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Abstract

This study aimed to explore the synthesis, characterisation and biological activity of group 13 and
group 15 metal complexes. A series of Bi(V) and Sb(V) triphenyl acetic acetates of the general
formula [MPhs(CO2R);] and one oxido bridged complex [(SbPhs((0.C-0-CO)Me)),0], were firstly
analysed. Seventeen complexes were characterised, of which fourteen were novel. All Sb(V)
complexes were found to be stable to solution state degradation whilst the Bi(V) equivalents
decayed over a short period of time. The Bi(V) example complex was found to rapidly react with
glutathione, a biological thiol enzyme, degrading in under five minutes. The antimony equivalent
reacted much slower, and was able to be successfully tracked by H NMR . Due to the instability
and high reactivity of the Bi(V) complexes, non-selective biological activity was observed. The

Sb(V) complexes however were selectively toxic to L. major promastigotes and amastigotes.

A series of triphenyl Sb(V) mono-hydroxido quinolinolate were then probed, forming six-
coordinate Sb(V) centres as opposed to the usual five-coordinate. Six novel complexes of the
general formula [SbPh3(CoHsNORR’)(OH)] were synthesised and fully characterised. Similar to the
acetic acetates, all quinolinolates were stable to solvent degradation. The complexes exhibited a
good degree of biological activity and selectivity, making them an ideal class of candidates for

future assays.

Four bis-methyl gallium mono-quinolinolates [Ga(Me),(CsH2aNORR')], four indium bis-methyl!
mono-quinolinolates, [In(Me)2(CoHsNORR’)] and four mono-methyl gallium bis-quinolinolates,
[GaMe(CoHiNORR’);] were then isolated. All complexes were novel. The alkyl indium
quinolinolates were unstable in the solution state leading to rapid re-distribution. Several of these

changes were successfully tracked by X-ray crystallography, however further analysis is required.

Xiv



Five of the eight gallium complexes were tested for their biological activity with mixed results.
Though exhibiting no cancer or bacterial activity, all five complexes were highly selective and

potent anti-Leishmanial complexes.

The last study utilised the previously explored mandelic acid with a change in the aryl group of the
triaryl antimony precursor. Ten novel cyclometallates of the formula [Sb(Ar)sMan] were
synthesised, along with two novel perioxo bridged complexes [(Sb(Ar)sManH),0,]. Though more
cytotoxic than the remaining group 13 and group 15 complexes, they showed extremely potent
anti-Leishmanial activity leading to a good degree of selectivity. There was no difference of the
biological activity between the different enantiomers of the mandelate complexes, concluding

that chirality played no role.
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1.1 Leishmania

Leishmania is classified by the World Health Organisation (WHO) as a neglected tropical disease
(NTD). Despite its prevalence in over 90 tropical and sub-tropical low socioeconomic countries,
interest in medical research for this disease is low on both the political and economic agenda of
most first world countries.m 2 Approximately 1.5 million new cases of Leishmaniasis were recorded
globally by the World Health Organisation (WHO), in 2018.% Around 20,000 — 40,000 of these cases
resulted in death.>* Populations in poorer regions are at greater risk of infection, due in part to
poor sanitation and lack of proper medical care.® The devastating and sometimes fatal visceral
Leishmaniasis (VL) is on the rise, with WHO estimating 0.2 — 0.4 million new cases of VL each year.®
The parasite itself is digenetic, growing and replicating in two distinctive phases. The parasite
starts life as the extracellular promastigote in the digestive tract in one of over 30 sand-flies
species (Phelbotomus and Lutzomyia).” A large proportion of these Leishmania spp are
suprapylarian parasites, developing exclusively in the midgut of the sand-fly, whilst several new
world species are peripylarian, entering the hindgut prior to migration to the midgut.® The
parasites undergoes several morphological changes during this stage of development. The whole
process takes approximately 6 — 9 days from the initial procyclic promastigote form to the mature
infective metacyclic form.° When a sand-fly bites a mammalian host, parasites are transferred
from the midgut to the proboscis. The metacyclic promastigotes flood the blood stream initiating
an immunological response. Macrophages arrive to the site of the infection where the
promastigotes attach to the macrophages via a receptor mediated mechanism.'° Parasites are
then taken up into a phagolysosome, an acidic compartment that contains high concentrations of
microbicidal peptides and hydrolytic enzymes.}' The parasites stay hidden within the
phagolysosomes by biochemically altering several pathways of the host cell and themselves,

t.12 The parasite then undergoes differentiation into

enabling survival in the low pH environmen
the amastigote form. The amastigotes are able to block the harmful production of superoxide and

hydrogen peroxide, preventing innate immune response.!* * The amastigotes undergo rapid and



exponential binary fission, bursting the macrophages and flooding the host blood stream. A sand-
fly bites the infected host, taking up amastigotes which migrate to the midgut, and the cycle starts

again (figure 1.1.1)®
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Figure 1.1.1 Life cycle of the Leishmania parasite (https://phil.cdc.qov/Details.aspx?pid=3400,
CDC/Alexander J. da Silva, PhD, accessed: 04/07/2019)

1.1.1 Visceral, cutaneous and mucocutaneous Leishmaniasis

Leishmaniasis presents in three distinctive forms: Cutaneous (CT), characterised by lesions of the
skin, mucocutaneous (MC), forms as a result of CT and results in infection of the mucosa, and

visceral Leishmaniasis (VL), characterised by enlargement of the liver and spleen.® %7 VL is often

3
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fatal if left untreated, and can be asymptomatic, making it difficult to diagnose and treat.®
Cutaneous on the other hand is often self-healing, especially in the case of L. major and L. tropica
infection, with the potential serious outcome of infection scarring of the previously infected
area.’ Similar to VL, MC can present as life threatening if not immediately treated. MC infections
are often a result of a prior cutaneous infection and present with symptoms such as persistent

nasal congestions, erythema erosions and ulcers of the nasal and mouth area (figure 1.1.2).192

Cutaneous

Figure 1.1.2 Cutaneous and Mucocutaneous Leishmaniasis infection. Images displayed are from the CDC

Public Health Image Library (https://phil.cdc.gov/QuickSearch.aspx?key=true accessed: 04/07/2019)

1.2 Frontline treatment of Leishmania infection
The most cost effective and readily available treatments for Leishmaniasis have relied heavily on
the use of pentavalent antimonial complexes. Historically, antimony was first used in the +llI

oxidation state, in the form of potassium antimony tartrate, or tartar emetic (figure 1.2.1).
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Figure 1.2.1 Structure of potassium antimony tartrate (tartar emetic)

This complex was intravenously injected into patients suffering from a variety of trypanosome
parasites, including Leishmania. This was first recorded in 1913, where Machado and Vianna were
able to cure infection by injection of the tartar emetic into a Brazilian patient. Attempts to take
the drug orally resulted in severe gastrointestinal sickness and vomiting due to its emetic effects.?
24 Though an effective anti-Leishmanial, tartar emetic was non-selectively toxic and would induce
side-effects, ranging from headaches and muscle pain, to severe or even fatal anaphylaxis.?®
Therefore, it was soon replaced by a new set of antimony complexes, the pentavalent antimonials.
These complexes were introduced before the second world war and remain a top choice for the
treatment of all forms of the diease.?® Despite their current use today, these complexes also
harbour their own side-effects. Both sodium stibogluconate and meglumine antimonate (figure
1.2.2) are high hydrophilic, and so are unable to be administered by any means other than
intravenous or intramuscular injection. Both complexes also have a high renal clearance and so

must be injected daily for upwards of a month for an effective treatment.?” 28
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Figure 1.2.2. Proposed structures of Pentostam ™ and Glucantime ™

Even at therapeutic doses of 20 mg Sb/kg/day, the complexes harbour problems with toxic side-
effects. These are often mild, such as headaches or nausea, but can manifest into more serious
cases of elevation of hepatocellular enzymes, cardiotoxicity and pancreatitis.?® 3° Resistance to
these complexes has also become a major issue in recent years, with resistant strains evolving due
in part to the administration method yielding non-compliance within infected communities (strict
daily injections upwards of a month) and due to biochemical alterations of the parasite. One such
biochemical alteration comes as a result of the high levels of arsenic in the drinking water of
infected communities in India. The parasite has adapted to this high concentration of As(V) by
developing reductase enzymes, these enzymes are able to act upon the Sb(V) drugs prior to their
anti-Leishmanial effect, rendering them useless, and allowing the parasite to continue to grow

and develop greater resistance.333

Alternatives to the pentavalent antimonial complexes are organic moieties such as: pentamidine,

which was originally designed as an anti-trypanosomal,®* milteofosine, which found original use

t,35

as an anti-cancer agent,* and amphotericin B (AmpB), of which was developed as an anti-fungal

drug (figure 1.2.3).3¢



Amphotericin B

NH |

NH o B
_P. N*
oy OO0
NN
o}

o

Pentamidine Miltefosine

Figure 1.2.3. Structure of the organic drugs, pentamidine, miltefosine and amphotericin B.

™ ™

Similar to both Pentostam and Glucantime "™, all of these organic compounds harbour
unavoidable side-effects, which can often be debilitating. Pentamidine salts were found to induce
serious cardiac and gastro toxicity and miltefosine is a known teratogen with a narrow therapeutic
window. Even amphotericin B, which is often the last resort drug, is expensive and can cause
numerous side effects including renal failure.3” Not only do these organic alternatives harbour
problems associated with toxicity, resistance is also becoming an issue. The orally available
liposomal form of amphotericin B (AmBisome ™) was observed to have limited effect on several
clinical isolates of the VL causing L. donavani, both in vitro and in vivo.® This resistance has been
theorised to be associated with an increase in a specific Leishmanial sterol, which alters the fluidity
of the membrane, inhibiting the movement of AmBisome ™ into the parasite.3® A recent study by

Veronica et al observed resistance to the other orally available drug, miltefosine, to be due in part

to increased production of the Leishmanial iron superoxide dismutase (FeSOD).*



1.3 Mechanism of action of the front-line treatments

The mechanism of action of the Sb(V) drugs is still being disputed. Current consensus focuses on
a reductive pathway as the major constituent of its therapeutic action. The Sb(V) is reduced in vivo
to the more active +lll form, which would make the Sb(V) complexes pro-drugs. This indirect
pathway first involves traversing the macrophage membrane, the phagolysosome and finally the
parasite membrane. Entry into the parasite is hypothesised to involve recognition of Sb(V) pro-
drugs by an interaction with a protein on the cellular surface which recognises gluconate-like sugar
moieties.*! A lipophosphoglycan (LPG) moiety on the cell surface of the parasite interacts in a
similar fashion to the macrophages, through identification of mannose-fucose receptors on the
macrophage cell surface.*? This differs from the mechanism of entry for Sb(Ill) moieties, which
traverse the parasite membrane through aquaglyceroporins (AQPs), which are specialised
channels that allow the transport of water. This uptake has been observed to be quite rapid in
most species of Leishmania.*® Once inside, Sb(V) is reduced by the thiol rich parasite protein
trypanothione, to the bio-active Sb(lll). Trypanothione is comprised of two units of the
mammalian equivalent, glutathione, connected by a single spermidine molecule. Reduction is a
pH dependant process, favouring the low pH of the phagolysosome compartment of the
macrophage.** Reduction interferes with the primary function of the trypanothione, which is to
mediate the production of redox active species. This combined with the inhibition of other
homeostatic pathways, such as the glycolytic pathway, results in a cascade of reactive oxygen
species, leading to enzyme depletion and cell apoptosis.** A similar theory involves competitive
binding of the Sb(lll) with a zinc finger peptide associated with growth and development,
disrupting normal cellular function and leading to cell death.*® The other, less accepted theory,
involves the direct action of the Sb(V) complexes prior to reduction. Studies suggest that
Pentostam ™ acts as a potent inhibitor of protein phosphatases in L. donavani, leading to an

increased cytokine response and eventual cell death.?



The orally available miltefosine and AmpB act on the parasite in different ways. Miltefosine has
been theorised to induce a number of toxic effects. It has been described to increase production
of reactive oxygen species (ROS) which exert an apoptosis-like effect,*® %° inhibit the production
of cytochrome-c enzymes within the parasite and affect the metabolism of lipids in the
promastigote form.>® 51 Amphotericin B on the other hand effects the permeability of the
protozoal membrane and the respiration of the cell.> The mechanism of action however is not
that simple and is thought to be multifactorial. One other theorised mechanism involves auto-
oxidation and subsequent formation of free radical species.>® Generation of ROS species seems to
be a common factor in anti-Leishmanial complexes, and may be exploited when designing new

therapeutics.

1.4 Group 15 complexes in medicine

Complexes of the group 15 metals antimony and bismuth have been used medically for many
years now. As previously mentioned in section 1.2, antimony was found to be a potent inhibitor
of Leishmania, preferentially in the less toxic +V oxidation state. Bismuth too, has been used
historically for the treatment of microbes, most notably the Gram-negative bacteria, Helicobacter
pylori (H. pylori). Commercially available bismuth complexes, bismuth subsalicylate (BBS,
tradename: Pepto-bismol ™),>* colloidal bismuth sub-citrate (CBS, tradename: De-Nol ™) and
the most recent addition, ranitidine bismuth citrate, (RBC, tradename: Pylorid ™)>¢ have been the
front-line treatments for gastric ulcers caused by H. pylori (figure 1.4.1). Activity of these drugs is
due to the formation of a protective coating of glycoprotein-bismuth complexes, which allow the
lesions in the ulcer crater to heal.>” Bi(lll) complexes have also proved to be effective against other
infectious diseases such as syphilis and colitis.>® Studies into the effects of BSS against other

bacteria were promising. BSS demonstrated in vitro activity against enterotoxigenic Escherichia

coli, a Gram-negative bacterium notorious for causing diarrhoea in the developing world. The



mechanism of action has been hypothesised to involve the reduction of toxic secretory activity of

E. Coli, preventing diarrhoeal disorders.>®
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Figure 1.4.1. Empirical structures of gastric treatments of bismuth, Pepto Bismol ™, De-Nol ™ and Pylorid
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Although antimony is still currently used to treat Leishmania, it also found use in the treatment of
other protozoan disorders such as Schistosomiasis and Trypanosomiasis. Tartar emetic was
historically the first efficient treatment for Schistosomiasis.®® Schistosomiasis is a tropical disease
caused by parasitic flatworms of the genus Schistosoma. Similar to Leishmania, Schistosoma
requires an intermediate host, of which is snails, prior to human infection.®? Similar to the
treatment for Leishmaniasis, the toxicity of tartar emetic soon caused it to be taken out of
circulation as an anti-Schistosoma. Several other antimony complexes were employed to combat
the parasitic flatworm, including analogues of tartar emetic and several other antimony salts such
as: sodium antimony disulfate (Stibophen ™),%2 sodium antimony thiomalate (Anthiomaline ™),

sodium antimony gluconate (Tiostan ™)® and sodium antimony dimercaptan (Astiban ™). The

structure of these are given below in figure 1.4.2.5 All were intramuscularly injected and
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unavoidably toxic, leading to discontinuation of the Sb(lll) drugs. All compounds posed a great
degree of cardio-toxicity with deaths due to muscle fibre fragmentation observed in

Schistosomiasis patients. Nowadays, Schistosomiasis is treated with organic compounds.®®
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Figure 1.4.2. Structures of traditional anti-parasitic antimony drugs

Similar to Leishmania, Trypanosome parasites are from the family kinetoplastidae, and so share
some biological traits. Despite this, antimony complexes were never really a front-line treatment
for Trypanosomiasis, with limited research on the trivalent tartar emetic.®” The elementally
related group 15 metalloid arsenic, found its use in the treatment of this parasite instead, in the
forms of sodium arsenite and atoxyl ™ (figure 1.4.3).%% Similar to antimony, arsenic poses
problems with toxicity and so was eventually removed from circulation. The biological similarities
of Leishmania to Trypanosoma make them ideal common targets in drug development. The use
of antimony complexes against Trypanosoma therefore could constitute a whole new area of

potential therapeutic research.®
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Figure 1.4.3. Structures of Atoxyl and sodium arsenite, used to treat Trypanosomiasis

1.5 Gallium and indium

Gallium and indium are metallic elements of group 13, the triels, along with aluminium and
thallium.”® Both gallium and indium preferentially exist in the +I1l oxidation state, forming stable
complexes with a variety of ligands. Gallium and indium share some chemical similarities, such as
a similar Pauling electronegativity of 1.81 and 1.78 respectively.”® The covalent radius of Ga(lll) is
understandable smaller than the larger, heavier In(lll), with radii of 1.25 A and 1.50 A respectively

(figure 1.5.1).7

1.25 A 1.50 A

Figure 1.5.1. The ionic radii of Ga(lll) and In(lll)
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Both Ga(lll) and In(Ill) have a propensity to behave as Lewis acids in complex formation.”* Gallium
has already shown medical potential, notably in the treatment of hypercalcemia associated with
cancer therapy.”? Gallium’s historic use in medicine will be discussed in greater detail in chapter
2.3.1. Indiums has found use mainly as a semi-conductor, however there are a few medically

relevant complexes within the literature, of which will be explored in section 2.3.2.

1.5.1. Gallium and iron
Gallium’s medical use has been theorised to be linked to its similarities to iron in the +lIl oxidation
state. Ga(lll) and Fe(lll) share similar electronegativity, electron affinity, ionic radius and

coordination geometry (table 1.5.1).7

Table 1.5.1 Similarities of Ga(lll) and Fe(lll).

Electronegativity | Electron affinity lonic radius Coordination number
Fe** 1.96 15.7 kj/mol 0.63A 6
Ga** 1.70 28.9 kj/mol 0.76 A 6

Both gallium and iron also share similar nuclear radii and ionisation potential.”* However gallium
does not shared the same level of redox activity of iron. Unlike Fe(lll), Ga(lll) is virtually irreducible
under physiological conditions, conversely, Fe(lll) to Fe(ll) reduction and vice versa, plays an
important role in biological pathways. Therefore, gallium may block important redox active
pathways by substituting for iron in metallo-proteins and metallo-enzymes. Gallium binds to iron
transport proteins such as transferrin and lactoferrin enabling delivery of gallium into cells.”®7”
The binding affinity of gallium to these proteins has been observed to be more favourable than

iron.”® 7 Not only can gallium bind to these proteins, it also has a more favourable solubility in

biological fluids than Fe(lll). FeO(OH) in aqueous solutions at physiological, exist as a solid

13



precipitate, whereas gallate, Ga(OH).’, exists in plasma at significant concentrations. This indicates
that gallium may also participate in transport and biochemical reactions not possible for plasma
Fe(I11).8% 81 Gallium has also been observed to bind to ferritin, the large 440,000 MW protein
responsible for iron storage within cells, in particular, macrophages. The transfer of Ga(lll) from
transferrin and lactoferrin to ferritin appears to be mediated by phosphate containing compounds
such as adenosine triphosphate (ATP) and pyrophosphate. Because of its lack of redox activity,
Ga(lll) is unable to interfere with Fe(ll) predominant pathways, which is advantageous. The
inability of Ga(lll) to enter Fe(ll) bearing proteins such as cytochromes and haemoglobin, infers it

will not interfere with oxygen transport and therefore has no cytotoxic effect on red blood cells.®%

83

1.6 Leishmania and iron acquisition

Iron is an essential biological metal, facilitating a variety of homeostatic pathways in all manner of
life.8* Leishmania, like all eukaryotes, require iron for growth and maintenance.®® Leishmania
encounters a diverse range of environments through its complete life cycle, therefore the parasite
has had to evolve sophisticated ways in which to obtain iron from a variety of sources. Leishmania
spp are able to facilitate iron acquisition from multiple sources such as transferrin, lactoferrin and

® The promastigote preferentially acquires iron in the reduced +II ferrous form as

haemin.®
opposed to the +llI ferric form.#” However in order to do so, the parasite will often utilise the Fe(lll)
from transferrin or lactoferrin and reduce it intracellularly to Fe(Il) using iron reductase enzymes.®’
The source of this iron has also been shown to be species dependant and will be discussed further
in chapter 2.3.3. As the amastigote is found within the phagolysosome of the macrophage, they
often face a harsher and less forgiving environment. As such, the acquisition of iron by the
amastigote tends to be highly efficient in the iron poor environment of the macrophage. Divalent

metals are often removed from the phagolysosome by the natural resistance-associated

macrophage protein (Nramp1) transporter, limiting the available iron for the parasite to attain.®
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A study into specific Leishmanial ferrous transporters observed these proteins are highly up
regulated in the amastigotes of the L. amazonensis species in particular. The transporter protein
was only detectable in the amastigotes that were replicating intracellularly, and was a dependant

factor on continuing growth and maintenance.®

1.7 Previous work on metal anti-Leishmanials

Over the years more and more research into metal complexes as anti-Leishmanials has emerged,
with a large emphasis on transition metal complexes. Between 1990 — present, there have been

multiple reports of transition metal anti-Leishmanials, with varying degrees of success. With

90-92 90, 93 d 94, 95
’

complexes of platinum, iridium,®® rhodium, gol silver,’® and manganese.””1% Both
bismuth and antimony have also been heavily studied as anti-Leishmanials, with a larger emphasis
on the potentially less toxic bismuth. Work by Andrews et al into bismuth anti-Leishmanials has
focused on both the +Ill oxidation state and +V oxidation state, with the +V oxidation state found
to exhibit non-selective toxicity towards both controls and the parasite.’°*1% The +lIl state also
varied in both cytotoxicity and solubility, making it difficult to rationalise a potential mechanism
of action.1*17 Both Andrews et al and Rauf et al have provided multiple reports into the activity
of triaryl Sb(V) carboxylate complexes, presenting as a more promising class of compounds, with

increased stability along with a high degree of selectivity.10%, 108113

1.8 This study

As antimony has been observed to be an effective anti-Leishmanial, research into mitigating its
toxic side-effects is essential. By exploring a variety of ligand classes, this may help to reduce the
observed toxicity, since it has been shown previously that there is often a synergistic effect with
ligand and metal.'** Therefore by adjusting the functionality of the ligands bound to the antimony,

it may be possible to alter the biochemical aspects of the complex as a whole.** 11> Though found
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to be unstable, a final series of tests needs to be completed before ruling Bi(V) out as a potential
anti-Leishmanial metal. As previous work with antimony carboxylates has shown success, section
2.1 of this study focuses on assessing a class of two carbon chain acetates. Both antimony and
bismuth will be assessed to determine whether further research into both metals should be
pursued. Triphenyl antimony and triphenyl bismuth will be utilised as the metal aryl precursor.
Previously it has been theorised that by incorporating aryl groups onto the metal centre, it may
increase lipophilicity and therefore mitigate the administration methods of the current treatments

described in 1.3.

Carboxylates have been the dominant choice of ligand class for anti-Leishmanial aryl antimony
complexes, due to their ease of reactivity, good chelation ability and strong antimony — oxygen
bond energy of 434 + 42 kj mol™.>® These complexes form stable five-coordinate antimony
complexes, which have the potential to form seven-coordinate structures, via a dative interaction
with the carbonyl oxygen (figure 1.8.1). Very little has been done on alternative ligand classes such
as thiols or alcohols. This study aimed to investigate the difference in reactivity and stability of a
more labile alcoholic Sb — O bond as opposed to the conventional carboxylate. Section 2.2
therefore, focuses on the synthesis and characterisation of aryl antimony complexes with a
medically active class of alcohol substituted N,O chelating organic heterocycles, the halido-

quinolinols.

R
YL RO\ A
O o) O-- -0

5-coordinate 7-coordinate
trigonal bipyramidal pentagonal bipyramidal

Figure 1.8.1. Binding mode of carboxylate moiety to Sb(V) in relation to geometry.
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The use of metals as anti-Leishmanials has been dominated by the group 15 metals bismuth and
antimony as well as the transition metals. Very little has been accomplished in the use of other
main group metals. The use of the group 13 metal gallium in medicine has been thoroughly
explored, but little has been researched in its use as an anti-parasitic. Alkyl gallium complexes
have been found to have a high degree of thermodynamic and hydrolytic stability, making them
ideal candidates for biological assessment.!'® 117 Section 2.3 focuses on the synthesis and
characterisation of two classes of alkyl gallium complexes, with four of the same medically active
halido-quinolinols from section 2.1. Similar to the aryl groups on the Sb(V) and Bi(V) complexes,
incorporation of the alkyl groups on the gallium was intended to allow for a greater degree of
lipophilicity whilst retaining a high degree of stability. The analogous indium complexes will also

be explored and their medical potential assessed.

The chelation mode of an acid can vary depending on the other functional groups within the
complete molecule. When a hydroxyl is present on the a-position of a carboxylate, there is the
possibility of a double deprotonation and formation of dianionic ligand. Previous work with the
simple a-hydroxy acid, mandelic acid, observed that with antimony in non-polar solvents, the bis-
substituted mandelate would form through binding of the carboxylate group. However, when the
complex was placed into polar protic solvents, cyclometallation would occur, where the acid
becomes deprotonated at the a-hydroxyl, displacing one mandelate to form the dianionic bound

mono-substituted complex (figure 1.8.2).20
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Figure 1.8.2. Bis-substitution and mono-substitution of mandelic acid observed in the synthesis of triphenyl!

Sb(V) complexes.

The a-carbon of mandelic acid has a chiral centre, therefore the acid is found in both the R and S
enantiomers. It is not an unknown phenomenon in medicinal chemistry that chirality can play a
vital role in biological activity.1?®12° Therefore section 2.4 aims to investigate two differing factors
in antimony cyclometallate chemistry, a change in aryl group and a change in chirality of the acid,

to determine whether any significant differences in the stability and biological activity may arise.
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2.1 Synthesis, characterisation and biological activity of triphenyl Bi(V) and Sb(V)

acetic acetates

2.1.1 Sb(V) and Bi(V) aryl carboxylates

The chemistry of carboxylato Bi(V) and Sb(V) aryl complexes, of the general formula
[MPh3(0O2CR),], is well established. Reports of the synthesis and characterisation of the bismuth
complexes, in particular, dates back to the 1950s, with a brief exploration of the synthetic pathway
by Gilman et al.! Further studies by Goel et al in 1970 established changes in the electrical
conductance and carboxylate IR stretching frequencies of the final products, along with the
molecular nature of the aryl bismuth dihalide precursors.? This insight into the synthesis and
characterisation of these Bi(V) aryl carboxylates also led to the confirmation of the stable Bi(lll) Bi-
0-Bi bond, identified in bismuth oxide (Bi,03).> Expansion into the comparative chemistry of the
analogous Sb(V) complexes was established in 1975 by Ouchi et al who highlighted a structural
study on triphenyl Bi(V) and Sb(V) alkyl and arylthioacetates.* Due to the inherent instability and
often air/moisture sensitivity of these Bi(V) aryl arylthioacetates, only their synthetic route was
explored. Stabilisation of these complexes was then achieved by the placement of electronegative
groups on the substituents.® Triaryl Bi(V) tropolonato complexes were then synthesised. As
discussed in section 1.4, bismuth complexes have a long historic use against Helicobacter pylori.
Therefore, the activity of these tropolonato complexes against H. pylori was assessed (figure
2.1.1). This opened up a whole new area of research of aryl Bi(V) complexes as potential

medicinals.®
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Strain NCTC | 04713 H.p H.p H.p H.p H.p H.p
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Figure 2.1.1. MIC values of tris-p-tolylbismuth tropolonate against eight strains of H. pylori.°

More studies on Bi(V) aryl medicinals followed, highlighting applications as anti-proliferatives and
anti-fungals, resulting in interesting and promising preliminary results. Sb(V) analogues were
occasionally synthesised and studied for a comparative study in which good selectivity and anti-
microbial activity was observed.”® Only a handful of studies have been reported on the anti-
microbial activity of both Bi(V) and Sb(V) carboxylate complexes with previous research opting to
focus on the +lIl oxidation state of both bismuth and antimony, with a combination of O-donor,
N-donor, and S-donor ligands.?® 13 The +lIl oxidation state is the more electronically stable for both
bismuth and antimony and therefore makes a more favourable candidate in terms of biological
activity.® In terms of the Leishmania parasite, the front-line treatments as discussed in section
1.2, are pentavalent antimonials with O-donor ligands, therefore the logical step in the
progression of anti-parasitics was to take into account the oxidation state of these front-line
treatments. This area of group 15 aryl carboxylates has expanded in the last decade, with reports

of both Bi(V) and Sb(V) aryl carboxylates as potent inhibitors of parasitic growth.'>*

2.1.2 Acetates
Complexes of Bi(V) have been found to be quite effective anti-microbials, but tend to lack the

hydrolytic stability of their antimony counterparts. A study by Andrews et al found that the Bi(V)
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carboxylates underwent decomposition in DMEM culture media by a reaction with glucose and
other substituents which have yet to be identified. This decomposition was very rapid, resulting
in half-lives between 1 — 3 hours via exponential decay.> 2° When a class of a-hydroxy acid
compounds were chelated to triphenyl bismuth an unusual stability arose. Linear decompositions
were obtained with half-lives of up to 52 hours. The antimony counterparts were observed to be
more stable, forming a cyclometallate complex. This difference in stability may be due to the
thermodynamic and entropic stability of a five-membered versus a four-membered chelate

(Figure 2.1.2).17:2! Therefore more than just chelation was key to the overall stability.

-Q  OH 0-°
3 O
3 N\
O
2
triphenylbismuth bis-R/S-mandelate triphenylantimony bis-R/S-mandelate

Figure 2.1.2. Chelation mode of mandelic acid with triphenyl Bi(V) versus triphenyl Sb(V).*”

To assess the structural potential of this increased stability, a class of substituted acetates with
the two carbon-chain backbone were selected (Figure 2.1.3). The simplest aryl acetate, phenyl
acetic acid (PhCH,CO3H), has previously shown to exhibit anti-microbial activity,?? therefore the
majority of the selected acetates incorporated a substituted ring. This allowed for an exploration
into the chemical effects of ring substitution and how this may impact the overall biology of the

complexes. Out of the seventeen complexes synthesised, thirteen were novel.
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o-Tolylacetic acid, 1 m-Tolylacetic acid, 2 p-Tolylacetic acid, 3 2-Methoxyphenylacetic acid, 4
/
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o o PN o.M
O
OH OH o]
3-Methoxyphenylacetic acid, 5 4-Methoxyphenylacetic acid, 6 Acetoxyacetic acid, 7 Phenoxyacetic acid, 8

Figure 2.1.3. Substituted acetates explored in this study

2.1.3 Synthesis and characterisation

2.1.3.1 Synthesis

The synthesis pathways for these types of complexes have been previously established, with
various routes available, for example: a salt metathesis reaction with the +V oxidation state aryl
halide and an alkali or silver salt of the ligand.'® 2> However, these reactions often require an inert
atmosphere and reflux temperatures to obtain the desired aryl group 15 carboxylate. Andrews et
al developed a one-pot oxidative addition reaction involving hydrogen peroxide which was able
to generate the desired products in high yields, eliminating the need for reflux and dry solvents.'®
20 This technique for the oxidation of the +Ill metal to the +V state is also very clean, producing
only water as a by-product from the formation of the dihydroxido intermediate [MArs;(OH),] and
subsequent condensation reaction with the desired acid.?* Hydrogen peroxide however has its
drawbacks due to a short shelf life, light sensitivity and high reactivity, which often lead to the
formation of oils in the case of the acetic acetates. To mitigate this, the tertiary-butyl form of the
peroxide (t-BuOOH, Luperox ™) was used (scheme 2.1.1). Similar to hydrogen peroxide the overall

by-products are water and tertiary-butanol which are easily removed from the reaction.’” The
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reaction pathway utilised similar solvent systems and reaction conditions from a modified

synthesis reported by Moiseev et al.?

excess (tBuOOH)

M(Ar)3 oH) > M(Ar)3(02CR)2
- (H,0)
- (tBuOH)

Scheme 2.1.1. Oxidative addition pathway for M(Ar)s to M(Ar)3(O2CR)2

The use of tertiary-butyl hydroperoxide either generates a mono-hydroxy-mono-tertbutoxido
intermediate when one equivalent is used in non-polar aprotic solvents, or the dihydroxido

intermediate with two equivalents in polar protic solvents (scheme 2.1.2).26:%7

(Ar) (Ar)

| 73 2eqv 1eqv | °
2(tBuO) + M\ M(Ar)3 M_o
HJ “OH HJ

+ 2H*

\ -H,0
- 2(H,0) - tBuOH
2(tBuOH) :

A

|

s
M

RCO, “O,CR

Scheme 2.1.2. Potential routes dependent on the equivalency of peroxide.

The solvent and by-products are then easily removed under vacuum, yielding white to off-white
solids which can be purified by hot crystallisation in either toluene or THF. Good to excellent yields

for the complexes were obtained, ranging from 64 —91 % (Figure 2.1.4).22 Complexes 1B — 8B, 18,
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3S, 5S and 7S/S’ were novel, with complexes 2S, 4S, 6S and 8S having been previously synthesised

and charactised.® 23

\< }— 0 o—<
R (0] 0 I6) O%O >_/ 0
o Ph,—Bi] >— 0] _0O.
N 0 0-5b Sb—0
Ph,—M Ry i i
o 2 2 Phy Phg
1S/B: R;=CH3, Ry;=H,Ry=H
2S/B: R;=H,R,=CH; R;=H
3S/B: Ry =H, R, =H, Ry=CH,
R3
Oy mi
0 Ph,—Sb. o
R, o] 3 “
o Ph;—M \}—/ o \g/
Phy—MJ Y R © 2
0
2 8S/B 7s'

4S/B: R, = OCH,, R, =H, Ry =H
5S/B: R, = H, R, = OCH,, Ry = H
6S/B: R, =H, R, =H, R, = OCH,

Figure 2.1.4. Composition of the M(V) aryl complexes [Bi(V) 1B — 8B, Sh(V) 1S — 85].%%

2.1.3.2 Characterisation

Complexes underwent characterisation by 'H and 3C NMR, FT-IR, MS, mp and X-ray
crystallography. Fifteen of the sixteen complexes were found to adopt the usual confirmation
observed for triaryl group 15 carboxylates, incorporating two carboxylate moieties with the
general formula [MPhs3(O,CR);], where M = Sb or Bi. The only exception was 78,
[(SbPhs((0,CCH,0CO)Me)),0], which was found by X-ray diffraction and elemental analysis, to be
an oxido bridged antimony complex. This species was only able to be generated in non-polar
aprotic solvents. If the synthesis was attempted and/or the solid product dissolved in a polar protic
solvent, 7S underwent a hydrolysis reaction to form the mono-hydroxido 75,

[SbPh3(0,CCH,CO,CH3)OH] (scheme2.1.3). This hydrolysis pathway was identified after repeated
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attempts to obtain the *H NMR spectrum in CDCls yielding two distinct products. A clean *H NMR
spectrum of the oxido bridged complex was unable to be obtained due its insolubility in the usual
dry NMR solvent such as CsDs and rapid hydrolysis in CDCl; and de-DMSO. However, each species
could be identified based on the proton integration ratio for the oxido bridged complex. For the
hydrolysis product, overlap with the CDCl; solvent signal prevented a definitive integration of the

aryl group (Figure 2.1.5).

75 78

9@

3 3

Scheme 2.1.3. Hydrolysis pathway of 7S, [(SbPh3((02CCH20C0O)Me))20] to 7S’, [SbPh3(02CCH2CO2CH3)OH].
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Figure 2.1.5. IH NMR of oxido bridged complex, 7S, [(SbPhs((0.CCH.0CO)Me)).0], (dark-blue, circle) and

hydrolysis product, 7S’, [SbPh3(0.CCH2CO2CH3)OH] (red, broken circle) Insert of the aromatic region

provided, residual solvent signal (CDCI3) and diethyl ether (quartet 3.4 ppm) are not labelled.

Isolation and solution state chemistry of the hydrolysis product was achieved when crystals of 7S

were dissolved in DMSO and water was added to precipitate 75’, [SbPh3(0,CCH,CO,CHs)OH], asa

white powder (figure 2.1.6).
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Figure 2.1.6. *H NMR spectrum of hydrolysis product, 75°, [SbPh3(0>CCH2C02CH3)OH], in de-DMSO. Residual

DMSO signal and H20 signals can be found at 2.5ppm and 3.3ppm respectively.

The 'H NMR and ¥3C NMR for the remaining complexes were as expected. In all complexes
synthesised, a high frequency shift of the 0-, m- and p-H signals from the parent MPhs; was
observed. These shifts are consistent with previous reports on the formation of triaryl carboxylate
complexes of both Sb(V) and Bi(V).182% 2531 An example of this is given with complexes 1S and 1B.
A shift is observed for example complexes 1S, [SbPh;3(0O,CCH,CsH4sCHs);] and 1B,
[BiPh3(0O2CCH,CsH4CHs)2], from the parent acid, 1, o-tolylacetic acid (figure 2.1.3) as well as the
triphenyl metal. Upon complexation, the overlap of the aryl protons of the parent acid becomes
more resolved and the o-Ph, m-Ph and p-Ph are able to be individually identified. Signals for the
methyl group of the tolyl substituent and the CH; of the carbon backbone are at similar chemical
shifts in both the antimony and bismuth analogue (figure 2.1.7). For full analytical assighment see

the experimental section 4.1.
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Figure 2.1.7. 'H NMR of complexes 1S, [SbPh3(02CCH2CsH4CHs3)2] and 1B, [BiPhs(02CCH2CsH4CH3)2], against

the parent acid, 1, in CDCl3 (7.26 ppm), aromatic region has been expanded for clarity.

