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Abstract

Leishmaniasis is a vector-borne neglected tropical disease, of which cutaneous leishmaniasis is the
most common form. There is a crucial need to develop new drugs for cutaneous leishmaniasis, as
current drugs are sub-optimal due to parasite-specific drug resistance, drug-induced host toxicity and
lengthy treatment. Repurposing existing drugs and/or compounds with established biological activity
provides an attractive measure for antileishmanial drug development. For instance, N-heterocyclic
molecules, such as quinolines and aminoquinolines, are commonly used as privileged scaffolds for
developing antimalarial and anticancer drugs, which show enhanced activity when combined with
metal complexes. This is exemplified by the iron-containing compound ferrocene, which has been
shown to amplify the efficacy of several quinoline-based drug candidates. Accordingly, this study
investigates the potential of repurposing ferrocenyl-quinoline compounds as potential drug
candidates for the treatment of cutaneous leishmaniasis caused by Leishmania major LV39, focusing

on in vitro antiparasitic activity and cytotoxicity, using murine and cell-based models of the disease.

Four ferrocenyl-quinoline compounds consisting of the quinoline scaffold bonded to ferrocene via
varying linkers (imino-alkyl, amino-alkyl, triazole amine and phenyl-alkene) were synthesised. The
synthetic routes used to generate these compounds and their precursors consisted of nucleophilic
aromatic substitution, Schiff base condensation, copper(l)-catalysed azide-alkyne cycloaddition and
Mizoroki-Heck coupling. All the compounds were fully characterised using standard spectroscopic (*H,
13C{*H} NMR and FT-IR spectroscopy) and analytical (mass spectrometry, melting point and elemental

analysis) techniques.

The four compounds and their precursors were assessed for their antileishmanial activity against the
promastigote form of L. major LV39. The amino-alkyl and triazole amine-linked compounds were the
most active (ICso = 0.50 and 4.04 pg/ml, respectively), with the former being more active than the
control drug amphotericin B (ICso = 1.94 pug/ml). Generally, the four ferrocenyl-quinoline compounds
had higher antileishmanial activity than their respective precursors. The cytotoxicity of the
compounds was also assessed against the murine RAW 264.7 macrophage cell line, and all four
compounds were observed to be more cytotoxic than amphotericin B (CCsp < 50 pg/ml). Although the
amino-alkyl and triazole amine-linked compounds had the highest cytotoxicities (CCso = 0.86 and 8.55
ug/ml, respectively), both compounds were more selective toward L. major promastigotes than their
imino-alkyl and phenyl-amine counterparts (Sl > 1), making them promising antileishmanial agents
worthy of further investigation. This study not only delineates structure-based trends on
antileishmanial activity but also demonstrates the significance of incorporating metals in drug design

to enhance potency.
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Abbreviations, Symbols and Units

°C Degree(s) Celsius

v Wavenumber

Aex Excitation wavelength

Aem Emission wavelength

6 Chemical shift

ug Microgram (10 g)

uM Micro molar (10 M)

A Angstrom (10° m)

AmpB Amphotericin B

ATR Attenuated total reflection

BALB/c Leishmania-susceptible mouse strain
brs Broad singlet

C57BL/6 Leishmania-resistant mouse strain
CCso Half-maximal cytotoxic concentration
CDCls Deuterated chloroform

CL Cutaneous leishmaniasis

cm? Reciprocal centimetres

COosy Homonuclear correlation spectroscopy
CuAAC Copper(l)-catalysed azide-alkyne cycloaddition
d Doublet

dd Doublet of doublets

DCM Dichloromethane




DMEM
DMF
DMSO
DMSO (ds)
ESI-MS
EtOAc
EtOH

FACS

FBS

FT-IR

HPLC

ICso

LC-MS

M199
MCL
MeOD
MeOH
MHz
ml
mmol

M.p.

Dulbecco’s Modified Eagle Medium
Dimethylformamide

Dimethyl sulfoxide

Deuterated dimethyl sulfoxide
Electrospray ionisation mass spectrometry
Ethyl acetate

Ethanol

Fluorescence-activated cell sorting

Fetal bovine serum

Fourier-transform infrared spectroscopy
Gram(s)

High-performance liquid chromatography
Hour(s)

Half-maximal inhibitory concentration
Coupling constant

Liquid chromatography-mass spectrometry
Multiplet

Medium 199

Mucocutaneous leishmaniasis
Deuterated methanol

Methanol

Megahertz

Millilitre(s)

Millimole(s) (10 mol)

Melting point




m/z

NMR

nm

PBS

ppm

RAW 264.7
ROS

r.t.

SD

S|

TFA
TLC
TMS
tr

VL
v/v%

w/v%

Mass to charge ratio
Nuclear magnetic resonance
Nanometre(s) (10° m)
phosphate-buffered saline
Parts per million

Mouse macrophage cell line
Reactive oxygen species
Room temperature

Singlet

Standard deviation
Selectivity index

Triplet

Trifluoroacetic acid

Thin layer chromatography
Tetramethylsilane
Retention time (minutes)
Visceral leishmaniasis
Volume percentage

Weight percentage
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CHAPTER 1

Introduction and Literature Review

1.1. Leishmaniasis

1.1.1. Epidemiology and prevalence

Leishmaniasis is a spectrum of vector-borne parasitic diseases caused by several species of the
protozoan parasite Leishmania. There are mainly three forms of leishmaniasis: cutaneous
leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral leishmaniasis (VL). ! Cutaneous
leishmaniasis is the most common form of the disease, characterised by ulcer-like lesions that appear
on the skin at the site of infection. When these lesions appear in the nose, mouth and throat mucous
membranes, the disease is classified as mucocutaneous. Visceral leishmaniasis is the deadliest form
of the disease, with a mortality rate of 100% if untreated, characterised by weight loss, irregular bouts
of fever, anaemia, and enlargement of the spleen and liver. 2* The most common causative agents of
CL are L. major, L. mexicana and L. tropica, those of MCL are L. (Viannia) braziliensis and L.
panamensis, while VL is typically caused by L. donovani and L. infantum. >=° All the parasite species are
transmitted by sandfly vectors of either the Phlebotomus or Lutzomyia genus, depending on whether
the species are in the Old World (Asia, Africa and Europe) or the New World (the Americas, particularly

South America). %79

Approximately between a million and 2 million cases of leishmaniasis are reported annually. 3%°
Despite being a risk to up to 1 billion people worldwide, leishmaniasis is classified as a neglected
tropical disease (NTD) as it is endemic in economically disadvantaged regions, namely the Middle East,
South America, the Mediterranean Basin and northern and western Africa. The incidence of the
disease also coincides with the high presence of Phlebotomus/Lutzomyia sandflies in these regions. 3~
® Sandflies are also present in southern Africa, particularly Botswana and Namibia. However, the
species that mostly occupy this region belong to the genus Sergentomyia and are not known to be
vectors of Leishmania parasites, though Phlebotomus rodhaini has been identified in Botswana
recently. 1% Furthermore, relatively few CL cases have been reported in northern parts of Namibia
since the 1970s, but the true identity of the responsible Leishmania and Phlebotomus species remains

unclear. ?




1.1.2. Leishmania life cycle and immunology of leishmaniasis in mice

Leishmania infection is transmitted via a bite from infected female Phlebotomus or Lutzomyia
sandflies. *® The parasite exists in two distinct forms. It is in its flagellated promastigote form (Figure
1.1B) while in the gut of a sandfly and transforms into the aflagellated amastigote form (Figure 1.1C)
when taken up by macrophages of the mammalian host. As illustrated in Figure 1.1A, when an infected
sandfly bites a mammalian organism for a blood meal, it regurgitates promastigotes into the
bloodstream. These promastigotes then enter the macrophages via immunoglobulin-mediated
phagocytosis. While inside the macrophages’ phagolysosomes, the parasites differentiate into
amastigotes, which then multiply before lysing the host cells and being released to either infect other
cells or be ingested by another sandfly taking a blood meal. In the latter scenario, the amastigotes

transform back into their promastigote form in the sandfly gut. >3

In order to study and understand all forms of leishmaniasis, mammalian animal models, such as
rodents, dogs, and monkeys, have been used. In the case of cutaneous leishmaniasis, murine models
have been the most commonly used for the past 40 years to investigate the cell types, cytokines, signal
transduction cascades and antileishmanial effector mechanisms necessary for parasite control. * Two
types of mice are used in cutaneous leishmaniasis research as models for the disease: BALB/c and
C57BL/6 (Figure 1.2A). Infected BALB/c mice are more susceptible to the disease and showcase a non-
healing phenotype. On the other hand, C57BL/6 mice are more resistant, resulting in them displaying
a healing phenotype. ¥ For studies on cutaneous leishmaniasis, these phenotypes are typically
exhibited after an eight-week footpad infection with Leishmania parasites, where BALB/c mice show
continuous footpad swelling and C57BL/6 show a lesser degree of swelling that subsides over time

(Figure 1.2B).
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life cycle in the sandfly vector and the vertebrate host. The sandfly releases Leishmania promastigotes
into the host’s bloodstream, where they are taken up by macrophages and transform into amastigotes.
Amastigotes either infect nearby macrophages or revert back into the promastigote stage after being
released from infected macrophages ingested by another sandfly during a blood meal. (B) Structure of
the parasite’s promastigote form. (C) Structure of the parasite’s amastigote form. 13
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Figure 1.2: Mouse breeds used in leishmaniasis research and footpad swelling in Leishmania-infected
mice. (A) BALB/c (left) and C57BL/6 mice (right), which are commonly used to study Leishmania
infection in vivo; ® (B) Footpad swelling in a BALB/c and C57BL/6 mouse infected with L. major. L.
major promastigotes were injected subcutaneously into the hind footpad of the mice, and the footpad
swelling was monitored over eight weeks.

Through the use of BALB/c and C57BL/6 mouse models for cutaneous leishmaniasis infection and
progression, multiple studies have shown that the host genetic background, Leishmania species, and
different parasite isolates can influence immune response. 8 It is now known that the disease’s
progression is dependent on which cytokines are produced by T helper cells upon infection and

whether they activate a proinflammatory Type-1/Th1 or anti-inflammatory Type-2/Th2 response in




macrophages, with the susceptible BALB/c strain displaying a Th2 response and the resistant C57BL/6

strain showcasing a Th1 response.

The mechanisms by which each type of response Is evoked are summarised in Figure 1.3. In the initial
stage of Leishmania infection, 90% of the parasites that penetrate the skin are eliminated by the
complement system, a complex network of activators, regulators and signals that enhance the
activities of antibodies and phagocytic cells. ¥ The surviving parasites, which can still cause infection,
are phagocytosed by dendritic cells (DCs) that present Leishmania antigens to CD4 T cells. At the same
time, neutrophils also use neutrophil extracellular traps (NETs) to immobilise and phagocytose the
parasites, subsequently generating reactive oxygen species (ROS) and nitric oxide (NO) to kill them.
7817 DCs also produce the cytokines IL-12 and IL-4, which drive the T cells to differentiate into either
Type-1 (Thl) or Type-2 (Th2) cells, respectively. The activated T cells then produce cytokines that
activate macrophages into a form that either promotes parasite-killing (M1) or promotes conditions
for parasite survival (M2). The cytokines IL-4, IL-6, IL-9, IL-10, IL-13 and TGF-B produced by Th2 and T
reg cells induce a response that lead to an M2 macrophage phenotype, while the cytokines IL-2, IL-
12, IFN-y and TNF-a made by Th1 cells activate the M1 phenotype. M1 macrophage activation results
in the production of parasite-killing NO via inducible nitric oxide synthase (iNOS). M2 macrophage
activation induces polyamine and urea production by arginase, favouring parasite proliferation. 786
18 Both iNOS and arginase utilise L-arginine as a substrate for their respective functions, meaning that

induction of M1 activation inhibits M2 activation and vice-versa. 8*°
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Figure 1.3: Inmune response mechanisms against Leishmania infection. Initial parasite elimination is
carried out by the complement system, with surviving parasites being either killed by neutrophils or
taken up by antigen-presenting DCs. Polarisation of T cells into Th1 or Th2 cells via the production of

IL-12 or IL-4 by DCs eventually leads to cytokine-mediated macrophage activation for either parasite-

killing or infection progression.

1.1.3. Available drugs and treatment

The primary drugs used for treating all forms of leishmaniasis are antimony-based compounds
collectively known as pentavalent antimonials. These are meglumine antimoniate (Glucantim) (Figure
1.4A) and sodium stibogluconate (Pentostam) (Figure 1.4B), first introduced in the 1940s. >'° Despite
being in use for over half a century, their mechanism of action is still poorly understood, with proposed
models suggesting that they activate host immune responses, act as prodrugs, or inhibit metabolic
pathways in amastigotes.  In particular, the prodrug model links the activity of pentavalent
antimonials to their reduction from Sb(V) to the more toxic Sb(lll) by amastigotes and, to a lesser
extent, host macrophages. ¥ Pentavalent antimonials are administered parenterally over 28-30 days

at daily doses of between 10 and 60 mg/kg, with patients required to be hospitalised to receive




treatment. &1° While effective against non-resistant forms of Leishmania, the use of these drugs in
endemic regions has been limited due to the emergence of resistant strains. »!%2° Additionally,
pentavalent antimonials can cause severe side effects like anaemia, cardiotoxicity, nausea, vomiting

and pancreatitis. &2

Amphotericin B (Figure 1.4C) is one of the alternative drugs that is also currently being used for
leishmaniasis treatment. This compound is an antifungal drug with nearly 100% efficacy against
antimony-resistant Leishmania strains, and this has been attributed to its ability to form pores in the
cell membranes of fungi and parasites by binding to ergosterol. #*2 The drug is administered
intravenously at 1 mg/kg daily for 20 to 30 days, but most people who receive it experience infusion
reactions and potentially fatal side effects, such as nephrotoxicity and myocarditis. #51%23 Liposomal
amphotericin B, a lipid formulation of the drug, is a more favoured and less toxic option than the free
drug and is administered at a dose of 3 mg/kg per day over 10 to 20 days. &% Unfortunately, there

have been recent reports of several Leishmania species exhibiting resistance to the drug. 22¢

Miltefosine (Figure 1.4D), originally created as an anticancer drug, was found to be effective against
all forms of leishmaniasis and has the benefit of being suitable for oral administration, reducing the
need for hospitalisation. 2 Miltefosine is typically administered daily at 50 to 100 mg for 28 days, with
its mechanism of action believed to be an induction of cell apoptosis. #!%2* However, it also causes

gastrointestinal side effects, and there have been recent reports of resistance to this drug. °

The abovementioned issues associated with antimonials, amphotericin B and miltefosine have also
been observed with other drug options like pentamidine and paromomycin. Therefore, it is crucial to
develop newer and more effective drugs against CL with no or fewer severe side effects and less
invasive administration routes. An attractive option for finding more reliable antileishmanial agents is

the repurposing of known antiparasitic drugs or biologically active compounds.
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Figure 1.4: Structures of drugs currently in use to treat leishmaniasis. The first-line drugs used against
non-resistant Leishmania strains are the sugar-based pentavalent antimonials meglumine antimoniate
(A) and sodium stibogluconate (B), which both contain atoms of the metalloid antimony in their
structures. Amphotericin B (C) consists of a polyhydroxyl chain and polyene chain bound to a
mycosamine group, while miltefosine (D) is a phospholipid-based drug. %

1.2. Approaches to new antileishmanial drug design

1.2.1. Drug repurposing

Drug repurposing, also sometimes known as drug repositioning, is the finding of new uses for drugs
or pharmaceutical ingredients in diseases other than what they were originally developed for. 27-2°
The use of amphotericin B and miltefosine indicated earlier are examples of drug repurposing for
leishmaniasis treatment, despite the negative effects of these drugs. While developing new
leishmanicidal drugs remains an option, progress in this regard has been slow because of the hesitance

of pharmaceutical companies to invest in their development, as they believe that the market for these

drugs will be too low to produce significant returns. 2

There are several advantages to repurposing existing drugs and bioactive compounds. One of the
major benefits is that it significantly reduces the costs and time required for novel drug development.
The cost of developing a new drug may go up to 1.8 billion dollars and take over a decade to complete.
230 Another advantage is that some of the clinical trial phases associated with de novo drug
development can be bypassed, and there is a lower probability of clinical failure since the safety

profiles and efficacy of the repurposed drugs are already documented. As a consequence, the time




taken for the drugs to reach their new market is also decreased. * It is, therefore, more reasonable to

repurpose existing drugs whose pharmacokinetic and safety profiles are well-known.

Repurposed drugs have been shown to have high efficacy in a variety of disease settings. ¥’ For
example, thalidomide, which was banned in 1962 by the WHO as anxiety and morning sickness
medication due to its teratogenicity, was successfully repurposed for leprosy treatment and later
cancer treatment. 2 Aspirin, a well-known analgesic, currently has the potential of being repurposed
as an anticancer agent due to its recently discovered ability to inhibit metastasis. 3° At present, the

success rate of FDA-approved repurposed drugs and vaccines sits at approximately 30%. ¥

1.2.2. Quinoline and antimalarial properties.

One compound that has been a candidate for the drug repurposing strategy is quinoline (Figure 1.5A).
Quinoline is an N-heterocyclic aromatic organic compound, which is known to possess antimalarial,
antibacterial, antiviral and antifungal activity. 3133 It is for this reason that it is commonly used as a
pharmacophoric scaffold for the design and synthesis of multiple drugs targeting these
microorganisms. The most well-known quinoline-based drug is the antimalarial drug chloroquine
(Figure 1.5B), a derivative of 4-aminoquinoline that has been in use for decades. Other quinoline-
based drugs used to combat malaria include primaquine (Figure 1.5C), hydroxychloroquine (Figure

1.5D) and mefloquine (Figure 1.5E). 234

One aspect of drug repurposing involves investigating the efficacies of existing drugs against
pathogens with one or more similar traits. While the malaria-causing Plasmodium parasite and the
Leishmania parasite are distinct organisms with different survival mechanisms, the common
characteristic between them is that they are both intracellular protozoan parasites that infect blood
cells, albeit different blood cells. Due to the success of quinoline-based compounds as antimalarials,
many researchers have sought to repurpose the quinoline scaffold to create compounds that possess

antileishmanial properties.
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Figure 1.5: Structures of quinoline and quinoline-derived antimalarial drugs. Quinoline (A) is the main
component of the currently available antimalarial drugs chloroquine (B), primaquine (C),
hydroxychloroquine (D) and mefloquine (E). The quinoline moiety in the chemical structures of the
drugs is highlighted in red. %%

1.2.3. Use of quinolines in antileishmanial drug design

In a recent study by Sabt et al., twenty quinoline-isatin hybrids were synthesised and showed higher
in vitro activity against both the promastigote and amastigote forms of L. major compared to
miltefosine (ICso < 8.00 uM). 3¢ The three most active compounds (Figure 1.6) were found to be non-
cytotoxic to green monkey kidney cells (CCso > 100.00 uM). Through molecular docking experiments,
the authors also linked the three compounds’ activity to their ability to bind to pteridine reductase 1,

a crucial enzyme required by Leishmania species for folate metabolism and DNA biosynthesis. 3¢
.
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Figure 1.6: The three most active quinoline-isatin hybrid compounds synthesised by Sabt et al. 3°




Another study by Tavares et al. reported the activity of clioquinol (Figure 1.7), a derivative of 8-
hydroxyquinoline, against L. amazonensis and L. infantum in 2018. 3’ The compound was less potent
than amphotericin B against the promastigotes and amastigotes of both species (ICso > 0.10 pg/ml),
but it was significantly less cytotoxic to red blood cells and murine macrophages (CCso >> 1.00 pg/ml)
and reduced the parasites’ ability to infect macrophages. Furthermore, they showed that this
reduction in infectivity was a result of a disruption in the parasites’ plasma membrane, changes in the

mitochondrial membrane potential and elevated production of ROS. ¥’

Cl

\

OH

Figure 1.7: Structure of clioquinol. 3

Tafenoquine and sitamaquine (Figure 1.8), compounds based on 8-aminoquinoline that were
originally intended to be antimalarial agents, have also demonstrated high inhibitory activity against
antimony-sensitive and antimony-resistant strains of L. donovani in a mouse model and in vitro. 33°
In the case of sitamaquine, its exact molecular targets remain unknown. Sitamaquine was also
considered to be a potential oral treatment option for VL. Unfortunately, after reaching phase 2-b
clinical trials and exhibiting severe side effects, its development as an antileishmanial drug was
stopped in 2017. % Garnier et al. attempted to develop formulations of sitamaquine dihydrochloride
for topical application, but while these formulations showed reasonable activity against the parasite
in vitro, in vivo experiments ultimately did not show reduced parasite burden or slowed lesion

progression. 4
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Figure 1.8: Structures of tafenoquine (A) and sitamaquine (B). 3

Quinoline-based compounds found in nature also appear to be promising drug leads. In 2020, Torres
Suarez et al. synthesised eight analogues of a naturally occurring quinoline alkaloid found in the plant
Raputia heptaphylla and tested their antileishmanial activity against L. (V.) panamensis. ** Only two
compounds were found to be non-cytotoxic to human monocyte-derived macrophages (hMDMs)
while having high antiparasitic activity against both promastigotes and amastigotes. In addition to this,
the authors observed that the compounds altered the amastigote cellular structure, with the parasites

having vacuolated cytoplasm and abnormal chromatin distribution after treatment. 4

From the examples given above, it is evident that quinoline-based compounds have the potential to
be utilised as reliable antileishmanial agents. Nevertheless, researchers around the world have also
been exploring other classes of compounds to aid drug development, specifically transition metal-

based compounds.

