineserum (FBS) Biochrom
Penicillin-streptomycin Lonza

Dulbecco’s Modified Eagles’s Medium

(DMEM) GIBCO® Life Technologies
Trypsin

DMEM/F12

Bovine insulin Roche

Human Epidermal Groth Factor (HEGF) SAFC Biosciences
Hydrocortisone Sigma-Aldrich

5.5.3 General Solutions and Buffers

70% Ethanol: 700 ml of ethanol in 300 ml of distilled water.

5.5.4 Tissue Culture

All the cells (Table 5.4) used in this study were maintained in a 37°C incubator with 5% CO,
saturation. HepG2, MCF-7, and KMST6 cells were maintained in DMEM media containing
10% FBS, 10% penicillin-streptomycin, while MCF-12A cells were maintained in,
DMEM/F12 supplemented with 10% (v/v) FBS, 10% PENSTREP, 20ng/ml LONG® human
epidermal growth factor (EGF: SAFC Biosciences), 0.01 mg/ml bovine insulin and 500

ng/ml hydrocortisone.
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Table 5.4: Cell lines used in this study

CELL LINE SPECIES ORIGIN GROWTH
MEDIUM

HepG2 (Human Human DMEM
hepatocellular liver
carcinoma)
MCF-7 (Breast Human DMEM
adenocarcinoma)
KMST-6 (Non Cancer Human DMEM
Human Fibroblast)
MCF-12 (non-tumorigenic Human DMEM/F-12
epithelial cell line)

5.5.5 Thawing of cells

An amount of 5ml of DMEM media was placed at 4°C to cool. A vial of frozen cultured cells
indicated in Table 5.4 was removed from the -150°C freezer and thawed in a 37°C water
bath. The cells were transferred to a 15ml tube which contained the pre-cooled 5ml of
DMEM media and centrifuged at 3000 g for 3 minutes. The supernatant was decanted and the
pellet detached. The cells were then resuspended in 5ml media. The latter was put into a
25cm? tissue culture flask. The flask was incubated at 37°C at 5% CO, until confluence was

reached.
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5.5.6 Trypsinization of cells

The cells were trypsinized once confluency was reached. The DMEM media in the flask was
discarded and cells were washed with phosphate buffered saline (PBS). The PBS was
discarded and cells were trypsinized with the addition of 1 x trypsin and allowed to trypsinize
at 37 °C for 2-3 minutes. DMEM media was added to the flask to stop trypsinization. The

cells were collected by centrifugation at 3,000g.

5.5.7 Cell count

Cell counts were performed using the countess™ automated cell counter (Invitrogen). The
countess™ automated cell counter is a bench top automated cell counter that performs cell
counts and cell viability measurements using trypan blue stain. The countess™ automated
cell counter uses disposable cell counting chamber slides that contain two enclosed chambers
to chambers to hold the samples to allow for measurement of two different samples or
perform replicates of the same sample. The cell counting occurs in the central location of the
counting chamber and the volume counted is 0.4 uL, the same as counting four (I mm x1

mm) squares in a standard hemocytometer.

5.5.8 Seeding of cells

Once cells were thawed and incubated in a 25 cm?® tissue culture flask, cells were incubated at
37°C until confluency was reached. Cells were then trypsinized and centrifuged to remove

the supernatant and resuspended in 5ml of DMEM media. Cells were counted with the use of
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the countess'™ automated cell counter (Invitrogen) and seeded at the following densities: 5ml
of 2.4 x 10* cells/ml in 25cm2 flasks, 100ul of 1.0 x 10* cells/ml/well in 96-well plates.
When 96 well plates were used, 100ul of cells were seeded respectively. Cells were

incubated at 37°C until ready for testing.

5.5.9 Freezing of cells

For long term storage the cells were trypsinized and centrifuged. The cell pellet was re-
suspended in DMEM media containing 10% DMSQO. The latter was aliquoted into 2ml cryo-

vials and stored at -150°C.

5.6 BIOASSAYS

5.6.1 Evaluation of cytotoxicity using MTT Assay

Cell proliferation was determined using the MTT assay following the methods described by
Mosmann, 1983; Eguchi, et al., (1997) and Freimoser, et al., (1999) with minor modifications
(Eguchi, et al., 1997; Freimoser, et al., 1999; Mosmann, 1983). The MTT assay is a method
that is technically convenient, it doesn’t involve washing steps and it is easy to apply in most
experimental designs. Cells were trypsinized and cell counts of 2.4x10* were prepared in 50ml
cell culture tubes. From this 100 pl was withdrawn and seeded in each well of 96 well plates
and were let to grow to the required confluence. Then culture medium was removed and
replaced with 100 pl of fresh medium without or with various concentrations of the test
compounds. Triplicate wells were established for each concentration and the cells were