The 3C NMR spectra are more difficult to assign, however there are several more signals in the
complexes versus the free acid due to the presence of the phenyl rings of the complexed MPhs.
For the example complexes 1S and 1B, signals corresponding to the tolyl CH; and the CH; of the
carbon backbone are also weaker in both complexes due to a 3:2 ratio of phenyl carbon signals to

acetate signals (figure 2.1.8). For full analytical assignment see the experimental section 4.1.
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Figure 2.1.8. 3C NMR of complexes 18, [SbPh3(02CCH2CsHaCHs)2] and 1B, [BiPhs(02.CCH2CsHaCHs),], against

the free acid, 1, in CDCl3 (77.3 ppm)

Further confirmation of the formation of the metal carboxylate complexes was established using
FT-IR. This was ultimately determined through interactions with the carboxylate moiety of the
individual parent acid against the complex formed. In metal complexes there are several ways in
which the carboxylate can interact. The interaction can be monodentate, form a chelate through
a bidentate binding mode, or act as a bridging bidentate ligand in a syn-syn, syn-anti or anti-anti
configuration. The configuration and denticity of this binding, has an acute effect on the IR
stretching frequencies. If the complexes are monodentate, this removes the equivalence of the
two oxygen atoms generated through resonance, as such the separation (wavenumber) between

the averages of the asymmetric and symmetric frequencies should increase. Conversely, if there
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is a covalent interaction from one oxygen and a dative coordination for the other, there should be
a relative decrease in the averages of the separation of the asymmetric and symmetric stretching
frequencies.?? To summarise, Deacon et al were able to determine a trend that corresponds to
the chelation mode of the carboxylate and the average of both the asymmetric and symmetric
stretch. For a bidentate binding of the carboxylate through both the carbonyl oxygen via a dative
interaction and the covalent bonding of the hydroxyl oxygen, the Av of the complex will in most
cases be < 200 cm . Conversely, for a complex that has the carboxylate binding monodentate
through a covalent interaction with the hydroxyl oxygen only, the Av is usually > 200 cm™.33 Similar
to previous studies by Andrews et al, it was found that all the bismuth complexes incorporated a
bidentate binding mode of the carboxylate, whereas the antimony complexes were monodentate
in nature.'-2%28 As bismuth has a larger ionic radius than antimony in the +V oxidation state (0.74
A versus 0.62 A respectively) this coordination mode is not unexpected.** Further confirmation of
the binding mode of each complex was obtained by solid-state analysis by X-ray crystallography,
which will be discussed in more detail. The average Av for the bismuth complexes 1B — 8B was
found to be 186 cm !, with two distinctive signals observed for both the asymmetric and
symmetric stretch. For the antimony complexes 1S — 8S a single distinctive signal was observed
for the asymmetric and symmetric stretch, with an average Av of 214 cm 1. The hydroxyl signal
at ~ 3200 cm ! in the parent acid is also absent upon complexation. An example is given with
complexes 1S, [SbPh3(0,CCH,CsH4CH3),] and 1B, [BiPhs(0,CCH,Ce¢H4CHs),] (figure 2.1.9). Table

2.1.1 highlights each individual complex compared against the parent acid.
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Figure 2.1.9. IR spectrum of 1S and 1B versus the free acid 1, carboxylate signal has been labelled.
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Table 2.1.1. Summary of carboxylate stretching frequencies of complexes 15/1B — 85/8B

Compound | v(-COz2H) (cm™?) | v(-CO2(aymm)) (cm?) | v(-CO2(symm)) (cm™?) | Av (cm™?)
1 1687 - - -
1B - 1601 + 1560 1493 + 1470 198
1S - 1651 1437 214
2 1689 - - -
2B - 1602 + 1559 1490 + 1469 202
2S - 1653 1435 218
3 1690 - - -
3B - 1600 + 1560 1513 + 1468 179
3S - 1644 1433 211
4 1705 - - -
4B - 1599 + 1490 1467 + 1425 197
4S - 1652 1431 221
5 1689 - - -
5B - 1605 + 1489 1466 + 1434 194
5S - 1619 1413 202
6 1692 - - -
6B - 1596 + 1550 1510 + 1466 176
6S - 1631 1434 197
7 1722 - - -
7B - 1626 + 1570 1557 + 1470 169
7S - 1653 1434 219
8 1731 - - -
8B - 1624 + 1598 1557 + 1495 170
8S - 1669 1437 232

2.1.3.3 X-ray crystallography

All complexes synthesised formed single crystals from either toluene or diethyl ether solutions

allowing solid-state analysis by X-ray crystallography, apart from the already reported complex 25,

[SbPh3(0,CCH,CeH4CH3),].*8 For the previously reported complexes 4S, [SbPh3(0,CCH,CeH4OCH3);]

6S, [SbPh;(0,CCH,CsH4OCHs),] and 8S, [SbPhs(0,CCH,0CHs),], no solid-state information had

been reported, therefore crystals suitable for X-ray analysis were produced and their structures

elucidated. Each complex, excluding the oxido bridged 7S, [(SbPhs((0,CCH,0CO)Me)),0], adopts

a trigonal bipyramidal geometry, which is the most common conformation seen for bismuth and

antimony compounds of the general formula [M(Ar)s(OCR);]. The aryl groups occupy the
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equatorial plane in an orientation reminiscent of a propeller, while the carboxylate moieties sit in
the axial plane of the crystal system.”-19.20. 23,2830 The mgajor difference between the bismuth and
antimony analogues is the coordination number. In the +V state the ionic radii of bismuth is larger
than antimony (0.74 A Bi(V), 0.62 A Sb(V)),** which led to each bismuth complex incorporating
both covalent and coordinate bonds from the carboxylate moieties, pushing the coordination
number to seven. In contrast, the smaller Sb(V) complexes were found to adopt a five-coordinate
geometry, with only the carboxylate hydroxyl interaction present. Antimony structures 3S,
[SbPh3(0,CCH2CsHaCH3)2], 4S, [SbPhs(02CCH2CeH4OCHs)2], 6S, [SbPhs(02CCH2CsHsOCHs)2] and 7S,
[(SbPhs3((0,CCH,0CO)Me)),0] all have the same monoclinic C2/c space group, with the remaining
complexes characterised as either monoclinic P2;/c (1S, [SbPh3(02CCH,CeH4CH3)3]), orthorhombic
Pbcn (5S, [SbPhs(0O,CCH,CsH40OCHs),]) or triclinic P (8S, [SbPh3(0,CCH,0CsHs),]). Similar to the
antimony complexes, the bismuth complexes were dominated by the centrosymmetric monoclinic
C2/c (5B, [BiPh3(0,CCH,C¢H4OCHjs),] 6B, [BiPh3(02CCH,CsH4OCH3),] 7B, [SbPh3(0,CCH,0CO,CH3),],
8B, [BiPh3(0,CCH,0CsHs),]) with the remaining complexes observed in the space groups triclinic P
(1B, [BiPh3(0,CCH,CeH4CH3)2] and 3B, [SbPh3(0,CCH,CeH4CH3)2]), monoclinic P2:/c (2B,
[BiPh3(0,CCH2CeH4CHs),]), and monoclinic P2:/m (4B, [BiPh3(0>CCH,CsH4OCHs),]). Each complex,
disregarding 1S, 1B and 7S, are listed below with a brief summary of selected bond lengths and
angles. (figures 2.1.10 — 2.1.21). 1S, 1B and 7S will be discussed in more detail further in the

section.
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Figure 2.1.10. Solid-state structure of [BiPh3(0:CCH2C¢H4CH3):], 2B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.326(2), Bi(1) — 0(2), 2.726(2), Bi(1) — O(3), 2.258(2), Bi(1) — O(4), 2.703(2), Bi(1) — C(1), 2.195(3), Bi(1) —
C(7), 2.204(3), Bi(1) — C(13), 2.194(3); C(7) — Bi(1) — C(13), 108.58(12), C(1) — Bi(1) — C(7), 101.42(12), C(7) —
Bi(1) — O(1), 84.79(9), C(7) - Bi(1) — O(3), 86.90(9), O(1) — Bi(1) — O(3), 171.05(8).

Figure 2.1.11. Solid-state structure of [BiPh3(0:CCH2CsH4CH3):], 3B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.277(14), Bi(1) - 0(3), 2.308(14), Bi(1) — O(4), 2.703(14), Bi(1) — C(1), 2.205(19), Bi(1)— C(7), 2.185(19), Bi(1)
—((13), 2.195(19); C(7) - Bi(1) — C(13), 143.58(7), C(1) — Bi(1) — C(7), 104.38(7), C(7) — Bi(1) — O(1), 95.17(6),
C(7) - Bi(1) - 0(3), 91.02(6), O(1) - Bi(1) — O(3), 170.28(5).
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Figure 2.1.12. Solid state structure of [SbPhs(02CCH2CsH4CH3)2], 3S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sb(1) — O(1),
2.101(13), Sb(1) — O(1°), 2.101(13), Sb(1) — C(1), 2.100(12), Sb(1) — C(7), 2.092(12); C(7) — Sb(1) — C(1),
110.69(4), C(1) — Sb(1) — C(1°), 138.62(8), C(1) — Sb(1) — O(1), 87.09(3), O(1) — Sb(1) — O(1’), 174.19(6).

Symmetry operator: 1—x,y, 1/2-z

Figure 2.1.13. solid-state structure of [BiPh3(0O2CCH:CsH4OCH3)z], 4B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.289(3), Bi(1) — 0O(2), 2.759(2), Bi(1) — O(3), 2.298(3), Bi(1) — C(1), 2.205(2), Bi(1) — C(7), 2.181(3), Bi(1) —
C(13), 2.186(4); C(7) - Bi(1) — C(13), 149.94(12), C(1) — Bi(1) — C(7), 105.01(10), C(7) — Bi(1) — O(1), 91.48(12),
C(7) - Bi(1) - 0(3), 90.27(11), O(1) - Bi(1) — O(3), 174.13(7).

40



Figure 2.1.14. Solid state structure of [SbPh3(02CCH2CsH4OCH3)2], 4S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sb(1) — O(1),
2.107(13), Sb(1)—0(1’), 2.107(13), Sb(1) - C(1), 2.112(2), Sb(1)—-C(7), 2.119(3); C(7) —Sb(1) — C(1), 110.69(4),
C(5) — Sb(1) — C(5°), 138.62(8), C(1) — Sb(1) — O(1), 87.09(3), O(1) — Sb(1) — O(1’), 174.19(6). Symmetry
operator: 1-x,y,3/2-z

Figure 2.1.15. Solid-state structure of [BiPh3(02CCH2CsH40OCH?3)z], 5B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.283(12), Bi(1) — 0(2), 2.885(12), Bi(1) — C(1), 2.204(18), Bi(1) — C(7), 2.202 (18); C(7) — Bi(1) — C(1),
106.79(5), C(1) - Bi(1) — C(1°), 146.59(11), C(7) — Bi(1) — O(1), 85.82(3), C(1) — Bi(1) — O(1), 90.02(6), O(1) —
Bi(1) - 0O(1°), 171.63(7). Symmetry operator: 1-x, y, 3/2 —z
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Figure 2.1.16. Solid state structure of [SbPh3(02CCH2CsH4OCH3)2], 5S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sh(1) — O(1),
2.139(15), Sb(1)—0(1’), 2.139(15), Sb(1) — (1), 2.110(2), Sb(1) - C(7), 2.101(3); C(7)—Sb(1) — C(1), 104.97(7),
C(1) — Sb(1) — C(1’), 150.06(13), C(1) — Sb(1) — O(1), 89.74(7), O(1) — Sb(1) — O(1’), 174.97(9). Symmetry

operator:1-x,y,3/2-z

Figure 2.1.17. Solid-state structure of [BiPh3(02CCH2CsH4OCH3)2], 6B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.275(4), Bi(1) — O(2), 2.848(4), Bi(1) — O(1’), 2.275(4), Bi(1) — C(1), 2.210(5), Bi(1) — C(7), 2.202(5); C(7) —
Bi(1) — C(1), 106.81(15), C(1) — Bi(1) — C(1°), 146.4(3), C(7) — Bi(1) — O(1), 85.32(9), C(1) — Bi(1) — O(1),
93.30(17), O(1) — Bi(1) — O(1’), 170.69(19). Symmetry operator: -x, y, 3/2 - z
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Figure 2.1.18 Solid state structure of [SbPh3(02CCH2CsH4OCH3)2], 6S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sb(1) — O(1),
2.109(10), Sb(1) — O(1°), 2.109(10), Sb(1) — C(1), 2.110(12), Sb(1) — C(7), 2.105(17); C(7) — Sb(1) — C(1),
107.41(3), C(1) — Sb(1) — C(1°), 145.17(7), C(1) — Sb(1) — O(1), 89.47(4), O(1) — Sb(1) — O(1’), 175.64(5).

Symmetry operator: 1-x,y, 3/2 -z

Figure 2.1.19. Solid-state structure of [BiPh3(02CCH20:CCH3).], 7B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.289(19), Bi(1) - 0(2), 2.855(19), Bi(1) - C(1), 2.188(3), Bi(1) — C(7), 2.202(4); C(1) - Bi(1) — C(1’), 148.82(12),
C(1) - Bi(1) - C(7), 105.59(7), C(1) — Bi(1) — O(1), 87.59(19), C(7) — Bi(1) — O(1), 87.92(5), O(1) — Bi(1) — O(1’),
175.84(10). Symmetry operator: 1 —x, y, 3/2 z. Disorder of the terminal end of the acetoxyacetic acetate

has been modelled over two positions
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Figure 2.1.20. solid-state structure of [BiPhs3(0O2CCH20CsHs)2], 8B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Bi(1) — O(1),
2.334(3), Bi(1) — 0(2), 2.694(2), Bi(1) — C(1), 2.197(5), Bi(1) — C(7), 2.214(7), Bi(1) — C(11), 2.853(5); C(11) —
Bi(1) — C(11°), 133.00(2), C(11) — Bi(1) — C(7), 113.49(10), C(7) — Bi(1) — O(1), 87.53(8), C(7) — Bi(1) — O(2),
139.22(7), O(1) — Bi(1) — O(3), 175.05(16). Symmetry operator: 1-x,y, 3/2 -z

0O(003)

",

Figure 2.1.21. Solid state structure of [SbPh3(0O.CCH:0CsHs):], 8S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sh(1) — O(1),
2.109(2), Sb(1) — 0(3), 2.115(2), Sb(1) — C(1), 2.111(3), Sh(1) — C(7), 2.099(3), Sb(1) — C(13), 2.100(3); C(7) -
Sb(1)—-C(1), 117.44(11), C(1) — Sb(1) — C(13), 119.25(11), C(1) — Sh(1) — O(1), 94.45(10), O(1) — Sb(1) — O(3),
175.49(8)
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Example complexes 1B is pentagonal bipyramid with a coordination number of seven, whereas 1S
with a coordination number of five, is trigonal bipyramidal. It was strongly anticipated, from the
IR data (Av = 2.14 cm?, table 2.1.1) that the coordination number of 1S would be five, indicative
of a monodentate binding mode of the carboxylate moiety. This was further confirmed in the solid-
state by the averaged bonding and non-bonding lengths for the Sb — O interactions (2.120 and
2.970 respectively). For complex 1B a widening of the trigonal angle of the equatorial plane was
observed from the ideal 120 ° to 143.6(7) °, 104.4(7) °, and 112.0(7) ° for the C(7) — Bi(1) — C(13),
C(1) - Bi(1) — C(7) and C(1) — Bi(1) — C(13) bond angles respectively. It is possible this deviation is
a result of the cis configuration of the o-tolylacetate ligands in the axial plane which could allow
for a greater interaction between the bismuth centre and the carbonyl oxygens. To a lesser extent
1S also experiences deviation in trigonal angle with angles of 113.6(7), 139.1(7) and 107.3(7)
found for C(13) — Sb(1) — C(1), C(1) — Sb(1) — C(7) and C(7) — Sb(1) — C(13) respectively. An in-depth

summary of the crystallographic data for these complexes is given in table 2.1.2 and table 2.1.3.

Figure 2.1.22. Solid-state structure of [BiPhs((02CCH2CeH4CHs)2], 1B. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (&) and angles (°). Bi(1) — O(1),
2.278(14), Bi(1) — O(2), 2.703(14), Bi(1) — O(3), 2.308(14), Bi(1) — O(4), 2.703(15), 2.815(14), Bi(1) — C(1),
2.205(19), Bi(1) — C(7), 2.186(2), Bi(1) — C(13), 2.195(2); C(7) — Bi(1) — C(13), 143.6(8), C1 — Bi(1) — C(7),
104.5(7), C7 - Bi(1) — O(1), 95.15(6), C(7) — Bi(1) — O(4), 75.93(6), O(1) — Bi(1) — O(3), 170.3(5).
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Figure 2.1.23. Solid state structure of [SbPhs3((02CCH2CsH4CH3s)2], 1S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sb(1) — O(1),
2.110(14), Sb(1) — O(3), 2.131(14), Sb(1) — C(1), 2.108(19), Sb(1) — C(7), 2.104(19), Sb(1) — C(13), 2.116(18);
C(7) — Sb(1) — C(1), 139.1(7), C1 — Sb(1) — C(13), 113.5(7), C1 — Sb(1) — O(1), 90.71(6), O(1) — Sb(1) — O(3),
174.0(5).

The covalent M — C bond lengths for the antimony complex 1S (range: 2.108(19) - A, 2.116(18) A)
and are comparable to analogous structures in the literature.17-18.27-29.35 Simjlar to the antimony,
the bismuth complex 1B also shares bonds lengths comparable to previously synthesised
complexes, with bond lengths ranging from 2.185(19) A — 2.205(16) A.% > 16:19.20,24,36 Complex 1B
adopts bidentate binding through both the hydroxyl oxygen and the carbonyl oxygen as suggested
by the average bond lengths of 2.759 A (Bi(1) — O(1), O(3)) and 2.930 A (Bi(1) — O(2), O(4))

respectively. This is further supported by the IR carboxylate stretching frequencies (table 2.1.1).

Complex 7S (figure 2.1.24) was the only outlier in this class of acetates, with the formation of a Sb

— O -Sb bond.
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Figure 2.1.24. Solid state structure of [(SbPh3(02CCR)):0], 7S. Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (°). Sb(1) — O(1),
2.147(3), Sb(1) — O(5), 1.951(5), Sb(1) — C(1), 2.110(4), Sb(1) — C(7), 2.108(5), Sb(1) — C(13), 2.106(4); C(7) —
Sb(1) = C(1), 126.5(17), C(1) — Sb(1) — C(13), 115.9(17), C1 — Sb(1) — O(1), 90.46(16), O(1) — Sb(1) — O(5),
175.2(8), Sb(1) — O(5) — Sb(1)’, 179.9(18). Symmetry operator ' = 1-x, 1-y, 1-z.

The formation of the complex can be rationalised by the likely reaction pathway. The intermediate
step of the oxidation of Sb(lll) to the Sb(V) forms SbPh3;(OH),, however the formation of a bis-
substituted complex does not. Rather, two intermediates of a mono-acetate, SbPh;(0,CR)(OH),
come together, which after the loss of water forms the new Sb — O — Sb bond. This often results
due an incorrect stoichiometry of the peroxide oxidant, as shown by Sharutin et al in the
formation of aryl antimony dioximates.?’” Several repeated syntheses of consistent reaction
conditions resulted in the same crystalline sample of 7S. Therefore, it would seem to be the
preferential product for this particular ligand. Crystallographically, 7S can still be said to adopt the
usual trigonal bipyramidal geometry at each of the Sb(V) centres, with a coordination number of
five. Bond lengths of 2.110(4) A (Sb(1) — C(1)), 2.108(5) A (Sh(1) — (7)), and 2.106(4) A (Sh(1) -
C(13)) were observed for the M - C and found to be similar to the more typical Sb(V) triaryl

dicarboxylates with each of the phenyl groups occupying the usual propeller like orientation.*> "
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18,23,28, 29 The carboxylates of the oxido-bridge antimony sit almost linear in the axial plane, with a
slight deviation from the ideal 180 ° to 175.2(8) °. The covalent bond interaction with the
carboxylate oxygen O(1) of 2.147(3) was found to be longer than the covalent bond with the
bridging oxygen O(5) of 1.950(4). This isn’t an unusual observation, with Quan et al, Abakumov et
al and Preut et al, all reporting shorter Sb — O oxido bridging bond lengths of 1.950(4) A, 1.968(6)
A and 1.936(1) A respectively.?”3 The angle of the Sb — O — Sb bridge is almost linear, with an
angle of 179.9(18). Similar linearity was observed in the complex [(SbPhs(C,H,ClO,),)O]
characterised by Quan et al with a formal angle of 180 ° for the Sb — O — Sb bond.3® Linearity is not
always observed in these bridging antimony complexes however, another complexed
characterised by Quan et al, [(SbPhs(CsHsCINO,);)O], exhibits distortion from the ideal 180 ° to a

bent angle of 165.1(4) ° for the Sb — O — Sb bond.*”
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Table 2.1.2. Summary of the crystallographic data of triphenyl Sb(V) acetates, 1S — 8S.

1S 3S 4S 5S 6S 7S 8S
Chemical C36H3304Sb C36H3304Sb C36H3306Sb C36H3306Sb C36H3306Sb Ca4Ha009Sb2 | C3aH2906Sb
formula
M; 651.37 651.37 683.37 683.37 683.37 956.26 655.32
Crystal system, Monoclinic, Monoclinic, Monoclinic, Orthorhom Monoclinic, Monoclinic, Triclinic, P
space group P2:/c C2/c C2/c bic, Pbcn C2/c P2:/c P-1
Temperature 296 296 123 296 296 296 296
(K)
a, b, c(A) 12.157 (3), 23.2869 24.7407 19.1951 16.9984 10.826 (2), 9.3167 (5),
10.382 (3), (12),9.3365 | (15),9.4054 | (11),9.6030 | (11),9.7839 | 9.7607 (18), | 9.5733 (5),
24.819 (7) (5), 13.2480 | (6), 16.7457 | (8), 16.7738 | (7),18.1779 | 18.663 (3) 18.3654 (9)
) (6) (19) (10) (14)
V (A3%) 3086.9 (14) | 2871.1(3) 2995.6 (4) 3091.9 (4) 2993.5 (4) 1958.3 (6) 1399.35
(13)
V4 4 4 4 4 4 2 2
Tminy Tmax 0.675, 0.691, 0.616, 0.672, 0.664, 0.646, 0.667,
0.746 0.746 0.746 0.746 0.749 0.746 0.746
Rint 0.043 0.031 0.059 0.056 0.052 0.091 0.059
(sin 8/A)max (A1) | 0.716 0.670 0.719 0.646 1.042 0.671 0.667
R[F?> 20(F?)], 0.031, 0.018, 0.032, 0.026, 0.048, 0.049, 0.039,
wR(F?), S 0.063, 1.06 0.043, 1.06 0.076, 1.06 0.067, 1.00 0.121, 0.99 0.112,1.00 0.116, 0.76
No. of 9448 3611 4625 3474 13885 4928 6945
reflections
No. of 372 188 197 197 197 251 370
parameters

Table 2.1.3 Summary of the crystallographic data of triphenyl Bi(V) acetates, 1B — 8B.

1B 2B 3B 4B 5B 6B 7B 8B

Chemical C36H33BiOs | C3eH33BiOs | C3eH33BiOs | CssH33BiOs | CseH33BiOs | C3sH33BiOs | CasH2sBiOs | CzaH29BiOs

formula

M; 738.60 738.60 738.60 770.60 770.60 770.60 674.44 742.55

Crystal system, Triclinic, Monoclini Triclinic, Monoclini Monoclini Monoclini Monoclini Monoclini

space group p ¢, P21/c p ¢, P21/m c, C2/c ¢, C2/c ¢, C2/c ¢, C2/c

Temperature 123 296 173 123 296 296 123 296

(K)

a, b, c(A) 10.2028 19.9440 8.8812 9.5157 (4), | 24.6911 17.0886 20.0227 13.1884
(7), (7), (3), 17.9285 (8), (18), (10), (6),
12.0610 8.5465 13.2024 (8), 9.6741 9.7652 9.7510 20.6913
(8), (3), (5), 10.3376 (3), (8), (5), (9),
12.5411 18.0951 14.8618 (5) 17.3819 18.467 (2) 15.8259 12.0533
(8) (6) (5) (7) (7) (8)

v (AR3) 1467.37 2948.25 1487.57 1565.65 2948.78 3047.8 (5) | 2485.4(2) | 2768.5(3)
(17) (18) (9) (12) (18)

z 2 4 2 2 4 4 4 4

Tmin, Tmax 0.482, 0.449, 0.513, 0.032, 0.544, 0.563, 0.635, 0.408,
0.746 0.746 0.746 0.069 0.746 0.746 0.746 0.746

Rint 0.047 0.051 0.038 0.028 0.062 0.062 0.032 0.089

(sin 8/A)max 0.721 0.720 0.717 0.716 0.719 0.674 0.720 0.646

(A1)

R[F?> 20(F?)], 0.019, 0.031, 0.024, 0.018, 0.020, 0.045, 0.023, 0.036,

WR(F?), S 0.042, 0.062, 0.060, 0.039, 0.035, 0.089, 0.048, 0.079,
1.02 1.02 1.08 1.01 0.72 1.00 1.12 1.02

No. of 9150 9171 9145 4947 4376 3743 3863 3082

reflections

No. of 372 372 372 381 197 197 208 187

parameters
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2.1.4 Stability and Selectivity

2.4.1.1 General stability

An ideal attribute of any potential medicine is its ability to remain stable in aqueous media such
as those in biological systems. To exhibit anti-microbial activity a high degree of stability is
preferential. As such, a series of analyses in both the solid and solution state of the complexes 1B
— 8B and 1S - 8S were conducted. Stability in the solid state was confirmed by conducting melting
point analyses over several months after exposure of the solids to atmospheric conditions. Initial
studies on the solution state were conducted through the use of *H NMR spectral data in either
CDCls or de-DMSO over a period of one week. Complex spectra were recorded at approximately t
=0, t = 48 hours and finally t = seven days. No significant changes in the chemical shifts and/or
integrations of any of the complexes were observed, excluding 7S which was previously discussed
to undergo hydrolysis at the oxido-bridge to form two equivalents of the mono-hydroxido 7S’. 7S
then was concluded to be unstable in polar protic solvents with the hydrolysis product 7S’ being

the thermodynamically favoured and more stable of the two forms.

Though these complexes often exhibit stability in both NMR solvents (CDCl; and de-DMSO), those
of the general formula [BiArs(O,CR);] readily undergo decomposition in culture media. This
decomposition is limited to bismuth complexes, with studies by Andrews et al on both phenyl and
tolyl bismuth carboxylates undergoing exponential decomposition in DMEM culture media, with
half-lives of approximately 2 hours.'® 2° However when a class of chelating a-hydroxy acids were
employed, the stability of the bismuth complexes increased from exponential to linear, with half-
lives found to exceed fifty hours.'” To establish whether the two carbon chain backbone has any
significant effect on the stability of the bismuth complexes, a class of acetate ligands were selected
1 - 8 (figure 2.1.3). Unfortunately, it was observed the decomposition process was found to take

approximately five to six hours. Despite this, the decomposition was still linear rather than
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exponential. Even with this decomposition, significant biological activity was still observed on both

mammalian and parasitic cells.

All bismuth complexes 1B — 8B were tested for their initial solubility in DMEM and M199 culture
media. It was found that all complexes except for 7B, [BiPh3(O,CCH,0,CCHs),] and 8B,
[BiPh3(02CCH,0C¢Hs).] showed an ideal degree of solubility. To get an idea on the exact time-
frame of the decomposition of the bismuth acetates, a representative complex, 3B,
[BiPh3(02CCH,CsH4CHs)2], was selected. A known amount of 3B was dissolved into ds-DMSO to a
concentration of 10 mM, 50 uL of this was then transferred to 1 mL of DMEM which had been
previously freeze dried and resuspended in D,O to minimise the NMR signal from H,0. 3B was
monitored over a period of t =0 hours to t = 24 hours. At the 24 hour mark the complex had almost
completely dissociated into the parent acid (p-tolylacetic acid) and triphenyl bismuth, with
minimal signals from 3B remaining. The decomposition was monitored by the appearance of the
aromatic signals for triphenyl bismuth at 7.2, 6.6 and 6.5 ppm after several hours. Overlap of the
parent acid, 3, with a signal from the culture media and triphenyl bismuth occurs at 7.2 ppm.
However, the appearance of a multiplet beside the large singlet at 7.2 ppm occurs as 3B undergoes
decomposition into 3 and triphenyl bismuth (figure 2.1.25). To elucidate the half-life of the
complex a 12 x 1 hour *H NMR study was then conducted, along with the analogous antimony
complex 3S, [SbPh3(0,CCH,CsH4CH3)2]. The signal corresponding to the p-CH of the phenyl group
was compared over time to a constant signal from the culture media at 5 ppm. A rapid decay was
observed, however unlike previously rapid decaying bismuth carboxylate complexes, the decay
was found to be linear in nature, comparable to the a-hydroxy complexes, though not as stable.
The decomposition was exhibited to be zero-order, and a rate constant of approximately 48 uM
/hr was calculated, decaying from the original 500 uM concentration after 5.2 hours (figure

2.1.26).
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Figure 2.1.25. 1H NMR analysis of the decomposition of complex 3B, [BiPh3(02CCH2CsH4CH3)2], in ds-DMSO

doped freeze dried D;O0 DMEM culture medium, at 25 °C at 0 hrs and 24 hrs, references of the complex, 3B,

BiPhzand free ligand 3, p-tolylacetic acid in de-DMSO:D20 given.
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"H NMR decomposition of complex 3B in culture media at 25 °C over time
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Figure 2.1.26. 'H NMR analysis of the decomposition curve of [BiPh3(02CCH2CsH4CHs)2], 3B at 10 mM, in
DMEM culture medium at 25 °C vs time. Half-life = 5.2 h, rate constant = 48 uM/h, R? = 0.992.

Unsurprisingly, the antimony analogue exhibited no decomposition in the culture media with no
significant changes in the 0-CH protons of the phenyl rings relative to the same media signal at 5

ppm observed over a period of 12 hours (figure 2.1.27).
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Figure 2.1.27. *H NMR study of complex [SbPh3(02CCH2CsH4CH3)2], 3S, [SbPhs((02CCH2CsH4CH3)2] at 10mM,
in DMEM culture medium, at 25 °C at 0, 4, 8 and 12 hours.

2.1.4.2. Glutathione studies

To further clarify the reactivity and selectivity of both antimony and bismuth, a study on the
reaction with the mammalian sulfur rich tripeptide glutathione was conducted. Glutathione (GSH)
is found in large concentrations in mammalian cells. It acts directly and indirectly in cellular
functions including synthesis of proteins, DNA transport, enzyme activity, metabolism and the
protection of cells (antioxidant activity).*° It exists in both a reduced and oxidised form, dependent
on biological redox activity the oxidised form is a combination of two single units bound by a
disulfide bridge (GSSG). The reduction of pentavalent antimony complexes (meglumine
antimonate) by glutathione has been studied by Frezard et al, concluding that the reduction is

seemingly pH and temperature dependant, with a pH and temperature similar to the lysosomes
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of the macrophage promoting reduction at a faster rate than standard laboratory conditions.*> 42

They were also able to hypothesise a stoichiometric ratio for glutathione to meglumine
antimoniate of 5:1. However no studies into the activity of glutathione with either bismuth or
antimony organometallics has been conducted. It was predicted from the results of the biological
assays (2.1.5) that bismuth would most likely show enhanced reactivity with glutathione, due in
part to its very high reductive potential in comparison to antimony (for M(V)/M(lll), 2.00V versus
0.605V).” To establish the reactivity, a *H NMR study was conducted. A known concentration of
complex 3S, [SbPh3(0,CCH,Ce¢H4CHs),] or 3B, [BiPh3(0,CCH,CsH4CHs)2] in de-DMSO, was added to
an NMR tube and frozen at -80 °C. An excess of glutathione in D,0:DMSO was then added to the
still frozen tube to halt any reaction. A *H NMR was taken every hour for antimony, and for
bismuth a reading was repeatedly after the last up to a period of one hour. As hypothesised, the
bismuth complex readily reduced to the parent acid and BiPhs after as little as five minutes (figure
2.1.28 and figure 2.1.29). Even at time point “0” i.e. the time it took for the machine to load the
frozen tube and begin the NMR analysis, the bismuth complex had already begun to react with
the glutathione. Therefore, it can be assumed the reaction is favourable and most likely due to

the high reductive potential of Bi(V)/Bi(lll).**
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Figure 2.1.29. *H NMR of complex 3B, [BiPh3(02CCH2CsH4CH3)2], with an excess of GSH in ds-DMSO:D20 mix
at time intervals t = “0” minutes, t = 3 minutes and t = 6 minutes. The complex 3B has been labelled with

dark-blue circles.
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Figure 2.1.30. *H NMR overlay of complex 3B, [BiPh3(0O.CCH2CsH4CHs)2], BiPhs and 3B + GSH (t = “0”)

highlighting the presence of both 3B and BiPhsin the reaction mixture.
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The antimony complex took longer to react, though substantially faster than meglumine
antimonate. Complex 3S exhibited a half-life of approximately 54 minutes with a logarithmic decay

observed (figure 2.1.31).
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Figure 2.1.31. 'H NMR decomposition graph of 3S, [SbPh3(02CCH2CsH4CH3)2], with an excess of GSH in ds-
DMSO0:D:0. Readings were taken hourly on a 600MHz Bruker NMR spectrometer at 25 °C. A decreasing

signal of the original complex was compared to an increasing signal of SbPhs and a proton ratio obtained.

As complex 3S differs significantly from meglumine antimonite both structurally and chemically,
it can be assumed that the reaction stoichiometry theorised by Frezard et al differs for that of our
organometallic triaryl antimony and bismuth compounds. Utilising *H NMR a speculated reaction
stoichiometry was predicted based on the hypothesis of Frezard et al in which Sb(V) will form
Sb(GS)s upon reduction.** From the H NMR experiment, it was clear that the parent acid, p-
tolylacetic acid (3), and triphenyl antimony were present at the conclusion of the reaction in
addition to the new signals for GSSG (figure 2.1.32). It has been suggested that glutathione

undergoes oxidation by DMSO at concentrations equivalent to the cryoprotectant concentration
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of 1.1 - 1.7 M, however as this oxidation was observed to be quite slow.* The rapid formation of
GSSG in the NMR of both S1 and B1 suggests the complexes are causing the bulk of the oxidation,
resulting in their own reduction. Both S1 and B1 are stable in wet DMSO exposed to the

atmosphere for days, indicating that the addition of GSH does play a key role in their reduction.
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Figure 2.1.32. *H NMR of complex 3S, [SbPh3(02CCH2CsH4CH3)2], with excess GSH after 24 hours. Assignments
are given on the spectrum. de-DMSO and water are not labelled but appear at 2.50ppm and 4.22ppm

respectively.

From this a predicted stoichiometric equation was determined in which two equivalents of the
organometallic complex would react with seven equivalents of GSH to form an equivalent of
SbPhs, four equivalents of p-tolylacetic acid (3), three equivalents of benzene and possibly the two
equivalents of oxidised disulfide bridged GSSG (though difficult to determine an excess of GSH was

used) and potentially Sb(GS)s (scheme 2.1.4).
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Scheme 2.1.4. Speculated stoichiometry of antimony complexes with glutathione. Reaction conditions and

all by-products have not been listed.

Despite this reaction of 3S, and speculatively, all the antimony complexes with glutathione,

complexes 1S, 3S — 7S’ were all found to exhibit little to no mammalian toxicity (2.1.5).

2.1.5. Biological activity

2.1.5.1 Leishmania promastigote and fibroblast assays

Despite bismuth complexes 1B — 8B exhibiting predicted instability in the culture media, all
complexes were still included in the initial assays against both human fibroblasts and L. major
promastigotes. This allowed for an assessment of their biological activity and mammalian toxicity
to be compared to the analogous antimony complexes. Unsurprisingly the antimony complexes
yielded a higher degree of solubility in the culture media, and based on the assessment of 3S,
[SbPh3(0,CCH,CsH4CHs),], a higher degree of stability. Complexes 7B, [BiPhs;(0,CCH,0,CCHs),] and
8B, [BiPh3(0,CCH,0CsHs),] showed some precipitation in the culture media, hindering an accurate
concentration gradient to be established. This makes accurate ICso values, and therefore an
accurate assessment of toxicity difficult to obtain. As complexes 2S, [SbPhs(0.CCH,CgH4CHs),] and
8S, [SbPh3(0,CCH,0CsHs),] have been tested previously on L. major and human fibroblasts, no
further assays were conducted.’® Though complexes 4S, [SbPh3(0,CCH,C¢HsOCHs),] and 68,
[SbPh3(0,CCH,CsH4OCHs),] have been previously tested against L. tropica (with ICso values of 18.3
UM and 20.9 uM respectively),?® due to the physiological difference to L. major it was concluded
to be appropriate to include them in the assay. Resistance to commercially available drugs has
develops rapidly in the L. major species, making them a more pressing target.”® To eliminate the

possibility of the ligands themselves acting as anti-microbials, a separate study of the parent acetic
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acids 1 — 8 was assessed, with their potential toxicity towards both mammalian cells and L. major
promastigotes yielding little to no activity. ICso values of > 100 um was obtained for all but 3 (p-
tolylacetic acid) which yielded an ICso value of 79.2 uM. Acids 6, p-methoxyphenylacetic acid, 7,
acetoxyacetic acid and 8, phenoxyacetic acid, exhibited a small degree of activity, with a slight
drop in the % viability curve at concentrations > 12.5 uM, however they all still retained a viability
of > 100 uM. This change was insignificant in comparison to the complexed bismuth and antimony

analogues 1B/S — 8B/S (figure 2.1.33).

All bismuth complexes were found to be non-selectively toxic, acting upon both human fibroblasts
and L. major promastigotes. Conversely all antimony complexes, with the exception of 7S, were
found to be selective in their activity (figure 2.1.34). This was most likely attributed to their

increased stability and solubility as opposed to the bismuth complexes.
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Figure 2.1.33. % viability versus concentration of parent acids 1 — 8 against human fibroblasts.
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Figure 2.1.34. Comparison of percentage cell viability after treatment with the Bi(V) complexes 1B — 8B
(black) and the Sb(V) complexes 1S — 8S (blue), against L. major promastigotes and Human primary
fibroblasts. Dose response curves were generated over a range of concentrations (48nM — 100uM in the
appropriate culture media from 10mM DMSO stock solutions. All readings were compared spectroscopically
to non-treated control and the percent growth inhibition calculated.