1.3. Metals in medicine

1.3.1. Historical usage

Since ancient history, metals and metal-based drugs have had a major role as chemotherapeutic and
anti-infective agents. For example, the use of copper and lead compounds to treat eye infections and
as an antiseptic is detailed in the Ebers Papyrus, an Egyptian record of herbal medicine written in 1550
BC. %% In more recent history, we have seen the development of metal-based drugs such as the
organometallic compound arsphenamine/Salvarsan for syphilis treatment, the anticancer drug

cisplatin (Figure 1.9A) and the rheumatoid arthritis drug auranofin (Figure 1.9B). 24344 There is now
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anincreased interest in metal-based agents as remedies for various diseases. This is because scientists
recognised that by choosing suitable ligands, it is possible to fine-tune the reactivity of metal

compounds toward target biomolecules and counter the systemic toxicity of some metals. %

A. B. YO
@]

H3N>Pt<CI )LO N \J
HaN Cl

Figure 1.9: Structures of cisplatin (A) and auranofin (B). %

1.3.2. Use of metals in antiparasitic drug design

Metal-based compounds have been used as antiparasitics since they show a pronounced selectivity
for selected parasites’ biomolecules compared to the host’s biomolecules. ! It is worth noting that
while it is not considered a metallic element in the strictest sense, the p-block metalloid antimony,
which has a mixture of both metallic and non-metallic properties, is still an essential component in the
structures of first-line antileishmanial drugs. Antimony itself has a history of being used as a general
panacea during the 16™ century. *° This indicates the value of having metallic or metal-like elements

in antiparasitic drug design.

In support of this, a study by Fricker et al. investigated the inhibitory effects of metal complexes
against the cysteine proteases of trypanosomatids, which are essential proteins in the life cycles of
parasites in this order. * The researchers synthesised a series of gold(lll), palladium(ll) and
oxorhenium(V) complexes (Figure 1.10), and two of the rhenium complexes exhibited the greatest
inhibition of cruzain and cpB, the cysteine proteases found in Trypanosoma and Leishmania species,
respectively. An additional two rhenium complexes and one palladium complex were observed to
inhibit the growth of T. cruzi, with the palladium compound also showing high antileishmanial activity

against L. major, L. mexicana and L. donovani. *°
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Figure 1.10: Examples of the palladium, gold and rhenium complexes synthesised by Fricker et al. *°

Copper, although generally known for its good electrical conductivity and use in electric wires today,
is another metal that has interestingly found a use in the development of enhanced antiparasitic
agents. In 2023, de Azevedo-Franga and colleagues reported the synthesis of six hybrid compounds
consisting of copper(ll) complexes bonded to three known antifungal and antiparasitic azole drugs
(clotrimazole, fluconazole and ketoconazole) (Figure 1.11). *® They observed that all six hybrids had
lower ICsp values than the standalone drugs against both the promastigote and amastigote forms of L.
amazonensis (ICsp < 2.00 uM). In addition to that, when compared to the free azole drugs, the hybrids

were generally equally or more selective towards the parasite than murine macrophages. ¢

NO;

Figure 1.11: One of the clotrimazole-containing copper(ll) complexes synthesised by de Azevedo-

Franca et al. %
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Duffin and Andrews demonstrated the potential use of gallium as an antileishmanial metal, inspired
by success stories of its use in anticancer treatments. # In their 2023 study, the authors synthesised
and assessed six gallium-quinolinol complexes with various alkyl chains to enhance lipophilicity, a
feature that pentavalent antimonials lack. Two of the complexes were found to be the most active
and selective against L. major, L. amazonensis and L. donovani, with one outcompeting amphotericin

B (Figure 1.12), making them promising candidates for future in vivo testing. ¥/

Figure 1.12: The most biologically active gallium-quinolinol complex synthesised by Duffin and

Andrews. ¥’

In the field of malaria research, multiple studies have shown how coupling the quinoline scaffold to
metal complexes can lead to compounds that possess enhanced antimalarial properties. *>* Metals
that have been used to this effect include platinum group metals, such as platinum, iridium, rhodium
and ruthenium, as well as iron. Iron, in particular, has gained much interest and seen extensive use in

the form of its organometallic complex ferrocene.

1.3.3. Ferrocene: General properties and uses

Ferrocene consists of an iron atom bonded to two cyclopentadienyl rings (Figure 1.13A). This
compound was combined with chloroquine to create the more potent antimalarial drug ferroquine

(Figure 1.13B) to overcome chloroquine resistance in Plasmodium parasites, making ferroquine the
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most advanced organometallic drug candidate to date, currently undergoing clinical trials. 2%:354951,55
Ferroquine’s success has motivated malaria researchers to also incorporate ferrocene in a variety of
quinoline-derived scaffolds, for instance, scaffolds containing branched polyamine linkers to
accommodate multiple ferrocene cores. *° Its use has also been extended to cancer treatment. The
antitumoral compound ferrocifen (Figure 1.13C) was developed by combining ferrocene with the
antitumoral drug tamoxifen and has had a similar level of success to that of ferroquine. 3>°° This
showcases the versatility of ferrocene as it can be used in conjunction with a range of medicinally

active organic compounds.

A. ? B. HN/@‘\T/ C. _
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Figure 1.13: Structures of ferrocene and derivatives. (A) Ferrocene; (B) Ferroquine; (C) Ferrocifen. >>°°

The successful use of ferrocene in drug design has been attributed to several characteristics. The first
is the complex’s reversible redox properties. Oxidation of Fe(ll) to Fe(lll) results in the production of
ROS, which are known to cause cellular damage. 2355758 Secondly, ferrocene is relatively easy to
functionalise, thus allowing for a variety of chemical entities to be coupled to it. 3>°2 Thirdly, the
complex s lipophilic in nature, which enhances the cell permeability of drug compounds and increases
their bioavailability. °! Lastly, ferrocene is generally non-toxic compared to other metals and metal

complexes as well as stable in aqueous and aerobic media. 5*°¢

1.3.4. Use of ferrocene in antileishmanial drug design

The use of ferrocene with regard to leishmaniasis is still in its infancy and has been documented in
relatively fewer studies compared to the work done in researching ferrocenyl antimalarials. These few
studies, however, have provided promising outcomes through diverse approaches to new
antileishmanial drug design. They also showcase the ability of ferrocene to combine with a wide range

of biologically active organic compounds.
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In 2003, the in vitro activity of ten synthesised N-ferrocenylmethyl, N’-methyl-2-substituted
benzimidazoles and benzimidazolium iodide salts against L. infantum was reported by Howarth and
Hanlon. *° One of the salts is illustrated in Figure 1.14. Benzimidazole is another privileged heterocyclic
pharmacophoric scaffold that has seen extensive use in a number of disease settings. >®* However,
while these salts were effective against the parasite, it is unclear whether they were tested on the

promastigote or amastigote form, and there was no mention of their cytotoxicity in host cells.

Figure 1.14: One of the N-ferrocenylmethyl, N’-methyl-2-substituted benzimidazolium iodide salts
synthesised by Howarth and Hanlon. *°

The antileishmanial properties of benzimidazole-based ferrocenyl compounds were assessed by
Quintal et al. as well, who synthesised a series of ferrocenyl-quinoline and imidazole compounds.
All the 12 compounds synthesised consisted of the ferrocene moiety bonded to either a quinoline,
benzimidazole, pyridine or imidazole derivative via an amide bridge (Figure 1.15), the rationale being
that the amide bond could be hydrolysed in infected macrophages, thus allowing for drug release.
Only three were found to be active against L. infantum, surpassing miltefosine in antiamastigote

activity, cytotoxicity and selectivity. &
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Figure 1.15: Examples of the ferrocenyl compounds synthesised by Quintal et al. %

Yousuf and colleagues reported on the synthesis of ferrocenyl-quinoline compounds for use against L.
donovani and L. major. 53 Their first report in 2015 described the synthesis of a triazole-containing
ferrocenyl-quinoline compound using click chemistry (Figure 1.16). The compound had higher potency
against L. donovani (ICso = 15.26 uM), outcompeting miltefosine, chloroquine and ferroquine. This
potency was marked by elevated ROS and NO production as well as changes in parasite morphology.
% The authors followed up on their work the subsequent year by synthesising 13 5-aryl substituted
derivatives of their ferrocenyl-quinoline compound. The three most active derivatives had comparable

activity to miltefosine and also induced NO production. %
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Figure 1.16: The ferrocenyl-quinoline compound first synthesised by Yousuf et al. &
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Recently, Moller et al. synthesised a series of 17 ferrocenyl-azines (such as the one illustrated in Figure
1.17) and assessed their activity against L. major and two L. donovani strains. ®® Only five were
biologically active against the promastigotes of the L. donovani strains (ICsp = 0.69 — 2.72 uM), with
one compound being active against the antimonial-resistant strain. The five compounds were further
tested against the amastigote form of L. donovani, and only two were found to be significantly

selective toward the parasite with reference to THP-1 macrophages.
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Figure 1.17: One of the ferrocenyl-azines synthesised by Moller et al. %

Coupling antimicrobial peptides to the ferrocene moiety also shows promise. Costa et al
demonstrated this when they conjugated ferrocene to an antimicrobial peptide derived from the
human chemokine CXCL4. They found that it was more active against L. amazonensis than the peptide
alone and amphotericin B (ICso < 0.63 uM). However, it was also more cytotoxic than the sole peptide

(CCso < 100 uM), thus resulting in a lower selectivity index.

1.4. Rationale and motivation

Drug resistance has been a major problem when it comes to treating parasitic diseases, and cutaneous
leishmaniasis is no exception. In the case of leishmaniasis, this problem is worsened by the fact that
the drugs currently in use are severely toxic to patients. It is clear that safer and more potent drug
candidates are needed to overcome this problem. Additionally, the possibility of potential vectors of
the disease entering South Africa’s borders cannot be completely ignored, given that some cases have
been reported in Namibia over the decades, though fewer than those in Africa’s central and northern

regions. 12
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As developing novel antileishmanial drugs is costly, the next best and significantly more affordable
alternative is to repurpose biologically active compounds that have proven their effectiveness against
other parasitic illnesses in the past and recent years. The success stories of using metallo N-
heterocyclic compounds to overcome drug resistance in malaria, another parasitic disease that affects
the African continent, hold promise in the search for new antileishmanial drug candidates.
Furthermore, the use of ferrocenyl heterocyclic compounds to treat cutaneous leishmaniasis has not
been explored extensively. Given the above, this study investigated the potential of repurposing

quinoline-based ferrocenyl drug leads to treat cutaneous leishmaniasis, specifically caused by L. major.

1.5. Aims and objectives

1.5.1. Overall aim

The overall aim of this study was to determine the antileishmanial activity of repurposed ferrocenyl-

guinoline compounds in cell-based models of murine cutaneous leishmaniasis caused by L. major.

1.5.2. Specific objectives
The specific objectives were as follows:

1) Synthesise a series of ferrocenyl-quinoline compounds with varying linkers. The proposed linkers
are as follows: imino-alkane (Figure 1.18A), amino-alkane (Figure 1.18B), triazole-amine (Figure

1.18C) phenyl-amine (Figure 1.18D) and phenyl-alkene (Figure 1.18E).
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Figure 1.18: Structures of proposed ferrocenyl-quinoline compounds. Variable linkers highlighted in

red are as follows: imino-alkane (A), amino-alkane (B), triazole-amine (C), phenyl-amine (D) and

phenyl-alkene (E).

2) Characterise the synthesised ferrocenyl-quinoline compounds using various spectroscopic and
analytical techniques, including nuclear magnetic resonance spectroscopy (NMR), Fourier-
transform infrared spectroscopy (FT-IR), high-performance liquid chromatography (HPLC), high-
resolution electrospray ionisation (ESI) mass spectrometry and melting point analysis.

3) Determine the in vitro antileishmanial activity (ICso) of the synthesised compounds against
promastigotes of L. major (LV39).

4) Determine the in vitro cytotoxicity (CCso) of the compounds in murine RAW 264.7 macrophages.
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CHAPTER 2

Materials and Methods

2.1. Chemical synthesis methods

2.1.1. Reagents and general details

Unless stated otherwise, all synthetic procedures were carried out under an inert argon atmosphere
using standard Schlenk line techniques. All solvents and reagents were of reagent grade and used as
received (Sigma-Aldrich, Merck and KIMIX), and anhydrous solvents were degassed with argon before
use. Reactions were monitored by thin-layer chromatography (TLC) using aluminium-backed Merck
precoated silica-gel 60 Fzs4 plates, and compounds were visualised under ultraviolet (UV) light. Column

chromatography was performed using 60 A silica gel (70-230 mesh).

2.1.2. Spectroscopic and analytical techniques

Nuclear magnetic resonance (NMR) spectra were recorded on either a Varian Mercury 300
spectrometer (*H: 300.08 MHz, 3C {*H}: 75.46 MHz), a Bruker Top-spin GmbH 400 Plus spectrometer
(*H: 399.95 MHz; 3C{*H}: 100.65 MHz) or a Bruker 600 FT spectrometer (*H: 600.10 MHz, *C {*H}:
150.60 MHz). Chemical shift values (8) and J-coupling constants are reported in ppm and Hz,
respectively, relative to tetramethylsilane (TMS) as an internal standard (6 0.00). Infrared spectra were
recorded using a Perkin-Elmer Spectrum 100 FT-IR spectrometer equipped with an Attenuated Total
Reflectance Infrared Unit (ATR-IR). Melting points were obtained using a Blichi Melting Point Apparatus
B-540. High-resolution mass spectrometry determinations were carried out using Electrospray
lonisation (ESI) on a Waters Cyclic IMS QTOF mass spectrometer coupled to a Waters UPLC, equipped
with an ESI probe and with data recorded using the positive mode. Purity was determined using an
Agilent HPLC 1260 equipped with an Agilent 1260 UV/Vis diode array detector (DAD) and an Agilent
Pursuit 5 C18 column (5 uM, 150 mm x4.6 mm). The compounds were eluted using a mixture of solvent
A (0.1 % TFA in H,0) and solvent B (MeOH) at a flow rate of 0.5 ml/min. The gradient elution conditions

were as follows: 90 % solvent A between 0 and 2 min, 90 — 10 % solvent A from 2 to 8 min, and 10 %
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solvent A from 8 to 25 min. Elemental analysis was done using a Perkin-Elmer 2400 CHN Elemental

Analyser.

2.2. Synthesis of compounds

2.2.1. N’-(7-Chloroquinolin-4-yl)-propane-1,3-diamine (Compound 1) *

1,3-Diaminopropane (1.06 ml, 12.6 mmol) was slowly added to 4,7-dichloroquinoline (0.501 g, 2.53
mmol), and the resulting mixture was heated for 30 minutes at 80 °C without stirring. The temperature
was then raised to 140 °C with stirring. After 22 hours, the yellow reaction mixture was cooled to room
temperature before adding 1M NaOH (30 ml). The resulting mixture was stirred for 2 - 3 hours and
extracted with hot EtOAc (3 x 40 ml). The organic layers were combined, washed with distilled H,0 (2
x 30 ml), brine (1 x 30 ml), and dried over anhydrous Na,SOs. Following filtration, the solvent of the

filtrate was removed, leaving the precursor compound 1 as an off-white/pale yellow powder.

Yield: 0.343 g, 58%. '"H NMR (300 MHz, MeOD): (8, ppm) 8.35 (d, /= 5.1 Hz, 1H, H.), 8.08 (d, J = 8.7 Hz,
1H, H), 7.77 (s, 1H, Hy), 7.39 (d, J = 9.1 Hz, 1H, Hy), 6.54 (d, J = 5.4 Hz, 1H, He), 3.43 (t, J = 6.9 Hz, 2H,
Hr), 2.81 (t,J=6.5Hz, 2H, Hg), 1.97 —1.83 (m, 2H, Hy). *C {*H} NMR (101 MHz, MeOD): (8, ppm) 152.69,
152.45,149.68,136.31, 127.61, 125.99, 124.26,118.78,99.66, 41.65, 40.16, 31.75. IR: (Vmax/cm™) 3247
(N-H), 2931 (C-H), 2861 (C-H), 1579 (C=N). M.p.: 135 — 139 °C. LC-MS: Calculated for Ci;H1sCIN3*:
236.09. Found: 236.10 [M+H]". Purity (HPLC): 88% (tz= 3.34 min).
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2.2.2. (E)-N-(3-(Ferrocenylideneamino)propyl)-7-chloroquinolin-4-amine (Compound 2) ?

To a suspension of the precursor compound 1 (0.204 g, 0.863 mmol) in diethyl ether (30 ml), a solution
of ferrocenecarboxaldehyde (0.205 g, 0.955 mmol) in diethyl ether (5 ml) was added, and the mixture
was stirred for 72 hours at room temperature (25 °C). An orange precipitate was filtered, washed with
diethyl ether to remove excess aldehyde, and dried in vacuo, leaving compound 2 as an orange/brown

powder.

Yield: 0.270 g, 72%. 'H NMR (300 MHz, CDCl3): (6, ppm) 8.50 (br's, 1H, Ha), 8.20 (s, 1H, Hi), 7.96 (s, 1H,
Hy), 7.83 (d, J = 7.9 Hz, 1H, H¢), 7.26 (br s, 1H, Hg), 6.38 (br s, 1H, He), 4.69 (br s, 2H, Hs), 4.48 (br s, 2H,
Hg), 4.19 (s, 5H, Hp), 3.72 (br s, 2H, Hi), 3.50 (br s, 2H, H)), 2.17 (br s, 2H, Hy). **C {"H} NMR (150 MHz,
CDCls): (6, ppm) 162.04, 152.08, 150.29, 149.07, 134.68, 128.50, 124.83, 122.09, 117.44, 98.53, 80.21,
70.80, 69.16, 68.49, 61.29, 43.54, 29.63. IR: (Vmax/cm™) 3228 (N-H), 1578 (C=N). M.p.: 104 — 108 °C.
ESI-MS: Calculated for Cy3H23CINsFe*: 432.0800. Found: 432.0930 [M+H]*. Purity (HPLC): 88% (tg=3.11

min).