incubated for 4 hours at 37°C in a humidified CO, incubator. Tetrazolium salt 3-[4,5-
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dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was dissolved in PBS (pH 7.2)
to obtain a concentration of 0.5mg/ml and 10 pl of MTT solution was added to each well. The
plates were incubated for 4 hours at 37°C in a humidified CO, incubator. At the end of the
incubation period media was removed from each well and replaced with 100 pul DMSO. The
plates were shaken on a rotating shaker for 10 minutes before taking readings at 560 nm using
a microplate reader. Results of cellular viability were tabulated as mean absorbance of each
compound expressed as a percentage of the untreated control and plotted against compound
concentration. 1Cso values were tabulated from the graphs as compound concentrations that
reduced the absorbance at 560 nm by 50% of the untreated control wells. To exclude
background readings, three wells were seeded with untreated cells in which MTT was not

added. Assays were done in triplicate to ensure reproducibility.

The percentage inhibitions of cell proliferation were calculated using the following formula:
% inhibition = 100(%) - {((Ap - Acm) / (Acc - Acm)) x 100%}

where Acn=mean background absorbance of wells without cells (control of the medium);
Ac,.=mean absorbance in wells containing untreated cells (control of the cells); and
A,-absorbance value of the well containing cells treated with the tested compound at the

concentration of interest.

Dose- response curves were plotted from %IC (Inhibition of cell proliferation values versus
concentration of test compounds mM/ml) x-axis, log scale. Concentrations that inhibit cells
proliferation by 50% (ICso) were calculated by locating the x-axis values corresponding to

50% inhibition of cell proliferation Y — axis.
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6.1 Conclusions

6.1.1 Synthesis

Novel chloroguine analogues N-(2-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-
chloroquinolin-4-amine (L), N-(2-(2-(3,5-diphenyl-1H-pyrazol-1-yl)ethylamino)ethyl)-7-
chloroquinolin-4-amine (L?) and N-(2-(bis(2-(3,5-dimethyl-1H-pyrazol-1-
yl)ethyl)amino)ethyl)-7-chloroquinolin-4-amine ( L) that are appendent with a pyrazolyl arm
that are varied by steric hindrance around the pyrazole moiety have been successfully
synthesized and fully characterized by spectroscopic (FT-IR, homonuclear *H, COSY and
3C{1H}, heteronuclear 2-dimensional HSQC and HMBC) and analytical techniques. These
choloroquine analogues possessed an inherent secondary chelation site that is availed by the
incorporation of the “softer” coordinative pyrazole moiety in addition to the quinoline basic

nitrogen atom.

Corresponding coordination ([Cp*Rh"CI(LY)] (C1), [Cp*Ir''CI(LY] (C2), [Pd"Cly(LY)]
(C3), [Pd"Cly(L?)] (C4) and organometallic metal complexes [Pd"CI(L2-H)] (C5) and
[Pt"CI(L%-H)] (C6) based on L?have also been synthesized and fully characterized using the

aforementioned spectroscopic and analytical techniques.

Three new salicylaldimine 2-((E)-((thiophen-2-yl)methylimino)methyl)-4-tert-butylphenol
(SLY,  2-((E)-(2-(thiophen-2-yl)ethylimino)methyl)-4-tert-butylphenol ~ (SL? ), 2-((E)-
((thiophen-2-yl)methylimino)methyl)-4,6-di-tert-butylphenol (SL*) with a pendant thiophene
arm and two new hydrazinic 1,2-bis(1-(5-methylthiophen-2-yl)ethylidene)hydrazine (SL?),
1,2-bis(1-(5-bromothiophen-2-yl)ethylidene)hydrazine (SL°) ligands have been also
synthesized and fully characterized using the aforementioned spectroscopic and analytical

techniques. The molecular structures of SL*, SL? SL* and SL® have been confirmed by
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single crystal X-ray diffraction studies and their respective geometrical orientation

confirmed.

Novel salicylaldiminato [Cp*Rh"'CI(SLY)] (C7), [Cp*Ir'"'CI(SLY)] (C8), [Cp*Ru'"CI(SL)]
(C9), [(dmso)Pt"(SLY)] (C10) and [(HCOD)Pt"(SL®] (C11) complexes have also been
successfully synthesized and characterized using a range of aforementioned spectroscopic
and analytical techniques. The molecular structures of complex C7, C8, C10 and C11 have

been confirmed by single crystal X-ray diffraction studies.

6.1.2 In vitro antiplasmodial activity

The chloroquine analogues L'-L% and the generic metal complexes C1-C6 were evaluated for

their antiplasmodial activity against the CQ-sensitive NF54 strain.

The ligands L*-L> were found to exhibit good antiplasmodial activity (below 50 nM) with L*
exhibiting the best activity out of this series, with 1Cso of 19 nM, half as active as the

reference drug chloroquine diphosphate.