Significantly better activity was observed for the bismuth complexes as opposed to antimony
against the L. major promastigotes, with ranges of 2.06 uM — 4.63 uM and 6.18— 19.1 uM
respectively. As the bismuth complexes presented with rapid and uncontrollable decomposition
the actual concentration at which they exhibited activity could possibly be marginally lower than
the calculated value, attesting to the potency of bismuth as an anti-parasitic. However due to the
non-selective nature of the complexes, and with mammalian ICso values within the ranges of 11.4
— 19.8 uM no further testing could be justified. In contrast to this, though not as potent as the
bismuth complexes, the antimony complexes were selective in their activity, with mammalian 1Cso
values at >100 uM for all but one complex. The hydrolysis product 7S’ exhibited 50% cell death at
73.8 uM. Each complex and their corresponding activity has been tabulated below in tables 2.1.4

and 2.1.5.
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Table 2.1.4. ICso data of bismuth complexes 1B — 8B against human fibroblasts and L. major promastigotes

1B 2B 3B 4B 5B 6B 7B 8B
Human Fibroblasts (ICso pM) 11.8 121 16.4 19.8 18.7 12.9 12.4 11.4
L. Major promastigotes (ICso pM) | 4.63 2.09 2.59 2.06 3.19 3.02 2.77 3.73

Table 2.1.5. ICso data of antimony complexes 1S — 8S against human fibroblasts and L. major promastigotes

1S 3S 4s 58 6S 75’
Human Fibroblasts (ICso uM) > 100 > 100 > 100 > 100 > 100 73.8
L. Major promastigotes (ICso pM) 19.1 6.18 11.8 14.4 12.1 6.62

2.1.5.2 Amastigote invasion assay

As the selectivity of the antimony complexes was found to greatly surpass that of the bismuth
analogues, they qualified for the amastigote invasion assay. The parasites live, grow and replicate
via a digenetic life-cycle. The form predominately found in the human vectors is the intercellular
amastigote. Macrophages were cultured and infected with L. major promastigotes. These
promastigotes were able to enter the macrophages and differentiate into amastigotes over a
48 hours the level of infection. Complexes 18,

period of 24 - depending on

[SbPh3(0,CCH,CsHaCH3)2], 3S, [SbPhs(0,CCH,CsH4CHs)2], 4S, [SbPhs(0,CCH,CsH4sOCHs),], 5S,
[SbPh3(0,CCH2CsHaOCH3),], 6S, [SbPh3(0,CCH,C¢H4OCHs),] and 7S°, [SbPhs(0,CCH,CsH4CH3),]
were added to each well at a concentration of 10 uM for a further 48 hours. After which, slides
were washed, fixed and stained. An assessment of biological activity was determined by counting

the infected cells versus non-infected (figure 2.1.35).
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Figure 2.1.35. A) Healthy non-infected macrophages; B) Heavily infected macrophages, amastigotes are
labelled.

All cells counts were compared against a positive control of untreated infected macrophages and
were found to exhibit statically significant activity. This anti-amastigote activity ranged from mild
to good. Only complex 7S’ was found to be unviable due to apparent cytotoxicity to both the
mammalian cells and the parasites. This was concluded by the absence of viable cells (both
macrophage and parasite) on either coverslip. In terms of activity, the percentage of infected cells
ranged from 7.75 — 40.5 %, with complex 1S presenting as the least effective and complex 6S the
most. A trend was observable after conclusion of the data work up, with the infection decreasing
from 1S —6S. This trend related not only to the functional group on the phenyl ring but the position
of said functional group. 1S, the o-tolylacetate, was the least effective of the tolylacetates, with
p-tolylacetate the more effective (22.3 % + 1.55). The methoxyphenyl acetates were more
effective than either tolylacetate, and again a trend was observed with 0-OMe < m-OMe < p-OMe,
with values of 19.0 % + 1.58, 14.5 % + 2.63 and 7.75 % + 1.18 4S, 5S and 6S respectively (figure

2.1.36).
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Figure 2.1.36. Infected macrophages after 48 hours. Number of infected macrophages was determined
microscopically, in duplicate of fixed specimens. Amphotericin B (AmpB) was used as a positive control at 10
UM concentration. A DMSO control was also employed at a 1% concentration. Error bas indicate SEM, one-
way ANOVA. Dunnett’s multiple comparison test was used to determine the statistical significance between
all test compounds and a positive control lacking treatment (+ve control).

Though these complexes showed some activity, they still lacked the excellent activity of previously
synthesised Sb(V) carboxylates (percentage infection ranges of 0.5 — 3.5 pM).!8 Several of these
reported complexes were able to completely eliminate infection of the macrophages, a feature
that was not observed with this current class of Sb(V) carboxylates.*® Still, the previous complexes
exhibited a greater degree of mammalian toxicity, and were less selective. Due to a high degree
of selectivity of this current class of Sb(V) carboxylates, an increase of the concentration in the
amastigote invasion assay is possible. This would hopefully initiate a greater degree of activity,
while remaining relatively non-toxic. For this reason, the complexes still present as potential drug

candidates with further testing required.
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2.1.6 Conclusions

This section highlights a series of triphenyl bismuth and triphenyl antimony carboxylates that were
synthesised, characterised and their biological activity assessed. These complexes of the general
formula  [MPh3(O,CR);]  (excluding the oxido bridged 7S of the formula
[(SbPhs3((0,CCH,0CO)Me)),0]), 1B — 8B, [BiPh3(O,CCH,CsH4CHs),], [BiPhs(O,CCH,CsH4CHs),],
[BiPh3(0,CCH2CeHaCHs),], [BiPh3(0,CCH2Ce¢H4OCH3)3], [BiPh3(02CCH,CeH4OCHs3)3],
[BiPh3(02CCH2CsH4OCHs)2], [BiPhs(02CCH20,CCHs)2], [BiPhs(02CCH,0CsHs)2] and 1S — 6S and 8S,
[SbPh3(0,CCH,CsH4CH3)2], [SbPh3(0,CCH,CsH4CH3)2], [SbPh3(0,CCH,CsH4CH3)2],
[SbPh3(0,CCH,CsH40OCH3),], [SbPh3(0,CCH,CsH4OCH3),], [SbPh3(0,CCH,CsH40OCHs)s],
[SbPh3(0,CCH,0CsHs), were obtained as crystalline compounds from a one-pot oxidative addition
reaction, without the need for further purification. All the bismuth complexes were novel in
nature as were four of the eight antimony complexes (1S, 3S, 55 and 7S). Though complexes 4S,
6S and 8S had been previously reported, their solid-state structures had not been elucidated. The
only difference for complex 2S was the synthetic method, Andrews et al had formerly used a salt
metathesis of the carboxylate salt with SbPhsCl; to obtained the complex, here we employed a
more efficient and cleaner oxidative addition with t-BuOOH was utilised. Analytical analysis of
these complexes included *H and 3C NMR, FT-IR, melting point, elemental analysis and X-ray

analysis.

All complexes, excluding complex 2S, were able to undergo analysis by single crystal X-ray
diffraction to elucidate their solid-state structures. Similar to previously synthesised complexes,
the bismuth analogues are seven coordinate and all but one antimony compounds five. The phenyl
rings sit in the equatorial plane in a propeller like orientation whilst the acetates occupy the axial
positions. Through IR spectroscopy in addition to the X-ray analysis, it was concluded the bismuth
complexes had the acids bind in a bidentate fashion, while the antimony complexes preferred a

monodentate binding mode. Complex 7S was the only exception forming an oxido bridged
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complex. This complex was also observed to have limited stability in aqueous/polar media, such

as DMSO, undergoing hydrolysis into the mono-hydroxido complex, [SbPh3(0,COCO,CH;)OH], 7S’.

Varying stability was observed for bismuth versus antimony, with emphasis on the reactivity with
the mammalian tripeptide glutathione. The organometallic antimony complexes were found to
reduce to the parent acid and SbPh; in a logarithmic decay, with a half-life of 54 minutes
extrapolated from a H NMR study over a period of eight hours. The presence of GSSG was
observed though in excess due to the slow oxidation of GSH in D
MSO.* It was hypothesised that the resulting reaction not only yielded the starting reagents but
also the antimony — glutathione complex Sb(GS)s. Unsurprisingly the bismuth complex 3B
underwent rapid reduction in a matter of minutes upon exposure to glutathione, further
highlighting the large stability differences between itself and antimony. This increased reactivity

too may potentially play a large role in the non-selective activity of these complexes.

All complexes were then assessed for their anti-Leishmanial activity and their mammalian
cytotoxicity. Percentage viability assays were able to ascertain the difference in the biological
activity of bismuth versus antimony. The bismuth complexes 1B —8B were all found to be excellent
anti-Leishmanials (to the promastigotes) but unfortunately also proved very cytotoxic to the
mammalian fibroblast control. The antimony complexes however proved fruitful with complexes
1S, 35— 7S’ being selectively toxic to parasites with minimal to no cytotoxicity towards mammalian
controls. Though less active than the bismuth complexes towards L. major promastigotes (2.06
UM — 4.63 uM versus 6.18— 19.1 uM for Bi/Sb respectively) the complexes were still significantly
effective and therefore were screened for their anti-amastigote activity. Structure activity
relationships were observed with the amastigote assay, with the percentage of infected cells
increasing in the order of 0-OMe > m-OMe > p-OMe for the methoxyphenyl antimony complexes

45— 6S.
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A similar trend was observed for the tolylacetates, with 3S, the p-tolylacetate complex, exhibiting
a higher degree of activity over the o-tolylacetate analogue. Overall 6S presented as the most
promising candidate, with a percentage infection value of 7.75% + 1.18. Further analysis of these
complexes in vivo would solidify their potential as lead compounds in the effort to eradicate the

devastating disease Leishmania.

This study has highlighted the important differences between the group 15 metals antimony and
bismuth, including major differences in reactivity, stability and biological activity when in the
pentavalent state. The high reactivity of bismuth with sulfur containing moieties within biological
systems is speculated to have greatly contributed to the non-selective activity we have observed.
The use of antimony as metallodrugs in regards to Leishmania seems advantageous, with a high
degree of stability in culture media and a superior degree of cell selectivity. Further analysis of
these complexes in more clinically relevant in vivo settings is still required to conclude the full
efficacy and activity of these complexes for further medicinal use. Future prospects for aryl Sb(V)

carboxylates are promising, and are an area of study that should not go neglected.
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2.2 Synthesis, characterisation and biological activity of Sb(V) mono-hydroxy

quinolinolato complexes

2.2.1 Antimony in medicine

Antimony is a group 15 metalloid part of the pnictogen group, including nitrogen, phosphorus,
arsenic and bismuth.! It has two naturally occurring stable isotopes and is commonly found in ores
as either the sulfide, stibnite (Sb,Ss) or the nitro-sulfide, Ullmanite (NiSbS). In contrast to the heavy
metal bismuth, antimony is often described as a semi-metal, more closely related to arsenic.
Antimony exist commonly in two stable oxidation states, +lll and +V with ionic radii of 0.76 and
0.62 A respectively.? In the +lII oxidation state, antimony forms complexes by means of a Lewis
acid-base reaction with the valence orbitals of the metal centre. The lone 5s®electron pair do not
participate in bonding in the trivalent state.3 The lone pair becomes active in the +V state and is
able to participate in bonding, often leading to the formation of octahedral and/or distorted
octahedral complexes.* Trigonal bipyramid coordination geometry is another often commonly

observed configuration of Sb(V) complexes (Figure 2.2.1).°

sb(lll) Sb(V)

Figure 2.2.1. Common oxidation states and configurations of antimony

Antimony has been used medicinally for many years, stemming back centuries.® Historically, it was

first used by the ancient Egyptians for the treatment of fevers and skin irritation. It was also
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considered a great cosmetic due to the vivid colours the compounds could display.” 8 As discussed
previously, antimony was first established as an anti-parasitic in the +lll form as antimony
potassium tartrate. Though an increase in parasitic death was observed, the increased risk to
humans due to antimony toxicity lead to tatar emetic to be discontinued for use.® '° Antimony
complexes in the +V state were then investigated for their therapeutic activity. The pentavalent
antimony complexes were found to be at least ten times less toxic to humans than the trivalent
counterparts and exhibited a higher degree of activity.!* As the complexes of antimony displayed
excellent selectivity in section 2.1,'* 3 an investigation into the activity of aryl Sb(V) complexes

with a medically relevant ligand class was probed next.

2.2.2 Quinolinol
the heterocyclic 8-hydroxyquinoline, or 8-quinolinol (8QH) is an organic N,O donor (figure 2.2.2).
It has been extensively studied in the literature in both medicinal and synthetic applications,

where it is usually bound to a stabilising metal.

AN
~
N
OH

8-hydroxyquinoline, 8-quinolinol (8QH)

Figure 2.2.2. Structure of 8-hydroxyquinoline, known commonly as 8-quinolinol.

The biological application of quinolinol was extensively investigated by Albert et al in several
studies which focused on anti-bacterial applications.***° Interestingly, what Albert et al discovered
was the biological activity of 8QH was directly affected by the presence of metal ions in the cell
media. When the metal salts were removed a lower degree of activity was quantified. This
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suggested that the chelate form is more bioactive.’* > Expansion into the activity of 8QH and its

derivatives on other strains of bacteria has been reported in the literature.'® Bactericidal activity

is not the only biological application that has been assessed. The anti-microbial applications of

8QH have been extended into the area of anti-parasitics. Excellent activity was observed for 8QH

against three separate strains of Leishmania in both the promastigote (table 2.2.1) and the

amastigote form (table 2.2.2). Initial animal studies utilising BALB/c mice infected with cutaneous

strains of Leishmania exhibited a reduction in the lesion diameters, demonstrating the potential

application both in vitro and in vivo."’

Table 2.2.1. MTT colorimetric assay results for 8QH versus three strains of Leishmania. Selectivity indices are

also listed.

Strain

L. amazonesis

L. infantum

L. braziliensis

ICso (ug mL1)/Selectivity index

0.05 +0.02 /328.0

0.26 +0.04 / 62.0

0.35+0.06 /47.0

Table 2.2.2. Infectiveness reduction of Leishmania amastigotes in pre-infected macrophages.

Concentration

Infectiveness reduction (%)

1
(hg mL7?/ uM) L. amazonesis L. infantum L. braziliensis
10.0/68.9 823+33 86.1+2.2 70.6 + 3.1
5.0/34.5 762+ 2.4 82.6+1.0 58.1+1.7
2.5/17.2 68.0+1.7 71.0+33 484+2.2

Several of the halido substituted quinolinols have also been previously investigated to treat a

variety of ailments, including bacteria, fungi and protozoa. Figure 2.2.3 highlights the six 8-

quinolinol derivatives utilised in this study.
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8-Quinolinol, 1q 5-Chloroquinolinol, 2q 5,7-Dichloroquinolinal, 39
(Cloxyquin) (Chloroxine)
Br [
Cl
N
> X
~
Br =
OH
OH OH
5,7-Dibromoquinolinol, 49 5,7-Diiodoquinolinol, 59 5,7-Dichloro-2-methylquinolinol, 69
(Broxyquinoline) (lodoquin) (Chlroquinadol)

Figure 2.2.3. Structures of the six 8-quinolinol containing compounds utilised in this study. Common names

are also listed.

5-chloroquinolinol, or cloxyquin, has been studied as both an anti-bacterial and anti-fungal
complex. It has been shown to exhibit activity against Mycobacterium tuberculosis, including
strains that are classified as resistant to common first line antibiotics.’® Addition of another
chloride in the seven position forms the 5,7-dichloroquinolinol, which is commonly known as
chloroxine, an anti-fungal and anti-bacterial agent still widely used today.!® The methyl
substituted 5,7-dichloro-2-methyl-quinolinol (chlorquinaldol) has undergo strenuous testing of its
medical properties, with literature dating back to the 1950s reporting topical effects on fungi.?®
More recent studies have also been published highlighting its biological activity.?! Both the 5,7-
dibromoquinolinol, broxyquinoline and 5,7-diiodoquinolinol, iodoquin, have also been studied as
potential medicinals, though are less efficient than the chloro substituted analogues. lodoquin
was established as an anti-protozoan, however, was found to be toxic and cause potentially severe

side-effects when used topically.?>?* By chelating these compounds to a metal, it is anticipated
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that the medicinal effects may be fine-tuned, leading to enhanced selectivity and diminished side-
effects. The idea of using an aryl antimony is to mitigate the hydrophilicity of the front-line
pentavalent antimony treatments for Leishmania, to potentially allow for oral consumption of the
drugs. Therefore, it was theorised that by incorporating these medically active organics into the
more lipophilic Sb(V) precursors, that a new class of anti-Leishmanial complexes could be
produced. These differed from the conventional triaryl carboxylate, by utilising an N,O binding
mode through a deprotonated alcoholic hydroxyl moiety. From this, six new novel complexes 1Sq,
[SbPhs(CsHeNO)(OH)], 2Sq, [SbPhs(CoHsNOCI)(OH)], 3Sq, [SbPhs(CoHsNOCI)(OH)], 4Sq,
[SbPh3(CoHaNOBr;)(OH)], 55q, [SbPh3(CoHaNOI,)(OH)] and 6Sq, [SbPhs(CoHsNOCI,CH3)(OH)], were
synthesised, fully characterised and their anti-Leishmanial activity assessed. Complexes of this
general formula were not previously known in the literature and are the first examples of Sb(V)

triaryl mono-hydroxido quinolinolates (figure 2.2.4).

R2

O R

/

Y
| \ /
5 OH o5

R'=H, Cl, Cl, Br, |, Cl
R2=H, H, Cl, Br, I, Cl
R3=H, H, H, H, H, Me

Figure 2.2.4. General formula of the complexes 15q — 6Sq.
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2.2.3 Synthesis and characterisation

2.2.3.1 Synthesis

Similar to the synthesis of the series of acetate complexes (section 2.1), the quinolinol complexes
were formed via an oxidative addition of tertiary-butyl hydroperoxide to the triaryl antimony
precursor (scheme 2.2.1). The initial approach was the addition of peroxide to two equivalents of
the desired quinolinol to generate the bis-substituted complex similar to the formation of the
common triaryl Sb(V) carboxylate complexes. However, it was found by *H NMR spectral analysis
of the product of the 8-quinolinol complex, 1Sq, that this was not the case. The synthetic route
follows the initial oxidation to the SbPh3(OH), precursor, whereby condensation subsequently
occurs at one hydroxyl, forming a mono-hydroxido quinolinolate complex (scheme 2.2.2). Even
when heating the mono-hydroxido quinolinolate complex with an additional equivalent of the

quinolinol, no formation of the bis complex is observed.

Toluene

(L)) —X> &R 2w
-~

+ 2
N 2(tBuOOH) © ©
OH
=RH
Scheme 2.2.1. Hypothesised pathway for formation of Sb(V) quinolinolate complexes.

AN
Toluene OH + N/ H,0 HO R

4’ HO\

SO FO LTS

Scheme 2.2.2. General scheme for the experimentally determined pathway for the formation of the mono-

hydroxy quinolinolato Sb(V) complexes 15q — 6Sq. All reaction conditions and biproducts are not listed.
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Therefore, an adjustment was made to the synthesis to isolate the desired Sb(V) complex in a
higher yield, with minimal by-products. Only one equivalent of the quinolinol was added to the
oxidised triaryl antimony precursors in the correct product stoichiometry. All reactions were
performed in toluene or diethyl ether. Solubility of the quinolinol reagents decreased as the halide
substitution increased, however, the solubility of SbPhs in both solvents ensured the
heterogeneous reaction was still able to proceed. All the products were easily obtained by removal
of the solvent, tBuOH and H,0 under reduced pressure. The initial crude product obtained was a
yellow oil, however sonication in H,O resulted in the isolation of each complex as a bright yellow
powder. Complex 6Sq, [SbPhs(CsHsNOCI,CHs)(OH)], differed, yielding a green solid. This variation
in colour was the result of the quinolinol binding to the metal centre, as all the starting reagents,
1 - 6, were off white or pale yellow. Yields for these complexes ranged from 72 — 90 %. All
complexes synthesised are novel and the first of their kind, with the only marginally similar
complex in the literature a triphenyl antimony(V) monochloro 8-quinolinol complex synthesised

in 1969.%

2.2.3.2. Characterisation

All complexes were characterised by *H and *C NMR, FT-IR, mp, elemental analysis and X-ray
crystallography. The H and C NMR spectroscopic analysis was undertaken in ds-
DMSO for both carbon and hydrogen spectra. Binding was characterised by the lack of the
hydroxyl proton of the parent quinolinol in the ranges of 9.78 ppm — 11.05 ppm. The shift to higher
frequencies for the phenyl protons of the antimony reagent (SbPhs) is characteristic of these triaryl
Sb(V) complexes.'> 1326 The 'H NMR of an example complex 2Sq, [SbPh3(CsHsNOCI)(OH)], is given

below along with a comparison to the two parent reagents (figure 2.2.5).
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Figure 2.2.5. Comparative *H NMR overlay of complex 2sq, [SbPh3(CoHsNOCI)(OH)], in ds-DMSO, with SbPhs
and free quinolinol, 2q, cloxyquin. The water and ds-DMSO signals appear at 3.33ppm and 2.50ppm

respectively.

The most distinct difference from the starting materials is the presence of the proton of the bound
hydroxyl moiety, at 4.95 ppm. These covalently bound hydroxyls range from 4.78 ppm —5.51 ppm
in complexes 1Sq —6Sq. It can be observed that upon oxidation and binding of a ligand, the phenyl
protons of the triphenyl antimony become more resolved (figure 2.2.6). The o-Ph protons form
the multiplet at 7.70 ppm in complex 2Sq, whereas the m-Ph and p-Ph protons are found to be
overlapping more upfield at approximately 7.21 ppm. As both the para and meta protons are
further from the metal centre, the upfield shift compared to the ortho phenyl protons is expected.
The ortho protons also become more downfield shifted upon oxidation and binding. This is most
likely due to the presence of more electron de-shielding from the bound quinolinol and hydroxyl

moiety, leading to the greater resolution of these aryl protons in the complexes. Shifting of the
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aromatic signals of the free quinolinol is also present, with a greater degree of shifting observed
for the protons closer to both the oxygen and nitrogen atoms in the quinolinolate moiety (figure

2.2.6).

SbPhs

J\ JL L

T T T T T T T T T T T T T T T T T T T T T T T T T T T

102 100 98 96 94 92 90 88 86 84 82 80 78 7.6 74 7.2 7.0

(ppm)

Figure 2.2.6. Insert of the aromatic region of complex 2Sq, [SbPh3(CsHsNOCI)(OH)], free quinolinol 2q,

cloxyquin and SbPhs.

13C NMR was difficult to obtain, with three distinctive signals of the phenyl groups visible, but
failing to yield information on the quinolinol. This may possible be due to prototropic
tautomerisation of the ligand in wet DMSO. Strong hydrogen bonding of the ligand to the solvent,
coupled with this tautomerisation could lead to broadening or even disappearance of the carbon
signals, which was observed for all complexes.?’” Nevertheless, 'H NMR and other analytical
techniques were able to be employed to determine with certainty the complex structure and

purity. The three distinctive signals of the phenyl rings were found to be shifted upfield, which
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correlates well to previous triphenyl antimony complexes.'> 2 The quaternary carbon of the
phenyl ring was also unobservable within the spectra. This tautomerisation of the quinolinol will

be discussed in greater detail in section 2.3.

Infrared analysis of each of the complexes allowed for confirmation of the binding mode observed
in the 'H NMR spectra. The absence of the large and broad OH signal from the parent quinolinol
was observed in all complexes at ranges of ~ 3300 — 2800 cm. This signal was replaced by the
presence of the covalently bound hydroxyl which was found to give a narrower range of the 3306
—3241 cm™, and was found to be weaker than that of the alcoholic hydroxyl of the free quinolinol.
A significant reduction of the strong C-N signal ranging from 1201 — 1290 cm™ and OH bend
ranging from 1331 —-1276 cm™ present in the parent quinolinol was also noted upon complexation
to the antimony. A comparison of the example complex, 2Sq, [SbPhs;(CoHsNOCI)(OH)], is given
below against the parent ligand 2q, cloxyquin (figure 2.2.7). The remaining significant hydroxyl

shifts for the other complexes are listed in Table 2.2.3.
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Figure 2.2.7 Comparative IR spectrum of the complex 25q, [SbPh3(CoHsNOCI)(OH)], versus the free ligand 2q.

Significant signals have been labelled.

Table 2.2.3. IR stretching and bending frequencies of the alcoholic quinolinol hydroxyl versus the covalently

bound hydroxyl of the complex

Compound v-(OH) (cm?) 5-(OH) (cm™)
1q 3106 1497
1Sq 3371 1469
3q 3067 1481
35q 3290 1429
4q 3070 1488
4asq 3275 1430
5q 2950 1481
5Sq 3050 1430
6q 2763 1432
6Sq 3306 1430
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2.2.3.3 X-ray crystallography

All complexes 1Sq — 6Sq were able to be structurally identified using X-ray diffraction. Single
crystals of complexes 25q — 65q were obtained by dissolving a small amount of the pure powder
into DMSO and allowing it to cool to room temperature. Complex 1Sq, [SbPh3(CoHsNO)(OH)],
crystallised from the yellow toluene filtrate of the reaction mixture. All complexes excluding 1Sq
and 6Sq exist in the monoclinic P21/n space group.”?® Complexes 1Sq and 6Sq differ presenting as
P2,/C and Pna2; respectively. The coordination number of the all the complexes is six, with the
metal centre adopting a distorted octahedral geometry. This geometry is less common for triaryl
Sb(V) complexes, with the usual coordination number of five in bis-carboxylates resulting in a
trigonal bipyramidal geometry. However a similar configuration was observed in a mono-
mandelate complex of the general formula (SbPhsL.DMSO) due to the dative interaction with the
solvent moleulce.> A series of triaryl antimony hydroximates also share this less common
octahedral geometry and coordination number of six.?’ These complexes were all found to deviate
from an ideal 180 ° angle along the axial plane orientation of the covalently bound hydroxyl and
the deprotonated quinolinol, with ranges of 1643 - 174.0 °. Complex 6Sq,
[SbPh3(CsH3NOCI,CHs)(OH)], was found to exhibit the least distortion with a bond angle of
174.0(14) ° for O(1) — Sb(1) — O(2), whereas the cloxyquin analogue 2Sq, [SbPh3(CsHsNOCI)(OH)],
deviated the most from the ideal 180 ° with an angle of 164.3(8) °. The phenyl rings sit in the usual
propeller like conformation in the remaining equatorial positions.'? > 26 Complexes 2Sq — 6Sq all
incorporate a DMSO molecule within the lattice, hydrogen bonding to the covalently bound
hydroxyl. A brief summary of each complex, disregarding example complex 2Sq, is given below in
figures 2.2.8 —2.2.12. 2Sq will be discussed in more detail. Selected bond lengths and angles are

listed with all atoms at 50% probability.
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Figure 2.2.8. Solid-state structure of complex 1sq, [SbPhs(CsHsNO)(OH)] thermal ellipsoids at 50%
probability. Hydrogen atoms omitted for clarity, selected bond lengths (A and angles (°). Sb(1) — O(1)
2.014(4), Sb(1) — 0(2) 2.072(3), Sb(1) — N(1), 2.400(4), Sb(1) — C(1)2.167(5), Sb(2) — O(3) 1.984(4), Sb(2) —
0(4) 2.115(3), Sb(2) — N(2), 2.329(4), Sb(2) — C(28), 2.135(4); O(1) — Sb(1) — O(2) 169.1(14), O(1) — Sb(1) —
N(1) 94.13(14), O(2) —Sb(1) — N(1) 75.08(13), C(1) — Sb(1) — C(13) 164.0(19), C(1) — Sb(1) — C(7) 99.46(18).
Figure 2.2.9.

0@3)

Solid-state structure of complex 3sq, [SbPhs(CsHsNOCIz)(OH)] thermal ellipsoids at 50% probability.
Hydrogen atoms omitted for clarity, selected bond lengths (A and angles (°). Sb(1)— 0(1) 2.128(2), Sb(1) —
0(2) 1.965(2), Sb(1) — N(1), 2.400(3), Sb(1) — C(10) 2.134(3), H(2) — O(3) 1.956; O(2) — Sb(1) — O(1) 164.9(10),
0(2) —Sb(1) — N(1) 91.48(10), O(1) — Sh(1) — N(1) 73.51(9), C(10) — Sb(1) — C(22) 163.7(13), C(16) — Sb(1) —
C(22) 96.90(13)
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Figure 2.2.10. Solid-state structure of complex 4sq, [SbPh3(CoHaNOBrz)(OH)} thermal ellipsoids at 50%
probability. Hydrogen atoms omitted for clarity, selected bond lengths (A and angles (°). Sb(1) — O(1)
1.972(2), Sb(1) — 0(2) 2.120(2), Sb(1) — N(1), 2.402(3), Sb(1) — C(1) 2.134(3), H(2) — O(3) 1.913; O(2) — Sb(1)
—0(1) 165.4(9), O(2) —Sb(1) — N(1) 92.10(9), O(1) —Sb(1) —N(1) 73.37(9), C(7) —Sb(1) — C(13) 163.0(12), C(1)
—Sb(1)—C(7) 97.89(12).

Figure 2.2.11. Solid-state structure of complex 5sq, [SbPhs3(CsHsNOI2)(OH)] thermal ellipsoids at 50%
probability. Hydrogen atoms omitted for clarity, selected bond lengths (A) and angles (°). Sb(1) — O(1)
1.966(4), Sb(1) — 0(2) 2.118(3), Sb(1) — N(1), 2.389(4), Sb(1) — C(1) 2.156(5), H(2) — O(3) 1.997; O(2) — Sb(1)
—0(2) 167.0(15), O(2) —Sb(1) — N(1) 93.41(15), O(1) — Sb(1) — N(1) 73.81(14), C(1) —Sb(1) — C(15) 163.1(17),
C(1) - Sh(1) — C(7) 96.20(2).
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Figure 2.2.12. Solid-state structure of complex 6sq, [SbPhs(CoH3NOCI.CH3)(OH)] thermal ellipsoids at 50%
probability. Hydrogen atoms omitted for clarity, selected bond lengths (A) and angles (°). Sb(1) — 0(2)
1.977(3), Sb(1) — O(1) 2.115(3), Sb(1) — N(1), 2.597(4), Sb(1) — C(1) 2.140(6), H(2) — O(3) 1.881; O(2) — Sb(1)
—0(1) 174.0(14), O(2) — Sb(1) — N(1) 103.3(14), O(1) — Sb(1) — N(1) 70.77(13), C(7) — Sb(1) — C(13) 152.8(2),
C(1)-Sh(1) - C(7) 104.7(2).

Example complex 2Sq was found to be analogous to the remaining complexes, as all were found

to exhibit the general formula of [SbPh3(CsH4sNORR’)(OH)] (figure 2.2.13).
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Figure 2.2.13. Solid-state structure of complex 2sq, [SbPhs3(CoHsNOCI)(OH)] thermal ellipsoids at 50%
probability. Hydrogen atoms omitted for clarity, selected bond lengths (A and angles (°). Sb(1) — O(1)
1.957(19), Sb(1)—0(2) 2.116(18), Sb(1) —N(1), 2.358(2), Sb(1) — C(1) 2.135(3), H(2) — O(3) 1.956; O(2) —Sb(1)
—0(1) 164.3(8), O(2) — Sb(1) — N(1) 90.25(8), O(1) — Sb(1) — N(1) 74.27(7), C(1) — Sb(1) — C(15) 165.5(9), C(1)
—Sb(1)-C(7) 95.17(10).

The average bond lengths for the carbon to antimony of the phenyl rings was found to be 2.138
A, which is well within the range for a covalent bond. Clarification of the covalent nature of the
hydroxyl was also established by the bond length observed of 1.957(19) for Sb(1) — O(2). This
length is well within the covalent radius of antimony and oxygen.3*3? The coordinative behaviour
of nitrogen was confirmed by the bond length of 2.358(2) A for Sb(1) = N(1). This dative interaction
is favourable as it forms a five-membered chelate ring to the antimony centre, which overall
increases the stability of the complex.® Similar dative bond lengths for an antimony — nitrogen
interaction was observed in the Sb(lll) equivalent bis-quinolinolato complexes synthesised by
Hoskins et al, of which were found to be 2.368(7) A for Sb(1) — N(1) and 2.373(7) A for Sb(1) -
N(2).2* The tetranuclear 8-hydroxyquinolinol Sb(lll) complex synthesised by Jami and Basker also
exhibited a similar, though slightly shorter, dative bond length of 2.238(2) A.3* Along with

complexes 35q — 6Sq, 2Sq was found to incorporate a hydrogen bonded DMSO solvent molecule

85



in the lattice, with a strong hydrogen — oxygen interaction length of 1.956 A. A table summarising

the crystallographic data of complexes 1Sq — 6Sq is given below in table 2.2.4.

Table 2.2.4. Crystallographic data of triphenyl mono-hydroxido Sb(V) quinolinolates, 1Sq — 6Sq

1Sq 2Sq 3Sq 4Sq 5Sq 6Sq
Chemical 2(C27H22N02$ C27H21C|N025b C27H20C|2N025 C27H2()BI’2N02$ C27H20|2N025b C23H22C|2N025
formula b) -DMSO b.DMSO b-DMSO .DMSO b-DMSO
M, 1028.41 626.77 661.22 750.14 844.12 669.20
Crystal system, Monoclinic, Monoclinic, Monoclinic, Monoclinic, Monoclinic, Orthorhombic
space group P2:/c P21/n P21/n P21/n C2/c , Pna2;
Temperature (K) 123 293 296 293 296 296
a, b, c(A) 19.5772 (4), 15.280 (3), 16.1527 (10), 16.350 (3), 27.1171 (14), 17.1394 (3),
13.9073 (2), 9.940 (2), 9.9269 (8), 9.880 (2), 9.8206 (4), 10.5124 (2),
17.9336 (3) 17.950 (4) 17.8073 (15) 17.850 (4) 22.1552 (11) 16.0786 (4)
Vv (A3) 116.471 (2) 2586.2 (10) 2719.9 (4) 2754.9 (11) 5775.9 (5) 2896.98 (10)
7 4 4 4 4 8 4
Tminy Tmax 0.627, 1.000 0.386,0.434 0.688, 0.745 0.373 0.434 0.624, 0.745 0.695, 0.745
Rint 0.048 0.053 0.062 0.058 0.058 0.058
(sin 8/N)max (A1) 0.634 0.633 0.610 0.641 0.610 0.617
R[F2 > 20(F?)], 0.042, 0.107, 0.031, 0.077, 0.034, 0.066, 0.034, 0.093, 0.036, 0.075, 0.028, 0.059,
WR(F?), S 1.05 1.06 1.02 1.05 1.02 1.04
No. of reflections | 8327 5494 5147 6075 5465 5694
No. of 561 330 337 339 339 342
parameters

2.2.4 Stability studies and biological activity

2.2.4.1. Stability studies

Like most triaryl Sb(V) complexes, 1Sq, [SbPh3(CoHsNO)(OH)], 2Sq, [SbPh3(CsHsNOCI)(OH)], 3Sq,

[SbPh3(CsHsNOCI)(OH)], 4Sq, [SbPhs(CsHaNOBr2)(OH)], 5Sq, [SbPhs(CsHaNOIR)(OH)] and 6Sq,

[SbPh3(CsH3NOCI,CHs)(OH)], exhibited a high degree of stability in the solid state as determined

by melting point analysis over a long period of time, and further confirmed by elemental analysis

of the samples. Even with repeated exposure to changing atmospheric conditions there was no

observable degradation of any of the complexes. All complexes were examined for their solution
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state stability in de-DMSO using *H NMR spectroscopy over a period of t=0hrs,t =24 hrsand t =
one week. Complex 2Sq will be discussed as an example. After 24 hours there was no significant
change in 2Sq, however it was noted that after one week the solution colour changed from bright
fluorescent yellow to colourless and a solid was present at the bottom of the tube. This solid was
insoluble in the NMR solvent (de-DMSO) and the *H NMR spectra indicated the presence of no
signals. Therefore, it can be concluded that the complexes are not stable in de-DMSO for extended

periods of time.

2Sq Ohrs

o

25q 24hrs

i N W |Jﬂ U JL .

25qg 1 week

a.n 85 80 75 7.0 6.5 6.0 58 50 45 4.0 35 3.0 25 2.0
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Figure 2.2.14 *H NMR study if complex 2Sq, [SbPh3(CoHsNOCI)(OH)], in ds-DMSO at times 0 hours, 24 hours

and 1 week. Residual H20 and DMSO signal are found at 3.33 ppm and 2.50 ppm respectively.
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2.2.4.2 Biological activity

All antimony complexes underwent both a mammalian cytotoxicity assay and an anti-
promastigote assay to establish base-line activity. Initial studies on the anti-promastigote activity
of complexes 1Sq, [SbPh3(CsHsNO)(OH)], 2Sq, [SbPh3(CsHsNOCI)(OH)], 3Sq,
[SbPh3(CoHsNOCI,)(OH)], 4Sq, [SbPhs(CsHsNOBr2)(OH)], 5Sq, [SbPhs(CsHsNOIL)(OH)] and 6Sq,
[SbPh3(CsH3NOCI,CHs)(OH)], yielded highly potent results. The ICso value range derived from the

average of repeated experiments was within the values of 2.03 — 3.39 uM (figure 2.2.15).

Viability vs concentration of complexes 1sq - 6sq against L. major promastigotes

100

1sq . 4sq
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Figure 2.2.15 Comparison of percentage cell viability after treatment with the Sb(V) complexes 1sq — 6sq,
against L. major promastigotes. Dose response curves were generated over a range of concentrations (48nM
- 100uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were compared

spectroscopically to non-treated control and the percent growth inhibition calculated.
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Unfortunately the same selectivity that was observed for the triphenyl carboxylate complexes of

section 2.1 was not retained with the Sb(V) monohydroxido quinolinolates.'> 13 The complexes

varied in their cytotoxicity with a range of 12.7 uM — 46.9 uM obtained (figure 2.2.16).