2.2.3. N-(7-Chloro-4-quinolinyl)-N’-ferrocenyl-propane-1,3-diamine (Compound 3) 3

Ferrocenecarboxaldehyde (0.217 g, 1.01 mmol) and the precursor compound 1 (0.263 g, 1.12 mmol)
were dissolved in anhydrous methanol (20 ml). The mixture was stirred at room temperature (25 °C)
for 24 hours. Sodium borohydride (0.114 g, 3.00 mmol) was added slowly, and the resulting mixture
was stirred for an additional two hours. The reaction mixture was quenched with the addition of 5%

w/v NaHCOs; solution (20 ml), and the resulting mixture was extracted with diethyl ether (3 x 20 ml).
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The combined organic fractions were dried over anhydrous Na;SOs, and the solvent was removed
under reduced pressure. Purification of the desired product was done by column chromatography
using silica with a mixture of ethyl acetate/methanol/EtsN in increasing polarity, 100:0:0 to 94:4:2
ratios. The solvent mixture was removed from the fractions containing compound 3, and this was

crystallised into an orange solid using solvent diffusion/layering with DCM and hexane.

Yield: 0.160 g, 36%. *H NMR (300 MHz, CDCls): (5, ppm) 8.42 (d, 1H, H.), 7.88 (s, 1H, Hb), 7.65 (d, J =
9.0 Hz, 1H, Hc), 7.21 (d, J = 8.8 Hz, 1H, Ha), 6.24 (d, 1H, He), 4.24 (br s, 2H, Hf), 4.20 (br s, 2H, Hg), 4.14
(s, 5H, Hn), 3.65 (br s, 2H, Hy), 3.39 (br's, 2H, H;), 2.99 (br s, 2H, H), 2.24 (br s, NH) 1.94 (br s, 2H, H).
13C {14} NMR (150 MHz, CDCl3): (8, ppm) 152.05, 150.77, 149.00, 134.74, 128.29, 125.06, 122.73,
117.63, 98.19, 85.71, 68.92, 68.67, 68.37, 49.61, 49.58, 44.31, 27.14. IR: (Vma/cm'?) 3220 (N-H), 2830
(C-H), 1576 (C=N). M.p.: 118 — 122 °C. ESI-MS: Calculated for CysHasCINsFe*: 434.1000. Found:
434.1088 [M+H]*. Purity (HPLC): 97% (tr = 3.12 min).

2.2.4. 4-Azido-7-chloroquinoline (Compound 4) *

4,7-Dichloroquinoline (2.04 g, 10.3 mmol) was dissolved in 5 ml anhydrous DMF. NaNs (1.34 g, 20.6
mmol) was then added in one portion, and the resulting mixture was stirred at 65 °C overnight,
whereupon TLC indicated reaction completion. The reaction mixture was then allowed to cool to
ambient temperature, after which it was diluted in DCM (100 ml), washed with water (3 x 30 ml), dried
over anhydrous Na,SO4, and evaporated to dryness. The residue was crystallised from a DCM/hexane

mixture to yield the precursor compound 4 as a grey powder.

Yield: 0.582 g, 28%. *H NMR (300 MHz, CDCls): (5, ppm) 8.81 (br's, 1H, H.), 8.04 (s, 1H, Hy), 7.98 (d, J =
8.8 Hz, 1H, H.), 7.47 (d, J = 8.8 Hz, 1H, Ha), 7.12 (d, J = 3.5 Hz, 1H, He). 3C {*H} NMR (101 MHz, CDCl5):
(6, ppm) 151.44, 149.70, 146.50, 136.71, 128.30, 127.72, 123.92, 120.09, 108.90. IR: (Vmax/cm™) 2125
(N=N=N), 1608 (C=N). M.p.: 116 — 118 °C. LC-MS: Calculated for CsHeCINs*: 205.02. Found: 205.10
[M+H]*. Purity (HPLC): 97% (tr = 8.44 min).
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2.2.5. Ferrocene methyl amino N-prop-2-yne (Compound 5) °

-4

c
=
Ferrocenecarboxaldehyde (0.401 g, 1.87 mmol) was dissolved in methanol (5 ml). Propargylamine
(143 ul, 2.25 mmol) was added to the solution. The reaction mixture was allowed to stir at room
temperature (25 °C) in the dark (covered flask in foil) for 24 hours. All solvent was removed from the
reaction mixture under reduced pressure. The crude mixture was extensively dried under reduced
pressure at 40 °C to remove residual unreacted amine. The crude imine was re-dissolved in methanol
(5 ml) and cooled to 0 °C. While stirring, sodium borohydride (0.213 g, 3.51 mmol) was added stepwise
in small amounts over 15 minutes to the reaction mixture, which was left to stir for one hour. After all
the methanol was evaporated under reduced pressure, the mixture was suspended in distilled H,O
(20 ml) and extracted with DCM (3 x 15 ml). The combined organic layer was washed with brine (25
ml) and saturated sodium bicarbonate (25 ml). The organic layer was dried over MgSQ,, filtered, and
the solvent evaporated under reduced pressure until dryness. The dark orange-red oil crude product
mixture was purified by silica column chromatography, solvent system: 10:01:90 (EtOAc:EtsN:DCM).

The precursor compound 5 was obtained as an orange-brown powder.

Yield: 0.396 g, 84%. 'H NMR (300 MHz, CDCls): (5, ppm) 4.21 (br s, 2H, H.), 4.14 (s, 5H, Hy), 4.11 (brs,
2H, H), 3.60 (s, 2H, Ha), 3.45 (s, 2H, He), 2.27 (s, 1H, Hs). 23C {*H} NMR (101 MHz, CDCls): (§, ppm) 86.10,
82.29,71.63,68.51,68.08,67.92,47.47,37.64. IR: (Vmax/cm™) 3301 (N-H), 3092 (C-H), 2848 (C-H), 2092
(C=C). M.p.: 38—40 °C. ESI-MS: Calculated for C14H1sNFe*: 253.0500. Found: 253.0554 [M]*. Elemental
analysis for CisHisNFe (253.619 g.mol™): Calculated (%) C, 66.43%; H, 5.97%; N, 5.53. Found (%) C,
67.25%; H, 4.05%; N, 4.45%. (Purity determined by elemental analysis; could not be determined by LC
or HPLC).
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2.2.6. N-Ferrocenyl-1-(1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yl)methanamine
(Compound 6)

A freshly prepared 5 ml solution of sodium ascorbate (0.0830 g, 0.419 mmol.) and CuS04.5H,0 (0.0520
g, 0.209 mmol) in water was added to a 5 ml solution of compound 4 (0.143 g, 0.698 mmol) and
compound 5 (0.177 g, 0.698 mmol) in DCM. The mixture was allowed to stir at 30 °C for 72 h and
stopped when the reaction was completed, as shown by thin layer chromatography analysis. To the
resulting reaction mixture, DCM (30 ml) was added, which was then washed with a saturated NH4Cl
solution (3 x 30 ml) to remove Cu?* ions and subsequently washed with water (3 x 30 ml). The solution
was then dried using anhydrous Na,SO,, filtered, and the solvent was thereafter removed from the
filtrate. Purification was achieved via column chromatography using silica gel and a DCM/methanol
mixture (100:0 to 96:4). Compound 6 was crystallised as a dark yellow solid by layering ethyl acetate

or DCM with hexane/pentane.

Yield: 0.054 g, 17%. 'H NMR (400 MHz, CDCls): (8, ppm) 9.05 (d, J = 4.6 Hz, 1H, H.), 8.24 (d, J = 2.0 Hz,
1H, Hy), 8.01 (d, J = 9.1 Hz, 1H, H), 7.96 (s, 1H, Ha), 7.59 (dd, J = 9.1 Hz, 2.0 Hz, 1H, He), 7.48 (d, J = 4.6
Hz, 1H, Hy), 4.23 (m, 2H, Hg), 4.15 (s, 5H, Hs), 4.13 (m, 2H, Hi), 4.09 (s, 2H, H;), 3.68 (s, 2H, Hy). 13C {'H}
NMR (101 MHz, CDCls): (6, ppm) 151.55, 150.37, 148.01, 141.23, 137.05, 129.54, 129.14, 124.84,
123.64, 120.76, 116.05, 86.21, 68.69, 68.63, 68.15, 48.97, 44.31. IR: (Vmax/cm™) 3330 (N-H), 3125 (C-
H), 3085 (C-H), 2923 (C-H), 2849 (C-H), 1593 (C=N). M.p.: 95 — 98 °C. ESI-MS: Calculated for
Ca3H20CINsFe*: 457.0800. Found: 457.0762 [M]*. Purity (HPLC): 93% (tr=19.97 min).
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2.2.7. N-(7-Chloro-quinolin-4-yl)-benzene-1,4-diamine (Compound 7) ©

NH,

HN

d XN

Fa
Cl N

c
A mixture of 4,7-dichloroquinoline (0.426 g, 2.15 mmol) and p-phenylenediamine (0.465 g, 4.30 mmol)
in absolute ethanol (10 ml) was heated for eight hours at 75 'C with continued stirring. An evident
orange precipitate formed. The solvent was then reduced under vacuum to a minimum (~ 5 ml), and
the precipitate was filtered and washed with ethanol, followed by EtOAc. This yielded the precursor

compound 7 as a bright yellow/orange powder.

Yield: 0.560 g, 96%. H NMR (400 MHz, DMSO): (8, ppm) 10.75 (br s, NH, NH,), 8.73 (d, J = 9.1 Hz, 1H,
Hy), 8.43 (d, J = 6.4 Hz, 1H, H.), 8.06 (d, /= 1.8 Hz, 1H, H), 7.82 (dd, /= 9.0 Hz, 2.0 Hz, 1H, H¢), 7.07 (d,
J =8.6 Hz, 2H, Hy), 6.70 (d, J = 8.6 Hz, 2H, H,), 6.60 (d, J = 6.6 Hz, 1H, H.). 3C {*H} NMR (101 MHz,
DMSO): (8, ppm) 155.15, 148.52, 143.33, 139.48, 138.02, 126.98, 126.57, 125.75, 124.50, 119.55,
115.68, 114.47, 99.93. IR: (Vmax/cm™) 3429 (N-H), 3319 (N-H), 1604 (C=N). M.p.: Decomposes at 250
°C. LC-MS: Calculated for CisH13CINs*: 270.07. Found: 270.10 [M+H]*. (No purity data as compound

was not selected for biological testing).

2.2.8. N'’-Ferrocenylbenzene-1,4-diamine (Compound 8) ’

=N

A 40 ml solution of ferrocenecarboxaldehyde (0.278 g, 1.30 mmol) in anhydrous methanol was added
dropwise to a 10 ml solution of p-phenylenediamine (0.140 g, 1.30 mmol) in anhydrous methanol
containing five drops of glacial acetic acid. The reaction mixture was stirred for 24 hours at room

temperature (25 °C), after which sodium borohydride (0.196 g, 5.19 mmol.) was added portion-wise.
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After stirring for an additional two hours at room temperature, the mixture was quenched with
saturated NaHCOs (40 ml) before extraction with DCM (3 x 100 ml). The organic layer was washed with
distilled water and then dried over Na,SO4. After removing the solvent under vacuum, the brown
residue was purified by column chromatography using silica gel with hexane/EtOAc as the eluant, first
eluting a red band (bis-ferrocenyl methyl-phenylenediamine) with a 4:1 mixture and then a reddish-
brown band with a 1:1 mixture. The second band was the precursor compound 8, which was obtained
as either orange-red granules or a fine dark-red powder after recrystallisation/precipitation using a

DCM/Hexane/Pentane mixture.

Yield: 0.059 g, 15%. H NMR (400 MHz, CDCls): (8, ppm) 6.64 (d, J = 8.6 Hz, 2H, H.), 6.57 (d, J = 8.6 Hz,
2H, Hp), 4.23 (t, J = 1.8 Hz, 2H, H.), 4.17 (s, 5H, Ha), 4.13 (t, J = 1.8 Hz, 2H, He), 3.90 (s, 2H, Hs), 3.39 (br
s, NH, NH,). 3C {*H} NMR (101 MHz, CDCls): (8, ppm) 141.72, 138.05, 117.03, 114.80, 86.98, 68.57,
68.22, 67.92, 44.77. IR: (Vmax/cm™?) 3424 (N-H), 3347 (N-H). M.p.: 99 — 103 °C ESI-MS: Calculated for
Ci7H1sN2Fe*: 306.0800. Found: 306.0803 [M]*. (No purity data as compound was not selected for

biological testing).

2.2.9. 7-chloro-N-(4-iodophenyl)quinolin-4-amine (Compound 9) &

4,7-Dichloroquinoline (0.416 g, 2.10 mmol) and 4-iodoaniline (0.919 g, 4.20 mmol) were dissolved in
10 ml of absolute ethanol. The solution was refluxed for 24 hours, after which a yellow-green
precipitate was formed. After cooling the solution to room temperature, the precipitate was filtered
and washed with cold ethanol followed by acetone to yield the precursor compound 9 as a yellow-

green powder.

Yield: 0.721 g, 90%. *H NMR (400 MHz, MeOD): (5, ppm) 8.54 (d, J = 9.1 Hz, 1H, Hy), 8.41 (d, J = 7.0 Hz,
1H, H.), 7.96 (d, J = 2.0 Hz, 1H, H), 7.94 (d, 2H, Hy), 7.81 (dd, J = 9.1, 2.0 Hz, 1H, H), 7.28 (d, J = 8.6 Hz,
2H, Hr), 6.93 (d, J = 7.0 Hz, 1H, H). 3C {*H} NMR (101 MHz, MeOD): (6, ppm) 156.95, 144.73, 141.45,
140.92, 140.58, 138.16, 129.33, 128.46, 126.16, 120.76, 117.60, 101.67, 93.46. IR: (Vma/cm'?) 1607
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(C=N). M.p.: Decomposes at 250 °C. LC-MS: Calculated for C3sH11CIN2I*: 380.96. Found: 381.10 [M+H]".
Purity (LC): 99% (tr = 0.752 min).

2.2.10. (E)-(2-(4-aminophenyl)ethenyl)-ferrocene (Compound 10) °

d e
a__b / <1‘L> f
F
H2N C e
@5 g
A mixture of vinylferrocene (0.508 g, 2.39 mmol), 4-iodoaniline (0.525 g, 2.39 mmol), Pd(OAc),(0.0430
g, 8 mol%), K2CO3 (0.662 g, 4.79 mmol) and B-CD (0.272 g, 10 mol%) in ~ 5 ml of DMF was stirred for
18 hours at 110 °C under an Ar atmosphere. Upon cooling to room temperature, the mixture was
diluted with EtOAc (50 ml), filtered through a silica pad (~ 2 cm in height) and then washed with
distilled H,0 (4 x 100 ml). The organic layer was dried over Na,SO4 before filtering it and removing the
solvent under a vacuum to produce an orange residue. This residue was then purified by column
chromatography using silica gel and a petroleum ether/EtOAc mixture (70:30). Finally, the precursor

compound 10 was precipitated from the eluted factions as an orange solid using ice-cold petroleum

ether.

Yield: 0.224 g, 31%. *H NMR (400 MHz, DMSO): (8, ppm) 7.15 (d, J = 8.4 Hz, 2H, H.), 6.58 (s, NH,), 6.52
(d, J = 8.4 Hz, 2H, Hy), 5.16 (br's, 2H, Hc & Hd), 4.46 (t, J = 1.7 Hz, 2H, He), 4.23 (t, J = 1.7 Hz, 2H, Hs), 4.10
(s, 5H, Hg). 3C {*H} NMR (150 MHz, DMSO): (5, ppm) 147.98, 126.77, 126.64, 125.49, 120.78, 113.98,
84.70, 68.85, 68.24, 66.07. IR: (Vmax/cm™) 3364 (N-H), 1606 (C=C). M.p.: 165 — 169 °C. ESI-MS:
Calculated for CisHisNFe*: 304.0700. Found: 304.0771 [M+H]". Elemental analysis for CisHi;NFe
(303.1826 g.mol™?): Calculated (%) C, 71.31%; H, 5.65%; N, 4.62. Found (%) C, 73.57%; H, 6.02%; N,

3.67%. (Purity determined by elemental analysis; could not be determined by LC or HPLC).
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2.2.11. (E)-7-chloro-N-(4-(ferrocene-ethenyl)phenyl)quinolin-4-amine (Compound 11)

4,7-Dichloroquinoline (0.230 g, 1.16 mmol) and compound 10 (0.176 g, 0.580 mmol) were stirred in
10 ml of heated anhydrous methanol (45 °C) for 24 hours. The orange solution was diluted with 40 ml
EtOAc and then washed with distilled H,O before drying the organic layer over Na,SO.. After filtration,
the solvent was removed under vacuum to leave an orange residue, which was then purified by column
chromatography using silica gel and a DCM/EtOAc/EtsN mixture (90:10:1) to afford compound 11 as

an orange powder after removal of the solvent.

Yield: 0.0468 g, 17%. 'H NMR (400 MHz, DMSO): (8, ppm) 9.13 (s, NH), 8.48 (d, J = 5.3 Hz, 1H, H.), 8.43
(d, J=9.1Hz, 1H, Hy), 7.90 (d, J = 2.2 Hz, 1H, H.), 7.57 (dd, 1H, Hq), 7.54 (d, J = 8.5 Hz, 2H, H.), 7.33 (d,
J=8.5Hz, 2H, Hy), 6.97 (d, J = 5.3 Hz, 1H, Hg), 6.93 (d, J = 16.2 Hz, 1H, Hy), 6.78 (d, J = 16.2 Hz, 1H, H)),
4.56 (t, J = 1.8 Hz, 2H, H;), 4.31 (m, 2H, Hy), 4.15 (s, 5H, H)). 13C {*H} NMR (101 MHz, DMSO): (5, ppm)
152.05, 149.65, 147.79, 138.79, 133.99, 133.51, 127.71, 126.73, 126.08, 125.23, 125.02, 124.52,
122.63, 118.43, 102.11, 83.46, 69.04, 68.88, 66.72. IR: (Vmax/cm™) 1570 (C=N). M.p.: Decomposes at
220 °C. ESI-MS: Calculated for Cy7H,,CIN;Fe*: 465.0700. Found: 465.0822 [M+H]*. Elemental analysis
for C27H21CIN,Fe (464.7728 g.mol™): Calculated (%) C, 69.77%; H, 4.55%; N, 6.03. Found (%) C, 71.87%;
H, 4.15%; N, 5.38%. (Purity determined by elemental analysis; could not be determined by LC or HPLC).

2.3. X-ray crystallography

Single-crystal X-ray diffraction data were collected on a Bruker D8 Venture diffractometer using
graphite-monochromated Mo-Ka radiation (y = 0.71073 R). Data collection was carried out at 173 (2)
K. Temperature was controlled by an Oxford Cryostream cooling system (Oxford Cryostat). Cell
refinement and data reduction were performed using the program SAINT. 1° The data were scaled, and

absorption correction was performed using SADABS. !
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The structure was solved by direct methods using SHELXS-97 and refined by full-matrix least-squares
methods based on F? using SHELXL-2014 and the graphics interface program X-Seed. **3 The programs

X-Seed and POV-Ray were used to prepare molecular graphic images. 1214

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms, except the amino hydrogen
atoms, were placed in idealised positions and refined in riding models with Uis, assigned 1.2 times Ueq
of their parent atoms and the C-H bond distances were constrained to 0.95 A and 0.99 A respectively.
The amino hydrogens were located in the difference density maps and refined independently. The

structure was refined to R factor of 0.0362.

2.4. Biological methods

2.4.1. Ethics statement

This study was performed in strict accordance with the recommendations of the South African national
guidelines and the University of Cape Town of practice for laboratory animal procedures. All mouse
experiments were performed according to protocols approved by the Animal Research Ethics
Committee of the Health Sciences Faculty, University of Cape Town (AEC Number: 022/017) and
Institutional Biosafety Committee (IBC005-2022). All efforts were made to minimise the suffering of

the animals.