The corresponding metal complexes C1-C6 were found to exhibit activity that ranged from
good (C1-C3) through moderate (C5) and weak (C4 and C6). The best activity displayed by
complex C1-C3 were found to be below 50 nM with C1 exhibiting the best activity with 1Cs

of 17 nM.

The new chloroquine analogues and corresponding complexes were also screened for their
ability to inhibit p-hematin. The ligands L* and L? exhibited potent inhibitory activity relative

to the standard drugs chloroquine and amodiaquine. The metal complexes displayed activity
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that was comparable to the standard drugs chlorogquine and amodiaquine with complex C1

showing the best B-hematin inhibitory effect out of all this series of metal complexes.

6.1.3 Molecular docking

The ligands L'-L® were docked on the active site of Plasmodium falciparum dihydrofolate
reductase-thymidylate synthase (PfDHFR-TS). The ligands were found to be viable
candidates as antifolate antagonist in the active site of the PFDHFR-TS enzyme with L*
showing the highest binding efficiency and high binding energy (-7.13 kcal/mol) as it
interacted with the highest protein residues. The binding score were better than reported

antifolate antagonist and comparable to the potent inhibitor WR99210.

6.1.4 In vitro anticancer studies

The salicylaldimine SL*-SL® and corresponding metal complexes C7-C10 were screened for
their anticancer activity against a range of cancer cell lines such as breast adenocarcinoma
(MCF-7), HepG2 (Human hepatocellular liver carcinoma), KMST-6 (Non Cancer Human
Fibroblast), MCF-12. The salicylaldiminato ligands and corresponding metal complexes
exhibited potent anticancer activity against MCF-7 compared to cis-platin (100 pM) with the
best ligand activity for SL' 17 uM and 21 pM, 24 uM for C10 and C7, respectively.
Cyclometallation of ligand SL? proved to be beneficial in the anticancer activity of the
complex, affirming previous reports on metallacycles. The best ICs, obtained for all the

compounds was for SL* and C10 on all tested cancer cell lines.
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6.2 Recommendations and future outlooks

The data obtained and presented herein, with literature support, permit us to propose making
these structural modifications (Figure 6.1) that might enhance the activity of the herein

reported chloroquine analogues and generic complexes.

The best activity demonstrated by the chloroquine analogues reported herein will be selected
and tested against different CQ-resistant strains such as Dd2 and K1. The ligands will also be
screened for their anticancer activity against different cancer cell lines (MCF-7), HepG2
(Human hepatocellular liver carcinoma), KMST-6 (Non Cancer Human Fibroblast), MCF-12,
A2780 and A2780cisR (Human ovarian cancer). The physiochemical characteristics viz

lipophilicity and basicity of the compounds will also be investigated.

The quinoline moiety has been shown to be essential for antiplasmodial (as it complexes with
Fe(l11)-PPIX) and B-hematin inhibition activity. The structural modifications envisioned
include retaining the quinoline motif in order to retain the antimalarial and B-hematin

anhibition activity.

The ferrocenyl moiety will also be introduced in order to help the compounds overcome
Plasmodium chloroquine resistance transporter (PfCRT) and increase the lipophilicity of the

compounds.

A secondary chelation site will also be introduced to enable incorporation of a secondary
metal centre. This site will also act as a weak base that can assist drug accumulation inside

the digestive vacuole (DV) of the parasite.

The incorporation of each fragment (Figure 6.1) to assemble the desired ferroquine

analogues, will be studied in order to gauge the effect brought about by each fragment and
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the impact they have on the pharmacological activity against different CQ-sensitive and CQ-

resistant strains of P. falciparum.

Basic secondary chelating site
Fc moiety that enhances activity Assist drug accumulation in the
in order to overcome cross- DV of the parasite
resistance -
S\ 1
I~
N N
=L
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Figure 6.1: Proposed structural modifications for a new series of ferroquine analogues as
antimalarial agents.

We also envision to expand the study of the salicylaldiminato-metallodrugs (Cu", Ni", zn",

cr'', vo', 0s") and to investigate the preferred binding mode of these metallodrugs to DNA
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and probe which nucleotide pairs are able to form preferred chelation complexes. DNA-
binding (absorption and fluorescent) studies of the salicylaldiminato-Pt(1l), Ru(ll), Rh(llI)
and Ir(l11) complexes will be investigated in order to ascertain the binding modes of the
complexes with purine DNA bases. It is also within future plans to investigate the selectivity
of the metallodrugs as they target nucleotides. Future endeavours will also focus on factors
that affect the binding affinity of the metallodrugs to DNA such as the pH changes, halide

variation and halide concentration.

Techniques such as the *H NMR and X-ray crystallography will be employed in order to
investigate the metal complexes-Drug interactions and to probe the preferred DNA site in
conjunction with High Pressure Liquid Chromatography (HPLC) that will aid resolve any

mixture of products that might form.
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