% Viability

50

Viability vs concentration of complexes 1sq - 6sq against human fibroblasts
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Figure 2.2.16. Comparison of percentage cell viability after treatment with the Sb(V) complexes 1sq — 6sq,

against human fibroblasts. Dose response curves were generated over a range of concentrations (48nM -

100uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were compared

spectroscopically to non-treated control and the percent growth inhibition calculated

The chelate of the 8-hydroxyquinolate, 1Sq, [SbPh3(CsHsNO)(OH)], proved the most cytotoxic

toward the human fibroblasts, with the least toxic complex found to be the iodoquin chelate, 55q,

[SbPh3(CsH4NOI,)(OH)]. This was surprising due to the previous studies on iodoquin exhibiting

cytotoxic effects humans.?> 3¢ A clear trend was observed which showed that the toxicity towards

mammalian cells decreased with an increase in the halogen size on the R and R’ positions (figure
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2.2.4). From these values a selectivity index could be calculated by dividing the ICso value of the
fibroblast assay by the ICsovalue obtained from the anti-promastigote assay. From this a range of
4.52 — 16.7 was calculated, with 55Sq exhibited as the most selective out of the six triphenyl

antimony mono-hydroxido quinolinolato complexes (table 2.2.5)

Table 2.2.5. Selectivity indices of complexes 1sq — 6sq. Indices calculated based on
ICso(mammalian)/ICso(parasite). Yellow highlights the least selective, with the values in green indicating a

high degree of selectivity.

Complex 1Sq 2Sq 3Sq 4Sq 55q 6Sq
ICso(fibroblasts) pM 12.7 18.6 24.5 41.4 46.9 32.8
ICso(promastigote) pM 2.81 3.39 3.05 2.52 2.81 2.03
Selectivity index 4.52 5.49 8.03 16.4 16.7 16.2

Despite the significant cytotoxicity of complexes 1Sq and 2Sq, the amastigote invasion assay was
conducted at a concentration of 10 uM. Fibroblasts are considered a more fragile mammalian cell
line and so it was theorised that the macrophages would be more resistant to the toxic effects of

1Sqg and 2Sq.

Complexes 1Sq — 6Sq were then assessed against the amastigote form, utilising the same assay as
described in section 2.1. In contrast to the complexes described in section 2.1, the antimony
mono-hydroxido quinolinolates exhibited excellent activity against the amastigote form, with
percentage infection values ranging from 9.00 — 2.25 %. Similar to the cytotoxicity studies, a trend
was observable for the antimony complexes, with better activity observed with the increase of

halogen size on the 5 and 7 position of the halido-quinolinol (figures 2.2.17 and table 2.2.6).
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% Infection by L. major am astigotes after treatment with 10 tM concentrations of

complexes 1Sq - 6Sq

100 7

50 7
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%

Figure 2.2.17. Infected macrophages after treatment of complexes 1Sq — 6Sq, after 48 hours. Number of
infected macrophages was determined microscopically, in duplicate of fixed specimens. Amphotericin B
(AmpB) was used as a positive control at 10 uM concentration. A DMSO control was also employed at a 1%
concentration. Error bas indicate SEM, one-way ANOVA. Dunnett’s multiple comparison test was used to

determine the statistical significance between all test compounds and a positive control lacking treatment

(+ve control)

Table 2.2.6. Percentage Infection values for complexes 1Sq — 6Sq, all values are calculated by comparison to

a positive control of untreated infected cells.

Complex 1Sq 2Sq 3Sq 4Sq 55q 6Sq

% Infection | 7.75+0.85 | 8.25+0.95 | 6.00+ 0.71 | 4.25+0.48 | 2.25+0.25 | 9.00 + 0.83
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From the graph it can be seen that complex 5Sq, [SbPh3(CsH4sNOI;)(OH)], the iodoquin complex,
had the greatest degree of activity with the lowest value for percentage infected of 2.25 % + 0.25.
Whereas the compound that exhibited the least activity was the chlorquinaldol complex 6Sq,
[SbPh3(CsH3NOCI,CHs)(OH)], yielding a value of 9.00 % + 0.83. Despite this, all six of the mono-
hydroxido quinolinolates exhibited a higher degree of activity than the Sb(V) carboxylates of
section 2.1. A trend was observed for the efficacy of the complexes, with the increase of halogen
size on both the 5 and 7 position of the complexes resulting in an increase of anti-amastigote
activity, with values of 6.00 % + 0.71, 4.25 % + 0.48 and 2.25 % + 0.25 for complexes 3Sq,
[SbPh3(CoHaNOCI,)(OH)], 4Sq, [SbPh3(CsHsNOBr;)(OH)] and 5Sq, [SbPhs(CsHsNOIL)(OH)],
respectively. This difference in the halogen size and electronegativity may contribute to the
difference in activity. Further investigations into halogen substitution is required to fully elucidate
whether it plays a major role in the biological efficacy. The cloxyquin complex 2Sq,
[SbPh3(CsH4NOCI)(OH)] was found to be less active than the 5,7-halido substituted complexes of
chloroxine, broxyquinoline and iodoquin, with a value of 8.25 % + 0.95. The complex of the
simplest ligand, 8-quinolinol, 1Sq, [SbPhs(CsHsNO)(OH)], followed after it with a percentage
infection value of 7.75 % + 0.85. Based on the previously calculated selectivity indices, complex
5S8q was therefore found to be the best candidate for future in vivo testing, due to its 16-fold

difference between mammalian and parasite I1Cso and high degree of anti-amastigote activity.

Activity of the parent quinolinols were also assessed at 10 uM to identify whether binding to a
metal enhanced the biological activity. All antimony complexes outclassed the parent quinolinols
1 - 6, with percentage infection values in the range of 12.5 — 30.8 %. These are listed below in
table 2.2.7. Though 8QH in particular has been proven to exert anti-leishmanial activity, it seems
that by chelating it to a metal this activity is increased. Whether the metal acts synergistically or
acts as a delivery system remains to be seen. Further mechanistic studies are required to elucidate

the mechanism of action.
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Table 2.2.7. Percentage Infection values for parent quinolinols 1q — 6q, all values are calculated by

comparison to a positive control of untreated infected cells.

Complex 1q 2q 3q 4q 5q 6q

% Infection 15.3+3.00 | 21.5+5.13 | 30.8+3.28 | 23.8+4.86 | 16.0+2.81 | 12.5+2.92

In section 2.1, antimony complexes of acetates 1S — 75’, were found to have percentage infection
values ranging from 7.75 — 40.5 %, with only compound 6S, the p-methoxyphenyl acetate,
exhibiting a higher degree of activity than complexes 6Sq and 2Sq. Though these quinolinolate
complexes are more toxic to the intracellular parasite, their selectivity when paralleled to the
Sb(V) acetic acetates pales in comparison.'® Selectivity is often a reoccurring issue when designing
anti-Leishmanial complexes. Studies into complexes containing other metals such as gold,
ruthenium and zinc, have incorporated a variety of mammalian cytotoxic controls to gauge the
selectivity when compared to the activity against Leishmania spp and other microbes.?”*° Several
recent publications of effective anti-Leishmanial antimony(V) complexes tend to omit this
important deduction with a lack of cytotoxicity assays performed on a variety of Sb(V) aryl
carboxylates.*¥*® It is vital that cytotoxicity assays be performed on complexes to determine

whether future testing is applicable.

All selectivity indices of the complexes 1Sq — 6Sq fall above the FDA guidelines for potential
therapeutics, with the FDA defining a Narrow Therapeutic index (NTI) as anything that exhibits
less than a two-fold difference between the LDsq (or ICso) and EDsg (which in this case is the 1Csg of
the mammalian cells, also known as the CCso).** In fact, complexes 4Sq — 6Sq actually proved to
be fairly selective, all presenting with 16-fold differences when compared to complexes 1Sq — 3Sq,

of which had selectivity indices in the ranges of 4.52 — 8.03.
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2.2.6 Conclusion

Following on from our previous conclusions of the non-selective activity of Bi(V), the solo use of
the group 15 metalloid antimony was employed. To further establish structure activity, six novel
complexes that incorporated a medically active class of organic heterocycles and a covalent bound
hydroxyl were synthesised. Complexes 1Sq, [SbPhs;(CoHsNO)(OH)], 2Sq, [SbPh3(CsHsNOCI)(OH)],
3Sq, [SbPhs(CsHsNOCI2)(OH)], 4Sq, [SbPhs(CoHsNOBr2)(OH)], 5Sq, [SbPhs(CsHaNOI2)(OH)] and 6Sq,

[SbPh3(CsH3NOCI,CHs)(OH)], exhibited an overall coordination number of six.

These complexes, which presented with the general formula [SbPh3(CsHsNORR’)(OH)], were all
synthesised by an oxidative addition of tert-butyl hydroperoxide to the triphenyl antimony
precursor, before addition of one equivalent of the quinolinols 1 — 6. All complexes were obtained
in moderate to high yields of 72 — 90 % and were characterisation via *H and *C NMR, melting

point, FT-IR, elemental analysis and single crystal X-ray crystallography.

Complexes 25q — 6Sq, were found to be analogous in structure, presenting as monomers, with
1Sq found to exist in a dimeric aggregation state. This dimerisation was proposed to be due to the
interaction of the hydroxyl moiety of one unit with the hydroxyl of the other. However, difficulties
in modelling the hydrogen positions were unable to confirm this. The hydroxyl moiety in
complexes 25q — 6Sq were found to be interacting with a solvent molecule of DMSO, which most
likely promoted crystallisation. The phenyl rings of all complexes were found to occupy three of
equatorial positions of the distorted octahedron, with the remaining position occupied by the
dative interaction between antimony and the quinolinol nitrogen. The quinolinol oxygen and the
hydroxyl moiety occupying the axial positions in an almost linear angle, with only very minor
distortion about the O — Sb — O bond, ranging from 174.0 — 164.3 These complexes are the first

examples of a triaryl antimony mono-hydroxido quinolinolato complexes.
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Stability of the complexes was assessed by a *H NMR study over a period of 0 hours, 24 hours and
one week. It was observed that the complexes were stable after dissolution into ds-DMSO for the
24 hours period, however after one week the complexes were broken down into insoluble white

crystalline products, with no soluble traces observed in the de-DMSO NMR.

Each complex underwent assessment of their mammalian cytotoxicity and their potential anti-
Leishmanial activity. A cell viability assay was performed on L. Major promastigotes, with the
mammalian control cell of human primary fibroblasts. Each complex exhibited excellent activity
against the parasite, but did retain a moderate level of human cytotoxicity, with selectivity indices
ranging from 4.52 - 16.7. The smaller indices of 1Sq — 3Sq however do still fall above the FDA
approved range for a narrow therapeutic index, with complexes 4Sq - 6Sq proving to exhibit a
greater degree of selectivity, each above a 16-fold difference between ICsg and CCso. An observable
trend was concluded, with the increase of halogen size resulting in a higher degree of selectivity.
This trend was extended out into the anti-amastigote activity, with Cl < Br < I. Complex 58q, the
iodoquin complex, was determined to be the best candidate for future in vivo testing due to its

higher degree of selectivity and anti-amastigote activity.

The addition of an alcoholic hydroxyl antimony — oxygen bond was explored over the conventional
carboxylate binding moiety to establish whether this may induce a higher level of reactivity
towards microbes. The use of an already established class of organic drugs molecules, the halido-
8-quinolinols, was explored in the hope that the addition of bioactive molecules may also
contribute to both activity and selectivity. Though the initial plan of bis-substitution by the 8-
quinolinol derivatives was not obtainable, the addition of the covalent bound hydroxyl from the
dihydroxido antimony intermediate was interesting nevertheless both structurally and

biologically. This has highlighted the need for further testing of the group 15 complexes in a more
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clinically relevant in vivo setting, exhibited by the moderate selectivity and high degree of

bioactivity.
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2.3 Synthesis, characterisation, photophysical properties and biological activity

of alkyl gallium and indium quinolinolato complexes

2.3.1 Gallium and Indium

2.3.1.1 Group 13 complexes as medicinals: Gallium

As discussed previously in section 1.5, both gallium and indium compounds are predominately
found in trivalent state.! The use of gallium as a medicinal complex has been well established.
Some of the earliest uses of gallium are due to the discovery of the localisation of the radioactive
7Ga in malignant cells (in the form of gallium citrate (figure 2.3.1)).2 This led to the formulation of
newer more stringently tested complexes for the detection of tumour cells for various forms of
cancer.? It also was frequently incorporated as a detection drug for any residual cancerous growth
and/or cells after a patient had undergone chemotherapy/radiotherapy. This allowed doctors to
determine whether a relapse may occur in the near future.* Gallium complexes were found to
not only be able to detect cancerous growth, but in certain instances were able to induce
metabolic distress in these rapidly growing cells.>® Gallium nitrate (Ganite ™) is still used widely

today for the treatment of cancer-associated hypercalcemia (figure 2.3.1).”-8

57Gallium Citrate Gallium nitrate (Ganite ™)

Figure 2.3.1 Empirical structures of ’Gallium citrate and commercial Gallium nitrate (Ganite ™).
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Ganite ™ works via inhibition of oestoclast activity and calcium resorption from bone, exerting a
hypocalcemic effect.’ The use of gallium has been expanded upon from radiopharmaceuticals to
anti-microbial and anti-cancer agents. As discussed previously, the theory behind gallium anti-
microbial activity can be attributed to its pharmacological properties in the +lll state, and its
similarities to the physiologically essential Fe(lll). Gallium is able to replace iron and block cellular
homeostasis by its lack of a physiologically possible reductive pathway (Ga(lll) — Ga(Il)).% ° There
are multiple pathways that gallium is able to take in able to enter pathogenic organisms, including
siderophores, ion channels and transferrin and lactoferrin, often at a higher efficacy than the

external iron sources.!3

2.3.2 Group 13 complexes as medicinals: Indium

Despite its electronic and chemical similarities to gallium, there is little in regards to the use of
indium in a medicinal setting. Instead, a large emphasis has been placed on indium complexes as
OLEDs (organic light emitting diode) and semi-conductors.! Indium has been shown to accumulate
in bacteria, however the mechanism of uptake of indium is still unclear.* It has been proposed
that the uptake of indium is related to the uptake of gallium in bacterial cells. The interaction of
indium with Pseudomonas fluorescens, a bacterium notable for its studies of metal interactions,
exhibited minimal influence on bacterial growth.” Indium nitrate has shown anti-microbial
activity against the marine bacterium V. Fischeri, theorised to be induced by interactions with a
bacterial oxidative phosphorylation mechanism.® Species of microalgae, including Chlorella
vulgaris and Dapnia magna have also shown a high degree of susceptibility to indium nitrate. One
hopeful study concluded that indium complexes of 1,4,8,11-tetraazacyclotetradecane (TETA)

were an effective treatment against Mycobacterium tuberculosis, the pathogen responsible for
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tuberculosis (figure 2.3.2).Y” Nevertheless, the studies into indium anti-microbials is currently

limited and an area of study should be expanded upon in the future.

HO

Indium TETA

Figure 2.3.2. Hypothesised structure of Indium TETA complex

2.3.3 Leishmania and iron acquisition

In section 1.1 the Leishmania parasite was introduced, a devastating and highly infectious
protozoa.’*? The front-line treatments for Leishmania incorporate pentavalent antimony
metallodrugs, as discussed in section 1.3. In order to grow and replicate Leishmania, like all
eukaryotes, require iron, of which they obtain from exogenous sources. Leishmania are more
sophisticated in their ability to acquire iron than prokaryotic organisms, able to uptake iron by
multiple pathways. These pathways can be dependent on the species of Leishmania and its
surrounding environment.?? These change in acquisition are not only species dependant, but life
cycle dependant, with different pathways observed for promastigote and amastigote. For
example: L. chagasis promastigotes acquire iron from both transferrin and lactoferrin, essential
iron transfer proteins, whereas L. donavani promastigotes obtain iron from saturable binding of
haemoglobin (figure 2.3.3).2-%> Promastigotes acquire iron predominately in the +II state (ferrous),

with L. chagsis in particular utilising NADH-dependant reductases, which alludes to reductase-
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dependant iron uptake from both lactoferrin and transferrin.?* Amastigotes face a harsher
environment, within the iron poor and low pH phagolysosome of mammalian macrophages.? In
order to thrive, amastigotes possess a highly effective iron uptake system, which again can be
species dependant. For example: L. mexicana develops characteristics of a late endosomal
compartment, which potentially strips iron that is bound to the transferrin protein.” L.
amazonensis however possess a family of ferrous iron transfer proteins, which are a requirement

for cellular growth and development.?®

carbonate 7

arginyl
O
aspartyl

tyrosyl

tyrosyl

/NH tyrosyl

histidyl
tyrosyl @) OH Hd ]

Transferrin (active site) Lactoferrin (active site) Haem moiety

Figure 2.3.3. Iron transport proteins in biological systems

2.3.4. Alkyl gallium and indium quinolinolates

There is potential to exploit the exogenous iron acquisition of Leishmania by the introduction of
gallium complexes. Gallium has been shown to bind competitively to the iron transport proteins
lactoferrin and transferrin, leading to large influxes of gallium uptake intracellularly.’® In some
cases, gallium chelates can become too stable for any relevant activity to occur. This was observed
in the tris-8-quinolinolato complex (KP46) (figure 2.3.4). Synthesised as an anti-cancer agent, it
was found to be too thermodynamically and kinetically inert to elicit any anti-cancer activity. The
hydrolytic stability of KP46 led to an inferred decrease of gallium release which in turn led to a

decrease in gallium uptake, overall resulting in decreased biological activity.?
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gallium tris-8-quinolinolate (KP46)

Figure 2.3.4. Structure of anti-cancer complex gallium tris-8-quinolinolate (KP46)

To strike a balance between reactivity and stability, heteroleptic mono-methyl and bis-methyl
alkyl gallium quinolinolates were targeted. Due to the lack of activity of KP46, synthesis of the tris-
substitution was not pursed. Hydrophilicity has been a major hurdle for anti-Leishmanials,
therefore the additions of alkyl chains was hypothesised to increase complex lipophilicity. As
previously discussed, quinolinol is an extensively studied N,O metal chelator, with its analogues
exhibiting a variety of biological activities, including anti-Leishmanial activity.3°3> The idea was to
generate a class of complexes which would remain hydrolytically stable, but with the addition of
reactive Ga — C bonds would also exhibited enough activity to exchange readily with iron in the
presence of lactoferrin and transferrin. The effects of halide substitution of the quinolinols was
addressed to gauge whether a biological correlation could be established (figure 2.3.5). The
synthesis of the indium analogues was also attempted as a direct metal comparison to the more

clinically relevant gallium complexes.
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(Cloxyquin) (Chloroxine) (Broxyquinoline) (lodoquin)

Figure 2.3.5. Four 8-quinolinol derivatives explored in this study (1 —4).

2.3.5 Synthesis and characterisation.

2.3.5.1 Synthesis

In order to synthesise the complexes an inert and dry atmosphere was essential, due to the
commercially available trimethyl gallium precursor being a highly reactive and pyrophoric liquid.
The synthesis was straightforward and required only one pre-dried Schlenk vessel, via a modified
procedure from Bakewell et al.3® Prior to trimethyl gallium addition, the quinolinols 1 — 4 were
dried under high vacuum to remove excess moisture from the solid pale yellow to off white
compounds. Each quinolinol was suspended in either toluene or hexane, depending on the
equivalency (summarised in Scheme 2.3.1), and cooled to -78 °C. Trimethyl gallium was
transferred by a gas tight syringe to the pale yellow to off white suspension, giving an immediate
colour change to bright yellow and the visible evolution of methane gas. To obtain the mono-
methyl complexes, once warming to room temperature, the suspension was heated to reflux

overnight.
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Scheme 2.3.1. Synthetic approaches to bis-methyl and mono-methyl alkyl gallium quinolinolates.

The air and moisture stable solids were then extracted by suspending any solids adhering to the
sides of the flask, and collected via gravity filtration. Often the remaining filtrates were brightly
coloured, and so were left to stand, yielding single crystals of all gallium complexes 1G/G’ - 4G/G’
by slow evaporation at room temperature (figure 2.3.6). Complexes were obtained in excellent
yields of 89 - 97 % for complexes 1G, [Ga(Me).CoHsNOCI], 2G, [Ga(Me).CsH4NOCI,], 3G,
[Ga(Me),CoHsNOBFr;], and 4G, [Ga(Me),CoHsNOI;] and 72 - 83 % for complexes 1G’,
[GaMe(CoHsNOCI),], 2G’, [GaMe(CoH4NOCL).], 3G’, [GaMe(CsHsNOBry);] and 4G’

[GaME(C9H4NO|2)z].
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O-G5 O-g4
Ga
| /o

[GaCHg(L)2l, (G') [Ga(CH3),L], (G)

Figure 2.3.6. General formula of the synthesised gallium complexes 1G - 4G, [Ga(Me):L] and 1G’ - 4G’,
[GaMe(L):].

The indium complexes required an additional step, the synthesis of trimethyl indium. This was
performed by suspending anhydrous indium trichloride in hexane before the addition of three
equivalents of methyl lithium at -78 °C. The soluble trimethyl indium was then extracted from the
lithium chloride by-product by filter cannulation directly into a Schlenk flask containing the desired
quinolinol, 1 -4 (scheme 2.3.2). Only the bis-methyl indium complexes were successfully isolated
and characterised fully. Complications with stability led to an inability to obtain all the mono-

methyl complexes, which will be discussed further in the section (figure 2.3.7).

R
X
C'3| M Hexane, -78 °C, N, (|:H3 " Hexane, -78 °C to RT P
+ - = + !
(Mel) -aLicl PN N, R N™  +CH,
AN HeC” CH ,
ci” el 3 3 Oy
/N

Scheme 2.3.2. Synthetic approach to bis-methyl indium quinolinolates, 11— 4l, [In(Me):L].
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Figure 2.3.7. General formula of the bis-methyl indium quinolinolates synthesised, 11— 41, [In(Me):L].

Despite the addition of another synthetic step, high yields were obtained for all indium complexes
11, [In(Me),CsHsNOCI], 21, [In(Me),CsHNOCI,], 31, [In(Me),CoHsNOBTr.], and 41, [In(Me),CsHsNOI;] in

the ranges of 73 - 86 %.

2.3.5.2. Characterisation

All complexes were characterised single crystal X-ray diffraction, FT-IR, elemental analysis, melting
point, *H and *C NMR and MS (for complexes 1G — 4G and 11 to 4l). All bis-methyl complexes (1G
— 4G, 11 - 41) and one mono-methyl complex (1G’) were completely soluble in de-DMSO and so
were able to be analysed by *H and *C NMR. The mono-methyl complexes of gallium (2G’ — 4G’)
were sparingly soluble with heating, limiting analysis to *H NMR, with 1*C NMR unachievable. As
both trimethyl gallium and trimethyl indium are highly sensitive to both air and moisture, a
reference NMR in de-DMSO was difficult to obtain, however 'H NMR of each quinolinol precursor,
1 -4, was able to be acquired. For each complex, the main distinguishing signal to correlate to
complex formation was the hydroxyl signal of the free alcohols (ranging from 10.15 — 10.95 ppm),
which was absent in all of the gallium and indium complexes. To further validate alkyl gallium and
indium complex formation, the addition of a methyl singlet was apparent in the ranges of - 0.345
to - 0.007 ppm for gallium (both mono-methyl and bis-methyl) and - 0.369 to - 0.332 ppm for the

bis-methyl indium complexes. An example H NMR of the broxyquinoline complexes 3G,
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[Ga(Me),CoHsNOBr3], and 3l, [In(Me).CsHaBrNOBr,], is given below. An upfield shift of the
aromatic proton on position two of the quinolinol is observed for both 3G and 3. This upfield shift
may be due to a number of reasons, the proximity to the metal — methyl interaction, of which
methyl is a known electron donating group, or due to aromatic resonance from the lone pair of

the nitrogen in the quinolinol pulling electron density from the ring towards the metal.
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Figure 2.3.8. *H NMR spectrum of complexes 3G, [Ga(Me)2CsHaNOBr:], and 31, [In(Me)2CoHsNOBr,], against
the parent alcohol, 3, broxyquinoline, in ds-DMSO, residual solvent signals are as followed: toluene (ar),
water, DMSO and toluene (CHs) at 7.20 ppm (3l spectra), 3.33 ppm, 2.50 ppm and 2.30 ppm (3l

spectra).Insert of the expanded aromatic region given.

The bis-methyl complexes of gallium (1G — 4G) differed from their corresponding mono-methyl

counterparts, with only very slight shifts in the aromatic signals between the two classes
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observed. Given below is an example comparative spectrum of 1G versus 1G’. This was the ideal

comparison due the complete solubility of 1G’, [GaMe(CsHsNOCI),], in de-DMSO.
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. . .
~ .
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Figure 2.3.9. 1H NMR spectrum of complex 1G’, [GaMe(CsHsNOCI)z], against parent alcohol 1, cloxyquin, in

ds-DMSO, residual solvent signal and H:0 signal at 2.50ppm and 3.33ppm respectively have not been

labelled. Insert of the expanded aromatic region given.

Complexation of the alkyl metal to the quinolinol was further clarified by infrared spectrum of

each complex against the parent quinolinol. The appearance of several signals’ indicative of C-H

stretching (v), asymmetric deformation (8asym) and symmetric deformation (8sym) of the methyl

groups of the alkyl metal are observed along with the disappearance of the large hydroxyl

stretches and hydroxyl bends (p) of the parent alcohol respectively. These signals and their

corresponding compounds are listed below in table 2.3.1 and 2.3.2. A visual representation is also

given in figure 2.3.10 and 2.3.11.
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Table 2.3.1. IR frequencies of the alkyl gallium quinolinolate complexes 1G — 4G, 1G’ — 4G’ against major

frequencies in ligands 1 - 4.

Compound CH3-v (cm™) | CH3-8asym(cm™) | CH3-85ym(cm?) OH-v (cm) OH-p (cm™)
1 - - - 3167 1501
1G 2954 1458 1363 - -
16’ 3054 1456 1366 - -

2 - - - 3067 1481
2G 2961 1450 1368 - -
2G’ 3073 1459 1370 - -

3 - - - 3070 1488
3G 2957 1449 1363 - -
3G’ 2958 1451 1367 - -

4 - - - 2950 1481
4G 2960 1446 1367 - -
4G’ 2954 1451 1361 - -

Table 2.3.2. IR frequencies of the alkyl indium quinolinolate complexes 11 — 41 against major frequencies in

ligands 1 -4.
Compound CHs-v CH3-6asym CH3-65ym OH-v OH-p
1 - - - 3167 1501
11 2963 1456 1363 - -
2 - - - 3067 1481
21 2973 1442 1358 - -
3 - - - 3070 1488
3 2920 1438 1368 - -
4 - - - 2950 1481
4| 2906 1436 1368 - -
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Figure 2.3.10. Comparative IR spectrum of complexes 1G, [Ga(Me).CoHsNOCI] and 1G’, [GaMe(CoHsNOCI)2]
versus parent alcohol, 1, cloxyquin.
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Figure 2.3.11. Comparative IR spectrum of complexes 11, [In(Me)2CsHsNOCI], versus parent alcohol, 1,
cloxyquin.
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Attempts to obtain the mono-methyl indium complexes in high yield proved difficult. Similar to
the gallium complexes, attempts were made to react one equivalent of the in-situ produced InMe;
with two equivalents of the free quinolinol. However, it was observed that the reactions with two
equivalents of the parent alcohol led to the persistent formation of the bis-methyl complex, even
with repeated refluxing under inert conditions in high boiling point solvents such as toluene.
Despite this, the indium complexes 11 — 4l ([In(Me).,CsHsNOCI], [In(Me),CoHsNOCI,],
[In(Me)2CsH4NOBT], [In(Me),CsH4NOI,]), were found to be stable in the solid state (table 2.3.3), as
determined by repeated elemental analysis of the complexes. Complex 1l was repeatedly found
to exist as the di-hydrate, [In(Me);CoHiNOI;].2H,0 in the solid-state. For complex 4l, re-
arrangement in solvent was rapid, and so crystals were only isolated as the complex

[(|n(Me)z(C9H4NO|2)z(|n(Me)on)], 41-0.

Table 2.3.3. Elemental analysis results of complexes 1G — 4G, 1G’ — 4G’ and 11— 4l, expected values are listed

along with the duplicate averages obtained.

Complex | EXPECTED C:H:N | FOUND C:H:N Complex | EXPECTED C:H:N | FOUND C:H:N
1G C:47.46 H: 3.98 C:47.26 H: 3.89 1l C: 38.69 H:3.83 C:39.05H:3.77
N:5.03 N: 4.95 N: 4.10 N:4.19
2G C:42.23 H:3.22 C:42.35H:3.14 21 C:36.91 H:2.82 C:36.70H:2.91
N: 4.48 N: 4.48 N:3.91 N:3.85
3G C:32.89 H:2.97 C:32.70H:2.47 3l C:29.57H:2.26 C:29.34 H: 2.38
N:6.34 N: 3.38 N:3.13 N:3.23
4G C: 26.65 H: 2.03 C:26.79H:1.92 4] C:24.43 H:1.86 C:24.60 H: 1.85
N: 2.83 N: 2.93 N:2.59 N: 2.66
1G’ C:51.64 H: 2.97 C:51.84H:2.73 |- - -
N: 6.34 N: 6.49

2G’ C:44.67 H: 2.17 C:4457H:2.02 |- - -
N:5.48 N: 5.58

3G’ C:33.14H:1.61 C:33.28 H:1.53 | - - -
N: 4.07 N:4.14

4G’ C:26.03 H:1.26 C:26.19H:1.41 |- - -
N: 3.20 N: 3.30
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Whist stable in the solid state, the complexes rapidly redistributed when solubilised, especially in
solvents miscible with water. An example of this instability is given in figure 2.3.12 below. Complex
31, [In(Me)2(CsH4Br,NO)] was dissolved into de-DMSO and an *H NMR spectrum recorded. After
one week, a second *H NMR taken. The formation of multiple products as seen by the several sets
of both aromatic and methyl signals was observed. It is possibly a mix of decomposition products,
methyl hydroxides and oxides; however, the overlap of signals and lack of reference material

makes it difficult to ascertain. .

0 hrs |

1L

7 days

ML___JML,L_‘JLMLJL T A\

T — — —rT - B0 B e e e e T
8 9.6 94 9.2 9.0 88 8.6 84 8.2 80 78 76 74 72 7.0 6.8 6.6 64 6.2 6.0 58 56 54 52 50 48 4.6 44 4.2 19 17 15 13 11 09 07 05 03 01 D1 03 05 07

(ppm)

Figure 2.3.12. *H NMR study of complex 3I, [In(Me)2(CoHsBr2NO)], from 0 hours to seven days. Residual

solvent signals have not been included for clarity.

Although synthetically difficult to obtain, one mono-methyl complex was obtained in a reaction
mixture of the bis-methyl complex that had been heated into acetone. The complex, 3I’,
[InMe(CsHaNOBr,),], is the mono-methyl broxyquinoline indium analogue. These crystals were not
easily isolated from the mixture of products, leading to difficulties in obtaining a clean NMR.
Crystals of the bis-methyl complex 3l, [In(Me).CoHsNOBr;], were obtained by heating a small
portion of the pure solid into acetone, it was filtered and then immediately placed into an ice bath

causing a small crop of crystals to form. These crystals were isolated and the solid-state structure
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for 31 obtained. The same solution was left at room temperature and within a day a new set of
similar shaped crystals had grown from the highly coloured solution. These crystals were then
determined to be the redistribution product 31’ (further discussion and visual representation given
in the X-ray discussion below). When the solution was left to stand over a week, dark orange
crystals were produced within the yellow residue left in the vial. These orange cubic crystals were
removed from the yellow residue and a solid-state structure obtained. This turned out to be an
indium cluster (3I-C, [Ins(OH)4(CsHsNOBr3)s]), further discussion and visual representation given in
the X-ray section), in which two methyl groups had been replaced by 5,7-dibromoquinolinol and
the remaining methyl group hydrolysed to a hydroxide moiety. This hydroxide interacts with other
indium centres to form the four indium cluster core. Similar to complex 3F, the cluster complex,
3I-C, was difficult to purify due to solvent similarities and a very low yield (negligible). Though
NMR data could not be obtained for 3I’ and 3I-C, it is reasonable to assume that since they both
formed from the heating of 3l in acetone, some sort of redistribution and hydrolysis had occurred
which was favourable in the presence of air and moisture. A COSY NMR was also performed on
the reaction mixture in an attempt to identify the many products, however no discernible
products could be easily identified. It is probable the mixture was comprised of multiple alkyl
indium oxides, hydroxides, along with variations of the ligand containing complex. Though unable
to be determined solidly through *H NMR, the use of single crystal X-ray diffraction assisted in

alluding to the possible pathway (scheme 2.3.3).

In(Me), L InMe(L), —— 4[In(L),0H]

acetone 0 °C acetone RT acetone 4 - 6 days

Scheme 2.3.3. Theoretical pathway as monitored by X-ray crystallography. No by-products, other reagents

or solvents are listed.
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Along with the broxyquinoline cluster, clusters of chloroxine and iodoquin were also obtained
after leaving solutions of 21, [In(Me),CsH4NOCI;], and 4, [In(Me),CsHsNOI,)], at room temperature
for upwards of a week. The cluster, 41-C, [Ins(OH)4(CoHsNOI;)s], was obtained from toluene, and
21-C, [Ina(OH)4(CsHsNOCI,)s], from acetone. As no concrete analytical data other than X-ray
crystallography could be obtained on these clusters there will be no further discussion on their

synthesis and characterisation.

All remaining complexes were able to undergo analysis via single crystal X-ray diffraction to
elucidate their solid-state structure. All gallium complexes were obtained from the brightly
coloured filtrates of the reaction mixture. The indium complexes proved more difficult. Complex
11 and 2l were obtained from reaction filtrates, however as discussed previously, complexes 3l
and 4l had to be crystallised via a hot filtration in acetone, which caused issues with re-

arrangement and instability of the indium complexes.

2.3.5.2 X-ray crystallography

All gallium complexes 1G, [Ga(Me),CsHsNOCI], 2G, [Ga(Me),CoHsNOCI,], 3G, [Ga(Me),CoHsNOBTr3],
and 4G, [Ga(Me),CsHiNOI,] were analogous in structure presenting as four-coordinate
tetrahedrons. Due to the symmetry of 1G, it can form a dative interaction with the oxygen of a
neighbouring 1G molecule. This forms a dimer which is formally five-coordinate, trigonal
bipyramidal about the gallium. The bis-substituted complexes 1G’, [GaMe(CsHsNOCI);], 2G’,
[GaMe(CoHsNOCL,)2], 3G’, [GaMe(CsH4NOBr;),] and 4G’, [GaMe(CsH4NOlL),], are all five
coordination through the chelation of two substituted quinolinols along with one covalent bound

methyl group. Similar to the 1G dimer, they are all distorted trigonal bipyramids.

Several complexes synthesised with an alkyl gallium carboxylate configuration exhibit

dimerisation. The carboxylate allows for a covalent bond to one gallium centre with the
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carboxylate hydroxyl, and a dative interaction from the carbonyl oxygen, forming a dimeric bridge
complex. Complexes synthesised by Kaluderovic et al, of which were tested exclusively for their
anti-cancer activity, highlight this carboxylate bridging dimerisation.?” 3 Although dimerisation
with itself is not an unknown phenomena with alkyl gallium complexes, little structural
characterisation on both the bis-methyl and mono-methyl substituents utilising the halido-8-
quinolinol class has been assessed. The only structures present in the literature that have been
characterised by X-ray diffraction are that of the 8-quinolinol and the 5,7-dichloro-2-methyl-8-
quinolinol, known commonly as chlorquinadol.?® Complex 1G was found to be analogous to the

formerly synthesised 8QH complex, due to the formation of the dimer complex (figure 2.3.13).

Figure 2.3.13. Solid-state structure of the asymmetric unit and dimer of complex [Ga(Me)2CoHsNOCI)],
1G, thermal ellipsoids at 50% probability. Hydrogen atoms have been omitted for clarity. Selected
bonds lengths (A) and angles (o). Ga(1) — O(1), 1.953(16), Ga(1) — N(1), 2.204(19), Ga(1) — C(10),
1.963(2), Ga(1) — C(11), 1.969(3); O(1) — Ga(1) — N(1), 78.07(7), O(1) — Ga(1) — C(10), 111.3(9), O(1)
—Ga(1)-C(11), 118.3(10), C(10) — Ga(1)—C(11), 130.1(14), N(1) — Ga(1) — O(1)’, 149.8(7). Symmetry
operator: 1 -x, -y, -z.