2.4.2. Parasite culture 10

Leishmania major LV39 (MRHO/SV/59/P) promastigotes were stored in liquid nitrogen or at -80 °Cin 2
ml cryovials (Corning) containing 92% fetal bovine serum (FBS) (Gibco) and 8% v/v dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) at 2 x 10® parasites/ml. One cryovial of L. major LV39 was thawed at room
temperature, and the parasites were resuspended in 8 ml of 1 x phosphate-buffered saline (PBS), pH
7.4, before being centrifuged at room temperature at 3000 rpm for 10 minutes. The resulting pellet
containing the parasites was resuspended in 10 ml of 1 x PBS and centrifuged once more, as before.
The parasite pellet was then resuspended in 5 ml of complete medium 199 (M199) (M199 (Gibco)
supplemented with 10% FBS, 50 units/ml penicillin and 50 pg/ml streptomycin (Gibco)), transferred to
a 25 cm? tissue culture flask (Corning) and incubated at 26 °C. When the parasites had reached
confluency, an additional 5 ml of complete M199 was added to the flask. The parasite culture was

maintained by sub-culturing every seven days when the parasites reached confluency. This was done
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by transferring confluent parasites into a 25 cm? tissue culture flask containing complete M199 at a

ratio of 1:50 (parasite suspension: medium volume) and incubating the flask at 26 °C.

2.4.3. Leishmania major infection 1>¢

To prepare L. major LV39 promastigotes for infection, a confluent parasite culture was transferred from
a tissue culture flask to a 50 ml centrifuge tube and centrifuged at 500 rpm for 10 minutes to remove
cell debris. The supernatant was collected and centrifuged at 3000 rpm for 10 minutes to pellet the
parasites. The parasite pellet was washed twice by centrifugation in 1 x PBS at 3000 rpm for 10
minutes, and then the parasites were resuspended in 1 ml of 1 x PBS, fixed in 4% v/v paraformaldehyde
and counted using a Neubauer haemocytometer. A new parasite culture was initiated by transferring
1 x 107 parasites to a 25 cm? tissue culture flask containing 10 ml of complete M199 and incubating the
flask at 26 °C for five to six days. The parasite number was counted daily and plotted graphically on

GraphPad Prism 8 (GraphPad Software, USA, https://www.graphpad.com) to monitor growth to

stationary phase.

Once the parasites had reached stationary phase, they were centrifuged, washed and counted as
described above, and a parasite solution was then prepared in 1 x PBS for footpad infection at a
concentration of 2 x 108/50 pl. Prior to infection, the weights and footpad sizes of BALB/c mice were
measured, and the mice were anaesthetised with 12% v/v ketamine (Anaket-V; Centaur Labs) and 8%
v/v xylazine (Rompun; Bayer) in 1 x PBS by intraperitoneal injection at a dose or 10 pl/gram.
Anaesthetised mice were then inoculated subcutaneously in the left hind footpad with 50 pl of the
parasite solution. The body weights of infected animals were monitored weekly. The swelling of
infected footpads was also monitored weekly and measured using a Mitutoyo micrometre calliper

(Britsch) relative to baseline footpad measurements.

At eight weeks post-infection, the infected mice were euthanised by halothane inhalation and cervical
dislocation, and L. major amastigotes were aspirated from infected footpads using a syringe containing
200 pul of 1 x PBS. The aspirated parasites were transferred to a 15 ml centrifuge tube containing 5 ml
of 1 x PBS, and the tube was centrifuged at 4000 rpm for five minutes. The pelleted parasites were
resuspended in 5 ml of complete M199 before being transferred to a 25 cm? tissue culture flask for

incubation at 26 °C to allow for differentiation into promastigotes.
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2.4.4. Antipromastigote activity assay *>~**

Stock solutions of compounds 1, 2, 3,4, 5, 6,9, 10 and 11, were prepared in DMSO (Sigma-Aldrich) at
10 mg/ml and stored at -20 °C. Compound 9 was partially soluble and was tested as a suspension. On
the day of the assay, the compounds were diluted down to either 100 pg/ml or 10 pg/ml and then
serially diluted (1:2) in complete M199 in flat-bottomed 96-well plates (SPL) (100 pg/ml — 0.8 pg/ml
for1,2,4,5,9, 10 and 11; 10 pg/ml — 0.08 pug/ml for 3 and 6) along with amphotericin B (Sigma-
Aldrich) (10 pg/ml —0.08 pg/ml) and DMSO (0.10% - 0.0008% and 1% - 0.008% v/v). All dilutions were
made in triplicate. L. major LV39 promastigotes, which had been grown to stationary phase (as
described in Section 2.3.3), were transferred to fresh medium and then added to the plates at 2.5 x
10° parasites/well in 100 pl. The plates were incubated at 26 °C for 48 hours, after which 50 pl of
resazurin (Sigma-Aldrich) (0.0125% w/v in 1 x PBS) was added to the wells. After an additional
incubation of 24 hours, the fluorescence of the wells was recorded using a FLUOstar Omega
spectrofluorometer (BMG) (Aex 520 NM; Aem 620 nm). GraphPad Prism 8 (GraphPad Software, USA,

https://www.graphpad.com) was used to calculate ICso values via non-linear dose-response curve-

fitting analysis.

2.4.5. RAW 264.7 cell culture 221

A cryovial containing 2 x 108/ml frozen RAW 264.7 cells (ATCC TIB-71) was rapidly thawed at 37 °C, and
the cells were transferred to a centrifuge tube containing 15 ml complete complete Dulbecco’s
Modified Eagle Medium (DMEM) (DMEM (Gibco) supplemented with 10% FBS, 50 units/ml penicillin
and 50 pg/ml streptomycin (Gibco)). The tube was centrifuged at 1200 rpm for 10 minutes at room
temperature to pellet the cells before resuspending them in 5 ml of complete DMEM and transferring
them to a 25 cm? culture flask. The cells were incubated in a 5% CO; incubator at 37 °C until they
reached 60 — 80% confluency, after which they were treated with 0.05% v/v trypsin before adding 10
ml of complete DMEM to the flask. The cells were then gently scraped off the flask surface using a cell
scraper, and 4 ml of the resulting cell suspension was diluted in 16 ml complete DMEM and transferred
to a 75 cm? culture flask. Alternatively, 10 ml of the suspension was diluted in 40 ml of complete DMEM
and transferred to a 175 cm? culture flask to grow a higher number of cells. The culture flasks were
incubated for three days in a 5% CO; incubator at 37 °C, with the cells being sub-cultured into a new

flask on the third day.
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2.4.6. Flow cytometry and extracellular staining *>

RAW 264.7 cells were seeded in 96-well V-bottom plates (Greiner Bio-One) at 1 x 10° cells/well and
centrifuged at 1500 rpm for five minutes. The supernatant was discarded, and the cells were
resuspended in 50 pl antibody cocktail containing CD11b-BV421 (clone, M1/70) and F4/80-PE-Cy7
(clone, BM8) antibodies prepared in FACS buffer (1% v/v FBS in 1 x PBS, pH 7.4) supplemented with 10
pug/ml anti-FcyR (2.4G2) and 1% v/v heat inactivated rat serum. The plates were then covered in foil
and incubated at 4 °C for 30 minutes. After the incubation period, the cells were washed with 150 pl
FACS buffer and centrifuged at 1500 rpm for five minutes to remove unbound antibodies. The
supernatant was discarded, and then the cells were fixed using 200 ul of 2% v/v paraformaldehyde in
1 x PBS for 20 minutes at 4 °C. After centrifuging the plates for five minutes at 1500 rpm, the cells were
washed with 200 pl of PBS and centrifuged as before. Finally, the cells were resuspended in 200 pl of
cold FACS buffer, transferred to foil-covered tubes and stored at 4 °C until time for acquisition.
Acquisition was performed using a BD LSRFortessa flow cytometer (BD Biosciences, USA), and data

was analysed on FlowlJo v.10.10.0 (Treestar, USA).

2.4.7. Cytotoxicity assay 23-%°

RAW 264.7 macrophages were seeded in flat-bottomed 96-well plates (SPL) at 2 x 10* cells/well in
complete DMEM and incubated at 37 °C in 5% CO, overnight to allow for adherence. On the day of the
assay, the culture medium in the 96-well plates was removed and replaced with serial dilutions (1:2)
of compounds 1 - 11, amphotericin B and DMSO. Dilutions were done in complete DMEM for a
concentration range of 50 — 0.4 ug/ml (25 — 0.2 pug/ml for compound 3), with each compound being
added in triplicate. DMSO was diluted to a range of 0.5 — 0.004% v/v. The plates were then incubated
at 37 °Cin 5% CO, for 48 hours, after which 50 pl of resazurin (0.0125% w/v in 1 x PBS) was added to
the wells. After an additional incubation of 24 hours, the fluorescence of the wells was recorded using
a FLUOstar Omega spectrofluorometer (Aex 520 Nm; Aem 620 Nm). GraphPad Prism 8 was used to
calculate CCso values via non-linear dose-response curve-fitting analysis. The selectivity index (SI) of

each compound was calculated by dividing the CCso value by the ICso value.
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CHAPTER 3

Results and Discussion

3.1. Introduction

There is a crucial need to develop newer and more effective drugs for the treatment of leishmaniasis
due to the shortcomings of currently available drugs. The search for new drug candidates has led some
researchers to create various types of organic ferrocene-based compounds containing biologically
active pharmacophores, which show great potential for being utilised as more effective treatments. -
3 This also includes ferrocenyl-quinoline compounds, such as those reported by Quintal et al. and

Yousuf et al. *®

Motivated by the work of these aforementioned researchers, this chapter focuses on the synthesis and
characterisation of four ferrocenyl-quinoline compounds. The four compounds differ by the type of
linker between the ferrocene and quinoline moieties, which is determined by the structural
characteristics of their respective quinolinyl and/or ferrocenyl precursor compounds. Two of the
ferrocenyl-quinoline compounds have been previously reported as antimalarial agents but not as
antileishmanial agents, 72 while the other two are new compounds that have not been reported
elsewhere. This chapter also discusses the in vitro antileishmanial activity assessment of the
ferrocenyl-quinoline compounds and their precursors against Leishmania major, one of the causative
agents of cutaneous leishmaniasis, as well as their in vitro cytotoxicity in murine macrophages. Finally,
the selectivity of the compounds is also discussed as a measure of their suitability as potential

antileishmanial agents.

3.2. Synthesis and characterisation of imino/amino-alkyl-linked ferrocenyl-

guinoline compounds (2 & 3)

3.2.1. Synthesis

Scheme 3.1 shows the synthesis of the first two ferrocenyl-quinoline compounds, which contain either
an imino-alkyl (2) or amino-alkyl linker (3). Compounds 2 and 3 share the same quinoline-based

precursor compound (1), which was synthesised via a nucleophilic aromatic substitution reaction of
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4,7-dichloroquinoline with 1,3-diaminopropane (Scheme 3.1 ), following a literature method. ° As 1,3-
diaminopropane is a liquid, the reaction was performed in the absence of a solvent. The general
mechanism for this type of reaction is shown in Figure 3.2. In this case, 1,3-diaminopropane, which
acts as the nucleophile, reacts at the 4-position of the quinoline ring bonded to the chloride. This is
made possible by the high electronegativity of the quinoline nitrogen, which pulls electrons away from
the 4-position to induce a partial positive charge. The nucleophile then forms a bond with the
quinoline, thus displacing the chloride from the molecule. Compound 1 was obtained as an off-white

solid in a moderate yield of 58%.
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Scheme 3.1: Synthesis of compounds 1, 2 and 3. Reagents and conditions: (i) 1,3-Diaminopropane,
neat, 30 min, 80 °C, 22h reflux; (ii) Ferrocenecarboxaldehyde, diethyl ether, 72 h, r.t. (25 °C); (iii)
Ferrocenecarboxaldehyde, anhydrous MeOH, 24 h, r.t. (25 °C), NaBH4, anhydrous MeOH, 2 h, r.t. (25
°C).

Cl

\—

:Nuc)

Figure 3.2: General mechanism of a nucleophilic aromatic substitution reaction using 4,7-
dichloroquinoline. The electron-rich nucleophile (Nu’) attacks the electron-deficient carbon on the 4-
position of the quinoline ring, resulting in the displacement of the chloride ion (CI). *°

Upon successful synthesis of compound 1, it was then used in two separate Schiff base condensation
reactions with ferrocenecarboxaldehyde to synthesise compounds 2 and 3, which have been both

previously synthesised as antimalarial agents (Scheme 3.1 ii &iii). 78 For the synthesis of 2, the method
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reported by Stringer et al. was used with slight modifications. 7 The first modification was specifically
performing the reaction at 25 °C in an oil bath instead of relying on the ambient room temperature,
and the second was extending the reaction time to 72 hours. The Schiff base condensation reaction is

reversible, !

so these modifications were made to promote the forward reaction and maximise
product vyield. Schiff base condensation reactions occur between primary amines and carbonyl
compounds, as shown in Figure 3.3. The lone pair of electrons on the amine attacks the partially
positive carbonyl carbon, forming a carbinolamine intermediate. The intermediate then undergoes a
dehydration step, thus allowing for the formation of a C=N bond to create the Schiff base/imine.

Through this reaction, compound 2 was obtained as an orange-brown powder in a yield of 72%.

m " R, A R,
! 2 o o | N\
Ri—NH, + o) H* R——N OH = N OH
R{ A | | B /
H  Rs H Rs
/
c| H
/
R
R R, R, R, R, 2 H
N_/ _E N D\ /
N —_— N = N o®
/ /7 \
\ /7 \ / \
/ / \

Ra H Ry RO Rs H

Figure 3.3: General mechanism of a Schiff base condensation reaction, as illustrated by Subasi. (A)
Formation of a carbinolamine intermediate via nucleophilic attack by a primary amine on the carbonyl
carbon; (B) Loss of a proton by the amine group of the intermediate; (C) Gain of a proton by the hydroxy!
group of the intermediate; (D) Loss of the protonated hydroxyl group as a water molecule; (E)
Formation of an imine (C=N) bond to generate the Schiff base. 1!

As for the synthesis of compound 3, the method reported by Salas et al. was used with the temperature
modifications stated earlier. 8 The Schiff base that was formed was reduced in situ to a secondary amine
using sodium borohydride as the reducing agent (Scheme 3.1), making the compound more stable
than compound 2 since it cannot be hydrolysed into its original starting reagents. After recrystallisation
by layering dichloromethane (DCM) with hexane, an orange solid was produced in a low yield of 36%.
This is significantly lower than the yield reported by Salas et al. (82%). & The difference in yield may be
due to possible product loss during the purification process since conventional column
chromatography was used in this study instead of flash column chromatography (which utilises

pressure to accelerate sample movement), as was done by the authors. &
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3.2.2. Characterisation
Nuclear Magnetic Resonance spectroscopy

Compounds 1, 2 and 3 were characterised by H and 3C{*H} Nuclear Magnetic Resonance (NMR)
spectroscopy to confirm successful synthesis. These are standard techniques commonly used to
determine the structural characteristics of organic compounds by taking advantage of the magnetic
properties of hydrogen-1 and carbon-13 nuclei. *2** The *H NMR spectrum of the precursor compound
1 (Figure 3.4) shows the presence of the quinoline-associated proton signals (Ha — He) in the 64 6.51 —
8.32 ppm range. The protons of the aliphatic chain (H¢, Hg and Hy) are indicated by the triplet signals
at 64 2.79 ppm and 3.40 ppm and the multiplet at 64 1.89 ppm. All the peaks observed integrate for
the expected number of protons in this compound. *C{*H} NMR analysis of the precursor also

confirmed the expected 12 carbon atoms in the molecule.
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Figure 3.4: 'H NMR spectrum of compound 1 in deuterated methanol (MeOD). The quinolinyl (a-e) and
alkyl (f-h) proton signals are indicated.
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Figure 3.5 shows the stacked 'H NMR spectra of compounds 2 and 3, which are imine/amine
counterparts of each other. The top spectrum (Figure 3.5A) shows evidence of the successful synthesis
of compound 2, indicated by the presence of the ferrocene proton signals (H¢, Hg and H:) at 64 4.19
ppm, 4.48 ppm and 4.69 ppm. The largest of these, Hp, integrates for the five protons on the
unsubstituted ring. There is also a singlet at 64 8.20 ppm, assigned to the imine proton H; on the
aliphatic chain (i, j, k). As with the precursor compound, all the signals associated with the quinoline
and alkyl protons are present. The spectrum for compound 3 (Figure B) displays all the aforementioned
peaks as well but with a noticeable overall upfield shift relative to compound 2. Additionally, the signal
for the aliphatic imine proton is absent. Instead, there is a new peak at 64 3.65 ppm (Hj), integrating
for the two protons between the ferrocene and secondary amine functional groups. Likely, the
introduction of the electron-donating CH; group at this position via reduction induced a shielding effect
within the molecule, causing the upfield shift observed in the NMR spectrum. The integration values
of the peaks with respect to both compounds are in agreement with the expected proton numbers,
and the chemical shift values closely match those reported in literature. ® The number of carbon
atoms for compounds 2 and 3 was also verified through 3C{*H} NMR spectroscopy, with the chemical

shift values matching the published values. 72
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Figure 3.5: Stacked *H NMR spectra of compound 2 and compound 3 in deuterated chloroform (CDCl3).
(A) Spectrum for compound 2 with the quinolinyl (a-e), ferrocenyl (f-h), alkyl (i-k), imine (I) and amine
(NH) proton signals indicated. (B) Spectrum for compound 3 with the quinolinyl (a-e), ferrocenyl (f-h),
alkyl (i-1) and amine (NH) proton signals indicated.

Infrared spectroscopy

All three compounds were further characterised by infrared (IR) spectroscopy, a commonly used
technique for identifying functional groups in organic compounds through molecular vibrations
induced by infrared radiation exposure. > In the case of compound 1, absorption bands were
observed for v(N-H) and v(C=N) at 3247 and 1571 cm, respectively. Absorption bands for v(N-H) and
v(C=N) were observed for compound 2 at 3228 and 1578 cm™, respectively. Compound 3 also shows
bands corresponding to the N-H (v = 3220 cm™) and C=N (v = 1576 cm™) functional groups. Altogether,

these findings provide further confirmation of the structural integrity of the compounds.
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Mass spectrometry

The molecular mass of compound 1 was determined using Liquid Chromatography-Mass Spectrometry
(LC-MS) analysis. A m/z value of 236.10 [M+H]* was obtained, corresponding to the calculated mass of

the protonated molecular ion (236.09).

High-resolution Electrospray lonisation Mass Spectrometry (ESI-MS) was utilised to determine the
masses of the ferrocenyl-quinoline compounds 2 & 3. For compound 2, a base peak was observed at
m/z 432.0930 [M+H]*, which is in agreement with the calculated mass of 432.0800. The calculated
protonated molecular mass of compound 3 is 434.1000, and this value correlates to that of the base

peak at m/z 434.1088 [M+H]".

3.3. Synthesis and characterisation of triazole-amine-linked ferrocenyl-

guinoline compound (6)

3.3.1. Synthesis

The synthesis of the triazole-amine-linked ferrocenyl-quinoline compound (compound 6) required the
prior formation of two precursor compounds, as illustrated in Scheme 3.2. The first of these was an
azido-quinoline precursor (compound 4), synthesised via a nucleophilic aromatic substitution reaction
between 4,7-dichloroquinoline and an excess of sodium azide in dimethylformamide (DMF) heated to
65 °C (Scheme 3.2 i). ¥ The mechanism resembles that of the reaction described earlier (Section
3.2.1.), with the N3 ion acting as the attacking nucleophile. Compound 4 was produced as a grey
powder in a low yield of 28%. Multiple washing steps were performed to remove residual DMF during

the purification of this compound, which may have reduced the yield.
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Scheme 3.2: Synthesis of compounds 4, 5 and 6. Reagents and conditions: (i) NaNs;, DMF, 6 h, 65 °C; (ii)
Propargylamine, anhydrous MeOH, 24 h, r.t. (25 °C); (iii) NaBH,4, anhydrous MeOH, 1 h, 0 °C; (iv)
CuS04.5H,0, sodium ascorbate, DCM/H,0, 72 h, 30 °C.

In order to generate the alkyne precursor compound (5), a one-pot Schiff base condensation reaction,
with a sodium borohydride reduction step, was performed using ferrocenecarboxaldehyde and
propargylamine in anhydrous methanol (Scheme 3.2 ii & iii). The reaction was performed according to
the method described by Albertyn et al. with some modifications. ¥ An orange-brown powder was

obtained in good yield (84%) following this procedure.

With the two precursors in hand, the final step was to synthesise the novel compound 6 via a copper(l)-
catalysed azide-alkyne cycloaddition (CuAAC) reaction, also known as a “click” reaction (Scheme 3.2
iv). As illustrated in Figure 3.6, the general mechanism is as follows: A Cu(l) cation coordinates with
the participating alkyne compound to form an acetylide intermediate. The intermediate is then
deprotonated by a second Cu(l) cation, leading to the formation of a dicuprate complex. Afterwards,
the terminal nitrogen of the participating azide binds to the B-carbon of the acetylide/dicuprate
complex to create a six-membered ring intermediate. The last step is a reductive elimination to form a

five-membered Cu-intermediate, followed by protonation to regenerate the free Cu(l) cations. ¥
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Figure 3.6: General mechanism of a copper(l)-catalysed azide-alkyne cycloaddition reaction, as
illustrated by Anand et al. The Cu(l) cation (A) coordinates with an alkyne (1) to form an acetylide
intermediate (B). Deprotonation and coordination with a second Cu(l) cation lead to the formation of
a dicuprate complex (C), which binds to an azide (2) to generate a six-membered ring (D). Release of
the two Cu(l) cations (E and F) results in the formation of a product with a five-membered ring (3). *°

For the reaction between compounds 4 and 5, the Cu(l) catalyst was generated in situ by reducing
copper(ll) sulfate pentahydrate using an excess of sodium ascorbate. Additionally, the reaction was
performed in a mixture of DCM and distilled water over 72 hours, according to the method described
by Melis et al. ° This produced a dark yellow oil, which was crystallised by layering ethyl acetate with
hexane to afford a dark yellow solid in low yield (17%). The reason for this low yield is unclear, but the
yields of click reactions in general appear to vary depending on the reactants, solvent and reaction

conditions used. >&1%2
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3.3.2. Characterisation
Nuclear Magnetic Resonance spectroscopy

'H NMR and 3C{*H} NMR spectroscopic analyses were conducted to attest to the integrity of
compounds 4, 5 and 6. The *H NMR spectrum of compound 4 is shown in Figure 3.7. Five signals were
observed between 64 7.12 and 8.81 ppm in the downfield region, each assigned to the five protons on
the quinoline ring system. The doublets H. and Hg are coupled to each other with a coupling constant
of 8.8 Hz. The chemical shift values also match those reported in literature. ¥’ Regarding the 3C{*H]
NMR analysis, nine signals were observed for the nine carbon atoms in the compound, and the

chemical shifts were similar to literature values. ¥’
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Figure 3.7: 'H NMR spectrum of compound 4 in deuterated chloroform (CDCls). The quinolinyl proton
signals (a-e) are indicated. DCM: residual dichloromethane.
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The *H NMR spectrum of the alkyne precursor (compound 5) in Figure 3.8 indicates the presence of
the ferrocene peaks at &4 4.11, 4.14 and 4.21 ppm, integrating for two, five, and two protons,
respectively. The singlets for the alkyne proton (H¢) and the two protons flanking the secondary amine
group (Hqand He) were also found at 65 2.27, 3.45 & 3.60 ppm. Additional confirmation of successful
synthesis was provided by the 3C{*H} NMR data, which showed eight signals corresponding to the
eight distinct carbon environments in the compound. Both the *H and 3C{*H} NMR chemical shift

values are in agreement with literature values.
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Figure 3.8: 'H NMR spectrum of compound 5 in deuterated chloroform (CDCl3). The ferrocenyl! (a-c),
alkyl (d & e), alkyne (f) and amine (NH) proton signals are indicated.

IH NMR analysis of compound 6 confirmed that the “click” reaction between compounds 4 and 5 was
a success. In addition to the downfield quinoline ring signals for H,, Hs, He, He and Hs, the spectrum in
Figure 3.9 shows the two triplet signals of the substituted ferrocene ring protons (Hg and H;) on either
side of the intense singlet for the unsubstituted ring protons (Hy). The diagnostic peak of the triazole
proton (Hq4) was also observed downfield at &4 7.96 ppm amidst the aromatic quinoline signals. This is
likely due to the de-shielding effect of the three electron-withdrawing nitrogen atoms in the triazole

ring, which also appears to have caused an overall downfield shift of the quinolinyl and alkyl proton
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peaks. To confirm the identity of this peak, the compound was further analysed by homonuclear
correlation spectroscopy (2D COSY), which reveals information on the coupling of protons through
bonds. 222 The cross peaks highlighted on the 2D NMR spectrum of compound 6 in Figure 3.10 reveal
a weak correlation between the triazole proton and the two protons at H; (6x 4.10 ppm), which are in
close proximity to the triazole ring. All the 'H NMR peaks integrate for the expected number of

protons, altogether giving a total of 19 protons. This was also the case with the results of the 3C{*H}

NMR analysis, which confirmed the presence of all 23 carbon atoms.
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Figure 3.9: 'H NMR spectrum of compound 6 in deuterated chloroform (CDCls). The quinolinyl (a, b, c,
e & f), triazole (d), ferrocenyl (g-i) and alkyl (j & k) proton signals are indicated.

-56-

—
| —



I ULLLJ . _JJ\L S

0
] . Ft
] v !
3
— (7.97,4.1@8» l ]
—4% 6@ 4
-5
° T
f=N
te &
—
| 0 o {4.11,7.9¢) >7
= ) o 11,7,
:j - T { Fe
] j»d
- © o -9
r10
11
12

95 90 85 80 75 70 65 60 55 50
f2 (ppm)

Figure 3.10: 2D COSY 'H NMR spectrum of compound 6 in deuterated chloroform (CDCls). Cross peaks
for the triazole proton (d) and alkyl proton (j) are indicated.

Infrared spectroscopy

To further verify the successful synthesis of compounds 4, 5 and 6, IR spectroscopy was utilised. For
compound 4, an intense v(N=N=N) absorption band at 2125 cm™ was observed, confirming the
presence of the azide functional group. The stretching frequency for the alkyne functional group
(v(C=C)) in compound 5 was also observed at 2092 cm™?, in addition to peaks for v(N-H) at 3301 and
3092 cm™. Finally, the spectrum for compound 6 revealed absorption bands corresponding to v(N-H)

at 3330 cm™ as well as v(C=N) at 1593 cm™.

Mass spectrometry

The molecular mass of compound 4 was confirmed using LC-MS. A m/z value of 205.10 [M+H]* was
observed, matching the calculated mass of 205.05. The molecular masses of compounds 5 and 6 were

determined via high-resolution ESI-MS. Compound 5 shows a base peak at m/z 253.0557 [M]*, which
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correlates with its calculated mass of 253.0500. In the case of compound 6, a base peak was found at

m/z 457.0762 [M]*, correlating to the calculated mass of 457.0800 for the molecular ion.

3.4. Synthesis and characterisation of phenyl-linked ferrocenyl-quinoline

compound (11)

3.4.1. Attempted synthesis via Schiff base condensation (Route 1)

In order to synthesise a fourth ferrocenyl-quinoline compound with a phenyl linker, it was necessary
to first synthesise a phenyl-quinoline precursor compound (compound 7). As shown in Scheme 3.3,
this was accomplished by reacting 4,7-dichloroquinoline with an excess of p-phenylenediamine in
absolute ethanol under reflux conditions. This is also a nucleophilic aromatic substitution reaction and
a published method was followed. 22> Compound 7 was obtained as a bright yellow/orange powder in

excellent yield (96%).
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Scheme 3.3: Synthesis of compound 7 and attempted Schiff base condensation reaction. The cross
indicates that no reaction occurred under the conditions stated. Reagents and conditions: (i) p-
Phenylenediamine, absolute EtOH, 8h, reflux; (ii) Ferrocenecarboxaldehyde, anhydrous MeOH or
absolute EtOH, variable time and temperature.

Several attempts were made to synthesise a phenyl-linked ferrocenyl-quinoline compound using the
precursor compound 7. These involved a Schiff base condensation reaction between the precursor and
ferrocenecarboxaldehyde in either anhydrous methanol or absolute ethanol at varying temperatures,
as illustrated in Scheme 3.3 ii. In all the attempts, the reaction was unsuccessful as significant amounts
of the unreacted starting reagents were recovered in either solid form (compound 7) or in solution
(ferrocenecarboxaldehyde). This was confirmed through *H NMR analysis of the reaction components,
with the spectra showing the peaks of each unreacted reagent matching those of the recovered

material (Figures 3.11 & 3.12). In the case of the attempts using ethanol, additional peaks were
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observed in the spectrum generated by the material found in solution (s 6.50 — 8.50 ppm). These

peaks could not be positively identified.

Compound 7
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Figure 3.11: Stacked 'H NMR spectra of compound 7, ferrocenecarboxaldehyde and the solid obtained
from the fifth synthesis attempt using anhydrous methanol. NMR solvent: deuterated dimethyl!
sulfoxide (DMSO-dg).

The failure of the Schiff base formation may be attributed to the combined inductive electron-
withdrawing properties of the quinoline and aromatic diamine ring systems in the precursor molecule,
making the lone pair of electrons on the free amine group less capable of nucleophilic attack on the
carbonyl group of the aldehyde. In some of the synthesis attempts, glacial acetic acid was added in an
effort to catalyse the reaction and encourage nucleophilic attack by the amine. This was done
according to the strategy employed by Omosun and Smith, who synthesised Schiff base ligands using
aromatic amines and aldehydes. 2* However, this modification to the reaction did not yield the

expected results.
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Figure 3.12: Stacked *H NMR spectra of compound 7, ferrocenecarboxaldehyde, unreacted compound
7 and the residue obtained from the second synthesis attempt using absolute ethanol. NMR solvent:

deuterated dimethyl sulfoxide (DMSO-ds).

While there is no literature describing the synthesis of this Schiff base, one article describes the

synthesis of its reduced form. In this study by N’'Da and Smith, the compound was made by stirring

compound 7 with ferrocenecarboxaldehyde in anhydrous methanol for four hours and then adding

sodium borohydride for an additional two hours at room temperature (Scheme 3.4). % This method

was used in several more attempts to synthesise a phenyl-amine-linked ferrocenyl-quinoline

compound, with later attempts having some modifications. Small quantities of a brown solid were

obtained from each of the attempts, and this solid was analysed by *H NMR analysis to determine if it

was the desired compound.
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Scheme 3.4: Attempted synthesis of the phenyl-linked ferrocenyl-quinoline compound via a Schiff base
condensation reaction followed by a reduction. The cross indicates that no reaction occurred under the
conditions stated. Reagents and conditions: (i) Ferrocenecarboxaldehyde, anhydrous MeOH, variable
time and temperature, NaBH,4, anhydrous MeOH, 2h, r.t. (25 °C).

Figure 3.13 shows the stacked 'H NMR spectra of the product from the aforementioned synthesis
attempts, which all show an identical series of peaks between 64 6.40 and 8.80 ppm. These peaks are
presumed to be associated with the quinoline and phenyl ring protons, given that a similar pattern was
observed for the precursor compound 7. However, the chemical shift values do not match those of
either compound 7 or the compound reported by N’Da and Smith. % Moreover, there is no evidence
of distinct ferrocenyl proton peaks on the spectra, which usually appear in the &4 4.00 to 4.50 ppm
range with an integration pattern of 5-2-2 or 2-5-2. Instead, unusual multiplet signals were observed
within this region. Taken together, these results imply the formation of a compound that is entirely
different from what has been reported by the authors and that retains most of the precursor’s

structure.
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Figure 3.13: Stacked *H NMR spectra of compound 7 and the solid obtained from the synthesis attempts
using the method reported by N’'Da and Smith. NMR solvent: deuterated dimethyl! sulfoxide (DMSO-
ds). DCM: residual dichloromethane.

Characterisation
Nuclear Magnetic Resonance spectroscopy

Compound 7 was analysed by *H and *C{*H} NMR spectroscopy to confirm its successful synthesis. The
'H NMR spectrum of compound 7 shown in Figure 3.14 shows signals for all five quinoline protons (H,
— He) within the 64 6.5 — 8.8 ppm range. Within that same range are the two doublets corresponding
to the four phenyl ring protons (Hf and H,) at 6x 6.70 and 7.07 ppm, each with a coupling constant of
8.6 Hz. The chemical shift and integration values for all the peaks agree with those reported in

literature. 26 Also, 3C{*H} NMR analysis confirmed the presence of all 15 carbons.
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Figure 3.14: 'H NMR spectrum of compound 7 in deuterated dimethyl sulfoxide (DMSO-ds). The
quinolinyl (a-e), phenyl (f & g) and amine (NH) proton signals are indicated.

Infrared spectroscopy

IR spectroscopy was utilised to further characterise compound 7. Absorption bands for the amine

groups were found at 3429 and 3319 cm, in addition to a v(C=N) absorption band at 1604 cm™.

Mass spectrometry

Compound 7 was analysed by LC-MS to confirm its molecular mass. A m/z value of 270.10 [M+H]* was

observed for the compound, which was in agreement with the calculated mass of 270.07.

3.4.2. Attempted synthesis via Schiff base condensation and nucleophilic aromatic

substitution (Route 2)

Since the attempts to synthesise a phenyl-amine-linked ferrocenyl-quinoline compound using

compound 7 were unsuccessful, a second precursor (compound 8) was generated as an alternative.
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Scheme 3.5 illustrates the in situ synthesis of compound 8 using a modified version of the method
reported by Arancibia et al. ?’ The compound was synthesised via a Schiff base condensation reaction
with ferrocenecarboxaldehyde and p-phenylenediamine, followed by a reduction using excess sodium
borohydride. The solution containing the aldehyde was added dropwise to minimise the formation of
a bifunctionalised product through a reaction occurring at both NH, groups of the diamine. Despite
this modification, crystals of the bifunctionalised product (bis-ferrocenyl methyl-phenylenediamine)
were obtained in significant amounts upon purification. The result was a low yield (15%) of compound
8, which was precipitated as either a fine dark-red powder or red granules using a

DCM/hexane/pentane mixture.

The crystals of the bifunctionalised product, which were obtained from column fractions eluted with
a hexane/ethyl acetate mixture, were analysed by single-crystal X-ray crystallography. The analysis
revealed the molecular structure shown in Figure 3.15, confirming the presence of two ferrocene
entities on either side of the diamino phenyl ring. The crystallographic data, parameters and selected

bond lengths and angles for the compound are summarised in Table 3.1 and Table 3.2.

(ii)

H
N N
i H,N H,N
& Yap)
8

Cl

Scheme 3.5: Synthesis of compound 8 and attempted synthesis via nucleophilic aromatic substitution.
The cross indicates that no reaction occurred under the conditions stated. Reagents and conditions: (i)
Ferrocenecarboxaldehyde, anhydrous MeOH, 24 h, r.t. (25 °C); (ii) NaBH4, anhydrous MeOH, 2 h, r.t. (25
°C); (iii) 4,7-Dichloroquinoline, anhydrous MeOH, 24 h, reflux.
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Figure 3.15: Single crystal X-ray molecular structure of bis-ferrocenyl methyl-phenylenediamine,
showing the two ferrocenyl groups bonded to either side of the phenyl ring. Hydrogen atoms have been

omitted for clarity.

Table 3.1: Crystallographic data and refinement parameters for bis-ferrocenyl methyl-

phenylenediamine.

Chemical Formula

Formula Weight
Crystal System
Space Group
a, b, c(A)

a6 y(°)
Volume (A3)

Z
Density (g/cm3)
u (mm)

CasHasN>Fe;
504.22
Monoclinic
Cc (No.9)

17.9132(9), 16.2767(7),

30.7257(15)
90, 97.772(2), 90
8876.3(7)

16
1.509
1.326

—
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F (000)
Crystal Size (mm)
Temperature (K)
Scan Range (°)
Unique Reflections

Rint
Reflections used
[1>20(1)]

R, wR2
Goodness-of-Fit
Min, Max Ap (e A?)

4192
0.04 x0.10x0.28
100
1.8<6<28.4
21921

0.046
20781

0.0362, 0.0739
1.092
-0.52,0.56
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Table 3.2. Selected bond lengths and angles for bis-ferrocenyl methyl-phenylenediamine.

Bond lengths (A)

Nia—Cia 1.468 (6) N2a — Cisa 1.387 (5)
Nia—Ci2a 1.420 (5) N2a — Cisa 1.452 (6)
Feian—Cia 2.029 (4) Feza — Cioa 2.051 (4)
Fein—Caa 2.037 (4) Fezn — Caon 2.044 (4)
Feian—Csa 2.047 (5) Feza — Caia 2.034 (5)
Feian—Can 2.039 (5) Fexa — Caon 2.043 (5)
Feia— Csa 2.028 (5) Fesa— Can 2.042 (4)
Feian— Cen 2.031(5) Feian — Caan 2.050 (5)
Feia—Csa 2.033 (5) Feia — Casa 2.049 (5)
Feia — Can 2.029 (6) Feir — Caea 2.047 (5)
Feia — Con 2.030 (6) Feir — Cara 2.048 (5)
Feir — Cloa 2.037 (5) Fein — Casa 2.032 (5)
Bond angles (°)

Cia—Fein—Cea 105.55 (18) Cioa — Fezn — Caan 108.78 (18)
Feia — Cia — Ci1a 122.3(3) Feza — Cion — Cisa 130.6 (3)
Ci11a = Nia—Ci2a 121.1 (3) Cisa — N2a — Cisa 124.0 (3)

Torsion angles (°)

Ci2a— Nia—C1ia— Ci1a -66.9 (5) Cisa — Naa — C18a — C10a 168.0 (4)

An attempt to synthesise the desired compound was made using 4,7-dichloroquinoline and compound
8 in a nucleophilic aromatic substitution reaction, as illustrated in Scheme 3.5 iii. This alternative
approach produced a brown solid similar to the one obtained from the previous attempts using the
N’Da and Smith method. 2* Unfortunately, *H NMR analysis of the solid revealed that it was identical
to the product from the previous attempts (Figure 3.16). The product of the alternative method also
lacks the ferrocene-associated signals in the expected region of &4 4.00 to 4.50 ppm and has peaks
seemingly corresponding to the quinoline and phenyl protons in the &4 6.40 to 8.80 ppm range. This
result provides further confirmation of the formation of another compound different to what has been

reported.
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Figure 3.16: Stacked 'H NMR spectra of the solid obtained from the synthesis attempts using the
alternative and literature methods. NMR solvent: DMSO-ds. DCM: residual dichloromethane.

Characterisation
Nuclear Magnetic Resonance spectroscopy

NMR spectroscopic analysis of compound 8 produced the *H NMR spectrum shown in Figure 3.17. Two
doublets, each integrating for two protons and with coupling constants of 8.6 Hz, were found at &u
6.64 and 6.57 ppm. These doublets are assigned to the phenyl ring protons H, and Hy, respectively.
The ferrocene proton peaks (Hc, Hs and H.) are also present at 644.23, 4.17 and 4.13 ppm, in addition
to the singlet associated with the two protons (H¢) between the ferrocene and secondary amine group.
Arancibia et al. also reported chemical shift values similar to those observed in this study. ¥’ Nine
signals were observed upon *C{*H} NMR analysis of the compound, corresponding to the nine distinct

carbon-containing chemical environments in the structure of the compound.
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Figure 3.17: 'H NMR spectrum of compound 8 in deuterated chloroform (CDCls). The phenyl (a & b),
ferrocenyl (c-e), alkyl (f) and amine (NH) proton signals are indicated. DCM: residual dichloromethane.