The Ga — C bond for complex 1G is similar to that of the 8QH complex synthesised and
characterised by Onyitikua et al, with averaged bond lengths of 1.966 A and 1.945 A respectively.
The discrepancy in the average lengths may be due in part to the halide substitution of the five
position in complex 1G. The resonance of the quinoline moiety deposits a stable positive charge
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on the five position of the ring, which could allude to the shortening of the carbon — gallium bond
in the 8QH structure. The combination of this resonance and the addition of a electronegative
chlorine may exhibit both resonance and inductive effects on the ring, drawing electron density
and allowing for a lengthening of the bond as observed in 1G. Chlorine like other halogen
(excluding fluorine) has both a resonance dipole and electronegativity dipole, however the effects
of the electronegativity dipole exceeds that of the resonance dipole and so chlorine in ring systems
acts largely as an electron withdrawing group.3® the bond length for Ga — O can be determined as
covalent, with bond length of a 1.953 A, whereas the Ga — N bond was observed to be dative, with
a length of 2.204 A. These lengths are similar to those observed in the 8-quinolinol complex
synthesised by Onyitikua et al, with lengths of 1.892 A and 2.127 A for Ga — O and Ga —= N
respectively. Like complex 1G, the 8QH complex also presents as a distorted four coordinate
tetrahedron in the asymmetric unit, but five coordination trigonal bipyramid in the dimeric state.
This dimer complex is planar with regards to the quinolinol ligand, with the quinolinol sitting in
the equatorial plane, central to the gallium. The oxygens in this unit occupy both axial and
equatorial positions in regards to the gallium centres. One coordination site of the gallium centre
is occupied by an oxygen in the axial position through a dative interaction, with the other sitting
in the equatorial plane as the covalently bound substituent. A trigonal angle of 149.8(7) ° was
exhibited for N(1) — Ga(1) — O(1)’ for complex 1G, of which was almost identical to the 8QH
complex synthesised by Onyitikua et al, of 149.7 °. Both exhibit distortion along the trigonal angle

from the ideal trigonal bipyramidal geometry of 120 °*°

The remaining complexes 2G - 4G, [Ga(Me),CoH4sNOCl,], [Ga(Me),CoHsNOBrI],
[Ga(Me),CoHiNOI;], were found to exist exclusively as monomers, forming four-coordinate
distorted tetrahedrons. The Ga — C bond also seems to lengthen in comparison to the cloxyquin
complex 1G, for the chloroxine, broxyquinoline and iodoquin complexes 2G, 3G and 4G

respectively. This alludes to the size of the halides on the 5 and 7 positions of the ring having an
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observable effect on the gallium — methyl bonds. A visual representation of complex 2G is given

below in figure 2.3.14.

c{10)

Figure 2.3.14. Solid-state structure [Ga(Me):CoHsNOCI2], 2G, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0(1), 1.929(17), Ga(1) — N(1), 2.064(2), Ga(1) — C(10), 1.954(2), Ga(1)—C(11), 1.958(3); O(1) — Ga(1)
—N(1), 83.02(7), O(1) — Ga(1) — C(10), 109.10(10), O(1) — Ga(1) — C(11), 110.73(10), C(10) — Ga(1) —
C(11), 126.99(12), N(1) — Ga(1) — C(11), 108.88(10)

The major difference between the mono-methyl and bis-methyl complexes is the coordination
number, due to the addition of a second bi-chelating quinolinolate ligand in place of a methyl
group. All mono-methyl complexes 1G’, [GaMe(CsHsNOCI),], 2G’, [GaMe(CsHsNOCL,),], 3G’,
[GaMe(CoH4NOBTr3;),] and 4G’, [GaMe(CsH4NOI,),], exist as five coordinate complexes with
distorted trigonal bipyramidal geometry. Although there is little literature on mono-methyl bis-
quinolinolate complexes, structurally similar complexes which replace the methyl group with a
chloride or a tert-butoxide are geometrically similar to the complexes 1G’ — 4G’. A monochloro
bis-quinolinolato complex [Ga(CsH3Cl,CH3),Cl] and a mono-tertbutoxido bis-quinolinolato
complex [Ga(CsH3Cl,CH3),0(CHs)s], synthesised by Bakewell et al exhibit the same geometry, with
the distortion largely associated with the N — Ga — N bonds in the axial plane of the metal

complexes.?® Indeed this distortion from the ideal linear angle of 180 ° is also observed in the
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mono-methyl complex of chloroxine, 2G’, with a bond angle of 160.84 ° for N(1) — Ga(1) — N(2)

(figure 2.3.15).

Figure 2.3.15. Solid-state structure [GaMe(CoHsNOCI2):2], 2G’, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0(1), 1.906(18), Ga(1) — 0(2), 1.918(18), Ga(1) — N(1), 2.122(2), Ga(1) — N(2), 2.142(2), Ga(1) — C(19),
1.959(3); O(1) - Ga(1) — 0(2), 112.40(8), O(1) — Ga(1) — N(1), 81.21(8), O(1) — Ga(1) — N(2), 85.16(8),
C(10) — Ga(1) — O(1), 131.82(11).

The gallium oxygen bonds of the quinolinolato ligand sit in two of the three equatorial positions
of the complex and are formally covalent, with an average bond length of 1.918 A. The elongated
dative interactions of the Ga — N bonds was found to be dative (average: 2.132 A). This correlates
well with the structurally similar complexes from Bakewell et al, with a report of average lengths
of 1.868 A and 2.107 A for Ga — O and Ga — N respectively.3® the methyl group of the complex sits
in the equatorial plane, adjacent from the oxygen atoms of the quinolinolate. The bond length of
1.959(3) A for Ga — C was observed and is indicative of a covalent interaction between carbon and
gallium. The axial plane angle in the mono-methyl complexes was found to exhibit less distortion
than the dimeric complexes of indium and the cloxyquin gallium complex 1G. An axial angle along
N(1) — Ga — N(2) for 2G’ was found to be 160.84(8) °, compared to the axial angle of 149.8(7) ° in
complex 1G. A difference in the extended packing of the dimeric 1G versus the monomeric 2G was

also observed. The units of the 1G dimer pack parallel to each other, forming interactions through

slipped 1t - 1t stacking of the quinolinol of one unit, to the quinolinol of another (figure 2.3.16).
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Figure 2.3.16. Expanded cell of complex 1G, [Ga(Me).CoHsNOCI)], highlighting the packing orientation. The

slipped mt centroid — centroid interactions are denoted by dashed red lines.

The centroid — centroid distance of these interactions were found to be 3.532(2) A. The quinolinol
moieties are planar, whilst the methyl groups sit perpendicular to the ligands in the arrangement.
Quinoline derivatives synthesised by Pena-Solorzano et al and Zhao et al were found to exhibit
similar behaviour with m - t stacking of aromatic moieties within the packing diagram. The centroid
distance of three N-(3-acetylphenyl)quinolone-2-carboxamides and one N-(2-benzoyl-5-
ethylnylphenyl)quinoline-2-carboxamide synthesised by Pena-Solorzano et al were all found to
have distances ranging from 3.577(1) A — 3.780(1) A*" % Similar to these, the 6-(4-
Nitrobenzyloxy)quinoline synthesised by Zhao et al presented with a centroid — centroid distance
of 3.663(2) A.*3 1G has a slightly shorter centroid — centroid distance which indicates a higher level
of stability and a more tightly bound interaction between the moieties. It is possible that being a
metal complex as opposed to a free organic may contribute to this tighter interaction between

units. The remaining complexes 2G — 4G all have a different packing orientation than that of 1G.
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The monomeric complexes tend to pack in an alternating parallel conformation, with a similar
slipped 1t - t system through centroid — centroid interactions. Similar to 1G, the quinolinols are
planar with the methyl groups perpendicular to them. Complex 2G was found to have a centroid
— centroid distance of 3.879(10) A, significantly longer than the dimeric 1G but still within a

reasonable distance for the crystallographic interaction (2.3.17).414

Figure 2.3.17. Expanded cell of complex 2G, [Ga(Me).CsHaNOBr], highlighting the packing orientation. The

slipped pi centroid — centroid interactions are denoted by dashed red lines.

The three bis-methyl indium complexes 11, [In(Me),CoHsNOCI], 21, [In(Me),CsHsNOCI;] and 3,
[In(Me),CsH4sNOBr,NO], were analogous in structure to complex 1G, presenting as dimeric in the
solid-state. Similar to gallium, dimerisation is common in alkyl indium complexes. Indium will
readily form dative interactions with neighbouring atoms to fill its larger coordination sphere. This
pushes the coordination number of the indium from four to five, giving it an overall distorted
trigonal bipyramidal geometry. The only existing complex that incorporates this class of ligand is
the tris-8-quinolinolate.** Reports of alkyl indium carboxylate complexes share a similar
coordination, incorporating either five membered or six membered N,O chelates.**” The dimer

forms via an interaction of one indium with the covalently bound oxygen of the other indium in
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the complex, forming a four membered chelate. Indium complexes that have an O,0 chelate also
tend to form the same four membered In,-X, core, where X in this case is oxygen.**>2 Example

complex 3l (figure 2.3.18) was found to have average In — C bond length of 2.137 A.

Figure 2.3.18. Solid-state structure [In(Me).CoHsNOBr2], 3l, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). In(1) —
0O(1), 2.235(4), In(1) — N(1), 2.406(5), In(1) — C(10), 2.139(7), In(1) — C(11), 2.136(6); O(1) — In(1) —
N(1), 71.32(18), O(1) — In(1) — C(10), 104.0(2), O(1) — In(1) — C(11), 91.60(2), C(10) — In(1) — C(11),
154.7(3), N(1) — In(1) — C(11), 95.90(2) O(1) —In—0O(1)’, 76.78(17), N(1) — In — O(1)’, 148.07(17).

These average lengths are similar to other alkyl indium N,O chelates. Complexes synthesised by
Shen et al, Lewinski et al and Basharat et al, exhibited average In — C bond lengths of 2.144 A,
2.135 Aand 2.155A, 2.156 A and 2.148 A respectively. Similar to the analogous gallium complex,
the methyl groups sit in the equatorial plane of the molecule, with the ligand occupying the axial
positions and the remaining equatorial positions. The In(1) — O(1) covalent length of 312.235(4) A
is almost 0.2 A shorter than the corresponding dative interaction it forms with the quinolinol of
the second indium centre, of 2.413(4) A. The interaction between the quinolinol nitrogen and the
indium to form the five-membered chelate is also dative in nature, with a bond length of 2.406(5)

A. This interaction is similar to those found in the bis-methyl indium N,O chelates synthesised by
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Shen et al and Lewinski et al who observed dative interactions with bond lengths of 2.523(5) A
and 2.366(3) A respectively.*® >3 All bond lengths were found to be longer than the analogous
gallium complex. As indium has larger radius than gallium this is not surprising (M3*: 0.62 In A
versus 0.47 Ga A).! Distortion along the axial plane of the O(1)’ — In(1) — N(1) interaction was
observed, deviating away from the ideal trigonal angle of 120 ° with an angle of 148.07(17) °.
Deviation was also observed in the axial — equatorial planes with a large degree of distortion
observed from the ideal 90 °, with bond angles of 71.32(18) ° and 76.78(17) °for O(1) — In(1) —
O(1) and O(1) — In(1) — N(1) respectively. Similar deviations were observed in the complex,
[Mezln(n —O—-CH,CH3(2 —CsHaN);)], synthesised by Shen et al, which was observed to have
equatorial — axial plane bond angles of 80.2(2) ° and 75.4(2) °for O —In—Nand O* - In-0

respectively (where * = the dative oxygen interaction).*

3, [InMe(CgH4NOBTr,),] is structurally analogous to 3G’, [GaMe(CsH4NOBr3)2], a five-coordinate
trigonal bipyramid incorporating the broxyquinoline ligand. Mono-methyl bis-substituted
complexes of indium are lacking in the literature, with only scattered reports of mono-methyl and
one mono-chloro indium complex with large tetradentate ligands.**>’ Regardless of denticity, the
complexes are still five coordinate and exist in a similar geometry to complex 3I’ (figure 2.3.19).
The bond length of the indium carbon bond was found to be 2.109(7) A, which was observed to

be shorter than the bis-methyl analogue 3lI.
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Figure 2.3.19. Solid-state structure [InMe(CoH4sNOBr2)2], 3I°, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). In(1) —
0(1), 2.172(3), In(1) — N(1), 2.244(4), In(1) — C(10),2.109(7); O(1) — In(1) — O(1)’, 147.20(16), O(1) —
In(1) — N(1), 83.71(12), O(1) — In(1) — N(1)’, 83.71(2), C(10) — In(1) — N(1), 130.91(1). Symmetry
operator: 1-x, y, 1/2-z

The In — O and In — N bonds were found to be shorter than those in the bis-methyl complexes 3l
(In(1) = 0(1): 2.172(3) A, In(1) = N(1): 2.244(4) A). These lengths are similar to the mono-methyl
salen indium complexes synthesised by Normand et a/ and Hyun et al, which observed average
lengths of 2.101 A, 2.087 Aand 2.239 A, 2.249 A for In— 0 and In— N respectively.>® The distortion
along the axial angle was observed to be more pronounced in the indium complex as opposed to
the gallium, and to further distinguish the two, the axial positions in the indium complex are
occupied by the oxygen atoms as opposed to the nitrogen. An axial angle of 147.20(16) ° was

observed for O(1) — In — O(1)’ of complex 3I’ as opposed to the 160.84(8) ° of the N(1) — Ga — N(2)

angle of 2G’.

Complex 3I-C, [Ins(OH)4(CsHsNOBr;)s], was obtained again from the same filtrate solution of 3l

and 3V, after a week-long crystallisation period. The orange crystals were found to be the indium

cluster of the formula 4[In(L),0H] (figure 2.3.20).
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Figure 2.3.20. Solid-state structure [Ins(OH)a(CsHsNOBr2)s], 31-C, Ins — (OH)4 cluster core has been included.
Thermal ellipsoids at 50% probability. Hydrogen atoms have been omitted for clarity. Selected bonds
lengths (A) and angles (o). In(1) — O(1), 2.111(3), In(1) — O(4), 2.129(3), In(2) — O(1), 2.114(3) , In(2)
—0(2), 2.107(3), In(3) — O(3), 2.099(3), In(3) — O(4), 2.151(3) In(4) — O(3), 2.133(3) , In(4) — O(4),
2.128(3); O(1) — In(1) — 0(2), 94.57(13), O(1) — In(2) — O(2), 99.58(13).

The cluster core consisted of four indium atoms and four oxygen atoms in a repeated In— 0 —In
— O fashion. Resonance throughout this cluster core was confirmed by the bond lengths observed
between each indium and oxygen within the core. An average bond length of 2.114 A was
calculated. Despite the similar bond lengths between each oxygen and indium atom, it is assumed
that the oxygen atoms must be hydroxides in order to balance the +lll charge of the indium metal
centre. This interaction differs from other indium-hydroxide clusters in the literature, with the
cluster synthesised by Arif and Barron exhibiting clear differences between the covalent In — O
bond and the dative interaction of a neighbouring indium (average lengths of 2.163 A and 2.287
A respectively).®® A similar situation was observed for indium clusters synthesised by Chamazi et
al, with a distinct difference between the covalent and dative interactions within the cluster
core.>® Major differences between these complexes and 3I-C are the size and angles of the cores

themselves. While 3I-C was found to be a [Ins(OH).] core, the clusters synthesised by Arif and

Barron and Chamazi et al were observed to be [In,P2(OH).] and [In1o(OR)120;] cores respectively.
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The bond angles for O — In — O were found to average 94.533 °, with only minimal distortion form
the ideal 90 ° angles, whereas the average In — O — In angle was distorted from the ideal trigonal
angle with an average value of 131.41 °. This angle was observed to be not dissimilar to the trigonal
angles of the example mono-methyl complexes 2G’ and 3I’ (131.82(11) ° and 130.91(9) °
respectively). A larger degree of distortion and angle variation was observed in the indium cluster

[(Meln)10(0)2(OEt)12(OH)4].2THF synthesised by Chamazi et al.>®

All remaining crystal structures for complexes 3G, 4G, 1G’, 3G’, 4G’, 11, 2I, 3l and 4I1-0, and
selected bond lengths and angles are given below in figures 3.3.21 — 2.3.28.

Crystallographic data for the complexes has also been listed in tables 2.3.4 - 2.3.6.

Figure 2.3. 21. Solid-state structure [Ga(Me).CsHsNOBr2], 2G, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0O(1), 1.913(9), Ga(1) — N(1), 2.066(12), Ga(1) — C(10), 1.948(12), Ga(1) — C(11), 1.950(13); O(1) —
Ga(1)— N(1), 82.50(4), O(1) — Ga(1) — C(10), 109.5(5), O(1) — Ga(1) — C(11), 112.3(5), C(10) — Ga(1) —
C(11), 126.99(12), N(1) — Ga(1) — C(11), 111.2(5).
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Figure 2.3.22. Solid-state structure [Ga(Me)2CsHaNOI2], 4G, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0(1), 1.927(3), Ga(1) — N(1), 2.055(3), Ga(1) — C(10), 1.958(4), Ga(1) — C(11), 1.969(4); O(1) — Ga(1)
- N(1), 83.28(12), O(1) — Ga(1) — C(10), 109.0(16), O(1) — Ga(1) — C(11), 113.6(17), C(10) — Ga(1) —
C(11), 125.5(19), N(1) — Ga(1) — C(11), 107.6(17).

Figure 2.3.23. Solid-state structure [GaMe(CoHsNOCI):], 1G’, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0O(1), 1.899(3), Ga(1) — O(2), 1.906(3), Ga(1) — N(1), 2.123(3), Ga(1) — N(2), 2.147(3), Ga(1) — C(19),
1.945(4); O(1) — Ga(1) — O(2), 119.6(11), O(1) — Ga(1) — N(1), 80.85(11), O(1) — Ga(1) — N(2),
87.41(11), C(10) — Ga(1) — O(1), 122.7(15).
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Figure 2.3.24. Solid-state structure [GaMe(CsHsNOBr2)2], 3G’, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0O(1), 1.906(4), Ga(1) — O(2), 1.909(4), Ga(1) — N(1), 2.101(5), Ga(1) — N(2), 2.117(5), Ga(1) — C(19),
1.938(6); O(1) — Ga(1) — O(2), 116.3(18), O(1) — Ga(1) — N(1), 81.57(18), O(1) — Ga(1) — N(2),
86.42(18), C(10) — Ga(1) — O(1), 126.3(2)

Figure 2.3.25. Solid-state structure [GaMe(CsH4NOI2)2], 4G’, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Ga(1) —
0(1), 1.947(3), Ga(1) — O(2), 1.958(3), Ga(1) — N(1), 2.063(4), Ga(1) — N(2), 2.091(4), Ga(1) — C(19),
1.959(5); O(1) — Ga(1) — 0O(2), 138.8(14), O(1) — Ga(1) — N(1), 80.53(14), O(1) — Ga(1) — N(2),
84.24(14), C(10) — Ga(1) — O(1), 110.8(18)
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Figure 2.3.26. Solid-state structure [In(Me).CoHsNOCI], 1l, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). In(1) —
0O(1), 2.191(19), In(1) — O(2), 2.317(18), In(1) — N(1), 2.383(2), In(1) — C(1), 2.149(3), In(1) — C(2),
2.142(3); O(1) — In(1) = N(1), 71.17(7), O(1) — In(1) — C(1), 113.4(10), O(1) — In(1) — C(2), 96.79(10),
C(1)-In(1)—C(2), 136.8(14), N(1) —In(1) — C(1), 95.47(9).

Figure 2.3.27. Solid-state structure [In(Me)2CoHsNOCI2], 21, Thermal ellipsoids at 50% probability.
Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). In(1) —
0(1), 2.252(3), In(1) — O(2), 2.392(2), In(1) — N(1), 2.383(3), In(1) — C(1), 2.134(4), In(1) — C(2),
2.136(6); O(1) — In(1) — N(1), 71.03(10), O(1) — In(1) — C(1), 117.8(13), O(1) — In(1) — C(2), 96.01(13),
C(1) - In(1) — C(2), 146.2(16), N(1) — In(1) — C(1), 99.45(14).
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Figure 2.3.28. Solid-state structure [(In(Me):CoHaNOI2)2in(Me)20H], 41-O, Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles
(o). In(1) — O(1), 2.252(4), In(1) — O(2), 2.318(4), In(1) — N(1), 2.362(5), In(1) — C(1), 2.137(8), In(1) —
C(2), 2.153(7), In(2) — O(2), 2.200(5); O(1) — In(1) — N(1), 71.26(17), O(1) —In(1) — C(1), 113.6(3), O(1)
—1In(1)-C(2), 90.5(3), C(1) — In(1) — C(2), 140.9(3), N(1) — In(1) — C(1), 95.6(2.)

Table 2.3.4. Crystallographic data of complexes 1G — 4G

1G 2G 3G 4G
Chemical formula (C22H22Cl2GazN202) | Ci1H10Cl2GaNO 2(C11H10Br2GaNO) C11H10Gal2NO
M 371.17 312.82 803.48 495.72
Crystal system, Triclinic, P Monoclinic, P21/n Orthorhombic, Monoclinic, P2/c
space group Pca2:
Temperature (K) 123 123 296 293
a, b, c(A) 7.4360 (3), 9.4490 | 10.6614 (4), 13.9070 (6), 19.430 (4), 5.070
(4), 16.2638 (8) 10.3703 (3), 5.0939 (2), (1), 14.470 (3)
11.6311 (4) 35.9790 (17)
V(A3 1094.44 (9) 1231.74 (8) 2548.78 (19) 1350.6 (5)
Z 4 4 4 4
Tmin, Tmax 0.838, 1.000 0.624, 1.000 0.567, 0.745 0.593, 0.746
Rint 0.026 0.032 0.073 0.040
(sin ©/A)max (A1) 0.596 0.596 0.626 0.649
R[F? > 20(F?)], 0.027, 0.070, 1.06 0.027, 0.074, 1.06 0.043, 0.083, 0.99 0.029, 0.073, 1.10
wR(F?), S
No. of reflections 3860 2186 4644 3093
No. of parameters 275 147 293 147
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Table 2.3.5. Crystallographic data of complexes 1G” — 4G’

1G’ 1 3G’ 4G’
Chemical formula C19H13Cl2GaN20> C19H11ClaGaN202 C19H11BraGaN20: Ci9H11GalsN202
M: 441.93 510.82 688.66 876.62
Crystal system, Monoclinic, C2/c Monoclinic, C2/c Monoclinic, C2/c Triclinic, P
space group
Temperature (K) 296 123 296 293

a, b, c(A) 23.899 (2), 12.2775 | 15.8748 (5), 23.6635 (9), 9.3200 (19),
(12), 12.2071 (11) | 14.9556 (4), 24.2959 (9), 15.250 (3), 17.010
17.9254 (5) 15.9270 (7) (3)
v (A3 3452.7 (6) 3873.7 (2) 8093.5 (6) 2185.7 (9)
V4 8 8 16 4
Tmin, Tmax 0.648, 0.746 0.718, 1.000 0.556, 0.746 0.651, 0.746
Rint 0.075 0.033 0.109 0.043
(sin 8/A)max (AY) 0.649 0.597 0.658 0.625
R[F? > 26(F?)], 0.044, 0.093, 1.01 0.032, 0.084, 1.04 0.045, 0.102, 1.02 0.028, 0.072, 1.06
wR(F), S
No. of reflections 3963 3422 9656 8839
No. of parameters 236 254 508 507

Table 2.3.6. Crystallographic data of complexes 11 - 41

1l

21

3l

41-0

Chemical formula

C11H1:ClInNO

C22H20Claln2N20>

BraCz21n2N202

C24H2714In3N203

M, 323.48 715.84 873.52 1243.53

Crystal system, space | Monoclinic, P21/n Monoclinic, C2/c Monoclinic, P21/c Monoclinic, P21/c

group

Temperature (K) 293 296 123 123

ab,c (A) 10.2515 (4), 35.085 (2), 9.0152 (3), 12.91523 (17),
11.9019 (4), 10.6452 (4), 19.9814 (5), 13.2564 (2),
10.4303 (4) 13.9213 (6) 7.5791 (3) 18.9035 (2)

V(A3 1184.74 (8) 4876.3 (4) 1251.93 (8) 3203.38 (8)

z 4 8 2 4

Tmin, Tmax 0.652, 0.746 0.680, 0.746 0.457, 1.000 0.115, 1.000

Rint 0.029 0.044 0.069 0.058

(sin 8/A)max (A1) 0.667 0.649 0.633 0.634

RIF? > 206(F?)], wR(F?), | 0.025, 0.058, 1.03 0.032, 0.065, 1.02 0.059, 0.163, 1.05 0.038, 0.106, 1.08

S

No. of reflections 2945 5560 2545 6666

No. of parameters 138 293 145 331
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2.3.7 Stability and biological activity of the gallium complexes

As the indium complexes were observed to form multiple products in DMSO, they were excluded
from biological assays. The gallium complexes conversely, proved to exhibit a good degree of
stability in both solid and solution state as assessed by repeated elemental analysis and a *HNMR
study in de-DMSO. An example complex 1G, [Ga(Me),CoHsNOCI], was dissolved into ds-DMSO and

the *H NMR taken at both 0 hours and 24 hours, with no change observed (fig 2.3.29).

1G
O hrs

J__w;g L. ke
1G

24 hrs

' ‘ | ‘ I
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90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
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Figure 2.3.29. 1H NMR study of complex 1G, [Ga(Me)2CoHsNOCI], in ds-DMSO, over a 24 hours period. Signals

at 3.33ppm and 2.50ppm are representative of water and the residual solvent DMSO respectively.

The remaining bis-methyl complexes 2G, [Ga(Me),CsHisNOCI,], 3G, [Ga(Me),CsHsNOBr,] and 4G,
[Ga(Me),CsHaNOI], also exhibited this degree of stability in de-DMSO. Unfortunately for the

mono-methyl complexes only complex 1G’, [GaMe(CsHsNOCI),], was found to be completely
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soluble in DMSO at the stock concentration of 10 mM. Complexes 2G’, [GaMe(CsHsNOCL,),], 3G,
[GaMe(CsH4NOBr;),] and 4G’, [GaMe(CsH4NOI,),], were not sufficiently soluble in DMSO and were

excluded from testing.

2.3.7.1 Mammalian cell testing

Prior to any biological application, mammalian cytotoxicity is assessed, therefore all five gallium
complexes (1G - 4G and 1G’, [Ga(Me),CoHsNOCI], [Ga(Me).CsHaNOCL;], [Ga(Me),CoHaNOBTI;],
[Ga(Me),CoHiNOI;], [GaMe(CoHsNOCI);]) underwent analysis for their cytotoxic activity against
two separate mammalian control cells, Cos-7 and human fibroblasts. Cos-7 cells were selected as
they are an immortal cell line and are simple to culture and maintain.®® Human fibroblasts (skin
cells) were selected as they present as the ideal control for the strain of Leishmania assessed, L.
major V121, as L. major leads to the cutaneous form of the disease.®! Initial results were
promising, with the complexes 1G — 4G and 1G’ exhibiting little to no cytotoxic activity towards

the Cos-7 control cells (fig 2.3.30).
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Viability vs concentration of complexes 1G - 4G and 1G’ against Cos-7 cells
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ICs0: 88.5 uM ™ 1Csy: > 100 UM
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Figure 2.3.30. Viability percentage of complexes 1G — 4G and 1G’ against Cos-7 cells. Dose response curves
were generated over a range of concentrations (48nM - 100uM) in the appropriate culture media from
10mM DMSO stock solutions. All readings were compared spectroscopically to non-treated control and the

percent growth inhibition calculated

All complexes, excluding 1G, were found to have ICso: > 100 uM. 1G exhibited some cytotoxicity
with an ICso of 88.5 uM. This low degree of activity was not observed however for the human
fibroblasts (fig 2.3.31), with a small degree of toxicity observed for all complexes, excluding 3G
and 4G. 1G and 1G’ presented as the most cytotoxic towards fibroblasts with ICso values of 16.2
MM and 52.2 uM respectively. Despite this, the complexes were assessed for their anti-bacterial,

anti-cancer and anti-Leishmanial activity.
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Figure 2.3.31. Viability percentage of complexes 1G — 4G and 1G’ against Human fibroblasts. Dose response
curves were generated over a range of concentrations (48nM - 100uM) in the appropriate culture media
from 10 mM DMSO stock solutions. All readings were compared spectroscopically to non-treated control

and the percent growth inhibition calculated.

2.3.6.2 anti-cancer assessment

Gallium has long established itself as an anti-cancer metal.®*®* The organic quinolinol ligand has
also been associated with gallium anti-cancer complexes, with the tris-quinolinolate, KP46,
reaching phase Il clinical trials. However, it was at this phase that it was deemed unsuccessful for
future testing.?> % In an attempt to expand on the use of gallium as anti-cancer agents, and the
biological significance of quinolinol, the five alkyl gallium quinolinolates, 1G — 4G and 1G’ were
tested for their inhibitory activity against Hela cervical cancer cells. It was theorised that the alkyl
groups would helped to mitigate the increase hydrolytic stability of KP46, of which limited its
exploration to phase Il clinical trials. Unfortunately, it was noted that the complexes exhibited no
activity and so no further anti-cancer activity was explored.
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2.3.6.3 Anti-bacterial assessment

Tests into the anti-microbial activity were then pursued, with all complexes able to undergo a
degree of qualitative anti-bacterial testing. The insoluble complexes, 2G’ — 4G’ were utilised in an
agar solid-state zone of inhibition test. A small amount of the solid complex is stabbed into
bacteria smeared agar plate and incubated, a protocol utilised in previous studies by Werrett et
al.%® The soluble complexes, 1G — 4G and 1G’ were qualitatively and quantitatively assessed at 5
mg/mL in DMSO. Similar to the cancer cells, little to no activity was observed for any of the
complexes. Only very small zones of inhibition were observed for two of the soluble complexes.

2G, [Ga(Me),CsHsNOCI,], exhibited a small degree of activity towards both E. Coli and S. aureus,
with complex 4G, [Ga(Me),CsHsNOI], exhibiting minor activity against S. aureus alone. It was

concluded from this that perhaps the hydrolytic stability of the complexes matched or exceeded

that of KP46, alluding to their lack of activity.

2.3.6.4 Anti-Leishmanial assessment

Afinal set of tests was then carried out on the eukaryotic microbe Leishmania, specifically L. major
V121, a cutaneous form of the parasite. Despite having little to no activity against both cancer
cells and bacteria, all five gallium complexes exhibited excellent activity against the L. major

promastigotes, with 1Cso values ranging from 1.11 — 13.4 uM (figure 2.3.32).
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Viability vs concentration of complexes 1G - 4G and 1G" against L. Major promastigotes
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Figure 2.3.32. Viability percentage of complexes 1G — 4G and 1G’ against L. major promastigotes. Dose
response curves were generated over a range of concentrations (48nM - 100uM) in the appropriate culture
media from 10mM DMSO stock solutions. All readings were compared spectroscopically to non-treated

control and the percent growth inhibition calculated

As previously determined, the mammalian cytotoxicity towards the human fibroblast controls also
varied, with complexes 1G, [Ga(Me),CsHsNOCI], and 1G’, [GaMe(CsHsNOCI),], proving to exhibit
the greatest cytotoxicity (16.2 and 52.3 respectively). However, 1G and 1G’ also proved the most
effective anti-Leishmanial, and exhibited selectivity indices of 6.61 and 47.0 for 1G and 1G’
respectively. 1G” was found to be particularly selective (table 2.3.6). The human fibroblast 1Cso
values for complexes 3G, [Ga(Me),CsHsNOBr;], and 4G, [Ga(Me),CoHsNOI,], were extrapolated by

fitting a trendline to the curve. From the graph, 4G proved the most selective of all the complexes

with an index of 64.6 (table 2.3.7).
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Table 2.3.7. Selectivity indices for complexes 1G — 4G and 1G’. where S| = ICso(fibroblasts)/ICso(parasite).

Yellow highlights the least selective, with the values in green indicating a high degree of selectivity.

Complex 1G 2G 3G 4G 1G’

ICso (Fibroblast) pM 16.2 74.2 170* 827* 52.2
ICs0 (Promastigote) uM 2.45 7.41 134 12.8 1.11
Selectivity index 6.61 10.0 12.7 64.6 47.0

An amastigote invasion assay was then carried out. Complexes 1G — 4G and 1G” were made into
stock solution of 1mM in DMSO and added to infected macrophages at a final concentration of 10
MM. The 24-well plate was incubated for 48 hours to allow the drug to enter the macrophages and
then the intracellular amastigote. After this 48-hour period the slides were stained as per the
protocol in the experimental section (4.3.5). Approximately 200 cells were randomly counted per
duplicate compound and the percentage of infected cells compared to a positive control (100%
infection). The usual drug control, amphotericin B and DMSO were also utilised (figure 2.3.33). All
complexes were found to display excellent anti-amastigote activity when compared to the drug
control, with percentage infection values ranging from 3.5 % + 0.65 — 11.5 % + 0.65. As discussed
in section 2.2, the parent quinolinols were also assessed for their anti-amastigote activity. All
gallium complexes, similar to the antimony quinolinolates, were found to outclass the parent

quinolinols (table 2.2.7, section 2.2.4.2.)
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%Infection by L. major amastigotes after treatment with 10 pM
concentrations of complexes 1G -4G, 1G'
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Figure 2.3.33. Infected macrophages after 48 hours. Number of infected macrophages was determined
microscopically, in duplicate of fixed specimens. Amphotericin B (AmpB) was used as a positive control at 10
UM concentration. A DMSO control was also employed at a 1% concentration. Error bars indicate SEM, one-
way ANOVA. Dunnett’s multiple comparison test was used to determine the statistical significance between

all test compounds and a positive control lacking treatment (+ve control)

The mono-methyl complex 1G’, [GaMe(CsHsNOCI),], presented with the lowest percentage of
infection, therefore presents with the greatest activity of 3.5 % + 0.65. The bis-methyl cloxyquin
complex 1G, [Ga(Me),CsHsNOCI], followed close behind with a percentage infection value of 5.3
% + 0.63. For the remaining complexes with halide substitution in the 5 and 7 position of the
quinolinol, a trend was observed. The rate of infection increased with a decrease in the halide size

with values of 11.5 % + 0.65, 8.5 % + 0.50 and 5.5 % + 0.86 for 2G, [Ga(Me),CoHsNOCI,], 3G,

[Ga(Me),CsHsNOBr] and 4G, [Ga(Me).CsHsNOI,], respectively. As percentage infected decreases
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for 2G > 3G > 4G the activity increases as the halide increases, therefore in terms of anti-
Leishmanial activity: Cl < Br < I. What was also observed with the amastigote invasion assay was
an increase of the number of bound quinolinol ligands also had an effect on activity, with the only

soluble bis-substituted complex, 1G’, [GaMe(CsHsNOCI),], proving the most potent to the

amastigotes. These activities are comparable to those explored with previously analysed Sb(V) a-
hydroxy carboxylates.®” ® Even with 2G and 3G proving the least effective based solely on the
percentage infection value, in terms of selectivity indices, 2G and 3G are still considered ideal
candidates for future in vivo testing. When considering the selectivity index and anti-amastigote
activity, the iodoquin complex, 4G, presents as the top candidate for future testing out of the five
complexes analysed. With a selectivity index of 64.6 and a percentage infection value of 5.5 + 0.86,
complex 4G has proven both an effective anti-amastigote complex, and non-toxic to mammalian
cell controls. Therefore, 4G is exceptionally selective, falling well above the FDA NTI with a 60 fold
difference.®® Complex 1G’ also proved exceptionally selective, with an index of 47.0 and a

percentage infection value of 3.5 % + 0.65.

2.3.6.5 Measurement of reactive oxygen species
Gallium has been well established as an iron mimic, with similarities between itself in the +Il|

).”° The most accepted theories of gallium-iron inhibition

oxidation state and bioavailable Fe(lll
focus on the transport of gallium by iron sequestering proteins such as transferrin and lactoferrin
often at greater binding efficacy than the exogenous iron itself.!? Gallium generally inhibits ferric
iron-dependant pathways by replacing the iron moieties within these transport proteins,
disrupting microbial growth and maintenance.® 7' 72 As previously mentioned, Leishmania spp.
require iron from exogenous sources and different species of Leishmania have developed unique
ways in which to obtain iron, however all evolved around an iron sequestering protein.? 2426

Leishmania amastigote in particular reside in the low iron environment of the phagolysosome of

the mammalian macrophages. Amastigotes bypass the macrophages immunological response

139



(the production of superoxide radicals),”® 7 by conversion of these radicals to low concentrations
of H,0, and 0,.7> 7% To effectively convert the superoxide to harmless by-products, Leishmania
spp. require enough exogenous iron to produce iron superoxide dismutase. When in the low iron
environment of the phagolysosome, this scarcity of iron triggers the up-regulation of iron
sequestering channels within the parasite and causes increased promastigote — amastigote
transformation. This increased uptake of iron allows for greater balance and control of the iron
superoxide dismutase (FeSOD) activity and hydrogen peroxide generation within the parasite.?® A
study by Mittra et al concluded that in these iron poor environments, FeSOD activity greatly
increases initially, however after several days in iron-poor media this activity then dramatically
drops to a point at which no detectable FeSOD activity is observed. This results in increased levels
of superoxide and eventual death of the Leishmania population. Conversion of superoxide by

FeSOD to H,0, is a vital step in the differentiation and proliferation of Leishmania.””

A test was carried out to measure whether example complexes 1G, [Ga(Me),CoHsNOCI] and 1G’,
[GaMe(CyHsNOCI),], initiated the production of reactive oxygen species (ROS). The assay utilised
a similar procedure by Woijtala et al, though modified to include prior infection of the
macrophages.’”® The dye, dihydroethidium was used to measure the production of ROS
spectroscopically, by the conversion of dihydroethidium (DHE) to the fluorescent 2-
hydroxyeithidum. A negative control of cells without infection was used as baseline, and each
were compared to the drug control amphotericin B. A more detail explanation of the assay can be
found in the experimental section 4.3.3. The complexes and the DHE were added to the well-plate
at time intervals of 6, 12 and 24 hours. Prior to all measurements, the plates were washed with
PBS to remove any complex 1G/1G’ and DHE that had not passed through the cell membrane. At
the six-hour interval a notable percentage increase of ROS was detected in both 1G and 1G’
treated wells when measured against the negative control. This implies that addition of the

complexes to the cells, allows generation of superoxide radicals. At the twelve-hour mark, this
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production of ROS increased further still before dropping off at the 24-hour mark (fig 2.3.34).
These values were compared to the product of ROS by amphotericin B. The mechanism of action
of amphotericin B relates to changes in the permeability of the parasite cell membrane, allowing
small metabolites and other small molecules to pass through, such as superoxide.” It has also
been proposed recently that the amphotericin B can cause accumulation of ROS in other
eukaryotes such as fungi, which may contribute to the increased signal observed upon treatment
of AmpB to the parasites, which are also eukaryotic.®’ The percentage increase values of 1G, 1G’

and AmpB are given below in table 2.7.8.

Table 2.3.8 % Increase of ROS after treatment with 1G and 1G” and Amphotericin B. All values are compared

to a negative control baseline of 100%

1G 1G’ AmpB
6 hours 1354%+8.1 175.7 % + 11.7 125.0% +7.7
12 hours 156.8 % + 4.7 177.1% +27.3 1223%+5.4
24 hours 119.6 % + 1.5 141.6 % + 14.8 125.1%+2.7
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Cytosolic ROS measured using DHE (% of negative control) after treatment with 1G and
1G’ at 6, 12 and 24 hours

200 7.
e 1G’: 12 hrs
1G: 6 hrs 1G: 12 hrs
150 1G’: 24 hrs
[ 1G: 24hrs
m I I
0

Control

% increase (neaative control)
]

Complex : time (hours)

Fig 2.3.34. % increase of Cytosolic ROS produced by infected macrophages after treatment with 1G and 1G’

at 6 hours, 12 hours and 24 hours, against a negative control of no infection and no drug

Whether this increased production of ROS in the presence of gallium complexes is directly or
indirectly acting upon the parasite remains to be seen. As FeSOD plays an important role in the
survival of the parasite within the macrophage, a decrease in FeSOD activity would result in an
increase of ROS. Therefore, it is hypothesised that the gallium complex may be acting indirectly.
The gallium complexes are preferentially taken up by the parasite in the low iron environment,
where they inhibit the production of FeSOD, leading to the inability of the parasites to resist the

superoxide radicals produced by the macrophages.