Infrared spectroscopy

IR spectroscopic analysis showed two prominent absorption bands corresponding to the N-H group

were observed for compound 8. The two bands were found at 3424 and 3347 cm™.

Mass spectrometry

ESI-MS analysis of compound 8 revealed a base peak for the molecular ion at m/z 306.0803 [M]*,

corresponding to a calculated mass of 306.0800.

3.4.3. Attempted synthesis via Mizoroki-Heck coupling (Route 3)

Following the unsuccessful synthesis attempt using precursor compound 8, a third precursor
compound (9) was synthesised through another nucleophilic aromatic substitution reaction almost

similar to the synthesis of compound 7. This particular compound has not been reported in literature,
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but the method for its synthesis was adapted from that of compounds with similar structures, such as
the previously described compound 7. 228 As shown in Scheme 3.6 i, 4,7-dichloroquinoline was
reacted with 4-iodoaniline in absolute ethanol under reflux for 24 hours. This produced a yellow-green

precipitate in high yield (90%).

! ~
Cl HN Fe
HN

N - <

; I , >
P (i) | (ii |

Z Cl N/
Cl N
9

Cl N

Scheme 3.6: Synthesis of compound 9 and attempted synthesis via Mizoroki-Heck coupling. The cross
indicates that no reaction occurred under the conditions stated. Reagents and conditions: (i) 4-
lodoaniline, absolute EtOH, 24h, reflux; (ii) Vinylferrocene, Pd(OAc),, EtsN, PPhs, 1,4-dioxane, 72 h,
reflux.

A new attempt was made to synthesise a phenyl-alkene-linked ferrocenyl-quinoline compound
through a Mizoroki-Heck coupling reaction. This type of reaction is a cross-coupling between an aryl
halide and an alkene in the presence of a palladium catalyst and a base. The catalyst is typically formed
from a palladium(ll) precursor, and this requires a ligand to stabilise the palladium in its zero oxidation
state. 2 Figure 3.18 illustrates the general mechanism of a Mizoroki-Heck coupling reaction. Upon its
formation, the palladium(0) catalyst is oxidised by inserting itself in the aryl-halide bond via oxidative
addition. The next step is a complexation of the palladium(ll)-aryl-halide intermediate with the alkene,
which subsequently inserts itself in the palladium-aryl bond. This is then followed by a B-hydride
elimination step to release the newly formed aryl alkene product and leave a palladium(ll)-halide
intermediate. In the final step, the base reacts with the intermediate via reductive elimination,

resulting in the regeneration of the palladium(0) catalyst. °
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Figure 3.18: General mechanism of a Mizoroki-Heck coupling reaction, as illustrated by Koranne et al.
The palladium(0) catalyst (purple) forms an intermediate with an aryl halide (red) via oxidative
addition. An alkene (blue) then inserts itself into the palladium-aryl bond of the intermediate, and this

is followed by B-hydride elimination to release the aryl alkene product. The final step is the regeneration

of the catalyst by reductive elimination.

A Mizoroki-Heck coupling reaction of compound 9 with vinylferrocene was attempted, according to
Scheme 3.6 ii. This would result in a compound in which the ferrocene moiety was linked to the rest
of the molecule by a C=C bond, in contrast to the previous attempts where the linking bond was to be
a C-N or C=N bond. A method reported by Govender et al. was used, where the chosen ligand and base
were triphenylphosphine and triethylamine. 3! This method was chosen because these authors

successfully performed Mizoroki-Heck reactions using vinylferrocene under the conditions indicated.

The reaction yielded a light-brown solid, but following *H NMR analysis, it was observed that this was
not the anticipated product. As shown in the stacked *H NMR spectra in Figure 3.19, the peaks
associated with the ferrocene moiety in the 4.00 — 4.50 ppm range are absent for the product. This is
also substantiated by the observation that much of the vinylferrocene was recovered unconsumed
after the reaction period. Moreover, when comparing the spectra of compound 9 and the product, it
seems that all the quinoline and phenyl ring peaks are present but generally shifted more upfield in

the product relative to the precursor. The integration values of these peaks also imply that this product
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is a result of the precursor coupling to itself instead of with vinylferrocene, forming a compound with
the supposed structure shown in Figure 3.20A. However, LC-MS analysis of this compound reported a
m/z value of 381, which is vastly different from the calculated molecular mass of the proposed
compound (506.11). It could mean that the self-coupling product instead has the structure shown in
Figure 3.20B, whose calculated molecular mass is 381.10, but this contradicts the observed 'H NMR
results. Furthermore, elemental analysis indicates that the proportions of C, H and N atoms in the
substance are 49.3%, 2.90% and 6.97%, respectively. However, these proportions differ greatly from
the calculated atomic compositions of the proposed structures. The identity of this substance,

therefore, remains inconclusive.

Vinylferrocene

P

Fe

< |

Compound9 /@/
HN

i Z?\ /i
— DCM

1,4 DIOXANE

T T T
110 105 100 95 90 85 80 75 70 65 55 50 45 40 35 30 25 20 15 1.0 05
fl(Ppm)

Figure 3.19: Stacked 'H NMR spectra of vinylferrocene, compound 9 and the reaction product of the
attempted Mizoroki-Heck coupling reaction. NMR solvent: deuterated dimethyl sulfoxide (DMSO-ds).
DCM: residual dichloromethane; EtOAc: residual ethyl acetate.
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Figure 3.20: Possible structures of the assumed self-coupling product from the synthesis attempt. The
calculated molecular mass for each structure is also shown.

Characterisation

Nuclear Magnetic Resonance spectroscopy

Figure 3.21 shows the *H NMR spectrum of compound 9. Similar to what was observed for compound
7, there is a pair of doublets at 64 7.94 and 7.28 ppm with a coupling constant of 8.6 Hz, corresponding
to the phenyl ring protons (Hq and Hg). The presence of the five quinoline protons Ha, Hy, Hc He and Hg
was confirmed as well. As with compound 7, all 15 carbons on compound 9 were accounted for by

13C{*H} NMR analysis.

Infrared spectroscopy

An absorption band of stretching frequency 1607 cm™ was observed for compound 9, correlating to

the C=N bond in the quinoline ring system.

Mass spectrometry

Compound 9 was analysed by LC-MS. The compound produced a base peak at m/z 381.10 [M+H]* for

a calculated mass of 380.96.
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Figure 3.21: 'H NMR spectrum of compound 9 in deuterated methanol (MeOD). The quinolinyl (a, b, c,
e & g) and phenyl (f & d) proton signals are indicated.

3.4.4. Synthesis of compound 10 and successful synthesis of phenyl-alkene-linked ferrocenyl-

quinoline compound (11)

Given that the attempted synthesis using compound 9 did not yield the desired product, an alternative
precursor compound (10) was synthesised via a Mizoroki-Heck reaction. For the synthesis of
compound 10, vinylferrocene and 4-iodoaniline were used as the reactants, while potassium
carbonate, palladium(ll) acetate and B-cyclodextrin were the chosen base, catalyst precursor and
ligand, respectively (Scheme 3.7 i). The reaction was performed according to a method briefly
mentioned by Kanagaraj and Pitchumani, who synthesised B-cyclodextrin derivatives for use as
reusable and water-soluble ligands for Mizoroki-Heck reactions. 3 Compound 10 was produced as an
orange powder in a low yield of 31%. Kanagaraj and Pitchumani reported an almost similar yield (39%)
using bromobenzene and styrene as reactants, possibly indicating the limitations of using PB-
cyclodextrin as a ligand for this reaction. 32 It is also worth noting that compound 10 was initially

synthesised in 1985 by Toma et al. via a reduction of 1-ferrocenyl-2-(4-nitrophenyl)ethylene using zinc
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and ammonium chloride. 32 This is the only published record of its synthesis, and no other reports

currently exist.

S~ y OF

Fe) ——————— 3 H,N Fo) ———————» @

@ (i) @ (il N

10 al N 11

Scheme 3.7: Synthesis of compounds 10 and 11. Reagents and conditions: (i) 4-lodoaniline, Pd(OAc),,
K>COs, B-CD, DMF, 18 h, 110 °C; (ii) 4,7-Dichloroquinoline, anhydrous MeOH, 24h, 45 °C.

The successful synthesis of a phenyl-alkene-linked ferrocenyl-quinoline compound was finally achieved
using the precursor compound 10. As illustrated in Scheme 3.7 ii, the desired novel compound (11)
was synthesised via a nucleophilic aromatic substitution reaction involving compound 10 and 4,7-
dichloroquinoline in anhydrous methanol heated to 45 °C. This produced an orange solid in a low yield
of 17%, which was much lower than the yields obtained for earlier mentioned compounds synthesised
via the same reaction (i.e., compounds 1, 4, 7 and 9). The low yield may be a consequence of the
structural nature and larger molecular size of compound 10, which possibly hinder its ability to react

with 4,7-dichloroquinoline.

Characterisation
Nuclear Magnetic Resonance spectroscopy

IH NMR analysis of the precursor compound 10 confirmed the presence of the ferrocene entity,
indicated by the peaks at 64 4.10, 4.23 and 4.46 ppm with integrals accounting for five, two and two
protons, respectively (Figure 3.22). The signals for the aromatic ring protons are also present as two
doublets at &4 6.52 and 7.15 ppm, each with a J-coupling constant of 8.4 Hz and integrating for two
protons. Additionally, there is a slightly broadened signal at 64 5.16 ppm integrating for the two
protons on the alkene functional group (i.e., Hc and Hg). It was anticipated that this signal would appear
as two distinct doublets coupling to each other, but it seems that the expected doublets are in close
proximity to one another due to the symmetry of the compound, resulting in a single peak. All the
peaks corresponding to the expected 18 carbon atoms in the compound’s structure were observed

and identified via 3C{*H} NMR analysis.
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Figure 3.22: 1 H NMR spectrum of compound 10 in deuterated dimethyl sulfoxide (DMSO-ds). The pheny!
(a & b), alkene (c & d), ferrocenyl (e-g) and amine (NH) proton signals are indicated.

Finally, the 'H NMR spectrum of the ferrocenyl-quinoline compound 11 in Figure 3.23 shows peaks at
61 4.15, 4.31 and 4.56 ppm, which are assigned to the ferrocenyl protons H,, Hx and H;, respectively.
The downfield region of the spectrum between 64 6.97 and 8.48 also confirms the presence of the
quinoline moiety as there are signals for the five quinolinyl protons, i.e., Ha, Hy, He, Ha and Hg. Within
that same region are the doublets corresponding to the phenyl ring protons H. and H¢ at 64 7.54 and
7.33 ppm, respectively. Another piece of evidence to confirm successful synthesis is that the signals
for the alkene protons Hy and H;j are now visible as distinct doublets at 64 6.93 and 6.78 ppm, with a J-
coupling constant of 16.2 Hz and each integrating for one proton. This points to a loss in symmetry
caused by the introduction of the electron-withdrawing quinoline ring. It also confirms that the
precursor compound 10, whose spectrum displayed a broadened peak for the alkene protons (Figure
3.22), has a trans-alkene configuration. Furthermore, the observed coupling constant falls within the
typical range of values for trans-alkene compounds (12 — 18 Hz). 3* 2D *H NMR analysis shows cross
peaks at the chemical shift values of the doublets (Figure 3.24), thus confirming that these protons
have a direct correlation with each other. Lastly, a total of 19 signals were observed after 3C {*H} NMR

analysis, matching the expected 19 unique carbon environments in the structure of compound 11.
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Figure 3.23: 'H NMR spectrum of compound 11 in deuterated dimethyl sulfoxide (DMSO-ds). The
quinolinyl (a, b, ¢, d & g), phenyl (e & f), alkene (h & i), ferrocenyl (j-1) and amine (NH) proton signals

are indicated.
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Figure 3.24: 2D COSY *H NMR spectrum of compound 11 in deuterated dimethy! sulfoxide (DMSO-ds).
Cross peaks for the two alkene protons (h & i) are indicated.

Infrared spectroscopy

Additional confirmation of successful synthesis was provided via IR spectroscopic analysis. Compound
10 produced noticeable peaks for v(N-H) and v(C=C) at 3364 and 1606 cm™, respectively. Lastly, an

intense absorption peak for the quinolinyl C=N bond at 1570 cm™ was observed for compound 11.

Mass Spectrometry

Both compounds 10 and 11,were analysed by ESI-MS. With regard to compound 10, a base peak of
m/z 304.0771 [M+H]* was observed. This closely matched the calculated mass of 304.0700. Lastly, the
molecular mass of compound 11 was confirmed by the presence of a base peak at m/z 465.0822

[M+H]*, corresponding to the calculated mass of 465.0700 for the protonated molecular ion.
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3.5. Antileishmanial activity assessment of compounds in vitro

3.5.1. Preparation of L. major LV39 promastigotes

Virulent promastigotes were obtained for biological experiments by passaging L. major LV39
(MRHO/SV/59/P) parasites in BALB/c mice via hind footpad infection, as described previously. 3> The
progress of the infection was monitored weekly for eight weeks by measuring the swelling of infected
footpads. As illustrated in Figure 3.25A, BALB/c mice showed an onset of swelling at week 3 post-
infection, and the swelling continued to rise until the eighth week, in line with previous findings. 3"~
The weights of the mice also stayed consistent throughout the infection period (Figure 3.25B). At eight

weeks post-infection, a parasite suspension was extracted from infected footpads and subsequently

cultured in M199 growth medium to allow for transformation into their promastigote form.

The in vitro growth of Leishmania promastigotes is characterised by two growth phases, which are the
logarithmic phase and the stationary phase. *° In the logarithmic phase, the promastigotes divide
rapidly but are not infective towards mammalian cells. This logarithmic growth continues until they
reach the stationary phase, where the parasites are in their most virulent state and do not divide. 4
After the parasites obtained from infected mice had differentiated into promastigotes, they were then
cultured in fresh growth medium to grow them to their most infective state and in sufficient numbers
for further experiments. The number of parasites was counted daily to monitor their growth, and as
shown in Figure 3.26, the parasites underwent logarithmic growth during the first four days post-

culture. The growth rate slowed down on Day 5, reaching a plateau on Day 6, thus signifying that the

promastigotes had reached the stationary phase. %

-78 -

—
| —



>

Footpad swelling (mm)

20&6: : %
-~ Mouse 1

-2 Mouse 2
—A— Mouse 3

Weight (g)
5 @

(%))
1

Week

Figure 3.25: Progression of L. major infection in BALB/c mice. BALB/c mice were infected with 2 x 10°
stationary phase L. major LV39 promastigotes by subcutaneous injection in the hind footpad. (A)
Swelling of infected footpads measured weekly for eight weeks to monitor infection progress relative
to pre-infection footpad sizes. Footpad swelling data is expressed as the mean + SD of three animals
(n=3). (B) Body weights of infected mice measured weekly for eight weeks.
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Figure 3.26: Growth of L. major LV39 promastigotes. Promastigotes were cultured at 1 x 10°
parasites/ml in complete M199 at 26 °C, with the number of parasites counted daily to monitor growth.
The black arrow indicates the peak of the stationary phase on Day 6.

3.5.2. Antipromastigote activity assay

The successfully synthesised ferrocenyl-quinoline compounds (2, 3, 6 and 11) and their precursors (1,
4, 5, 9 and 10) (Figure 3.27) were taken forward for biological testing against L. major LV39
promastigotes. In order to determine the half-maximal inhibitory concentration (ICso), which is the
concentration of a compound required to inhibit parasite growth by 50%, ** the compounds were
solubilised in 100% DMSO and diluted in complete M199. DMSO is commonly the solvent of choice for
dissolving compounds prior to biological testing to improve their solubility in water-based media,
particularly the solubility of hydrophobic compounds. 4% All the compounds were soluble in DMSO
except compound 9. Compound 9 was partially soluble in the solvent, which led to some of it
precipitating out of solution upon dilution in the culture medium. Other organic solvents like ethanol
and acetone can be used as alternatives to improve the solubility of hydrophobic compounds for
biological testing. * Unfortunately, however, compound 9 is completely insoluble in both ethanol and
acetone, as evidenced by its synthesis and purification procedure (Chapter 2, Section 2.2.9), making it
impossible to use these solvents in biological tests. This compound was, therefore, tested as a
suspension, as has been done with other poorly soluble compounds in some previous studies. 7%
Furthermore, compound 9 was included in the assay to compare it with the other quinolinyl precursors

(i.e., compounds 1 and 4), even though it was ultimately not used to synthesise compound 11.
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Figure 3.27: Structures of synthesised ferrocenyl-quinoline compounds and precursors selected for

biological assessment. Compounds in each grouping were synthesised via either nucleophilic aromatic
substitution, Schiff base condensation or Mizoroki-Heck coupling, ultimately leading to the formation
of a ferrocenyl-quinoline compound with a distinct linker. (A) The imino-alkyl (2) and amino-alkyl-linked
(3) ferrocenyl-quinoline compounds and their common amino-alkyl quinoline precursor (1); (B) The
triazole amine-linked ferrocenyl-quinoline compound (6) and its azido quinoline (4) and ferrocenyl
amino alkyne (5) precursors; (C) The phenyl-alkene-linked ferrocenyl-quinoline compound (11) and its
iodo-phenyl quinoline (9) and ferrocenyl phenylamine (10) precursors. Linker regions are highlighted in
red.

Amphotericin B (AmpB), which is one of the drugs currently available as a second-line treatment for

4749 \was selected as the positive control based on previous studies that have also used

leishmaniasis,
the drug. >°%°! Pentavalent antimonials drugs and miltefosine have also been used as control drugs in
similar studies. #°2°3 The choice of control drug for studies such as this one varies across literature and
appears to be determined by the availability of the drug, the parasite species/strain being studied, as
well as the manifestation of leishmaniasis being investigated. DMSO was included as a vehicle control

matching the percentage of DMSO in the diluted compounds.

The viability of the promastigotes was measured using a resazurin-based assay, as described in
published literature. >>* Resazurin is a blue non-toxic dye that turns pink and fluoresces when reduced
to resorufin by metabolically active cells. **>® The fluorescence produced by resorufin can be
measured quantitatively and gives an indication of the number of viable cells. In the context of studies
investigating the activity of compounds against Leishmania parasites, a high fluorescence relative to
untreated controls signifies a high number of viable parasites (i.e., low compound activity), while a low

fluorescence indicates low numbers or the absence of viable parasites (i.e., high compound activity).
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Initial experiments were performed using a concentration range of 0.08 — 10 pg/ml for all compounds
based on various reported ICso values of AmpB that fall within this range. 3°>°57 However, as Figure
3.28 shows, only AmpB, compound 3 and compound 6 showed activity in this range, prompting the
use of a higher concentration range of 0.8 — 100 pg/ml for compounds 1, 2, 4, 5,9, 10 and 11 in later

experiments in order to determine their ICso values.
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Figure 3.28: Antipromastigote assay dose-response curves for ferrocenyl-quinoline compounds and
precursors. 2.5 x 10° stationary phase L. major LV39 promastigotes were treated with either the
synthesised compounds or amphotericin B (AmpB) increasing concentrations over 48 hours. (A) Dose-
response curves for ferrocenyl-quinoline compounds (2, 3, 6 and 11) and AmpB tested at 0.08 — 10
ug/ml; (B) Dose-response curves for precursor compounds 1, 4, 5, 9 and 10 tested at 0.08 — 10 ug/ml.
Parasite viability was calculated as a percentage relative to untreated controls using a resazurin-based
assay. Data is representative of a single preliminary experiment that was performed in triplicate (n =

3).
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As illustrated by the dose-response curves in Figure 3.29 and the data in Table 3.3, the amino-alkyl-
linked ferrocenyl-quinoline compound (3) was the most biologically active in the series, giving an 1Cso
of 0.50 pg/ml (1.16 uM). It was more active than the control drug amphotericin B, which had an ICso
of 1.94 pg/ml (2.10 uM). The other ferrocenyl-quinoline compounds (6, 2 and 11) followed with ICso
values of 4.04, 30.00 and 40.10 ug/ml (8.83, 69.49 and 86.27 uM), respectively.