2.3.7 Photophysical properties of alkyl gallium and indium quinolinolates

The compound 8-quinolinol displays a bright yellow colour when exposed to UV-light. Therefore,
there may be a possibility to exploit this. The heterocycle exhibits differing degrees of fluorescent
activity in relation to solvent. In neutral water, at a pH of approximately 7, the quinolinol is nearly

non-fluorescent, existing predominately in the enolic form, with a negligible quantum yield of 2 x
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10481 When the pH is decreased and the quinolinol placed in an acidic environment, the nitrogen
of the ring becomes protonated forming the positively charged quinolinolium ion. Conversely, in
basic solution of pH ~ 10, the hydroxyl becomes deprotonated, forming the quinolinolate (fig
2.3.35). The quinolinolate form has a 100-fold increase in its fluorescence intensity, which
increases as the basicity of the solution increases. A similar increase in intensity is described for
the quinolinolium ion also, however this highly fluorescent form exists only in concentrated acid

solution such as sulfuric acid.??

~ AN AN
+.~ ~ ~
N N ~ N
OH OH )
Quinolinolium Quinolinol Quinolinolate enolic tautomer
excited state
pH<3 pH4 -9 pH > 10

Figure 2.3.35. Enolic tautomer form and different configurations of the 8-quinolinol at differing pH ranges

The enolic tautomer state results from excitation of the photoproduct with a non-radiative de-
excitation mechanism. This coupled with competitive simultaneous charge transfer from the
prototropic site to the adjacent ring, results in the decrease of the quantum yield as observed in

highly polar and water miscible solvents.®

As all gallium and indium complexes were purified as bright yellow powders, qualitative tests were
conducted on complexes 1G, [Ga(Me),CoHsNOCI], 2G, [Ga(Me),CsH4NOCL], 3G,
[Ga(Me),CoH4NOBTr,], 4G, [Ga(Me),CsH4aNOI,] 1G’, [GaMe(CsHsNOCI),], 2G’, [GaMe(CsH4NOCI,),],
3G’, [GaMe(CoH4NOBr,),], 4G’, [GaMe(CsH4NOIy),], 11, [In(Me),CsHsNOCI], 21, [In(Me),CsHNOCIS],
31, [In(Me),CoHsNOBr;], and 4l, [In(Me),CsHsNOI;], to gauge their fluorescent activity. The bright
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yellow powder cloxyquin complexes of gallium (1G) and indium (11) were exposed to UV-light (320
— 400 nm). Both solid exhibited brightly coloured fluorescence, with 1G fluorescing bright yellow,
whereas the indium complex 11 presented as a more blue-shifted, lighter blue colour (fig 2.3.36).
Though both appeared to be strongly fluorescing in the solid state, solid-state fluorescence
analysis is incompatible with biological imaging and so no quantitative analysis on the solid-state

fluorescence was required.

Complex 1G

Complex 11

Figure 2.3.36. Solid-state fluorescence of complexes 11 and 1G under exposure to a UV-lamp.

Qualitative solution-state analysis was also conducted on the complexes in solvents of different
polarities. Small masses of example complexes 1G and 1l were placed into separate vials and
dissolved in toluene, acetone and DMSO. These solutions were all brightly coloured yellow
solutions prior to UV-analysis. The complexes displayed a degree of solvatochromism. An
increasing degree of red shifting occurred, going from the most non-polar solvent, toluene to the

most polar, DMSO (fig2.3.37).
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Toluene ~ Acetone DMSO Toluene Acetone

Fig 2.3.37. Solvatochromism of complexes 1G, [Ga(Me):CoHsCINO], and 1I, [In(Me)2CsHsCINO], in increasing

polarity solvents: Toluene < Acetone < DMSO.

DMSO is also known to absorb atmospheric moisture, therefore the quenching of the fluorescence

may be due in part to the concentration of water within the solution.®

Though the significant fluorescence quenching in DMSO disqualified the complexes for any further
analysis as potential biological trackers, fluorescence activity was still observed in the non-polar
solvents. As the gallium complexes exhibited the greatest degree of qualitative fluorescence in
toluene, preliminary UV-Visible spectroscopy was performed on all complexes at 10 “*M in order
to locate the A max of each complex. Graphs were constructed for each class, bis-methyl and
mono-methyl, and the A max values of each compared along with their relative nm shift (figures

2.3.38 and 2.3.39).
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Molar Absorptivity of complexes 1G - 4G in toluene at 10* M

2990
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300 320 340 360 380 400 420 440 460 480 500

Wavelength (nm)

Fig 2.3.38. UV-Visible spectrum of complexes 1G — 4G in toluene at 10 *M.

All complexes exhibited the presence of multiple bands in the UV-visible spectrum, a phenomenon
described by Moeller et al in the 1950s on the UV-visible spectrum of metal quinolinol chelates.
The largest of these bands was generally found within 400 — 425 nm, of which matches to the
spectrum in figure 2.3.28. The study also concluded that increasing the size of the metal caused
anincrease in the bathochromic shift of the A max. Therefore, it could be assumed that increasing
the halide size on the ligand could have a similar effect, though this is only noticeable with the

iodoquin analogue 4G.%*

The cloxyquin complex 1G presented as the weakest absorber and iodoquin complex 4G the

strongest, with € values of 2458 Mlcm™ and 2784 Mcm™ respectively, implying a small trend in
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the change in halogen size. All values and the corresponding max are given below in table 2.3.9.

The mono-methyl complexes 1G’ — 4G’ were observed to be stronger absorbers than the bis-

methyl complexes, which was most likely attributed to the presence of two quinolinol moieties as

opposed to one in the complete molecule (fig.2.3.39). The molar absorptivity of 1G’ — 4G’ were

almost a two-fold increase when compared to the bis-methyl complexes 1G — 4G, further

supporting the ligand addition theory.
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Molar absorptivity of complexes 1G' - 4G' at 10 *M" in toluene
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Fig 2.3.39. UV-Visible spectrum of complexes 1G — 4G in toluene at 10 *M. *Complex concentration close

to 10“M, slight particulates observed for 2G’ and 3G’.

Table 2.3.9. UV-visible A max values and molar absorptivity values of complexes 1G — 4G and 1G’ —4G’.

1G 2G 3G 4G 16’ 2G’ 3G’ 4G’
Amax(nm) | 417 417 418 421 401 400 405 412
g(M*cm?) | 2458 2691 2678 2784 5439 5723 5439 6211
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An attempt to gather information on the fluorescence intensity of the complexes was conducted,
however, very little signal was observed when the complexes were excited (in both the solid and
solution state) at the A max values obtained from the UV-visible graphs. Due to this, no further

analysis into the fluorescence activity was pursued.

Unlike highly polar solvents, in alkane solvents it has been observed that molecules of 8-quinolinol
will self-associate to form stable dimers which are able to undergo biprotonic transfer in the
excited state. The stability of these dimers affects the overall quantum yield of the molecule.
Quenching of 8QH most often occurs via the attraction of the hydroxyl group to strong hydrogen
acceptor solvents such as water and DMSO, which leads to deexcitation by internal conversion.
However, in weakly interacting solvents such as toluene, intramolecular bonding between the
hydroxyl and the nitrogen increase the dimer stability and lead to a similar quenching of the
fluorescence.®! Though the chelation of the quinolinol locks it in the ideal conformation and
prevents formation of the excited state tautomer, fluorescence activity in metal chelates has been
shown to be marginally lower when compared to conventional fluorophores, especially those used
in a biological setting. Therefore, no further photophysical analysis on the complexes was

required.

2.3.8 Conclusion
In this section the therapeutic potential of the group 13 metals gallium and indium was detailed.
The medically active halido-quinolinol class was utilised. Reactive alkyl groups were incorporated

in an attempt to decrease the hydrolytically stability and increase lipophilicity.

Atotal of 12 completely isolatable complexes were synthesised and characterised, four bis-methyl
gallium quinolinolates, 1G, [Ga(Me),CsHsNOCl], 2G, [Ga(Me),CoH4NOCl,], 3G,

[Ga(Me),CoHiNOBr;], 4G, [Ga(Me),CsHaNOI,] , four mono-methyl gallium quinolinolates, 1G’,
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[GaMe(CsHsNOCI),], 2G’, [GaMe(CsHaNOCI,),], 3G’, [GaMe(CsHaNOBr3),], 4G’, [GaMe(CoHsNOIL),],
and four bis-methyl indium quinolinolates, 1l, [In(Me).CsHsNOCI], 21, [In(Me).CsHNOCI,], 3lI,
[In(Me),CsHsNOBr;], and 4l, [In(Me),CoHsNOI,]. Three other indium products that were
characterised solely by X-ray crystallography were also produced: 3I’, [InMe(CsHsNOBr3),], 3I-C,

[|n4(OH)4(C9H4NO|2)g], and 4|-0, [(In(Me)2C9H4NOI2)2(In(Me)ZOH)].

The complexes produced were isolated and characterised in the general formulae of [M(Me),L]
for 1G — 4G and 1l — 41 and [GaMe(L),] for complexes 1G’ — 4G’. The brightly coloured products
obtained were all stable to air and moisture upon completion of the reaction. The yields for both
the bis-methyl and mono-methyl equivalents were exceptional, ranging from 72 - 97%. All
complexes were characterised by *H NMR, melting point, FT-IR, mass spectrometry, elemental
analysis and single crystal X-ray diffraction. Complexes 1G — 4G and 11 — 4l were also analysed by
13C NMR, complexes 1G’ — 4G’ faced issues with solubility and so definitive 3C NMR data was

unobtainable.

Complexes 2G — 4G were found to be analogous in structure, presenting as distorted tetrahedrons
in the solid-state. 1G and 11—-4l presented as dimers in the solid-state, with a coordination number
of five characterised as a distorted trigonal bipyramidal geometry. The quinolinol ligands sat
planar in the solid-state, occupying the both the equatorial (O) axial plane (N) in respect to the
metal with the methyl groups occupying two of the three equatorial positions. Distortion for the
ideal trigonal angle of 120 ° was observed for all complexes, along with lengthening of the carbon
— gallium bond as the halogen size increased. The mono-methyl complexes 1G’ — 4G’ and 3I’ were
all analogous in structure, similar to the dimeric 1G and 11 —4l, all were found to be five coordinate
trigonal bipyramids. For these bis-substituted complexes, the covalently bound oxygen atoms are
occupying two of the three equatorial planes, with the remaining site occupied by the methyl

group. The nitrogen of the quinolinol ring was observed to be sitting the two axial positions of the
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trigonal bipyramid. The indium complex 3l was observed to undergo rearrangement in the
solution state to 3I’ and then to the indium complex 3I-C. This complex was characterised by X-
ray alone and found to be the cluster complex of the general formula 4[In(L),OH]. The cluster core
comprised of four indium metal centres and four hydroxide moieties [Ins(OH)4]. The complex was
determined to contain hydroxide moieties as opposed to oxides to enable charge balance of the
overall cluster, unfortunately due to the large degree of electron density within the core the

hydrogens were unable to be modelled.

The indium complexes were observed to be unstable in the solution, resulting in re-arrangement
of the initial bis-methyl complex to a variety of difficult to characterise by-products. The gallium
complexes displayed good solution state stability, making them ideal candidates for biological
testing. Complexes were dissolved into de-DMSO and monitored for 24 hours to observed if any
changes to the signals would occur. Unfortunately complexes 2G’ — 4G’ proved only partially
soluble in the biological solvent DMSO and so were disqualified from biological testing. Complexes
1G - 4G and 1G’ however proved to exhibit a high degree of solubility and hydrolytic stability and

were prime candidate for biological assessment.

Complexes 1G — 4G and 1G’ were all tested for their biological activity against a variety of
therapeutic targets including Gram positive/negative bacteria, Hela cervical cancer cells and L.
major promastigotes and amastigotes, as well as mammalian controls, Cos-7 cells and human
fibroblasts. All five complexes were found to be non-toxic to the mammalian control cell Cos-7,
with the only notable activity arising from complex 1G, with an ICso of 88.3 uM. The gallium
complexes exhibited little to no activity against HeLa and no further assessment of their anti-
cancer activity was necessary. Tests into their anti-microbial action were performed on both the
soluble and insoluble complexes. Complexes 1G — 4G and 1G’ were analysed as 5 mg/mL solutions

onto bacteria inoculated agar plates, whereas the insoluble 2G’ — 4G’ were qualitatively assessed
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by means of a solid-state test. Similar to the Hela assay, the complexes exhibited very little anti-
bacterial activity and no further analysis was conducted. A final assay was conducted on the
promastigote form of Leishmania specifically L. major V121. The gallium complexes exhibited
excellent anti-promastigote activity in the ranges of 1.11 —13.4 uM. Their selectivity was assessed
by a comparative mammalian control cell line, human fibroblasts. An ICso range of 16.2 — > 100
KM was obtained, with complexes 1G and 1G’ proving the most cytotoxic. Despite the small
degree of cytotoxicity, all complexes exhibited an excellent degree of selectivity. All complexes
were then assessed for their anti-amastigote activity at a standard concentration of 10 uM.
Excellent anti-amastigote activity was observed across the board, with percentage infection values
of 3.35 % + 0.65 — 11.5 % + 0.65. Complex 1G’ proved the most ideal candidate based on anti-
amastigote activity alone, but when considering overall selectivity, the lodoquin complex 4G

reigned supreme, with a percentage infection value of 5.5 % + 0.86 and selectivity index of 64.6.

To gain insight into potential mechanistic action of the complexes an assay to detect the
production of reactive oxygen species was assessed. Example complexes 1G and 1G’ were
observed to initiate a percentage increase of ROS when added to infected macrophages,
insinuating that they perhaps limit the ability for the intracellular parasite to disrupt the normal
immunological response of the macrophages, allowing for ROS production and eventual parasite

elimination.

Qualitative analysis of the UV-visible absorbance and fluorescence activity of the complexes
yielded little results. All gallium and indium complexes were emissive in the solid-state under a
UV-lamp, but lacked any potent measurable fluorescence. UV-visible analysis did however enable
the further clarification of chelation of the quinolinol, by the appearance of multiple bands within
the spectra. Due to 1l — 4l’s instability in the solution state, no solution state photophysical

analysis was conducted. Complexes 1G — 4G and 1G’ — 4G’ were all found to be weak absorbers
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even in largely non-polar solvents, with molar absorptivities ranging from 2458 — 6211 M cm™.
A noticeable two-fold increase in € was observed when going from the mono-quinolinolates (1G —
4G) to the bis-substituted 1G’ —4G’. As the fluorescence of the complexes were greatly quenched
in DMSO:H,0, no further investigation into their potential biological fluorescence was

investigated.

This section has highlighted the exploration into a different class of anti-Leishmanial complexes
deviating from the traditionally used bismuth and antimony to focus on metals of the triel group,
indium and gallium. A similar class of medically active halido-quinolinols were selected for their
previously established therapeutic potential in order to assess possible synergistic effects by the
chelation to a metal centre. The addition of alkyl groups in the final complex was theorised to
alleviate the high hydrolytic stability of a previously synthesised tris-quinolinolate gallium complex
that hindered it from further therapeutic use. The use of gallium and indium in the medical field
is a continuously growing area of research and shows potential in the treatment of devastating

tropical parasites.
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2.4. Synthesis, characterisation and biological activity of triaryl Sb(V) R/S-

mandelate complexes

2.4.1 Mandelic acid

Mandelic acid, like many conventional organic compounds, was first extracted from a natural
source.! As most discoveries were back then, mandelic acid was isolated serendipitously in 1909.
Walker and Krieble extracted amygdalin, a cyanogenetic glycoside, from bitter almonds. When
heated in dilute hydrochloric acid, they isolated a white crystalline solid which they named
mandelic acid, after the German word for almond, Mandel.! Mandelic acid was structurally
characterised as an aromatic a-hydroxy acid with the molecular formula CsHsCH(OH)COOH, more
systematically known as a-hydroxyl benzene acetic acid. It has a chiral centre on the a-carbon

and is found in both the R or S confirmations (figure 2.4.1).

(J

OH ~. _OH
HO HO™ ™Y
o)

O

S-Mandelic acid R-Mandelic acid

Figure 2.4.1. The two enantiomers of mandelic acid

Despite the aromatic group on the backbone of the acid, mandelic acid is freely soluble in water

and other polar organic solvents.
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2.4.1.1 Mandelic acid as biological detector.

Studies conducted in the early 1970s — 1980s found that mandelic acid levels in the urine of

industrial workers could be used to determine the level of styrene exposure of the affected

individuals.?® In the human body, styrene is metabolised to styrene-7,8-oxide by cytochrome P-

450 mediated monooxygenase systems and other biological mechanisms including lipoxynase-

mediated enzymes and oxidation via oxyhaemoglobin and myoglobin.”° Styrene-7,8-oxide then

undergoes enzymatic hydrolysis to phenyl ethylene glycol which is further oxidised to mandelic

acid and phenylglyoxylic acid (figure 2.4.2).1
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Figure 2.4.2. Major metabolic pathway of styrene in humans, several by-products have been excluded.

CYP450: cytochrome P450.

The mandelic acid and phenylglyoxylic acid produced as a result of styrene exposure, exhibit a

biphasic urinary excretion with a first phase half-life of 2.5 hours and a second phase half-life of

30 hours, allowing for accurate determination of the original styrene concentration.'? This
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mandelic acid quantification technique is still utilised today to quantify the exposure of plastic

injection industrial workers to toxic gases and vapours, including styrene.

2.4.1.2 Mandelic acid as an anti-microbial

Not only is mandelic acid a useful bio-detector for toxic vapour exposure, it has also been used for
many years as a bladder irrigation fluid to prevent urinary tract infections. Solutions of 1%
mandelic acid have a low pH of 2.4. This acidic solution is used to dissolve minerals that can form
during urinary tract infections that lead to concernments and bladder stones.'* The anti-bacterial
activity of mandelic acid has been studied extensively, with research by Rosenhiem et al in the
1930s, assessing its viability as an anti-bacterial agent and its ability to remain unchanged during
excretion.’ The efficacy of mandelic acid relied heavily on the maintenance of a strictly acidic
urine pH, without which its bacteriostatic abilities diminished. This limited its use against bacteria

that produced basic compounds, such as ammonia, as metabolic by-products.'®

Mandelic acids uses are still investigated today, it has been traditionally used in the cosmetics
industry as a facial scrub and for the treatment of acne prone skin.'” The large molecular size of
mandelic acid allows for slower diffusion of the acid into the skin which results in less irritation of
the lower dermis.’® The anti-bacterial applications of mandelic acid focus on microbes that are
localised in and around the skin as opposed to internal infection. Children with atopic dermatitis
have been observed to house a significant reservoir of methicillin resistant Staphylococcus aureus
(MRSA). Consequently, Motanmedifar et al demonstrated the promising effects of using mandelic
acid as a combination therapy in the treatment of dermatitis and bacterial infections caused by
MRSA.® Catalina et al also investigated activity based around topical treatments and dermatitis,
analysing two mandelate derivatives as potential preservatives in topical.?*® The mandelate
derivatives exhibited very good preservation of the topical ointments, even those exposed to

Pseudomonas aeruginosa and Candida albicans.?® Most recently a series of mandelate bromides
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have been analysed for use in ionic liquids. These weakly coordinating salts showed low anti-
microbial activity against thirteen different strains of bacteria and twelve fungal strains, with a

trend of increasing activity as the alkyl ester chain increased.?

2.4.1.3 Metal complexes of mandelic acid

Mandelic acid has two potential deprotonation sites on its structure, the acidic carboxylate proton
(pKa ~ 3.4) and the a-hydroxyl (pKa ~ 14.2).%% This enables mandelic acid to bind to a metal through
a monoanionic or dianionic binding mode, as a four membered or five membered chelate
respectively (figure 2.4.3). The five membered chelate is commonly known as a cyclometallate
due to its potential to redistribute back to the four membered monoanionic form. Most metal
complexes tend to favour the binding through carboxylate with dative interactions through the

carbonyl oxygen.

Figure 2.4.3. Metal binding modes of mandelic acid

Mandelate forms stable complexes with a variety of metals. Titrations of mandelic acid against a
series of lanthanide complexes yielded changes in pH that were determined to be due the binding
of the mandelate to the metal complex. Formation constants were calculated which showed a
strong affinity of the acid to the metal centre.”® Due to its two potential deprotonation sites,

mandelate can form bridging complexes with a metal centre. Studies by Pruchnik et al back in the
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1980s, characterised the binding of one mandelate to two separate rhodium centres, forming a
mandelato bridge. The complex was observed to be both thermally and substitutionally stable in
ds-DMS0.% Spectroscopic studies on divalent transition metal complexes enabled insights into the
structural stability of mandelate versus other conventional a-hydroxy acids such as glycolate and
lactate. Mandelate was observed to be the most stable of the three in the spectrochemical series
generated.® X-ray crystallographic studies into a copper mandelate complex observed binding of
the copper through a double deprotonation of the mandelic acid, and interactions with adjacent
copper centres through dative binding of the carbonyl oxygen.?® Other metal complexes of
mandelate include molybdenum, europium and silver.?”-?° The silver complex of mandelic acid was
observed to differ from the transition metal complexes by binding of the carboxylate alone to one
silver centre, and the interaction of the adjacent silver with the carbonyl oxygen. A five membered
chelate was formed through both covalent and dative interactions of both hydroxyl groups to
another silver centre, resulting in a polymeric structure.?® This polymeric mandelate complex was
also tested for its antimycobacterial properties. Though not extremely potent, they exhibited

some anti-bacterial activity.?®

Complexes of mandelate with group 15 metals, bismuth and antimony, have also been
characterised. Initial studies by Zevaco and Postel et al on the Bi(lll) complex, observed binding of
the mandelates through a covalent interaction with the carboxylate hydroxyl, and a dative bond
through the a-hydroxyl. The complex was also characterised to incorporate a Bi-O-Bi moiety, with
two mandelates in the remaining coordination sites of the Bi(lll) centres.>® This oxide bridge
complex found heavy use as a Bi mediated catalyst of aryl epoxides.?! Mandelates have found use
in the determination of the ratio of Sb(lll) or Sb(V) ions in solution media.?* More recently,
investigations into the synthesise of the Bi(V) and Sb(V) aryl equivalents have been achieved, with

Barucki et al focusing on the stereoselectivity of these complexes. The bismuth complexes were
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observed to form bis-substituted complexes of the general formula [BiPhs(LH),] whereas the

antimony complexes were more stable as the cyclometallated ([SbPhsL]).33

2.4.1.4 Mandelate anti-Leishmanials

Studies into to the potential anti-Leishmanial activity of triphenyl Bi(V) and Sb(V) mandelates were
then conducted by Andrews et al.3* The Bi(V) aryl mandelates complexes were disqualified from
testing due to their lack of selectivity, but a high degree of selectivity from the analogous Sh(V)
complexes made them ideal candidates. Due to the moderate activity observed by the Sb(V)
complexes, a study into the structure activity was proposed, focusing on both the chirality, R or S

mandelate, and changing of the aryl group from the original phenyl moiety.

2.4.2 Synthesis and characterisation

2.4.2.1 Synthesis

The synthesis of triaryl Sb(V) mandelates followed the same oxidative addition, though modified
to encourage immediate formation of the cyclometallate complex. As opposed to two equivalents
of acid, one equivalent was reacted with the triaryl antimony after oxidation to the dihydroxido
intermediate. H,O, was used in place of t-BuOOH, to encourage the formation of the
cyclometallate by producing water, rather than t-BuOH as a by-product (figure 2.4.4). This was

due to the similar pKa of both t-BuOH and the a-hydroxy of mandelic.?®

Ho O
H,0, /OH 0 0 o
(Aryl b —— (Aryl)—-" . — (Aryl%'-'\ f
3 Sol" 3 OH -2H,0 30T

Aryl = o-tol, m-tol, p-tol, 0-OMe, mesityl, p-t-butyl

Sol¥ = Et,0 or Toluene

Figure 2.4.4. Synthetic pathway utilised in the synthesis of aryl Sb(V) R/S mandelates
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The different aryl groups used in this study were o, m, p-tolyl, (o,m,p-tol) o-methoxyphenyl, (o-
PhOMe), mesityl, (mes) and p-tertiary butyl-phenyl, (p-tBuPh) (figure 2.4.5). All starting aryls were
produced easily from the salt metathesis reaction of SbCl; with the MgArBr under inert conditions
in THF. The Grignard reagents were synthesised by the addition of the ArBr to Mg turnings prior
to addition to antimony trichloride.®® The synthesis of all starting Sb(lll) aryls were high yielding

(75 — 88%) and easily crystallised from either ethanol or acetone.

Jo R eI
X0 T O

tris-o-tolyl antimony tris-m-tolyl antimony tris-p-tolyl antimony
1 2

tris-o-methoxyphenyl antimony  tris-mesityl antimony tris-p-tertbutylphenyl antimony
4 5 6

Figure 2.4.5. Aryl Sb(lll) precursors explored in this study

Synthesis of the cyclometallate complexes of R or S mandelate, 1Sr/s, [Sb(o-tol)s0,CCH(CesHs)O],
2Sr/s, [Sb(m-tol)s0,CCH(CeHs)O], 3Sr/s, [(Sb(p-tol)30,CCH(CsHs)OH),0,], 4Srfs, [Sb(o-

phOMe);0,CCH(CgHs)0], 5Sr/s, [Sb(mes);0,CCH(CsHs)O] and 6Sr/s, [Sb(p-tBuPh);0,CCH(CgsHs)O],
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exhibited several issues. Despite the simple one-step oxidative addition, the products obtained
often formed as oily residues. 'H NMR studies on these residues revealed that the reactions had
not gone to full completion. The reactions were given longer synthesis times but still produced
impure oils. The oils were then sonicated in distilled water, which yielded solid white powders.
Any mandelic acid left in the reaction mixture dissolved into the water upon sonication, and was
subsequently filtered off. The products were dried and analysed to provide pure products. It was
found that ether produced better yields and cleaner products than toluene, and so ether was
predominantly used as the reaction solvent. It is not yet fully understood what the cause of the
oil formation was, but may perhaps be due to the potential formation of triaryl antimony oxide

bridged complexes.?” 38

2.4.2.2 Characterisation

All complexes were eventually synthesised and isolated in high yields (72 - 86%) and high purity.
All were characterised by *H NMR, 3C NMR, melting point analysis, FT-IR, elemental analysis and
single crystal X-ray crystallography. Complexes of the p-tolyl antimony were the only complex to
differ in their solid-state structure, complexes 1Ss/Sr, 2Ss/Sr, 4Ss/Sr — 6Ss/Sr were all
characterised as cyclometallates, by both X-ray crystallography and IR spectroscopy. Complexes
3S8S/Sr however formed a perioxo bridged complex of the general formula [(SbArs;LH),0,], a
structural representation is given below in figure 2.4.6. Unfortunately, repeated analysis by X-ray
crystallography was unable to yield publishable data, but an idea on the connectivity was
established. In the solution state however cyclometallation did occur forming complexes 3Sr’ and

3Ss’ (fig 2.4.5).
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Figure 2.4.6. General structures of complexes 3Sr/s, [(Sb(p-tol)simanH).02] and the cyclometallate form
38r’/s’, [Sb(p-tol)s(man)].

IH NMR of complexes 3Ss and 3Sr highlighted the formation of the cyclometallate form 3Sr’/3Ss’
in the solution state. (figure 2.4.7). Cyclometallation was further confirmed by the presence of

H,0, at 0 hours of which degrades after 24 hours.
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Figure 2.4.7. *H NMR spectrum of complex 3Sr’, [(Sb(p-tol)s0.CCH(CsH5)O], against precursor aryl, the
residual solvent signal and H20 signal can be found at 2.50ppm and 3.33ppm respectively. The presence of

H202at ~ 10 ppm can be observed.
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Similar to complex 3Sr’, all remaining cyclometallates, be it R or S, are spectroscopically identical.
An example H NMR of complex 1Ss, [(Sb(o-tol)30,CCH(CsHs)O] and 1Sr, [(Sb(o-
tol)30,CCH(CsHs) 0], is given below (figure 2.4.8). Binding of the mandelate through both hydroxyls
was identified by the lack of any hydroxyl signals in the *H NMR. The only definitive analytical
technique utilised to distinguish between the two enantiomers was X-ray crystallography.
Strangely, complexes 5Ss and 5Sr, the mesityl analogues, [Sb(mes);0.CCH(CsHs)O], presented with
unusual *H NMR data, despite being pure crystalline complexes. Polarimetry could be used but
due to time constraints was not employed. The signals presented as quite broad, however for the
most part the integrations were representative of the complex. This broadening of the signals
could be related to the fluxionality of the mandelate, switching between the monodentate and
bidentate binding mode. This could potentially be resolved by low temperature NMR studies, but
as other analytical data correlated with the obtained X-ray structure this would have been an

unnecessary step.
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Figure 2.4.8. 1H NMR of complexes 1Sr/s, [(Sb(o-tol)302CCH(CsHs)0], in de-DMSO, the residual solvent signal

and H:0 signal can be found at 2.50ppm and 3.33ppm respectively. Insert of the expanded aromatic region

given.

Similar to NMR spectra obtained, the IR spectrum of each complex was found to be the same, as
was expected in a technique that yields information about the bonding of the complex only.
Nevertheless, a list of the carboxylate stretching frequencies of all the complexes versus the free

mandelic acid is given below in table 2.4.1.
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Table 2.4.1. IR stretching frequencies of free mandelic acid versus the cyclometallate (and peroxido)

complexes 1Ss/Sr — 6Ss/Sr

Compound v-COOH v-COO
Mandelic acid (R/S) 1710 cm™ _
1Ss - 1682 cm™
1Sr - 1683 cm™
2Ss - 1682 cm™
2Sr - 1683 cm™
3Ss - 1653 cm™?
3Sr - 1654 cm™
4ss - 1677 cm
4sr - 1676 cm™
5Ss - 1677 cm™
5Sr - 1677 cm™
6Ss - 1665 cm™
65r - 1665 cm!

2.4.2.3 X-ray crystallography

Crystals of all complexes were obtained from either heating in a solvent (usually DMSO) or through
slow evaporation of the filtered reaction mixture. The complexes that crystallised from DMSO, 6Ss
and 6Sr, [Sb(p-tBuPh)30,CCH(CsHs)O], both incorporated a datively bound DMSO. Complexes 1Ss
and 1Sr, [Sb(o-tol)s0,CCH(CsHs)O], 2Ss and 2Sr, [Sb(m-tol)s0,CCH(CsHs)O], 4Sr and 4Ss, [Sb(o-
PhOMe)30,CCH(CgHs)O], 5Ss and 5Sr, [Sb(mes);0,CCH(CeHs)O], all crystallised from the toluene

or ether reaction mixture, without solvent molecules present. Complexes 2Sr and 2Ss differed
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from the remaining structures through a dative interaction of the mandelate with the adjacent
antimony centre. All complexes were solved in non-centrosymmetric space groups due to the pure
enantiomeric chirality of the mandelic acid. All corresponding data can be found in tables 2.4.2
and 2.4.3. Avisual representation of all complexes 2Ss/Sr, 4Ss/Sr— 6Ss/Sr is given below in figures

2.4.9-2.4.16, a detailed description of complexes 1Ss and 1Sr will be discussed further.

Figure 2.1.9. Solid-state structure of 2[Sb(CsH4(CH3))302CCH(CeHs)O], 2Sr. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sb(1)
—0(1), 1.957(4), Sb(1) — 0(2), 2.234(4), Sb(1) — C(1), 2.123(6), Sb(1) — C(7), 2.127(6), Sb(1) — C(15), 2.094(5);
C(1)-Sb(1)-C(15), 101.0(2), C(1)-Sb(1) — C(7), 101.0(2), C(7) — Sb(1) — O(1), 129.9(19), O(1) — Sb(1) - O(2),
79.92(14). Disorder of the methyl group has been modelled over two positions.
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Figure 2.1.10. Solid-state structure of 2[Sb(CeHa(CH3))30:CCH(CesHs)O], 2Ss. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
—0(1), 1.962(3), Sb(1) — 0(2), 2.228(3), Sb(1) — C(1), 2.123(4), Sb(1) — C(7), 2.105(4), Sb(1) — C(15), 2.112(4);
C(1) — Sb(1) — C(15), 100.5(17), C(1) — Sb(1) — C(7), 101.0(17), C(7) — Sb(1) — O(1), 129.9(14), O(1) — Sh(1) -
0(2), 76.71(11). Disorder of the aryl groups has been modelled over two positions.

Figure 2.1.11. Solid-state structure of [Sb(CsH4(OCHs3)):02CCH(CeHs)O], 4Sr. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
—0(1), 1.956(3), Sb(1) — 0(2), 2.162(3), Sb(1) — C(1), 2.118(5), Sb(1) — C(7), 2.103(4), Sb(1) — C(15), 2.100(5);
C(1)-Sb(1)-C(15), 101.5(2), C(1)-Sb(1) — C(7), 108.1(2), C(7) — Sb(1) — O(1), 124.9(18), O(1) — Sb(1) - O(2),
77.00(14).
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Figure 2.1.12. Solid-state structure of [Sb(CsH4(OCH3))302CCH(CsHs)O], 4Ss. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sb(1)
- 0(1), 1.961(12), Sb(1) — 0(2), 2.165(13), Sb(1) — C(1), 2.108(18), Sb(1) — C(7), 2.104(17), Sb(1) — C(15),
2.127(17); C(1) — Sb(1) — C(15), 107.7(7), C(1) — Sb(1) — C(7), 101.5(7), C(7) — Sb(1) — O(1), 124.8(6), O(1) —
Sb(1) - 0(2), 76.99(5).

Figure 2.1.13. Solid-state structure of [Sb(CsH2(CHs)3)302CCH(CsHs)O], 5Sr. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sb(1)
—0(1), 1.949(6), Sb(1) — 0(2), 2.202(7), Sb(1) — C(1), 2.162(8), Sb(1) — C(7), 2.204(8), Sb(1) — C(15), 2.143(7);
C(1) - Sb(1) — C(15), 123.6(3), C(1) — Sb(1) — C(7), 95.60(3), C(7) — Sb(1) — O(1), 121.1(3), O(1) — Sb(1) — O(2),
77.4(3).
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Figure 2.1.14. Solid-state structure of [Sb(CsH2(CH3)3)302CCH(CsHs)O], 5Ss. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
— 0(1), 1.953(7), Sb(1) — 0(2), 2.200(7), Sb(1) — C(1), 2.127(10), Sb(1) — C(7), 2.144(11), Sb(1) — C(15),
2.144(11); C(1) — Sb(1) — C(15), 112.7(4), C(1) — Sb(1) — C(7), 96.10(4), C(7) — Sb(1) — O(1), 126.2(3), O(1) —
Sb(1)-0(2), 77.3(3).

Figure 2.1.15. Solid-state structure of [Sb(CsHa(C(CH3)3))302CCH(CeHs)O], 6Sr. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sb(1)
—0(1), 2.010(6), Sb(1)—0(2), 2.127(7), Sb(1) — C(1), 2.154(9), Sb(1) - C(7), 2.093(10), Sb(1) - C(15), 2.137(10);
C(1)—Sb(1) — C(15), 100.1(4), C(1) — Sb(1) — C(7), 99.60(4), C(7) — Sb(1) — O(1), 91.80(3), O(1) — Sb(1) — O(2),
78.90(3). Disorder of the tert-butyl groups has been modelled over two positions. One of two complex
moieties of the asymmetric unit is shown.

171



Figure 2.1.16. Solid-state structure of [Sb(CsH4(C(CH3)3))302CCH(CsHs)O], 6Ss. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
—0(1), 2.000(5), Sb(1) — 0(2), 2.106(5), Sb(1) — C(1), 2.152(7), Sb(1) — C(7), 2.152(8), Sb(1) — C(15), 2.147(7);
C(1) - Sb(1) - C(15), 100.5(3), C(1) - Sb(1) — C(7), 100.4(3), C(7) - Sb(1) — O(1), 93.40(3), O(1) — Sb(1) — O(2),
79.70(2). Disorder of the tert-butyl groups has been modelled over two positions. One of two complex
moieties of the asymmetric unit is shown.

Complexes 1Ss and 1Sr (figure 2.4.17 and 2.4.18) are analogous, with the only difference being
the chirality of the mandelic acid. Hydrogen atoms have been included on the structure to

demonstrate the different enantiomers.
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Figure 2.1.17. Solid-state structure of [Sb(CsH4(CH3))302CCH(CsHs)O], 1Sr. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
—0(1), 1.972(6), Sb(1) — 0(2), 2.150(6), Sb(1) — C(1), 2.146(7), Sb(1) — C(7), 2.119(7), Sb(1) — C(15), 2.125(8);
C(1) - Sb(1) - C(15), 105.5(3), C(1) - Sb(1) — C(7), 103.1(4), C(7) - Sb(1) — O(1), 123.2(3), O(1) - Sb(1) — O(2),
76.70(2).

Figure 2.1.18. Solid-state structure of [Sb(CsHa(CH3))302CCH(CsHs)O], 1Ss. Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A) and angles (o). Sh(1)
—0(1), 1.968(2), Sb(1) — 0(2), 2.141(3), Sb(1) — C(1), 2.141(3), Sb(1) — C(7), 2.111(4), Sb(1) — C(15), 2.128(3);
C(1) - Sb(1) — C(15), 105.5(14), C(1) — Sb(1) — C(7), 103.6(14), C(7) — Sb(1) — O(1), 123.1(12), O(1) — Sb(1) -
0(2), 77.17(10).