Table 3.3: Antileishmanial activity of ferrocenyl-quinoline compounds and precursors against L. major
LV39 promastigotes. ICso values are expressed in both ug/ml and uM units and reported as the mean *
SD of two independent experiments that were performed in triplicate (n=6).

Compound ICso (ug/ml) ICs0 (LM)

1 80.25+9.69 340.45 £ 29.06
2 30.00 £+ 3.82 69.49 £ 6.25
3 0.50+0.35 1.16 £ 0.57
4 37.65+22.42 184.00 £ 77.46
5 81.60 +17.82 322.37+£49.78
6 4.04+1.13 8.83+1.75
9 17.65 £ 0.35 46.37 £+ 0.66
10 No activity* No activity*
11 40.10+4.81 86.27 +7.32

AmpB 1.94+0.20 2.10+0.15

*: No activity observed within the tested concentration range.
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Figure 3.29: Antipromastigote assay dose-response curves for ferrocenyl-quinoline compounds. 2.5 x
10° stationary phase L. major LV39 promastigotes were treated with either the synthesised ferrocenyl-
quinoline compounds (2, 3, 6 and 11) or amphotericin B (AmpB) in increasing concentrations over 48
hours. Compounds 3, 6 and AmpB were tested at 0.08 — 10 ug/ml, while compounds 2 and 11 were
tested at 0.8 — 100 ug/ml. Parasite viability was calculated as a percentage relative to untreated
controls using a resazurin-based assay. Data represents a pool of two independent experiments that
were each performed in triplicate (n = 6).

Overall, these results show a structure-dependent trend in the antipromastigote activity of the four
ferrocenyl-quinoline compounds (compound 3 (amino-alkyl) > compound 6 (triazole amine) >
compound 2 (imino-alkyl) > compound 11 (phenyl-alkene)). Compound 3 has two secondary amines
in its structure: one on the 4-position of the quinoline, and the other next to the ferrocene moiety.
The secondary amine on the 4-position of the quinoline is substituted by a triazole group in compound
6. This substitution resulted in an eight-fold difference between the ICso values of the two compounds,
suggesting that having a secondary amine at this position might be important for antipromastigote
activity. However, there seems to be evidence indicating that the secondary amine adjacent to the
ferrocene may be more important for antileishmanial activity when comparing compound 6 to a
structural isomer synthesised by Yousuf et al., which was also tested against L. major LV39
promastigotes and gave an ICsp of 21.80 uM. © The ICso value of compound 6 (8.83 uM) is two and a
half times lower than that of the isomer, making compound 6 the more potent of the two. When
comparing the structures of the two compounds, it can be seen that the positions of the triazole group
and secondary amine in their linkers are interchanged (Figure 3.30), and this difference in the positions
of the functional groups may be responsible for the differences in their activity against L. major LV39
promastigotes. Yousuf et al. also reported on the ability of the isomer to alter promastigote

morphology, disrupt mitochondrial membrane potential, reduce phospholipid content in the plasma
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membrane and induce oxidative stress, all of which are factors that lead to promastigote apoptosis. ©
It may be possible that compound 6 induces the same effects as the isomer but to a greater extent.

More investigations are necessary to confirm if this is the case.

Cl

Figure 3.30: Structures of triazole amine-linked ferrocenyl-quinoline compounds. (A) Compound 6,
synthesised for this study; (B) The structural isomer synthesised by Yousuf et al. ® The triazole group
and secondary amine are indicated by red and blue rectangles, respectively.

The difference in antileishmanial activity is more striking when comparing compound 3 and the third-
most active compound (compound 2). These two compounds are almost similar to each other
structurally, with the sole difference being that compound 2 has an imine group instead of a secondary
amine adjacent to the ferrocene moiety. Yet, this seemingly small change caused a 60-fold difference
in antipromastigote activity. Both compounds were previously synthesised and reported as potential
antimalarial agents by other researchers before being adopted for this study. 78 Stringer et al. reported
ICso values of 0.59 uM and 0.17 uM for compounds 2 and 3, respectively, when the two compounds

were tested against the K1 chloroquine-resistant strain of P. falciparum. 7 Similar to what has been
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observed here, the substitution of the imine group for a secondary amine resulted in a 3.5-fold
increase in antiparasitic activity. The authors also found that compound 3 exhibited greater growth
inhibition of T. vaginalis parasites, the causative agents of trichomoniasis, than compound 2. ’
However, no specific ICso values were provided. Salas et al. reported compound 3 as being the most
active against the K1 P. falciparum strain (1Cso = 0.016 uM) out of a series of various amino-alkyl-linked
ferrocenyl-quinoline compounds. & These findings, therefore, further support the idea that having a
secondary amine close to the ferrocene moiety is advantageous for improved antiparasitic activity. As
this is the first study in which compounds 2 and 3 have been assessed in the context of leishmaniasis,
the manner in which the compounds elicit their effects on Leishmania parasites remains unknown and

requires additional investigation.

Compound 11 contains a secondary amine on the 4-position of the quinoline ring, like compound 3. It
also has a phenyl ring and an alkene bond linking the ferrocene moiety to the rest of the molecule. The
presence of this phenyl-alkene linker in place of an amino-alkyl linker led to an 80-fold drop in activity
relative to compound 3. Earlier in this chapter (Section 3.4.1), the attempted synthesis of a phenyl-
linked ferrocenyl-quinoline compound reported by N’Da and Smith was described. 2°> This compound,
which differs from compound 11 by having a secondary amine in place of the alkene, was tested for
antimalarial activity by the aforementioned authors and was found to be highly active against
Plasmodium parasites (ICso = 0.96 uM). Additionally, the compound was less active than its alkyl-linked
counterparts. > Once more, this suggests that the presence of a secondary amine adjacent to
ferrocene induces high antiparasitic activity. It also supports the observation that having a phenyl linker

is less favourable for antiparasitic activity.

The dose-response curves for the quinolinyl precursor compounds (1, 4 and 9) and the ferrocenyl
precursors (5 and 10) are shown in Figure 3.31. Compounds 1, 4 and 9 inhibited the growth of L. major
LV39 promastigotes, with respective ICso values of 80.25, 37.65 and 17.65 pg/ml (340.45, 184.00 and
46.37 uM) (Table 3.3), confirming that the quinoline pharmacophore is important for antileishmanial
activity, in line with previous studies. %859 Compound 5, the ferrocenyl alkyne precursor of
compound 6, had an ICsp of 81.60 ug/ml (322.37 uM) (Table 3.3). In contrast to the rest of the series,
compound 10, the ferrocenyl precursor for compound 11, had no activity in the tested concentration

range.
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Figure 3.31: Antipromastigote assay dose-response curves for quinolinyl and ferrocenyl precursor
compounds. 2.5 x 10° stationary phase L. major LV39 promastigotes were treated with either the
quinolinyl precursor compounds (1, 4 and 9) or the ferrocenyl precursor compounds (5 and 10) in
increasing concentrations over 48 hours. All five compounds were tested at 0.8 — 100 ug/ml. Parasite
viability was calculated as a percentage relative to untreated controls using a resazurin-based assay.
Data represents a pool of two independent experiments that were each performed in triplicate (n = 6).

The activity of the quinolinyl precursors appears to be dependent on the functional group/moiety
attached to the scaffold (compound 9 (iodo-phenyl) > compound 4 (azido) > compound 1 (amino-
alkyl)). Interestingly, despite its poor solubility, the iodo-phenyl compound 9 is seemingly the most
active of the precursors and more potent than its derivative ferrocenyl-quinoline counterpart (i.e.,
compound 11). It is unclear if this high activity is due to the presence of iodine or a combination of the
iodine and aromatic ring. To confirm this, it would also be worthwhile to investigate the activity of the
previously described compound 7 (Section 3.4.1), which contains a primary amine in place of the
iodine. However, it is important to note that the ICso value of compound 9 may be viewed as an
estimation given that the compound is partially soluble in DMSO and culture media. The azido-
quinolinyl precursor (compound 4) was the second-most active of the three, suggesting that the
presence of the azide functional group induces higher antileishmanial activity than the amino-alkyl
chain on compound 1. Accordingly, compound 1 was the least active of the quinolinyl precursors.
Additionally, it had an ICso value much greater than that of its Schiff base derivative (compound 2).
Schiff bases/imines are prone to hydrolysis due to the Schiff base reaction being reversible. 10 |f
compound 2 was being hydrolysed into its original substituents upon dilution in aqueous media, it
would have a similar ICsp value to that of compound 1. As the ICso values of the two compounds are
vastly different from each other, this indicates that the observed activity of compound 2 is not due to

its hydrolysis.
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Of the two ferrocenyl precursors tested (compounds 5 and 10), compound 5 was the only one that
displayed signs of antipromastigote activity. The activity of compound 5 may be attributed to the amino
alkyne chain or the ferrocene moiety itself. The latter seems more plausible given the ability of
ferrocene to induce ROS production, which is known to cause cellular damage in parasites, including
Leishmania parasites. >®%17% There are currently no reports of amino alkynes possessing antiparasitic
properties. However, the activities of compound 5 and the quinolinyl precursor 4 appear to be
enhanced when they react to form compound 6, indicating a synergistic relationship between the two.
There are also signs of enhanced activity when looking at the quinolinyl precursor 1, whereby the
addition of ferrocene via a reaction with the free primary amine resulted in the formation of
compounds 2 and 3, which have higher antipromastigote activity than the standalone precursor. To
test if ferrocene is truly responsible for the enhanced activity of the quinolinyl precursors 1 and 4, one
could substitute the ferrocene moiety with another isosteric group, such as a phenyl group. This has
been demonstrated previously in a study by Melis et al., who reported the enhanced antiplasmodial
activity of a quinoline-based compound after substituting a phenyl group with ferrocene (phenyl

compound ICsp = 22.73 puM; ferrocenyl compound 1Cso = 12.30 uM). 2°

Two DMSO vehicle controls covering concentration ranges of 0.0008 — 0.1% and 0.008 — 1% were used
to match the concentration of the solvent in the diluted compound solutions. These corresponded to
the 0.08 — 10 pg/ml and 0.8 — 100 pg/ml compound concentration ranges, respectively. Both vehicle
controls showed that DMSO had no effect on the viability of promastigotes (Figure 3.32). This is in line
with the findings of Duran et al., who determined that a DMSO concentration of up to 1% neither
influences the growth of L. tropica and L. infantum promastigotes nor alters their morphology. ¢ The
study by Duffin and Andrews, which showed that the growth of L. major, L. amazonensis and L.
donovani promastigotes was unaffected by 1% DMSO, also corroborates these findings. ®” The results
shown here, therefore, confirm that the observed antipromastigote activity is not due to the toxic

effects of DMSO.
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Figure 3.32: Antipromastigote assay dose-response curves for DMSO vehicle controls. 2.5 x 10°
stationary phase L. major LV39 promastigotes were treated with DMSO in increasing concentrations
over 48 hours. (A) DMSO vehicle control at 0.0008 — 0.1%; (B) DMSO vehicle control at 0.008 — 1%.
Parasite viability was calculated as a percentage relative to untreated controls using a resazurin-based

assay. Data represents a pool of two independent experiments that were each performed in triplicate
(n=6).
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3.6. In vitro cytotoxicity and selectivity assessment of compounds

3.6.1. Macrophage cell surface antigen expression in RAW 264.7 cell line

The RAW 264.7 macrophage cell line was selected in order to determine the cytotoxicity of the
synthesised compounds in vitro. The Leishmania parasite primarily infects macrophages, which allows
it to transform into its amastigote stage as part of its life cycle. ®8%° Therefore, measuring the
cytotoxicity of the compounds against macrophages would give an indication of the concentration of

compound required to potentially eliminate the intracellular parasite without harming the host cells.

RAW 264.7 cells are murine monocyte/macrophage-like cells derived from the Abelson leukaemia
virus-transformed cell line from BALB/c mice. 7%’ They are commonly used as a reliable macrophage
model for inflammation research and possess typical macrophage characteristics, such as
phagocytosis, pinocytosis and nitric oxide production. #7172 The cell line is also favoured for its rapid
growth and ease of culture. * In the field of leishmaniasis research, RAW 264.7 cells have been used
in infection studies. One such study by Saha et al. investigated the ability of L. donovani to suppress
host oxidative burst during infection. ”® Another study investigated the apoptosis-inducing effects of
microRNAs in L. major-infected RAW 264.7 cells. 7 The cells have also been used to determine the
cytotoxicity of copper(ll)-azole drug complexes and 4-quinolinyl thiosemicarbazone derivatives. 7>7°

This, therefore, made RAW 264.7 cells a suitable model for this study.

RAW 264.7 cells were cultured and continuously passaged, according to previously described methods
with slight modifications. %72 The cells were then analysed by flow cytometry to verify the expression
of CD11b and F4/80, which are known murine macrophage cell surface antigens. ”-’° Populations of
single cells were gated to identify cells expressing CD11b and F4/80. On average, 83.7% of the cells
were double-positive for CD11b and F4/80 across three samples (Figure 3.33A). The geometric mean
fluorescence intensity (GMFI) of CD11b* F4/80* cells was also analysed as a measure of surface antigen
expression on a cell-per-cell basis relative to unstained controls, and the expression levels of CD11b
were found to be slightly higher than those of F4/80 (Figure 3.33B). These results are consistent with
those in published studies investigating cell surface antigen expression in this cell line. 88! Having
confirmed that the RAW 264.7 cells expressed a macrophage phenotype, they were then used to

assess the cytotoxicity of the ferrocenyl-quinoline compounds and their precursors.
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Figure 3.33: Flow cytometry analysis of CD11b and F4/80 expression in RAW 264.7 macrophages. RAW
264.7 cells were cultured over three days and then stained with fluorescent mouse antibodies for
CD11b and F4/80 for flow cytometry analysis. (A) Cells gated for single cell populations expressing
CD11b and F4/80; (B) Geometric mean fluorescence intensity (GMFI) of CD11b and F4/80 expression
in CD11b* F4/80" populations. The analysis shown is representative of a single experiment consisting
of three replicates, with the GMFI expressed as the mean * SD.

3.6.2. Cytotoxicity assay and compound selectivity

To test the cytotoxicity of compounds 1 — 11 in RAW 264.7 macrophages, the compounds were once
again dissolved in 100% DMSO and diluted in complete DMEM, with AmpB included as the control
drug. As before, all the compounds were soluble in DMSO except compound 9, which was tested as a
suspension because of its poor solubility in the culture medium. As was done for the antipromastigote
assessments, a resazurin-based assay was used to measure the viability of the macrophages, following
literature methods. *** The compound concentration range was restricted to 0.4 — 50 ug/ml,
corresponding to a DMSO concentration range of 0.004 — 0.5%. This restriction was placed to eliminate
the influence of DMSO on cell viability since concentrations higher than 0.5% have been reported to

be cytotoxic to RAW 264.7 cells. 4472
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The half-maximal cytotoxic concentration (CCso), which is the concentration of a compound that
reduces cell viability by 50%, 8 was determined for all the tested compounds. The CCso values of each
compound were then used to calculate the selectivity index (SI). The Sl is the ratio of the CCso value to
the 1Cso value, which measures how selective a compound is toward parasitic cells rather than
mammalian cells. 8 Compounds with a selectivity index of greater than 1 are considered to be more
selective towards Leishmania parasites than mammalian cells and, therefore, can be regarded as

potential antileishmanial agents. 88>

Figure 3.34 shows the changes in the macrophage viability in response to treatment with the four
ferrocenyl-quinoline compounds (2, 3, 6 and 11) and AmpB. Compounds 3 and 6 were the most
cytotoxic, giving CCso values of 0.86 pg/ml (1.98 uM) and 8.55 pug/ml (18.67 uM), respectively (Table
3.4). These two compounds were also the most biologically active against L. major promastigotes
(Section 3.5.2). Furthermore, they were the only compounds in the entire series with selectivity indices
greater than 1 (compound 3 Sl = 1.71; compound 6 Sl = 2.11), indicating that they are more selective
toward the parasites and are, therefore, candidate choices for subsequent testing in an in vivo model.
The third-most cytotoxic ferrocenyl quinoline compound was compound 2 with a CCsoof 10.47 pug/ml
(24.25 uM), closely followed by compound 11 with a CCso of 13.00 pg/ml (27.97 uM) (Table 3.4). It
should be noted that compound 3 was tested at a lower range of 0.2 — 25 ug/ml in order to generate
a more accurate dose-response curve, as a preliminary experiment revealed that there were not

enough data points in the lower end of the 0.4 — 50 ug/ml range to form a reliable curve (Figure 3.35).
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Table 3.4: Cytotoxicity and selectivity of ferrocenyl-quinoline compounds and precursors. CCso and ICsp
values are expressed in both ug/ml and uM units and reported as the mean + SD of two independent
experiments that were performed in triplicate (n = 6).

CCso (RAW 264.7) ICso (L. major LV39 promastigote)
Compound sl [al
ug/ml KM ng/ml HM
1 7.20+0.16 30.55 +0.66 80.25 £ 9.69 340.45 * 29.06 0.09
2 10.47 +5.13 24.25+11.89 30.00 + 3.82 69.49 + 6.25 0.35
3 0.86 £ 0.06 1.98 £0.15 0.50+0.35 1.16 £ 0.57 1.71
4 8.70+0.42 42.49+2.04 37.65+22.42 184.00 + 77.46 0.23
5 41.95+6.43 165.73 £+ 25.42 81.60+17.82 322.37 £49.78 0.52
6 8.55+0.80 18.67 +1.75 4.04+1.13 8.83+1.75 2.11
9 13.00+£0.14 34.15+0.37 17.65+0.35 46.37 £ 0.66 0.74
10 11.74+3.20 38.71 +10.57 No activity ! No activity [®! ND [
11 13.00+1.84 27.97 £3.96 40.10+£4.81 86.27 £7.32 0.32
AmpB >50 > 54 1.94+£0.20 2.10+£0.15 > 25
[3l: Selectivity Index (CCso/Cso).
[l: No activity observed within the tested concentration range.
[d: Not determined.
100
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Figure 3.34: Cytotoxicity assay dose-response curves for ferrocenyl-quinoline compounds. 2 x 10* RAW
264.7 macrophages were treated with either the synthesised ferrocenyl-quinoline compounds (2, 3, 6
and 11) or amphotericin B (AmpB) in increasing concentrations over 48 hours. Compound 3 was tested
at 0.2 — 25 ug/ml, while the rest of the compounds were tested at 0.4 — 50 ug/ml. Cell viability was
calculated as a percentage relative to untreated controls using a resazurin-based assay. Data
represents a pool of two independent experiments that were each performed in triplicate (n = 6).
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Figure 3.35: Cytotoxicity assay dose-response curve for compound 3. 2 x 10* RAW 264.7 macrophages
were treated with compound 3 in increasing concentrations (0.4 — 50 ug/ml) over 48 hours. Cell viability
was calculated as a percentage relative to untreated controls using a resazurin-based assay. Data
represents a single preliminary experiment that was performed in triplicate (n = 3).

As was observed for the antipromastigote activity, the cytotoxicity of the ferrocenyl-quinoline
compounds (2, 3, 6 and 11) appears to be dependent on the type of linker in their structures. The
cytotoxicity of these four compounds followed the same trend as the antipromastigote activity
(compound 3 (amino-alkyl) > compound 6 (triazole amine) > compound 2 (imino-alkyl) > compound
11 (phenyl-alkene)). The presence of two secondary amines in compound 3, particularly the one next
to the ferrocene moiety, seems to contribute to its high cytotoxicity, considering that it was 12 times
more cytotoxic than its imine counterpart (compound 2). A similar result was observed when these
two compounds were assessed for their antimalarial activity by Stringer et al.” Compound 3 was eight
times more cytotoxic than compound 2 to oesophageal cancer cells (compound 3 CCso = 0.74 uM,;
compound 2 CCsp = 5.80 uM). However, compound 3 had a lower selectivity than compound 2 towards
both chloroquine-sensitive and chloroquine-resistant Plasmodium parasites (compound 3 SI=11.56 &
4.23; compound 2 Sl = 69.88 & 9.83), which is in contrast to the findings presented here. 7 In the
context of this current study, however, compound 3 is more selective than compound 2, making it a

more promising antileishmanial drug candidate for further study.

Compound 6, containing a triazole group on the 4-position of the quinoline instead of a secondary

amine, was ten times less cytotoxic than compound 3. This further supports the observation that the
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secondary amine induces higher biological activity, and substitution with the triazole group at the 4-
position leads to an overall drop in activity. Compound 6, however, was more cytotoxic than the
previously mentioned structural isomer synthesised by Yousuf et al. ® The isomer was reported as
having no observable cytotoxicity against murine splenocytes at the highest tested concentration of
22 uM. ® This again implies that the positioning of the triazole group and secondary amine influences
the biological activity of the compound. Nevertheless, compound 6 is the most selective of all the

tested compounds in this present study, making it the most favourable potential antileishmanial agent.

Once again, compound 11 was the least active of the ferrocenyl-quinoline series, showing a 15-fold
difference in cytotoxicity relative to compound 3. The previously mentioned phenyl-linked compound
synthesised by N’Da and Smith, which only differs from compound 11 by the presence of a secondary
amine instead of an alkene, was also reported to be less cytotoxic to Chinese hamster ovarian cells
than alkyl-linked compounds. % Therefore, similar to the observation made on the antipromastigote
activity, the substitution of the amino-alkyl linker with a phenyl-alkene linker appears to reduce overall

compound activity.

The cytotoxicity of amphotericin B could not be definitively determined due to the limitations imposed
by the DMSO concentration stated earlier. Therefore, for this study, it was estimated to be above 50
pug/ml (54 uM), resulting in an estimated Sl of above 25. However, Wu et al. reported a CCso value of
6.18 ug/ml when they tested amphotericin B in RAW 264.7 cells. 8 In another study by Malli et al., the
CCso value of the drug in the same cell line was reported as 16.07 pg/ml, & while a CCso of 11.07 pg/ml
was reported by Garcia et al. 8 Malli et al. state that they prepared their own amphotericin B
deoxycholate suspension by mixing amphotericin B and sodium deoxycholate for their study. ¥
Meanwhile, the amphotericin B used by Garcia et al. and Wu et al. was sourced commercially, and the
latter specify that they used HPLC-purified amphotericin B from Streptomyces sp. %8 The
amphotericin B used in this present study, which is a colloidal suspension of the drug in sodium
deoxycholate, sodium chloride and sodium phosphate, was also sourced commercially. & Therefore,
the disparity in the reported cytotoxicity of amphotericin B may be due to the differences in the
preparation or formulation of the drug used in each study. Further studies will need to be conducted

to determine if this is the case.

The dose-response curves for the quinolinyl precursor compounds (1, 4 and 9) and ferrocenyl
precursor compounds (5 and 10) are shown in Figure 3.36. The quinolinyl precursor compounds 1, 4
and 9 had cytotoxicity values of 7.20, 8.70 and 13.00 pg/ml (30.55, 42.49 and 34.15 uM), respectively
(Table 3.4). The least cytotoxic compound in the whole series was the ferrocenyl precursor compound

5, giving a CCso of 41.95 pg/ml (165.73 uM). Compound 10, the other ferrocenyl precursor compound,
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had a CCso of 11.74 ug/ml (38.71 uM) (Table 3.4), which was in stark contrast to its lack of

antipromastigote activity.
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Figure 3.36: Cytotoxicity assay dose-response curves for quinolinyl and ferrocenyl precursor
compounds. 2 x 10* RAW 264.7 macrophages were treated with either the quinolinyl precursor
compounds (1, 4 and 9) or the ferrocenyl precursor compounds (5 and 10) in increasing concentrations
over 48 hours. All five compounds were tested at 0.4 — 50 ug/ml. Cell viability was calculated as a
percentage relative to untreated controls using a resazurin-based assay. Data represents a pool of two
independent experiments that were each performed in triplicate (n = 6).

The quinolinyl precursor compounds 1, 4 and 9 showed a different trend to that observed for their
antipromastigote activity (compound 1 (amino-alkyl) > compound 9 (iodophenyl) > compound 4
(azido)). The micromolar CCso values of these quinolinyl precursors were higher than those of their
respective ferrocenyl-quinoline derivatives (i.e., compounds 2, 3, 6 and 11), implying that the
incorporation of ferrocene leads to increased cytotoxicity. This is particularly noticeable with
compound 6, which is the product of a reaction between compound 4 and the ferrocenyl precursor
compound 5. Furthermore, compound 5 also had a higher CCsp value than compound 6. As these two
precursors form a compound with a relatively much lower CCso value, this not only suggests that the
incorporation of ferrocene increases cytotoxicity but also provides further evidence that the

precursors have synergy with each other.
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The DMSO vehicle control that was included in the cytotoxicity assay showed that macrophage viability
was unaffected by DMSO concentrations between 0.004 and 0.5% (Figure 3.37). This confirms that the
cytotoxicity data obtained in this study is solely due to the inherent properties of the tested
compounds. Moreover, it validates the findings of Jamalzadeh et al. and Han et al., who recommended

concentrations lower than 0.5% for the RAW 264.7 cell line. 472
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Figure 3.37: Cytotoxicity assay dose-response curve for DMSO vehicle control. 2 x 10* RAW 264.7
macrophages were treated with DMSO in increasing concentrations (0.004 — 0.5%) over 48 hours. Cell
viability was calculated as a percentage relative to untreated controls using a resazurin-based assay.
Data represents a pool of two independent experiments that were each performed in triplicate (n = 6).

3.7. Summary

A series of four ferrocenyl-quinoline compounds (2, 3, 6 and 11) were synthesised for use as potential
antileishmanial drug leads. Compounds 2 and 3 have been previously reported as antimalarial agents,
while compounds 6 and 11 are new. These four compounds were derived from a set of various
quinoline-based precursor compounds (1, 4 and 9) and ferrocene-based precursor compounds (5 and
10), resulting in the four compounds having either an imino-alkyl, amino-alkyl, triazole amine or
phenyl-alkene linker. All the compounds were fully characterised using standard spectroscopic and
analytical techniques, including *H and 3C{*H} NMR spectroscopy, FT-IR spectroscopy and mass

spectrometry.
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Compound 1, the diaminopropyl quinoline precursor compound, was synthesised via nucleophilic
aromatic substitution and was subsequently used to synthesise the imino-alkyl-linked (2) and amino-
alkyl-linked (3) ferrocenyl-quinoline compounds via Schiff base condensation, with an additional
reduction step required to form compound 3. The azido quinoline precursor compound (4) and
ferrocenyl alkyne precursor compound (5) were synthesised via nucleophilic aromatic substitution and
Schiff base condensation (followed by reduction), respectively. The triazole amine-linked ferrocenyl-
quinoline compound (6) was then formed via a Cu(l)-catalysed azide-alkyne cycloaddition reaction
using these two precursors. The iodophenyl quinoline precursor compound (9), generated by
nucleophilic aromatic substitution, could not be used to synthesise the phenyl-alkene-linked
ferrocenyl-quinoline compound (11). This prompted the synthesis of the ferrocenyl phenyl alkene
compound (10) via Mizoroki-Heck coupling as an alternative precursor, which finally led to the

successful synthesis of compound 11 by nucleophilic aromatic substitution.

The four ferrocenyl-quinoline compounds and their precursors were assessed for their in vitro
biological activity against L. major LV39 promastigotes. The most active ferrocenyl-quinoline
compound was compound 3 (ICso = 0.50 ug/ml), followed by compounds 6, 2 and 11. Compound 3 was
the only compound in the series with an ICso lower than that of the control drug amphotericin B (I1Cso
= 1.94 pg/ml). The trend in the antipromastigote activities of these compounds appears to be
influenced by the linker structure as well as the presence and positioning of secondary amines, with
the amino-alkyl and triazole amine linkers inducing the highest activity. The quinolinyl precursor
compounds (1, 4 and 9) were also biologically active against the parasite, thus confirming the
antiparasitic properties of the quinoline pharmacophore. Compounds 1 and 4 were less active than
their ferrocenyl-quinoline derivatives, suggesting that the incorporation of ferrocene leads to
enhanced antileishmanial activity. However, the opposite effect was observed for compound 9 as it
showed higher activity than its derivative. The ferrocenyl precursors (5 and 10) had the lowest

antipromastigote activity of all the synthesised compounds.

The RAW 264.7 macrophage cell line was used to determine the cytotoxicity of the synthesised
compounds. The expression of CD11b and F4/80 macrophage cell surface antigens in this cell line was
confirmed by flow cytometry analysis prior to cytotoxicity assessments. All the synthesised compounds
were found to be more cytotoxic than amphotericin B (CCso < 50 pug/ml). The cytotoxicities of the four
ferrocenyl-quinoline compounds followed the same structure-dependent/functional group-
dependent trend as their antipromastigote activities (compound 3 > compounds 6 > compound 2 >
compound 11) Despite being the two most cytotoxic compounds in the series, compounds 3 and 6
were determined to be the most selective toward the Leishmania parasite as their Sl values were

greater than 1 (Sl =1.71 and 2.11) . Finally, all three of the quinolinyl precursors (1, 4 and 9) were less

-98 -

—
| —



cytotoxic than their ferrocenyl-quinoline derivatives, implying that the incorporation of ferrocene also

results in increased cytotoxicity.
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Chapter 4

Conclusion and Future Outlook

4.1. Overall conclusion

In conclusion, the findings of this study have affirmed not only the importance of quinoline as a
pharmacophoric scaffold for antiparasitic drug design but also the plausibility of repurposing existing
quinoline-based compounds as antileishmanial agents. Additionally, it has highlighted the possibility
of enhancing the antileishmanial activity of quinoline-based compounds through the incorporation of
transition metals, in this case, iron. The results of this study also clearly demonstrate the value of
including secondary amines when designing drug leads with high antileishmanial activity. However, as
secondary amines also appear to increase overall cytotoxicity, care must be taken when designing new
drug leads to ensure that the cytotoxic effects do not outweigh their parasite-killing capabilities. The
same principle may be applied when making use of iron as well since it also seems to induce
cytotoxicity. While there is still room for further investigation on the efficacy and safety of the
compounds described here, the findings presented in this study are promising and provide more
insight into the strategies that may be employed in the development of new drugs for the treatment

of cutaneous leishmaniasis.

4.2. Future outlook

4.2.1. Antiamastigote activity assessments

Since the Leishmania parasite exists in two forms, i.e., the extracellular promastigote form and the
intracellular amastigote form, there remains a need to conduct experiments to determine the potency
of the most selective compounds (3 and 6) against the amastigote form in a suitable model. Preferably,
these experiments should be in the form of a parasite rescue assay, whereby macrophages are infected
with Leishmania parasites, treated with the test compounds and then lysed to release any surviving
internalised parasites. ™ The viability of surviving parasites from compound-treated infected

macrophages can then be compared to that of parasites from non-treated infected macrophages. This
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type of assay not only mimics how the parasites infect macrophages in vivo but also serves as

additional confirmation of the cytotoxicity of the test compounds against macrophages.

Alternatively, the antiamastigote activity could be measured through the use of axenic amastigotes,
which are amastigotes obtained through the induced differentiation of promastigotes in culture media
in the absence of mammalian cells. > This has been exemplified by the work of Sabt et al., who
determined the activity of quinoline-isatin compounds against axenic L. major amastigotes. ’
Numerous other studies have also demonstrated that axenic amastigotes and intracellular amastigotes
show no differences in drug susceptibility, indicating that cell-free and cell-based assays give similar
antiamastigote activity data. > The use of axenic amastigotes in compound screening offers several
advantages, including ease of culture, fast and inexpensive compound activity measurements, and
eliminating the need to sacrifice laboratory animals. >° However, while this approach still allows for
drug screening against the medically relevant amastigote form, one should bear in mind that it does
not accurately replicate the in vivo environment of the amastigote stage. Furthermore, it does not take
into account whether the compounds can enter infected macrophages to reach their target. Therefore,
for a more accurate representation of the behaviour of the parasites and compounds in vivo, testing

the antiamastigote activity in a cell-based system is advised.

4.2.2. Cytotoxicity assessments in primary cells

The RAW 264.7 macrophage cell line was used to determine compound cytotoxicity in this study.
Although these cells are a suitable macrophage model, follow-up studies are necessary to test the
compounds in primary cells, such as murine bone marrow-derived macrophages, murine peritoneal
macrophages or human peripheral blood monocyte-derived macrophages. These particular primary
have been used to investigate antileishmanial drug activity and cytotoxicity in the past. 1>1? Testing the
compounds in primary host cells is essential as a preliminary measure of their cytotoxic effects before
in vivo testing since these cells are better representatives of cells in living tissues than cell lines.
Furthermore, unlike immortalised cell lines such as the RAW 264.7 cell line, the finite lifespan of
primary cells makes them less likely to undergo phenotypic and genotypic changes over time, which
may influence results. >* As was done in this study, a resazurin-based assay can be used to measure

the viability of primary cells treated with the test compounds.
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4.2.3. In vivo studies in mice

Another future objective is to test the efficacy of the most selective drug leads in Leishmania-
susceptible BALB/c mice. Compounds 3 and 6 currently show the most promise in reaching the in vivo
testing stage based on the selectivity data obtained in this study. However, as indicated earlier, it is
necessary to test these compounds in primary cells and against intracellular Leishmania amastigotes
to determine if they retain their selectivity. Once the antiamastigote activity of the two compounds
has been determined using primary mouse cells, they could be administered in non-infected BALB/c
mice, which are a commonly used in vivo model for leishmaniasis due to their susceptibility to

Leishmania infection. >~

17 As these compounds have never been tested in vivo, this pilot experiment
is necessary to determine if they have any detrimental effects on the overall health of the mice (e.g.,
weight loss, diarrhoea, abnormal behaviour etc.) as well as to determine the maximum tolerated dose

that can be administered. 1&*°

After the safety of the compounds has been confirmed and an appropriate dose has been established,
the compounds can then be tested in Leishmania-infected BALB/c mice to investigate their effects on
disease progression and parasite load. The disease progression and parasite load in compound-treated
infected mice can then be compared with those of infected non-treated BALB/c mice and infected
Leishmania-resistant C57BL/6 mice, thus giving an indication of the efficacy of the compounds. The
route of administration would also need to be considered as it may influence the efficacy results. One
study reported that intralesional administration of an antileishmanial drug led to a lower parasite
burden than intramuscular administration. ® Another study showed that administering a compound by
either tattooing or subcutaneous injection led to reduced parasite load, with the latter route being
more effective. 1! Additional routes of administration that could be explored include intraperitoneal,

oral administration and topical administration. 122021

4.2.4. Mechanistic studies

Several mechanisms of action have been proposed for the antileishmanial activities of quinoline-based
and ferrocene-based compounds, including inhibition of the enzyme pteridine reductase 1, ROS
production, membrane disruption and altering chromatin distribution. 7?*%* To investigate if
compounds 3 and 6 bind to pteridine reductase 1, which is an essential enzyme for folate metabolism

and DNA biosynthesis in Leishmania parasites, ’

molecular docking studies could be performed.
Pteridine reductase 1 catalyses the reduction of biopterin in the presence of NADPH. % Therefore, one

could also perform an enzymatic assay to determine if compounds 3 and 6 inhibit the catalytic activity
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of this enzyme. The ability of the compounds to generate ROS, which are known to cause damage in

2628 in the presence or absence of living cells can be measured using various types of

parasitic cells,
ROS detection assays. Additionally, transmission electron microscopy could be utilised to visualise
parasite cell membrane damage and changes in chromatin distribution after treatment with the

compounds.

The effects of the compounds on the immune system can also be investigated as part of their
mechanism of action. A few studies have reported that quinoline-based and ferrocene-based
compounds can induce expression of T helper 1 (Th1) cytokines (IFN-y, IL-12, IL-2 and TNFa) and
production of nitric oxide (NO) in macrophages, which signify a parasite-killing immune profile in
infected cells. 242428 Th1 cytokines are known to be produced by CD4 T cells, which are found in lymph
nodes. 2°73! These cells could be isolated from the lymph nodes of Leishmania-infected BALB/c mice
treated with compounds 3 and 6 and then cultured to obtain supernatant containing secreted Th1l
cytokines. The secreted cytokines can be quantified using an enzyme-linked immunosorbent assay
(ELISA) as a measure of expression levels. 373 The NO levels in infected macrophages treated with the
compounds can be determined in vitro using several types of NO detection assays, such as the

commonly used Griess assay. 1728
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Appendix

Spectroscopic data for compounds 1 - 11
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Figure A1: 3C{*H} NMR spectrum of compound 1 in deuterated methanol (MeOD).
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Figure A2: Infrared spectrum of compound 1.

-116 -

—
|
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Figure A3: Liquid chromatography mass spectrum of compound 1.
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Figure A4: 3C{2H} NMR spectrum of compound 2 in deuterated chloroform (CDCl3).
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Figure A5: Infrared spectrum of compound 2.
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Figure A7: 3C{*H} NMR spectrum of compound 3 in deuterated chloroform (CDCl;).
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Figure A9: High resolution ESI mass spectrum of compound 3.
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Figure A10: *C{*H} NMR spectrum of compound 4 in deuterated chloroform (CDCl).
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Figure A11: Infrared spectrum of compound 4.
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Figure A12: Liquid chromatography mass spectrum of compound 4.
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Figure A13: 3C{*H} NMR spectrum of compound 5 in deuterated chloroform (CDCls).
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Figure A14: Infrared spectrum of compound 5.
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Figure A17: Infrared spectrum of compound 6.
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Figure A18: High resolution ESI mass spectrum of compound 6.
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Figure A19: 3C{*H} NMR spectrum of compound 7 in deuterated dimethyl sulfoxide (DMSO-ds).
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Figure A20: Infrared spectrum of compound 7.
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Figure A21: Liquid chromatography mass spectrum of compound 7.
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Figure A22: 3C{*H} NMR spectrum of compound 8 in deuterated chloroform (CDCl5).
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Figure A23: Infrared spectrum of compound 8.
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Figure A24: High resolution ESI mass spectrum of compound 8.
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Figure A25: 3C{*H} NMR spectrum of compound 9 in deuterated methanol (MeOD).
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Figure A26: Infrared spectrum of compound 9.
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Figure A27: Liquid chromatography mass spectrum of compound 9.
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Figure A28: 3C{*H} NMR spectrum of compound 10 in deuterated dimethyl! sulfoxide (DMSO-ds).
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Figure A29: Infrared spectrum of compound 10.

-132 -

—
|



TMS PraNH
LCMS_241028_4TAUTOAFAMM 8 (0.088) Cm (7.12)
100 W4.0771

o
303 0598
})509%
302 0815
3010743 060814
OO g0 g L e 20 L momn e 300 e I g OO gy oo I s g
200 200 220z 240 | 240 | 280 200 280 | 280 o ata a2 w0 | k0 sk 380 aro 80 380 4o 30 420 0 k0
Figure A30: High resolution ESI mass spectrum of compound 10.
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Figure A31: 3C{H} NMR spectrum of compound 11 in deuterated dimethyl sulfoxide (DMSO-ds).
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Figure A32: Infrared spectrum of compound 11.
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Figure A33: High resolution ESI mass spectrum of compound 11.
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