All complexes, except the m-tolyl and p-tertbutyl phenyl complexes, are five-coordinate in regards

to the Sb(V) centre. Similar to previously synthesised aryl Sb(V) complexes, the equatorial
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positions of the coordination sphere are occupied by the aryl groups, aligning in a propeller like
orientation.3* 3* 3941 The mandelate oxygens occupy the two remaining axial positions of the
trigonal bipyramids. Both 1Ss and 1Sr adopt this same trigonal bipyramidal configuration. This is
a common geometrical preference for the antimony complexes. In terms of the cyclometallation,
there is very little in the way of solid-state structures within the literature, with only two five-
coordinate doubly deprotonated triaryl antimony complexes identified on the Cambridge
Structural Database (accessed august 2019).*> ** One such cyclometallated product has been
previously identified by X-ray crystallography by Barucki et al, with their a-hydroxy acid complex
[SbPh3(0,CC(O)CHs(CH,CH30)]. The complex was found to be analogous in binding mode to
1Ss/Sr, as five coordinate with covalent binding through both the carboxylate hydroxyl and the a-
hydroxyl.*? The Sb — C average bond length of 2.121 A was observed to be similar to that of 1Ss
and 1Sr, with average Sb — C lengths of 2.127 A and 2.130 A respectively. The binding mode of the
oxygens can be identified as covalent with average bond lengths of 1.968(2) A, 2.141(3) A, 1.972(6)
A and 2.150(6) A for Sb(1) — O(1) and Sb(1) — O(2) for both 1Ss and 1Sr respectively. These lengths
are similar to those observed by Coles et al with their unusual pinanediol complex
[SbPhs(C10H180,)], which had bond lengths of 2.008(2) A and 1.989(2) A for Sb(1) — O(1) and Sb(1)
— 0(2) respectively.®® Widening of the trigonal angle for the complexes was observed from the
ideal 120°, as seen from the C(1) — Sb(1) — C(15), C(8) — Sb(1) — C(15) and C(1) — Sb(1) — C(8) angles
0f103.1°,111.7 °and 105.5 °, for 1Sr, and 103.6 °, 111.8 ® and 105.5 ° for 1Ss, respectively. These
were observed to average as 106.7 °and 107.0 °, exhibiting very little difference between the two,
as was expected with analogous ligands with only a minute change in the position of one proton.
Distortion along the trigonal angle was also observed for the two cyclometallate complexes
synthesised by Barucki et al and Coles et al, with an average trigonal angle of 111.9 ° and 100.8 °

respectively.**
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Table 2.4.2. Crystallographic data of triaryl Sb(V) R-mandelates

1Sr 2Sr 4Sr 5Sr 6Sr
Chemical 2(C29H2703Sb) CsgHs306Sb2 C29H2706Sb 2(C3sH3903Sb) 2(CaoH5104SSb)
formula
M 1091.52 1088.49 593.25 1258.82 1499.23
Crystal system, Orthorhombic, | Tetragonal, P4s | Orthorhombic, | Monoclinic, P21 | Triclinic, P1

space group

P21212;

P21212;

Temperature (K) | 123 123 296 123 296
a, b, c(R) 10.7025 (1), 10.3478 (2), 8.9081 (2), 16.7298 (3), 11.8815 (5),
11.2182 (1), 44.3125 (12) 15.0477 (4), 10.6454 (2), 12.2367 (5),
40.6305 (5) 19.4610 (5) 17.1552 (3) 14.7749 (6)
v (A3) 4878.21 (9) 4744.8 (2) 2608.68 (11) 3003.03 (10) 2037.91 (15)
V4 4 4 4 2 1
Trminy Tmax 0.219, 1.000 0.837, 1.000 0.704, 0.746 0.611, 1.000 0.691, 0.745
Rint 0.097 0.070 0.100 0.121 0.049
(sin 8/N)max (A1) | 0.634 0.722 0.625 0.610 0.625
RIF? > 20(F?)], 0.049, 0.122, 0.039, 0.071, 0.034, 0.060, 0.052, 0.139, 0.039, 0.086,
wR(F?), S 1.05 1.02 1.07 1.10 1.04
No. of 10159 11655 5325 11383 16575
reflections
No. of 663 611 328 721 954
parameters
Table 2.4.3. Crystallographic data of triaryl Sb(V) S-mandelates
1Ss 2Ss 4Ss 5Ss 6Ss
Chemical 2(C29H2703Sb) CsgHs406Sb2 C29H2706Sb 2(C3sH3903Sb) Ca0H5104SSb-Cao
formula Hs004SSb
M 1090.51 1090.51 594.26 1262.81 1499.23
Crystal system, Orthorhombic, | Tetragonal, P41 | Orthorhombic, | Monoclinic, P21 | Triclinic, P1
Space group P212121 P212121
Temperature (K) | 123 123 123 123 123
a, b, c(A) 10.6912 (2), 10.3411 (1), 8.9216 (1), 16.7163 (6), 11.9041 (2),
11.2340 (2), 44.2900 (9) 15.0712 (1), 10.6351 (3), 12.2908 (2),
40.5757 (7) 19.4861 (2) 17.1243 (6) 14.8301 (2)
v (A3) 4873.34 (15) 4736.30 (13) 2620.09 (4) 2993.27 (17) 2057.12 (6)
V4 4 4 4 2 1
Trminy Trmax 0.553, 1.000 0.534, 1.000 0.483, 1.000 0.610, 1.000 0.845, 1.000
Rint 0.042 0.050 0.048 0.137 0.065
(sin 8/N)max (A1) | 0.774 0.717 0.777 0.617 0.721
RIF? > 20(F?)], 0.035, 0.069, 0.029, 0.064, 0.020, 0.043, 0.061, 0.155, 0.036, 0.077,
wR(F?), S 1.01 0.99 1.01 1.01 1.01
No. of 16097 11987 9563 11768 19663
reflections
No. of 648 719 328 721 1035
parameters
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2.4.3 Biological activity

2.4.3.1 Leishmania promastigote and fibroblast assay

All complexes 1Sr/s, [Sb(o-tol)30,CCH(CsHs)O], 2Sr/s, [Sb(m-tol)30,CCH(CsHs)O], 3Sr’'/s’, [Sb(p-
tol)3;0,CCH(CeHs)O], 4Sr/s, [Sb(o-phOMe)s0,CCH(CeHs)O], 5Sr/s, [Sb(mes);0,CCH(CeHs)O] and
6Sr/s, [Sb(p-tBuPh)30,CCH(CsHs)O], were dissolved into DMSO to make stocks of 10 mM. At this
concentration, all complexes were readily soluble with no signs of precipitation. Complexes also
exhibited solubility in the biological media M199 and DMEM at the concentration of 100 uM. Due
to the cyclometalltion of complexes 3Sr/s in DMSO, the active species examined would be the

complexes 3Sr’/s’.

Initial mammalian cell testing on human fibroblasts yielded varying results. A range of 1Cso values
of 2.07 — > 100 uM was observed for the R-enantiomer complexes, 1Sr — 6Sr and a range of 2.90
—93 uM for the analogous S-enantiomer complexes (figures 2.4.19 and 2.4.20). The toxicity varied
dramatically for each class of aryl group but was within error for both R and S analogues. The most
toxic of these were found to be the p-tertiary-butylphenyl complexes 6Sr and 6Ss, [Sb(p-
tBuPh);0,CCH(C¢Hs)O], with 1Cso values of 2.07 uM and 2.90 uM respectively. The mesityl
complexes, 5Ss and 5Sr followed close behind with ICso values of 6.04 uM and 5.02 pM
respectively. The least toxic of these were observed to be the o-methoxyphenyl complexes, 4Ss
and 4Sr, [Sb(o-PhOme)3;0,CH(CsHs)O], which exhibited little to no activity (93 uM and > 100 uM
respectively). All complexes were tested against the drug control amphotericin B. A DMSO control
was unnecessary as it had been proven multiple times prior that DMSO has no effect on either

fibroblasts or L. major promastigotes.3* 3°
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% Viability

% Viability vs concentration of triaryl Sb(V) R-mandelate complexes, 1Sr - 6Sr, against human
fibroblasts

1
50 100
Concentration (UM)

- 151 4Sr

IC5p: 18.2 pM IC50: > 100 uM Amphotericin B

ICgp. > 100 uM

28r 5Sr

IC5y: 22.8 UM IC5q: 5.04 pM

3Sr 6S5r

ICsq: 15.7 UM IC50: 2.70 UM

Figure 2.4.19. Comparison of percentage cell viability after treatment with the Sb(V) complexes 1Sr — 6Sr,
against human fibroblasts. Dose response curves were generated over a range of concentrations (48 nM —

100 uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were compared

spectroscopically to non-treated control and the percent growth inhibition calculated.
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% Viability vs concentration of triaryl Sb(V) S-mandelate complexes, 1Ss - 6Ss, against human
fibroblasts

% Viability
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Figure 2.4.20. Comparison of percentage cell viability after treatment with the Sb(V) complexes 1Ss — 6Ss,
against human fibroblasts. Dose response curves were generated over a range of concentrations (48 nM —
100 uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were compared

spectroscopically to non-treated control and the percent growth inhibition calculated.

Despite this varied degree of mammalian cytotoxicity, all complexes still proceeded to the initial
anti-promastigote assay to gauge the anti-Leishmanial capability. Surprisingly, complexes 4Ss and
4Sr exhibited no apparent anti-Leishmanial activity, with 1Cso values > 100 uM. The o-tolyl

complexes 1Ss and 1Sr, [Sb(o-tol)30,CCH(CeHs)O], also lacked a good degree of potency, with
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values of 14.6 uM and 15.7 uM respectively. The p-tolyl complexes 3Ss’ and 3Sr’, [Sb(p-
tol)3s0,CCH(CsHs)0], along with the m-tolyl complexes 2Ss and 2Sr, [Sb(m-tol);0,CCH(C¢Hs)O],
performed better, with 1Cso values of 2.65 uM, 5.04 uM, 4.56 uM and 4.29 uM respectively.
Despite presenting as the most cytotoxic complexes, the p-tertiary-butylphenyl and mesityl
complexes 5Ss, 5Sr, 6Ss and 6Sr, were extremely potent anti-promastigote complexes, with a 50%

reduction of the parasites in the significantly lower ranges of 0.21 — 0.60 uM (figures 2.4.21 and

figure 2.4.22).

% Viability vs concentration of triaryl Sb(V) R-mandelate complexes, 1Sr - 6Sr, against L.
major promastigotes

100

% Viability
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ICs0: 15.7 uM e IC5: > 100 UM~ &= |Cr|510?0?0§r:1‘|:\;|n
= 251 5Sr

ICsp: 429 uM ™ |G.0: 0.35 M

3Sr 6Sr
IC5o: 5.04 uM IC54: 0.60 pM

Figure 2.4.21. Comparison of percentage cell viability after treatment with the Sb(V) complexes 1Sr — 6Sr,
against L. major promastigotes. Dose response curves were generated over a range of concentrations (48
nM — 100 uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were

compared spectroscopically to non-treated control and the percent growth inhibition calculated.
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% Viability vs concentration of triaryl Sb(V) S-mandelate complexes, 18Ss - 6Ss against L. major
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Figure 2.4.22. Comparison of percentage cell viability after treatment with the Sb(V) complexes 1Ss — 6Ss,

against L. major promastigotes. Dose response curves were generated over a range of concentrations (48

nM — 100 uM in the appropriate culture media from 10mM DMSO stock solutions. All readings were

compared spectroscopically to non-treated control and the percent growth inhibition calculated.

All 1Cso values for both fibroblasts and promastigote have been given, along with the selectivities

indices below in tables 2.4.4 and 2.4.5.
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Table 2.4.4.

ICso(mammalian)/ICso(parasite). Red denotes no selectivity, yellow = limited and green = good.

Selectivity

indices

of complexes

1Sr -

6Sr. Indices

calculated based on

Complex 1Sr 2Sr 3sr’ 4Sr 5Sr 6Sr
ICso(fibroblasts) uM 16.2 22.8 15.7 >100 5.01 2.07
ICso(promastigote) pM 15.7 4.29 5.04 >100 0.33 0.60
Selectivity index 1.03 5.31 3.16 - 15.2 3.45
Table 2.4.5. Selectivity indices of complexes 1Ss - 6Ss. Indices calculated based on

ICso(mammalian)/ICso(parasite). Red denotes no selectivity, yellow = limited and green = good

Complex 1Ss 2Ss 3Ss’ 4Ss 5Ss 6Ss
ICso(fibroblasts) uMm 19.3 21.8 16.1 93 6.04 2.90
ICso(promastigote) uM 14.6 4.56 2.65 >100 0.21 0.58
Selectivity index 1.32 4.78 6.08 - 28.8 5.00

Unfortunately, no real trend was able to drawn from the data obtained. However, the ortho
substitution on the phenyl did tend to lead to a less active complex. The o-tolyl complexes 1Ss and
1Sr exhibited little selectivity, with fairly similar ICso values for both fibroblasts and L. major
promastigotes (indices: 1.32, 1.03). The o-methoxyphenyl complexes 4Ss and 4Sr proved worse,
with little to no activity against either cell line. Conversely, the m-substituted tolyl complexes 2Ss
and 2Sr proved to exhibit a good degree of selectivity and were less toxic to the fibroblasts than
the o-substituted 1Ss and 1Sr, with selectivities of 4.78 and 5.31 respectively. Complexes 3Sr’/s’,
the p-tolyl complexes were exhibited to be the most selective of the tolyl series (for the S
enantiomer). A trend of p > m > o0 was observed. Perhaps the positioning of the methyl group on

the ring has a profound electronic effect on the complex and therefore biological effect. Both 6Ss
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and 6Sr were very potent, perhaps alluding to the para position having a more profound effect on
cytotoxicity. The mesitylene complexes were found to exhibit the greatest selectivity (5Ss: 28.8,
5Sr: 15.2) which could be partially linked to the increased sterics of the mesityl ring when
compared to the remaining aryls 1 — 4 and 6. However, this structure activity relationship is still
speculative in nature. It would seem that the averaged selectivity of the complexes seems to exist
in the following trend: mes > tBuPh > m-Tol > p-tol > 0-Tol > 0-OMePh. No real trend was observed
for the difference in chirality, with all complexes exhibiting similar cytotoxicity and parasite
toxicity values for either R or S. For the amastigote invasion assay, only the complexes that
exhibited a selectivity index of 3 or higher were selected for the assay, disqualifying complexes
1Ss, 1Sr, 4Ss and 4Sr from further biological assessment. Complexes 2Ss and 2Sr, [Sb(m-
tol)30,CCH(CsHs)0], 3Ss’ and 3S’r, [Sb(p-tol)s0,CCH(CsHs)O], were all tested at the standard 10 uM
employed in sections 2.1, 2.2 and 2.3, whereas, due to their increased cytotoxicity, complexes 5Ss
and 5Sr, [(Sb(mes)s0,CCH(CsHs)0)], 6Ss and 6Sr, [(Sb(p-tBuPh);0,CCH(CsHs)O)], were all tested

at half that concentration (5 uM).

2.4.3.2 Amastigote invasion assay

J774 macrophages were plated onto glass slides in a 24 well plate, and the assay performed as
described in previous sections and in more detail in the experimental section 4.3.5. After drug
inoculation for 48 hours, the slides were washed with PBS, fixed with methanol and stained. Cells
were counted per duplicate slide, with the number of infected versus non-infected cells analysed.
All complexes exhibited excellent anti-amastigote activity, with percentage infection values in the
ranges of 0.75 — 3.00 % for those tested at 10 uM and 0.25 — 2.50 % for the remaining 5 uM

complexes (figures 2.4.22 and 2.4.23).

182



%Infection by L. major amastigotes after treatment with 10 UM concentrations
of complexes 2Ss, 28r, 3Ss and 3Sr
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Figure 2.4.22. Infected macrophages after treatment of complexes 2Ss, 2Sr, 3Ss and 2Sr, after 48 hours.
Number of infected macrophages was determined microscopically, in duplicate of fixed specimens.
Ampbhotericin B (AmpB) was used as a positive control at 10 uM concentration. A DMSO control was also
employed at a 1% concentration. Error bas indicate SEM, one-way ANOVA. Dunnett’s multiple comparison
test was used to determine the statistical significance between all test compounds and a positive control

lacking treatment (+ve control)
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%Infection by L. major amastigotes after treatment with 5 pM concentrations
of complexes 5Ss, 55r, 6Ss and 6Sr
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Figure 2.4.23. Infected macrophages after treatment of complexes 5Ss, 55r, 6Ss and 6Sr, after 48 hours.
Number of infected macrophages was determined microscopically, in duplicate of fixed specimens.
Ampbhotericin B (AmpB) was used as a positive control at 5 uM concentration. A DMSO control was also
employed at a 1% concentration. Error bas indicate SEM, one-way ANOVA. Dunnett’s multiple comparison
test was used to determine the statistical significance between all test compounds and a positive control

lacking treatment (+ve control)

Although excellent activity was observed for all complexes, it did not come without consequences.
For complexes 2Ss and 2Sr, [Sb(m-tol);0,CCH(CgHs)O], 3Ss’ and 3Sr’, [Sb(p-tol);0,CCH(CsHs)O], 5Ss
and 5Sr, [(Sb(mes);0,CCH(CsHs)O)], a high degree of macrophage stress was visually observed.
Cell density was low in several of the aforementioned. For the mesityl complexes 5Ss and 5Sr, it

is quite possible that the infection was completely eradicated, however it could not be ultimately
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confirmed with the cellular stress observed. It may be possible to test the complexes at a less
damaging concentration, such as 1 UM and still retain a good degree of anti-amastigote activity.

All values can be found below in table 2.4.6.

Table 2.4.6. Percentage infection values for complexes 2Ss, 2Sr, 3Ss, 3Sr, 6Ss, 6Sr, 7Ss and 7Sr. All values are

calculated by comparison to a positive control of untreated infected cells.

Complex 2Ss 2Sr 3Ss 3Sr 5Ss 5Sr 6Ss 6Sr

% infection | 1.75 +|3.00 +|0.75 +|1.00 +|025 +|200 +|225 +|250
0.56 0.50 0.83 0.50 0.35 0.48 0.79 0.56

All complexes were shown to completely outclass the simpler phenyl substituted Sb(V)
mandelates of our previous studies, confirming that changing the aryl group has a significant effect
on the biological activity of the complex.3* The trend obtained from the anti-amastigote assay
found the mesityl complexes the most effective and the m-tolyl complexes the least, going from:

mes > p-tol > p-tBuPh = m-tol (based on the average between R and S).

Chirality in biological systems has often proven to be an important factor to whether a complex is
selective. The greatest example of this is the morning sickness drug thalidomide. Despite the R-
enantiomer of this organic compound being an extremely effective sedative, the S-enantiomer is
a potent teratogen. Unfortunately with thalidomide in particular, interconversion between R and
S occurs, prohibiting fine chiral control of the drug.** Commercial ibuprofen is another great
example of the racemisation effects of chiral drugs. The S-enantiomer is the bioactive form,
inhibiting cyclooxygenase (COX) at clinically relevant concentrations, with the R-enantiomer at the
same concentration producing no inhibitory effects. Similar to thalidomide, ibuprofen can
undergo interconversion, however this only occurs from R to S (figure 2.4.24).%> As both the R and
S mandelates exhibited similar activity, it may be possible that reversible enantiomerisation could

occur, as enolisation of the mandelic acid is possible in humans. This process however is
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enzymatically catalysed at the acid hydroxyl of the organic acid.*® Therefore, it is more likely that
the mandelate is locked into its pure enantiomeric form in vitro, by the strong binding affinity of
the Sb(V).*” Chiral HPLC could be potentially explored as a method for conclusively determining
the chirality of the complex in future in vitro studies.*® CD spectroscopy and polarimetry ma also
provide insight into the potential racemisation. However, with the limited data obtained, no real

answer on the differences of chirality was concluded.

HN O
O N
H H OH
(0]
R/S-thalidomide R/S-ibuprofen

Figure 2.4.24. R/S-thalidomide and R/S-Ibuprofen. The chiral centre has been denoted by the addition of the

hydrogen atom.

2.4.8 Conclusions

As an extension into previous research on a-hydroxy acid complexes of antimony and bismuth, a
library of Sb(V) aryl R/S-mandelates that incorporated differing aryl groups were synthesised and
characterised. The aims to distinguish a structure activity relationship between changing of the
aryl group and changing of the chirality were met with a varying degree of successes. Firstly, no
discernible trend was obtained from the initial biological analysis in relation to the change in aryl
group, nor the differences in chirality. Though chirality can often have major biological affects, in

the case of mandelic acid this does not seem to be the case.

The complexes 1Sr and 1Ss, [Sb(o-tol)s0,CCH(CsHs)O], 2Sr and 2Ss, [Sb(m-tol)s0,CCH(CsHs)O], 3Sr
and 3Ss, [(Sb(p-tol)30,CCH(CgHs)OH),0:], 3Sr’ and 3Ss’, [Sb(p-tol);0.CCH(CsHs)O], 4Sr and 4Ss,
[Sb(o-phOMe);0,CCH(CsHs)O], 5Sr and 5Ss, [Sb(mes);0,CCH(CsHs)O] and 6Sr and 6Ss, [Sb(p-
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tBuPh);0,CCH(C¢Hs)O], were synthesised by an oxidative addition of the triaryl antimony with
one equivalent of either R or S mandelic acid. Complexes were high yielding, ranging from 72 -
86%. All complexes were analysed by FT-IR, H NMR, 3C NMR, melting point and elemental
analysis. All but the peroxide bridged complexes, 3Ss and 3Sr were successfully analysed by X-ray
crystallography. Though several crystalline samples of 3Ss and 3Sr were grown, repeated
measurements of different crystals resulted in poor data. Nevertheless, connectivity was
established leading to the clarification of the binding mode of both the mandelate and the

peroxide bridge. The complex was observed to undergo cyclometallation in DMSOQ, liberating H,0,.

Complexes 1Sr/s, 4Sr/s, 55r/s and 6Sr/s were five-coordinate distorted trigonal bipyramids in the
solid-state, incorporating one double deprotonated mandelic acid moiety as opposed to the usual
bis-carboxylato substitution observed in previous research.3* 3% 40 This cyclometallate has the
advantage of being a more thermodynamically stable five-membered chelate through both
hydroxyls as a opposed to a four-membered chelate from a covalent and dative carboxylate
binding.** Complexes 3Ss and 3Sr differed from the remaining complexes by incorporation of a
peroxido bridge between two antimony centres, the mandelates also bound through the
carboxylate hydroxyl only, so no cyclometallation occurred. The mandelate ligands occupy the
axial positions of the coordination sphere with the aryl groups in the equatorial plane in a
propeller like orientation. The m-tolyl complexes incorporated two moieties in the asymmetric
unit, with one of these moieties datively interacting with the carbonyl of the other, pushing its

coordination number to six, forming a distorted octahedron.

Initial biological studies into the complexes revealed little to no clear trend in terms of both
cytotoxicity and anti-Leishmanial activity. Despite a high degree of mammalian cytotoxicity,
complexes 5Ss, 5Sr, 6Ss and 6Sr proved to be extremely potent anti-promastigote complexes,

giving them a high degree of selectivity within their cytotoxic ranges. Complexes 2Ss, 2Sr, 3Ss’ and
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3Sr’ were less effective anti-Leishmanials, but did exhibit less toxicity towards the mammalian
controls. Complexes 1Ss, 1Sr, 4Ss and 4Sr had limited selectivity and so were disqualified from
the amastigote invasion assay. Due to the higher degree of toxicity, complexes 5Ss, 5Sr, 6Ss and
6Sr were tested at concentrations of 5 uM against L. major amastigote infected macrophages,

whilst complexes 2Ss, 2Sr, 3Ss’ and 3Sr’ were analysed at the conventional 10 puM.

All complexes were found to exhibit excellent activity against the clinically relevant amastigote
form. Ranges of 0.75 — 3.00 % for those tested at 10 uM and 0.25 —2.50 % for the remaining 5 uM
complexes were obtained from the amastigote invasion assay. These complexes constitute the
best anti-amastigote complexes of all sections, though their mammalian cell toxicity was of some
concern. The mesityl complexes 5Ss and 5Sr potentially cleared the infection from the cells,
however causes a substantial amount of cellular stress on the macrophages. Complexes 2Ss, 2Sr,
3Ss’ and 3Sr’ exhibited a similar degree of cellular stress on the mammalian cells despite their
lower mammalian cytotoxicity during the fibroblast control assay. Percentage infection of
complexes 6Ss and 6Sr were found to be conclusively determined due to increased cellular health
and density. Though no real clear trend was obtained, position of the functional group on the aryl
ring did seem to affect the structure activity relationship, with aryls that included a para position

functional group often exhibiting a greater degree of biological activity.

When comparing these results to previous research, no solid trend was able to be obtained, with
the selectivity of the complexes found to decrease in the following order: mes > p-tBuPh > m-Tol

> p-tol > o-Tol > 0-OMePh.

Though chirality can often lead to drastic changes in biological activity, we have concluded that
this is most likely not an effect of the organometallic complexes of antimony. An extension into

this may lead to more information on the effects of aryl groups on the antimony, and how
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changing the electronics of the ring with the addition of electron withdrawing versus electron
donating groups may impact the overall biological activity. Nonetheless, this study has highlighted
the effects of changing both chirality and precursor aryl groups and how it affects the structure,

reactivity and biological activity of the simple a-hydroxy acid.
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3. Conclusions and future work

Leishmaniasis remains a persistent and deadly tropical disease, with the need for further research
a given. In chapter 2.1, 17 complexes were synthesised and characterised, of which eight bismuth
analogues and five of the nine antimony complexes were novel. The complexes were all able to
be structurally elucidated by single-crystal X-ray crystallography to give insight into the binding
mode of Bi(V) versus Sb(V). Comparatively, the Sb(V) complexes presented as the more stable and
biologically selective class, with the Bi(V) analogues presenting as both unstable in culture media

and non-selectively toxic.

Chapter 2.2. aimed to investigate a different class of triaryl organometallic antimonials, by the
incorporation of an alcoholic bond as opposed to the conventional carboxylate. All six complexes
were structurally elucidated, allowing confirmation as a novel class of mono-hydroxido,
monoquinolinolato complexes. The difference in activity was noted, with these six triphenyl
antimony mono-hydroxido quinolinolates exhibiting a higher degree of mammalian toxicity than
the acetates from 2.1. Despite this, the complexes were selective and so ideal candidates to
further in vitro analysis. All complexes also yielded promising results as anti-amastigote

complexes.

Chapter 2.3. deviated from the usual class of anti-Leishmanial metals, aiming to investigate
whether the group 13 metals, gallium and indium, could be utilised as anti-parasitics. Gallium’s
similarities to iron(lll) made it an ideal candidate, as Leishmania acquires iron from its intracellular
surroundings. Both bis-methyl gallium and bis-methyl indium mono-quinolinolates, and mono-
methyl gallium bis-quinolinolate complexes were synthesised, incorporating four of the six
quinolinols explored in chapter 2.2. Both solid state and solution state stability of these novel
complexes was assessed, leading to the conclusion that the indium analogues were unstable in

the solution state and therefore unable to be biologically assessed. Solid-state structures were
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obtained for all complexes, with several of these structures alluding to the re-arrangement of the
indium complexes in the solution state. There were differences in solubility between the bis-
methyl gallium and mono-methyl gallium complexes, with only one of the four mono-methyl
complexes able to be solubilised in the biological solvent DMSO. The five soluble gallium
complexes were tested for both their cytotoxicity and anti-parasitic activity. All complexes were
observed to exhibit excellent anti-parasitic activity, while remaining highly selective. The gallium
complexes were found to be the most selective of any complexes tested within this study, leading

to a potentially whole new area of research for anti-Leishmanial complexes.

Chapter 2.4. Expanded on previous research on the a-hydroxy acid mandelic acid, with a change
in both chirality of the mandelic acid and a change in the aryl group of the antimony precursor.
Similar to chapters 2.1, 2.2 and 2.3, most of the complexes were able to be structurally elucidated.
The complexes of the p-tolyl antimony differed from the others, forming a perioxo-bridge complex
as opposed to a cyclometallate. For this acid, a change in chirality had little effect on the biological
activity, with similar activity noted for both R and S. Despite a high degree of mammalian toxicity,
several of the complexes displayed extremely potent anti-promastigote activity, therefore
presenting within an acceptable selectivity range. Their anti-amastigote activity was found to be

exceptional despite a high degree of mammalian cytotoxicity.

This study focused on the synthesised of organometallic complexes of the metal’s antimony,
bismuth, gallium and indium, with a significant emphasis on the classic anti-Leishmanial metal

antimony.

One major conclusion drawn from this study is bismuths lack of selectivity in the +V oxidation
state, due to a high reductive potential and lack of stability. Though a large emphasis has been

placed on bismuth in the literature, it mainly reflects its potential in the +lIl oxidation state as
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opposed to the +V. This study has concluded that the oxidation state plays a heavy role on the
stability and reactivity of bismuth, therefore there is little precedent to continue to pursue the +V
state. Focus should be placed back onto the +lII state, in particular, studies into the metallomics
of bismuth’s biological mechanism. Antimony however, continues to prove that a toxic perception
does not equal a toxic compound, with this study concluding that more research needs to be
placed on the biological relevance of Sb(V) complexes in the fight to successfully and sustainably
treat Leishmaniasis. Similar to bismuth, more studies into the actual mechanistic pathways of the

antimony complexes is imperative.

The alkyl gallium complexes yielded exceptional results, with Ga(lll) proving just as effective as the
Sb(V) complexes. The group 13 metal has proven to be more selective in the classes examined,
with little to no cytotoxicity and a high degree of parasite activity. Though research into antimony
complexes should not be neglected, there is room for a new class of metal complexes featuring

gallium as the centrepiece.

Future studies should incorporate the synthesis of other classes of alkyl gallium complexes with
different 0,0 or N,O chelators, and an assessment of their activity. For the antimony complexes,
the next natural progression would be to examine the change in aryl group on the best mono-
hydroxido quinolinolate complexes to determine whether this change would induce greater or
lesser biological activity. Lastly a greater understanding of the mechanism of action of these
complexes needs to be established. If more was understood about how these complexes interact
with the parasite, there would be more information available to fine tune the structural chemistry
of these complexes. Overall, this study has highlighted the importance of continued chemical
research into neglected tropical diseases and has alluded to the potential to expand the ever-
growing library of anti-Leishmanial complexes to main group metal other than the historically used

group 15.
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4. Experimental Section

4.1 General

All compounds have been named using the nomenclature of organic and metal compounds in
agreement with the IUPAC convention. For practical reasons, the appropriate numbering system

classified in the schemes of each substance was not used in agreement with the IUPAC convention.

4.2 Instrumentation

Proton nuclear magnetic resonance (*H NMR) spectra were recorded on either a Bruker Avance
DRX400 spectrometer (400 MHz) or Bruker Avance DRX600 spectrophotometer (600 MHz). All
chemical shifts were referenced to the appropriate deuterated solvent (di;-chloroform & = 7.26
ppm and ds-bis-methylsulfoxide & = 2.50 ppm). Chemical shifts (§) were recorded on the parts per
million scale (ppm). Signals were reported using the following format: chemical shift (6 ppm)
[Integration, multiplicity, coupling constant and assignment]. Multiplicities have been designated
as singlet (s), broad singlet (br.s), doublet (d), doublet of doublets (dd), triplet (t) or multiplet (m).
Coupling constants, J, are given in Hertz (Hz). Deficiencies of 0.5 Hz for coupling constants and 0.1
ppm for chemical shifts was considered. All reported NMR data was auto generated on the

MestreLab Research, MestReNova v.14 software, using the automatic multiplicity tool.

13C NMR spectra were recorded on either a Bruker Avance DRX400 spectrometer (100 MHz), or a
Bruker Avance DRX600 spectrometer (600 MHz) referenced to the appropriate deuterated solvent
(d1-chloroform 6 = 77.00 ppm and ds-bis-methylsulfoxide & = 39.52 ppm). Chemical shifts (6) were
recorded on the parts per million scale (ppm). A deficiency of 0.1 ppm for the chemical shifts was
considered. All reported NMR data was auto generated on the MestreLab Research, MestReNova

v.14 software, using the automatic multiplicity tool.!
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Melting points were analysed in open end capillary tubes on a digital Stuart Scientific melting point

apparatus SMP10.

Infrared Spectra were recorded on an Agilent Technologies Cary 630 FTIR spectrometer, using a

range of 4000 — 500 cm?, with the frequencies reported in cm™.

Mass spectrometry (ESI) was obtained by Mr. Scott Blundell, utilising a Micromass Platform QMS

spectrometer, with an electrospray source and a cone voltage of 35 eV.

CHNS elemental analysis (EA) was obtained from one of: The Campbell Microanalytical Laboratory,
Department of Chemistry, University of Otago, Dunedin New Zealand.
School of Human Sciences, Science Centre at London Metropolitan University, United Kingdom.

The Department of Chemistry, Monash University, Australia.

UV-visible wavelength scan from 300 nm — 700 nm was obtained on an Agilent Cary-60 UV-Visible
spectrophotometer to determine the Amax and therefore fluorescence excitation wavelength in
toluene. Fluorescence emission spectrum in both the solution state and solid state were obtained

using an Agilent Cary Eclipse Fluorimeter. All graphs were produced using Microsoft excel.

Crystallographic data on all appropriate complexes were collected myself on one of the following:
Bruker X8 APEXII CCD diffractometer, equipped with an OXFORD Cryosystem 700 Cryostream and
cooled to 123(2) K. Data collection occurred using monochromatic (graphite) MoK, radiation (A =
0.71070 A) and was processed using the Bruker Apex2 v2014.7-1 software.? polarisation, Lorentz
and absorption corrections (multi-scan-SADBABS) were applied.> OXFORD Gemini Ultra equipped
with an OXFORD Cryosystems 700 Cryostream and cooled to 173(2) K. Data was collected with

monochromatic (graphite) CuK/a radiation (A = 0.71073 A) and processed using the CrysAlisPro v
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1.171.34.36 software.* OXFORD XtalLAB Synergy, Dualflex, HyPix diffractometer equipped with an
OXFORD Cryosystems 700 Cryostream and cooled to 173(2) K. Data was collected with
monochromatic (graphite) Cuk/a radiation (A = 0.71073 A) or MoK, radiation (A = 0.71070 A) and
processed using the CrysAlisPro v 1.171.40.49a software.> MX1 beamline at the Australian
Synchrotron, Melbourne, Victoria, Australia, operating at 17.4 KeV, with A= 0.7073 A, using an
open flow N, cryostream cooled to 100(2) K. The data collection and reduction was obtained using
Bluelce® and XDS. Each compound was solved and refined using SHELX-97 utilising the graphical
interface X-Seed or Olex2.” ® Refinement was achieved by using the full matrix least-squares
technique on F2, which minimises the function given by (Fo-Fc)?, where F, and F. are the observed
and calculated structure amplitudes respectively, given that the weight is defined as 4F¢%/2F,2.
Unless otherwise indicated, all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were placed in calculated positions using a riding model with C-H =
0.95-0.98 A and Uiso(H) = XU-iso-(C), x = 1.2 or 1.5 unless otherwise indicated. Dr. Craig M. Forsyth
and Dr. Victoria L. Blair provided advice and assistance during the refinement process of

structures.

4.3 Biological Testing

4.3.1. Bacteria preparation and assay.

Vancomycin resistant E. faecalis (VRE, M846910) and Methicillin resistance S. aureus (MRSA,
M118979) were cultured in Brain-heart infusion broth media (Oxiod), S. epidermidis
(A130/ATCC14990) and S. aureus (A134/ATCC6538) were grown in nutrient agar and Luria-Bertani
(LB) broth. E. coli (G102) was grown in LB broth and LB agar. Bacteria were streaked onto agar
overnight from glycerol stocks and incubated at 37 °C before inoculation of a single colony into
broth. 100 pL of suspended cell culture was then spread onto fresh agar plates and allowed to

grown overnight. For soluble complexes, solutions were made up to 5 mg/mL in DMSO and the
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solution soaked into small circles of filter paper before placing onto the agar plates. For the
insoluble compounds, using a 10 pL pipette tip, a small amount ~ 1 mg, was pierced into the agar.
The plates were incubated overnight and the zones of inhibition measured. Each was performed

in triplicate.’

4.3.2. Cell culture.

Leishmania major virulent clone V121 was derived from the LRC-L137 L. major isolate and
maintained at 26 °C in supplemented M199 media (10% (v/v) heat inactivated FBS, 1% Pen-Strep)
and Hemin, purchased from Gibco ™. Human primary fibroblasts, Cervical cancer HelLa and Cos-7
cells were cultured and maintained in Dulbecco’s Modified Eagles Medium (DMEM)
supplemented with 10% FBS, 1% Pen-Strep and 1% Glutamax (purchased from Gibco ™) at 37°C

in a 5% CO; incubator.°

4.3.3. Measurement of reactive oxygen species.

Measurement of ROS was achieved by a modified assay from Woijtala et al.!! J774 macrophages
were plated into 24-well plates at 30,000 cells per well. Cells were given 24 hours to adhere before
infection with L. major promastigotes a ratio of 1:5 in plain DMEM. The L. major promastigotes
were incubated for six hours to infect and differentiate into amastigotes before excess
promastigotes were washed away with PBS. The cells were incubated for a further 24 hours to
allow complete infection. At each interval, 10 uM of the complexes were added in plain DMEM
along with 1 uM of dihydroethidium, in triplicate. A drug control of amphotericin B and a negative
control of non-infected cells without drug treatment was included. At intervals of 6, 12 and 24
hours, the cells were washed with PBS and a fluorescence reading taken in the measurement
buffer of 5 mM of glucose in PBS at excitation of 535 nm and emission of 635 nm. Treated wells

were compared to the negative control and the % increase calculated.
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4.3.4. In vitro testing of L. major, Hela, Cos-7 and human fibroblasts.

Celltiter Blue Cell Viability Assay was purchased from Promega ™, and used for the determination
of percentage viability of the parasite and human fibroblasts. Compounds 1G — 4G and 1G’ were
dissolved in DMSO to make up a 10mM working stock and sequentially diluted out in the
appropriate culture media (100 uM to 48 nM). Assays were set up in duplicate in 96-well Falcon
plates. Volumes of 108 promastigotes/mL, 10° Cos-7/mL, 10° HelLa/mL and 10° fibroblasts/mL
were used. All cell assays were measured spectroscopically using fluorescence excitation at 544nm
and emission at 590nm. Fibroblasts and L. major were measured after 48hrs, Cos-7 and HeLa were
measured after 24hrs. The compounds were compared to a no drug negative control and the
percent inhibition calculated.’® Fluorescence measurements were conducted on either a BMG-

Labtech FluoStar Omega microplate reader or BMG-Labtech ClarioStar microplate reader.!* 14

4.3.5. Amastigote invasion assay.

Macrophage invasion assays were performed as previously described.?™ !¢ Briefly, bone marrow-
derived mouse macrophages were plated onto coverslips in a 24 well plate and allowed to adhere
for 48hrs. The cells were exposed to L. major promastigotes at a 1:10 ratio and incubated for a
further 24hrs to allow for amastigote formation in vitro. The slides were then washed thoroughly
with PBS to remove any excess extracellular promastigotes, and exposed to compounds for 48hrs
before washing, fixation and cellular staining with a commercial Hema Color kit purchased from
Merck. Following Giemsa staining, 200 cells per duplicate slide were then counted microscopically

and the percentage of infected cells calculated against a positive control.

4.4 Reagents and solvents

Diethyl ether (Et,0), ethanol, tetrahydrofuran (THF), toluene, bis-methyl! sulfoxide (DMSO), and

acetone were purchased from Merck. For the synthesis of all triaryl metal precursors the solvents
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were dried prior to use and obtained from an MBruan-SPS-800 and stored over molecular sieves
(4A) in a Schlenk flash under a dry nitrogen atmosphere. Trimethyl indium was synthesised in situ
in hexane under anhydrous conditions using anhydrous indium trichloride and and excess of 3.2
equivalents of a 3.1M methyllithium solution in diethoxyethane. All other required reagents were

purchased from Sigma-Aldrich, Chem Supply and BioScineitific.

4.5 Schlenk protocol

Reactions requiring anhydrous conditions were completed with oven dried glassware under a dry
nitrogen environment, utilising a vacuum/nitrogen line and Schlenk techniques. All glassware was
dried at 100 °C for approximately 24 hrs prior, and allowed to cool under vacuum to reduce
moisture content. The Schlenk apparatus was placed under high vacuum to purge air/moisture
and backfilled with nitrogen in triplicate. Solvents and reagents were transferred through suba-
seals using oven dried/nitrogen purged syringes. Filtering of solutions proceeded using oven
dried/nitrogen purged cannulas with glass microfiber filters (GF/A, circles ¢ 42.5 mm, Whatman®)

fixed via Teflon tape, through suba-seals.

4.6. Precursor Synthesis

4.6.1 Synthesis of triphenylbismuth, [Bi(CeHs)3)] and triphenylantimony, [Sb(CsHs)3)]

The reaction was conducted using anhydrous conditions. BiCls (7 g, 22 mmol) was weighed into a
500 ml three-neck flask, equipped with a magnetic stirrer bar, dropping funnel and Schlenk tap, in
a high purity nitrogen recirculating dry box. Dry THF (125 ml) was added and the BiCl; suspended.
The suspension was cooled over an ice-bath to 0 °C. Phenylmagnesium bromide (66 ml, 1.0 M
solution in THF) was transferred to the dropping funnel and added dropwise to the suspension

over an hour. The mixture was allowed to stir overnight before quenching over ice. The resultant

200



precipitate was recrystallised from hot ethanol. The synthesis was repeated when required, giving

an average yield of 60%.

Triphenylantimony was prepared using the same method for triphenylbismuth, with the exception

of SbCls in place of BiCls. An average yield of 75% was obtained.

4.6.1.1. Triphenylbismuth: m.p: 77 — 79 °C (Lit. 78 — 80 °C).”” H NMR (400 MHz, DMSO-ds) & 7.78
—7.68 (m, 6H, CHa), 7.43 — 7.34 (m, 6H, CHar), 7.39 — 7.26 (m, 3H, CHar); 1°C NMR (101 MHz, DMSO-

de) 6 157.00 (BiC), 137.26 (Cur), 130.25, 127.44 (Car).

4.6.1.2 Triphenylantimony: m.p: 52 — 54 °C (Lit. 52 — 54 °C).*8 1H NMR (400 MHz, DMSO-ds) 6 7.45
— 7.28 (m, 15H, CHy); 3C NMR (101 MHz, DMSO-ds) & 138.18 (SbC), 135.81 (C.:), 128.90 (Cur),

128.62 (Cu).

4.6.2 Synthesis of tris-o-tolyl antimony o-[Sb(C7H7)3] Tris-m-tolyl antimony m-
[Sb(C7H7)3], tris-p-tolylantimony p-[Sb(C7H7)s], tris-mesityl-antimony [Sb(CsH11)3] and tris-

p-tertbutylphenyl antimony [Sb(CioH13)3]

The reaction was conducted using anhydrous conditions. Magnesium metal (3.2g, 3.1 equivalents)
was added to a three-neck round bottom flask, equipped with a stirring bead, dropping funnel,
condenser and Schlenk tap. The apparatus was evacuated and backfilled with nitrogen in triplicate
before the addition of ~ 70 mLof dry THF. 19 mL, 19 mL, 24.2 g, 22.2 mL, 23 mL of 2-bromotoluene,
3-bromotoluene, 4-bromotoluene, bromomesitylene and 4-bromotertbutyphenyl respectively,
were added to the dropping funnel and ~ 20 mL of dry THF added to either dissolve or homogenise
the brominated aryl. The solution was added dropwise to the stirring magnesium turnings until

self-reflux occurred. The solution was stirred for approximately 4 — 6 hours, forming a dark
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coloured Grignard solution. The Grignard was filtered cannulated over to a prior prepared solution
of 10 g of SbCls in a three-neck flask (4.6.1). The solution was kept over ice during the filtration.
After 24 hours, the dark grey solution was quenched over ice, yielding an off-white solid of the
crude aryl antimony. Each was re-crystallised in hot ethanol, removing impurities. An average yield

of 75% - 85% was obtained for all aryls respectively.

4.6.2.1 Tris-o-tolyl antimony: m.p: 108 — 110 °C, 82% *H NMR (400 MHz, DMSO-ds) & 7.35 — 7.24
(m, 2H, CHur), 7.07 (ddd, J = 8.7, 5.1, 2.5 Hz, 1H, CHar), 6.91 — 6.82 (m, 1H, CHar), 2.40 (s, 3H); 13C

NMR (101 MHz, DMSO) 6 143.49 (5bC), 135.19 (Car), 129.76 (Cur), 126.58 (Car), 24.17 (CHs).

4.6.2.2 Tris-m-tolyl antimony: m.p: 70 — 72 °C, 76%; H NMR (400 MHz, DMSO-ds) 6 = 7.29 - 7.19
(m, 6H, CHar), 7.15 (dd, J = 10.5, 7.6 Hz, 6H, CHas), 2.24 (s, 9H, CH3); *3C NMR (101 MHz, DMSO-ds)

6 =138.33 (SbC), 133.22 (Cqr), 129.84 (Car), 21.49 (CHs).

4.6.2.3 Tris-p-tolyl antimony: m.p: 130 — 132 °C, 75%; *H NMR (400 MHz, DMSO-ds) 6 = 7.26 (d, J =
7.6 Hz, 6H, CHar), 7.16 (d, J = 7.6 Hz, 6H, CHar), 2.28 (s, 9H, CH3); 23C NMR (101 MHz, DMSO-ds) 6 =

138.45 (SbC), 136.23 (Cyr), 134.92 (C,:), 130.10 (Cuy), 21.42 (CHs).

4.6.2.4 Tris-mesityl antimony: m.p: 136 — 138 °C, 85%; *H NMR (400 MHz, DMSO-ds) & = 6.82 (s,
9H, CHar), 2.19 (d, J = 4.0 Hz, 18H, CHs), 2.13 (d, J = 18.2 Hz, 9H, CHs); 3C NMR (101 MHz, DMSO-

ds) 6 = 144.45 (5bC), 129.29 (Cur), 25.24 (CH3).

4.6.2.5 Tris-p-tertbutylphenyl antimony: m.p: 278 — 280 °C, 83%, 'H NMR (400 MHz, Chloroform-

d) & 7.44 — 7.31 (m, 5H, CHar), 1.32 (s, 27H, tBu-CH). 3C NMR (101 MHz, CDCl3) & 151.38 (SbC),

136.02 (Cur), 134.80 (Cu), 128.24 (Car), 125.83 (Car), 34.64 (tBu-C), 31.30 (tBu-C), 31.15 (tBu-C).
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4.6.3. Synthesis of tris-o-methoxyphenyl antimony, [Sb(C7H;0)3]

The reaction was carried out under anhydrous conditions. 7.2 mL of anhydrous anisole was
transferred into a Schlenk flask and suspended in dry THF. Three equivalents (41 mL) of 1.6M n-
butyllithium solution in hexane, was added dropwise at 0 °C. The lithiated solution was then added
to a pre-purged dropping funnel in a pre-urged three-neck RBF, with 5 g of SbCls, set-up as per
4.6.1. The solution was added dropwise to the SCls solution in THF, maintaining a temperature of
0 °C. The solution was quenched over ice to remove the LiCl produced and precipitate out the
triaryl antimony. The crude product was recrystallised from hot ethanol, yielding a crystalline

white solid of 69% vyield.

4.6.3.1 Tris-o-methoxyphenyl antimony: m.p.: 180 — 182 °, 69%; *H NMR (400 MHz, DMSO-ds) 6 =
7.35(ddd, J=8.2, 7.3, 1.7 Hz, 3H, CHq), 7.03 (dd, J = 8.3, 1.0 Hz, 3H, CHq,), 6.82 (td, J = 7.3, 1.0 Hz,
3H, CHy), 6.68 (dd, J = 7.2, 1.7 Hz, 3H, CHa), 3.72 (s, 9H, OCHs); **C NMR (101 MHz, DMSO-ds) 6 =

162.28 (5bC), 130.50 (C,r), 121.75 (Cur), 110.20 (Car), 55.63 (OCH:3).

4.7. Compound synthesis

4.7.1 General procedure 1 (GP1)

One equivalent of the desired triphenyl metal was placed into a glass vial, equipped with a stirrer
bead and dissolved into either toluene or diethyl ether. To this, a slight excess of 2.2 equivalents
of 70% tertbutyl hydroperoxide solution in water was added. After approximately five minutes,
two equivalents of the desired acid were added and the reaction stirred for 30 minutes to an hour
before filtration into a fresh vial. The vial was left to stand, yielding the complexes 1S — 8S and 1B

— 8B as crystalline solids.
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4.7.1.1. Triphenylantimony bis(o-tolylacetic acetate), 1S. SbPh; (0.176 g, 0.5 mmol), o-tolylacetic
acid (0.150 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted as per GP1. Yield: 89%
0.289 g; m.p: 129 — 131 °C; 'H NMR (400 MHz, CDCls): & = 7.73 (6H, m, CHqr ) 7.44 (3H, m, CHq)
7.36 (6H, m, CHqr) 7.11 (2H, m, CHg) 7.06 (4H, m, CHqr) 6.96 (2H, m, CHqr) 4.51 (4H, s, CH;) 1.93 (6H,
s, CHs); 3C NMR (100 MHz, CDCls, 25 °C): 174.5 (CO0), 137.3 (SbC), 134.3 (Cu;), 133.8 (Car), 130.9
(Car) 130.1 (Car), 129.9 (Car), 129.1 (Car), 126.7 (Car), 125.7 (Car), 41.1 (CH.), 19.3 (CHs); FT-IR [cm ]:
3063 (w), 3013 (w), 2995 (w), 2909 (w), 1651 (sh), 1576 (w), 1481 (m), 1437 (m), 1342 (sh), 1301
(m), 1244 (sh), 1211 (sh), 1172 (m), 1069 (m), 1022 (m), 996 (m), 853 (w), 731 (sh), 689 (sh);

Elemental analysis, expected: %C66.38 %H5.11 found: %C66.14 %H5.00 CCDC 1578382

4.7.1.2. Triphenylbismuth bis(o-tolylacetic acetate), 1B. BiPhs (0.221 g, 0.5 mmol), o-tolylacetic
acid (0.150 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted as per GP1. Yield: 81%
0.299 g; m.p: 143 - 144 °C;*"H NMR (400 MHz, CDCl5): 6 = 7.98 (6H, m, CHar ) 7.49 (3H, m, CHa,) 7.43
(6H, m, CHqr) 7.07 (2H, m, CHqr) 6.99 (4H, m, CHa;) 6.90 (2H, m, CHar) 3.40 (4H, s, CHz) 1.94 (6H, s,
CHs); 33C NMR (100 MHz, CDCls): 177.1 (COO), 159.5 (BiC), 136.7 (Car), 134.0 (Car), 131.0 (Cor) 130.6
(Car), 129.9 (Cur), 126.4 (Car), 126.7 (Car), 125.7 (Car), 40.7 (CH.), 19.3 (CHs) ); FT-IR [cm "]: 3061 (w),
3020 (w), 2912 (w), 1601 (m), 1560 (sh), 1470 (m), 1437 (m), 1349 (sh), 1325 (m), 1258 (m), 1217
(m), 1190 (m), 1052 (w), 1009 (m), 986 (sh), 852 (w), 728 (sh), 680 (sh); Elemental analysis,

Expected: C:58.54 H:4.45 found: C:58.47 H:4.47 CCDC 1578385

4.7.1.3. Triphenylantimony bis(m-tolylacetic acetate), 2S. SbPh; (0.176 g, 0.5 mmol), m-tolylacetic
acid (0.150 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted as per GP1. Yield: 79%

0.257 g; *H NMR and 3C NMR consistent with previously synthesised.®

4.7.1.4. Triphenylbismuth bis(m-tolylacetic acetate), 2B. BiPhs (0.220 g, 0.5 mmol), m-tolylacetic

acid (0.151 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted as per GP1. Yield: 77%
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0.284 g; m.p: 124 — 126 °C; 'H NMR (400 MHz, CDCls): 6 = 8.03 (6H, m, CHqr ) 7.50 (6H, m, CHqr)
7.46 (3H, m, CHq) 7.06 (2H, m, CHar) 6.98 (2H, m, CHor) 6.82 (4H, m, CHar) 3.40 (4H, s, CH») 2.24 (6H,
s, CHs); *C NMR (100 MHz, CDCls): 159.6 (BiC), 133.9 (Car), 131.0 (Cur), 130.6 (Cor) 129.8 (Cor), 128.0
(Car), 126.9 (Car), 126.0 (Car), 42.8 (CH2), 20.1 (CHs); FT-IR [cm *]: 3051 (w), 2918 (w), 1602 (sh),
1570 (sh), 1559 (sh), 1490 (m) 1435 (sh), 1364 (m) 1348 (sh), 1238 (w) 1150 (m), 1101 (m), 984
(sh), 948 (w), 771 (m), 728 (sh) 666 (sh);, Elemental analysis, Expected: C:58.45 H:4.45 Found:

C:58.24 H:4.46 CCDC 1578380

4.7.1.5. Triphenylantimony bis(p-tolylacetic acetate), 3S. SbPh; (0.175 g, 0.5 mmol), p-tolylacetic
acid (0.150 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted as per GP1. Yield: 91%
0.295 g; m.p: 144 — 146 °C; 'H NMR (400 MHz, CDCls): & = 7.77 (6H, m, CHq, ) 7.44 (3H, m, CHq)
7.35 (6H, m, CHqr) 7.01 (4H, m, CHqr) 6.90 (4H, m, CHar) 3.36 (4H, s, CH) 2.32 (6H, s, CHs); *C NMR
(100 MHz, CDCls): 175.0 (COO), 137.4 (SbC), 135.8 (Cur), 133.9 (Car), 132.4 (Cyr) 130.9 (Car), 129.1
(Car), 128.9 (Cuy), 42.8 (CHs), 21.1 (CHs); FT-IR [cm *2]: 3056 (w), 2939 (w), 1644 (sh), 1574 (w), 1479
(m), 1434 (m), 1305 (sh), 1267 (sh), 1192 (m), 1131 (sh), 1066 (m), 939 (m), 863 (w), 782 (m) 734
(sh), 687 (sh); Elemental analysis, Expected: C:66.38 H:5.11 Found: C:66.31 H:5.09 CCDC 1578609
4.7.1.6. Triphenylbismuth bis(p-tolylacetic acetate), 3B. BiPhs (0.220 g, 0.5 mmol), p-tolylacetic
acid (0.151 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted as per GP1. Yield: 69%
0.255 g; m.p: 150 - 153°C; *H NMR (400 MHz, CDCl5): 6 = 8.00 (6H, m, CHar ) 7.56 (3H, m, CHar) 7.48
(6H, m, CHar) 6.94 (4H, m, CHqr) 6.86 (4H, m, CHqr) 3.37 (4H, s, CH;) 2.29 (6H, s, CH3); *C NMR (100
MHz, CDCl3): 162.2 (BiC), 133.9 (Car), 133.7 (Car), 131.0 (Cor) 130.5 (Cor), 128.8 (Cur), 128.9 (Cur), 42.8
(CH.), 21.1 (CHs); FT-IR [cm ]: 3051 (w), 2916 (w), 1600 (sh), 1560 (w), 1468 (m), 1434 (m), 1371
(sh), 1260 (sh), 1010 (m), 984 (s), 790 (m), 763 (m) 728 (sh), 679 (sh); Elemental analysis, Expected:

C:58.45 H:4.45 Found: C:58.43 H:4.51 CCDC 1578384
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4.7.1.7. Triphenylantimony bis(2-methoxyphenylacetic acetate), 4S. SbPhs (0.176 g, 0.5 mmol), 2-
methoxyphenylacetic acid (0.166 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted
as per GP1. Yield: 89% 0.307 g; *H NMR and *C NMR consistent with previously synthesised.®

CCDC 1578602

4.7.1.8. Triphenylbismuth bis(2-methoxyphenylacetic acetate), 4B. BiPhs (0.220 g, 0.5 mmol), 2-
methoxyphenylacetic acid (0.166 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted
as per GP1. Yield: 80% 0.302 g m.p: 148 — 150 °C; *H NMR (400 MHz, ds-DMSO): 6 = 7.93 (6H, m,
CHar ) 7.65 (6H, m, CHqr) 7.57 (3H, m, CHqr) 7.16 (2H, m, CHqr) 6.86 (2H, m, CHar) 6.74 (2H, m, CHar)
3.53 (6H, s, CH3) 2.09 (4H, s, CH,); **C NMR (100 MHz, ds-DMSO): 177.1 (COO), 159.7 (BiC), 137.1
(Car), 133.8 (Car), 131.9 (Car) 131.4 (Car), 130.8 (Cor), 128.2 (Cor), 120.3 (Cor), 110.8 (Cur), 55.9 (OCH3),
31.5 (CH.); FT-IR [cm ]: 3063 (w), 2952 (w), 1599 (sh), 1570 (m), 1490 (m), 1467 (m), 1359 (sh),
1291 (m) 1238 (sh), 1113 (m), 1027 (m) 983 (m), 733 (sh), 689 (sh); Elemental analysis, Expected:

C:56.11 H:4.32 Found: C:56.14 H:4.23 CCDC 1578381

4.7.1.9. Triphenylantimony bis(3-methoxyphenylacetic acetate), 5S. SbPhs (0.176 g, 0.5 mmol), 3-
methoxyphenylacetic acid (0.167 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted
as per GP1. Yield: 91% 0.315 g; m.p: 103 — 105 °C; 'H NMR (400 MHz, CDCl3): & = 7.78 (6H, m, CHar
) 7.46 (3H, m, CHq) 7.38 (6H, m, CHqr) 7.15 (2H, m, CHqr) 6.78 (2H, m, CHqr) 6.65 (4H, m, CHyr) 3.72
(6H, s, CHs) 3.40 (4H, s, CH,); 13C NMR (100 MHz, CDCls): 174.5 (COO), 159.5 (SbC), 137.2 (Ca),
136.9 (Car), 133.8 (Car) 131.0 (Car), 129.2 (Car), 121.7 (Car), 114.5 (Cor), 112.4 (Cor), 55.1 (OCH3), 43.5
(CH.); FT-IR [cm ]: 3062 (w), 2951 (w), 1619 (sh), 1593 (sh), 1481 (m), 1433 (m), 1413 (m), 1367
(sh), 1263 (m) 1237 (sh), 1165 (m), 1039 (m) 996 (m), 738 (sh), 690 (sh); Elemental analysis,

Expected: C:63.27 H:4.87 Found: C:63.22 H:5.15 CCDC 1578603
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4.7.1.10. Triphenylbismuth bis(3-methoxyphenylacetic acetate), 5B. BiPhs (0.221 g, 0.5 mmol), 3-
methoxyphenylacetic acid (0.166 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted
as per GP1. Yield: 75% 0.289 g; m.p: 121 — 123 °C;*H NMR (400 MHz, CDCl5): 6 = 8.02 (6H, m, CHqr
) 7.51 (6H, m, CHq) 7.44 (3H, m, CHqr) 7.08 (2H, m, CHyr) 6.73 (2H, m, CH,r) 6.62 (4H, m, CH,r) 3.71
(6H, s, CHs) 3.41 (4H, s, CH2); 3C NMR (100 MHz, CDCls, 25 °C): 175.9 (COO), 159.5 (BiC), 133.9
(Car), 131.5 (Cur), 131.0 (Cor) 131.0 (Car), 129.0 (Car), 126.8 (Cur), 121.5 (Cor), 112.2 (Cur), 55.1 (OCH3),
43.0 (CH;); FT-IR [cm "1]: 3052 (w), 2964 (w), 1605 (sh), 1555 (sh), 1489 (m), 1466 (m), 1434 (m),
1371 (sh), 1267 (sh) 1223 (sh), 1157 (m), 1037 (m) 980 (m), 730 (sh), 691 (sh); Elemental analysis,

Expected: C:56.11 H:4.32 Found: C:63.35 H:4.84 CCDC 1578377

4.7.1.11. Triphenylantimony bis(4-methoxyphenylacetic acetate), 6S. SbPhs (0.177 g, 0.5 mmol), 4-
methoxyphenylacetic acid (0.166 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted
as per GP1. Yield: 91% 0.313 g; *H NMR and **C NMR consistent with previously synthesised.*® CCDC

1578379

4.7.1.12. Triphenylbismuth bis(4-methoxyphenylacetic acetate), 6B. BiPhs; (0.221 g, 0.5 mmol), 4-
methoxyphenylacetic acid (0.165 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted
as per GP1. Yield: 75% 0.285g; m.p: 140 — 141 °C; *H NMR (400 MHz, ds-DMSO): 6 = 7.91 (6H, m,
CHar ) 7.63 (6H, m, CHar) 7.55 (3H, m, CHq) 6.86 (2H, m, CHar) 6.74 (2H, m, CH,r) 3.70 (6H, s, CHs)
2.08 (4H, s, CH;); **C NMR (100 MHz, ds-DMSO): 172.1 (COO), 158.2 (BiC), 134.3 (Car), 133.7 (Car),
131.9 (Cor) 131.5 (Cor), 130.3 (Car), 128.2 (Car), 123.1 (Car), 114.0 (Car), 55.6 (OCHs), 31.2 (CH.); FT-IR
[em “1]: 3055 (w), 2934 (w), 1596 (sh), 1556 (m), 1510 (sh), 1466 (m), 1435 (m), 1350 (sh), 1239
(sh), 1176 (m), 1037 (m) 981 (m), 738 (sh), 681 (m); Elemental analysis, Expected: C:56.11 H:4.32
Found: C:56.38 H:4.18 CCDC 1578383

4.7.1.13. (u2-Oxo)-bis((acetoxyacetato)-triphenylantimony(v))), 75. SbPhs; (0.353 g, 1.0 mmol),

acetoxyacetic acid (0.118 g, 1.0 mmol) and 70% t-BuOOH (300 uL, 2.2 mmol) were reacted as per
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GP1. Yield: 86% 0.411 g; m.p: 184 — 185 °C. ;'H NMR (400 MHz, CDCls): 6 = 7.96 (4H, m, CHa, ) 7.38
(10H, m, CHar) 7.25 (16H, m, CHqr) 4.45 (4H, br(s), CH;) 2.05 (6H, br(s), CHs); FT-IR [cm ]: 3057 (w),
2955 (w), 1741 (m) 1732 (m) 1653 (sh), 1480 (m), 1434 (m), 1352 (m), 1336 (sh), 1269 (m) 1231
(sh), 1061 (m) 919 (m), 737 (sh), 691 (sh); Elemental analysis, Expected: C:55.26 H:4.22 Found:

C:55.11 H:4.30 CCDC 1578606

4.7.1.14. Triphenylantimony mono-hydroxy-(monoacetoxyacetate), 75’. 7aS was dissolved in ds-
DMSO with quantitative conversion to 7aS’ observed. ;*H NMR (400 MHz, ds-DMSO): 6 = 8.02 (6H,

m, CHer ) 7.55 (9H, m, CHar) 4.80 (1H, s, OH) 4.39 (2H, s, CHz) 2.50 (3H, s, CH3);

4.7.1.15. Triphenylbismuth bis(acetoxy acetate), 7B. BiPhs (0.220 g, 0.5 mmol), acetoxyacetic acid
(0.117 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted as per GP1. Yield: 66%
0.222 g; m.p: 136 — 138 °C; 'H NMR (400 MHz, CDCls): 6 = 8.11 (6H, m, CHor ) 7.63 (6H, m, CHar)
7.51 (3H, m, CHar) 4.39 (4H, s, CHs) 2.06 (6H, s, CHs); 23C NMR (100 MHz, CDCls, 25 °C): 170.4 (COO),
157.9 (BiC), 134.1 (Car), 131.6 (Car), 131.3 (Cur), 36.4 (CHy), 20.7 (CHs); FT-IR [cm *1]: 3049 (w), 1744
(sh), 1629 (sh), 1576 (m), 1470 (m), 1436 (m), 1393 (sh), 1267 (m) 1217 (sh), 1066 (sh) 982 (m),
730 (sh), 678 (sh); Elemental analysis, Expected: C:46.30 H:3.74 Found: C:46.01 H:3.88 CCDC

1578370

4.7.1.16. Triphenylantimony bis(phenoxyacetic acetate), 8S. SbPhs (0.177 g, 0.5 mmol),
phenoxyacetic acid (0.152 g, 1.0 mmol) and 70% t-BuOOH (150 uL, 1.1 mmol) were reacted as per
GP1. Yield: 78% 0.255 g; H NMR and **C NMR consistent with previously synthesised.’> CCDC

1578378

4.7.1.17. Triphenylbismuth bis(phenoxyacetic acetate), 8B. BiPhs (0.220 g, 0.5 mmol),

phenoxyacetic acid (0.152 g, 1.0 mmol) and 70% t-BuOOH (150 ulL, 1.1 mmol) were reacted as per
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GP1. Yield: 65% 0.241 g; m.p: 144 — 146 °C; 'H NMR (400 MHz, ds-DMSO): & = 7.97 (6H, m, CHa, )
7.72 (6H, m, CH,r) 7.63 (3H, m, CHqr) 7.14 (4H, m, CHq,) 6.88 (2H, m, CHar) 6.58 (4H, m, CHa;) 4.49
(4H, s, CH2); **C NMR (100 MHz, ds-DMSO): 174.5 (COO), 159.5 (BiC), 137.2 (Car), 136.9 (Car), 133.8
(Car) 131.0 (Car), 129.1 (Car), 121.7 (Car), 114.6 (Car), 112.4 (Cor), 55.1 (CH2); FT-IR [cm ]: 3059 (w),
2929 (w), 1624 (sh), 1598 (sh), 1557 (m), 1495 (sh), 1469 (m), 1436 (sh) 1353 (sh), 1261 (m) 1218
(sh), 1174 (m), 1071 (m) 984 (m), 735 (sh), 691 (sh); Elemental analysis, Expected: C:54.99 H:3.94

Found: C:54.69 H:3.86 CCDC 1578608

4.7.2 General procedure 2 (GP2):

One equivalent of triphenyl antimony was added to a 100 mL RBF, equipped with stirrer bead and
dissolved in toluene. To this, a slight excess of 2.2 mmol of a 70% tertbutyl hydroperoxide solution
in water was added. After approximately 5 minutes, 1 mmol of the desired quinolinol was added
and the reaction stirred overnight. The solvent and tBuOH/H,0 biproducts were removed under
vacuum yielding oily solids. The oily substance was sonicated in H,0, precipitating out a solid. The
solids were collected via filtration, yielding complexes 1Sq — 6Sq. Complexes were crystallised

from either toluene or DMSO.

4.7.2.1. Triphenylantimony mono-hydroxy 8-quinolinolate, 18q. SbPh; (0.353 g, 1 mmol) was
reacted with t-BuOOH (140 uL, 2 mmol) before addition of 8-quinolinol (0.145 g, 1 mmol) according
to GP2. Yellow solid (.427 g, 83%). m.p: 161 — 162 °C; *H NMR (400 MHz, DMSO-ds) & = 9.10 (dd, J
=4.6, 1.4 Hz, 1H), 8.40 (dd, J = 8.4, 1.4 Hz, 1H, CHy), 7.73 = 7.65 (m, 6H, CHq,), 7.65 —7.57 (m, 1H,
CHar), 7.52 - 7.43 (m, 1H, CHyr), 7.23 = 7.14 (m, 9H, CHq), 7.11 (ddd, J = 12.8, 8.0, 1.2 Hz, 2H, CHa,),
4.78 (s, 1H, OH). *3C NMR (101 MHz, DMSO-ds) 6 = 156.44 (SbC), 142.08 (C,r), 139.30 (Ca), 130.02
(Car), 129.73 (Cur), 128.91 (Cyr), 128.38 (Cur), 127.93 (Cor), 121.17 (Cor), 113.86 (Car), 104.53 (Cur); FT-

IR [em *]: 3571 (w), 2109 (w), 1575 (m), 1495 (m), 1460 (sh), 1429 (m), 1390 (m), 1319 (sh), 1279
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(m), 1239 (w), 1103 (sh), 1064 (m), 824 (m), 735 (sh). 692 (sh); Elemental analysis, Expected:

C:63.06 H:4.31 N:2.72 Found: C:63.35 H:4.48 N:2.71 CCDC: 1942091

4.7.2.2. Triphenylantimony mono-hydroxy 5-chloro-8-quinolinolate, 25q. SbPh; (0.353 g, 1 mmol)
was reacted with t-BuOOH (140 ul, 2 mmol) before addition of 5-chloro-8-quinolinol (0.179 g, 1
mmol) according to GP2. Yellow solid (0.448 g, 81%). m.p: 128 — 130 °C; *H NMR (600 MHz, DMSO-
ds) 6 = 9.18 (dd, J = 4.6, 1.4 Hz, 1H, CHar), 8.51 (dd, J = 8.5, 1.4 Hz, 1H, CHar), 7.79 (dd, J = 8.5, 4.6
Hz, 1H, CHar), 7.71 — 7.66 (m, 6H, CHar), 7.60 (d, J = 8.4 Hz, 1H, CHar), 7.27 — 7.13 (m, 9H, CHar), 7.09
(d, J = 8.5 Hz, 1H, CHar), 4.95 (s, 1H, OH); **C NMR (101 MHz, DMSO-ds) 6 = 156.38 (SbC), 151.22
(Car), 143.31 (Cor), 135.85 (Cur), 132.99 (Cur), 130.14 (Cor), 128.52 (Cor), 126.96 (Cor), 123.31 (Cur),
114.53 (Cqr); FT-IR [cm ™]: 3241 (br), 3052 (w), 2109 (w), 1571 (m), 1492 (m), 1452 (sh), 1429 (m),
1379 (m), 1362 (s) 1308 (sh), 1256 (m), 1084 (w), 1022 (sh), 826 (m), 740 (sh), 697 (sh); Elemental
analysis (2sq.dmso), Expected: C:55.57 H:4.34 N:2.23 S:5.11 Found: C:55.40 H:4.38 N:2.22 5:5.02.

CCDC: 1901551

4.7.2.3 Triphenylantimony mono-hydroxy 5,7-dichloro-8-quinolinolate, 3Sq. SbPhs (0.353 g, 1
mmol) was reacted with t-BuOOH (140 uL, 2 mmol) before addition of 5,7-dichloro8-quinolinol
(0.214 g, 1 mmol) according to GP2. Yellow solid (0.594 g, 89%). m.p: 95 — 97 °C; *H NMR (600
MHz, DMSO-ds) 6 = 9.20 (dd, J = 4.6, 1.4 Hz, 1H, CH.,), 8.49 (dd, J = 8.5, 1.4 Hz, 1H, CH,), 7.83 (s,
1H, 7.77 (dd, J = 6.2, 4.4 Hz, 6H, CHy), 7.31 — 7.10 (m, 10H, CHy), 5.16 (s, 1H, OH**C NMR (101
MHz, DMSO) 6 152.22 (SbC), 151.92 (Csr), 144.46 (Car), 136.11 (Car), 135.62 (Cor), 132.62 (Ca),
129.46 (Cyr), 128.84 (Cor), 128.26 (Cor), 128.26 (Cor), 125.68 (Cor), 123.07 (Cor), 118.06 (Cor), 114.69
(Car); FT-IR [cm "1]: 3244 (w), 3053 (w), 2165 (w), 1571 (m), 1494 (m), 1450 (sh), 1429 (m), 1397
(m), 1308 (sh), 1256 (w), 1084 (m), 1025 (sh), 958 (sh), 826 (m), 740 (sh), 697 (sh); Elemental

analysis (35q.2H20) Expected: C:52.38 H:3.91 N:2.26 Found C:52.61 H:4.06 N: 2.27. CCDC: 1938022
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4.7.2.4. Triphenylantimony mono-hydroxy 5,7-dibromo-8-quinolinolate, 45q. SbPh; (0.353 g, 1
mmol) was reacted with t-BuOOH (140 uL, 2 mmol) before addition of 5,7-dibromo-8-quinolinol
(0.303 g, 1 mmol) according to GP2. Yellow solid (0.540 g, 72%). m.p: 121 -123 °C; *H NMR (600
MHz, DMSO-ds) 6 = 9.17 (dd, J = 4.6, 1.4 Hz, 1H, CHar), 8.41 (dd, J = 8.5, 1.4 Hz, 1H, CHar), 8.05 (s,
1H, CHor), 7.82 = 7.71 (m, 6H, CHar), 7.29 — 7.12 (m, 10H, CHar), 5.16 (s, 1H, OH); 23C NMR (101 MHz,
DMSO-ds) 6 = 132.56 (Cpn), 128.80 (Cph), 128.22 (Con); FT-IR [cm ]: 3275 (w), 3065 (w), 2081 (w),
1560 (m), 1481 (m), 1430 (sh), 1390 (m), 1357 (sh), 1309 (m), 1242 (w), 1103 (m), 1022 (sh), 943
(m), 864 (w), 743 (sh), 690 (sh); Elemental analysis (4sq.dmso), Expected: C:46.43 H:3.49 N:2.03

5:4.27 Found: C:46.30 H:3.49 N:1.87 5:4.42. CCDC: 1938252

4.7.2.5. Triphenylantimony mono-hydroxy 5, 7-diiodo-8-quinolinolate, 55q. SbPhs3 (0.353 g, 1 mmol)
was reacted with t-BuOOH (140 ulL, 2 mmol) before addition of 5,7-diiodo-8-quinolinol (0.397 g, 1
mmo). Yellow solid (0.598 g, 78%) according to GP2. m.p: 179 -181 °C; *H NMR (400 MHz, DMSO-
ds) 6 =9.10 (dd, J = 4.6, 1.4 Hz, 1H, CHar), 8.31 (s, 1H, CHar), 8.27 (dd, J = 8.5, 1.3 Hz, 1H, CHar), 7.75
(dd, J = 8.5, 4.5 Hz, 6H, CHar), 7.21 (m, 10H, CHar), 5.12 (s, 1H, OH); 3C NMR (101 MHz, DMSO-ds)
8 = 132.53 (Cpp), 128.71 (Cpp), 128.18 (Cor); FT-IR [cm “]: 3050 (w), 2115 (w), 1545 (m), 1475 (m),
1430 (sh), 1385 (m), 1353 (sh), 1307 (w), 1243 (m), 1102 (m), 1063 (m), 846 (m), 733 (sh), 692 (sh);
Elemental analysis, Expected: C:41.47 H: 2.54 N:1.86 Found: C:41.38 H:2.75 N:1.89. CCDC: 1938021
4.7.2.6. Triphenylantimony mono-hydroxy 5,7-dichloro-2-methyl-8-quinolinolate, 6S8q. SbPhs
(0.353 g, 1 mmol) was reacted with t-BuOOH (140 uL, 2 mmol) before addition of 5,7-dichloro-2-
methyl-8-quinolinol (0.229 g, 1 mmol) according to GP2. Yellow solid (.449 g, 75%). m.p: 150-153
°C; 'H NMR (600 MHz, DMSO-dg) 6 = 8.23 (d, J = 8.6 Hz, 1H, CHy), 7.88 (dt, J = 6.3, 1.4 Hz, 6H, CHar),
7.71 (s, 1H, CHar), 7.42 (d, J = 8.6 Hz, 1H, CH,), 7.31—7.21 (m, 10H, CHa,), 4.93 (s, 1H, OH), 2.91 (s,
3H, CHs). 3C NMR (101 MHz, DMSO-dg) 6 = 132.59 (Cpn), 129.18 (Cor), 129.39 (Cpp); FT-IR [cm ]:

3599 (w), 3048 (w), 2973 (w), 1573 (w), 1548 (w), 1480 (w), 1423 (sh), 1357 (m), 1326 (m), 1251
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(w), 1107 (m), 1021 (w), 829 (m), 732 (sh). 690 (sh); Elemental analysis (6sq.tBuOH), Expected:

C:57.26 H:4.84 N:2.17 Found: C:57.48 H:447 N:2.30. CCDC: 1938023

4.7.3. General procedure 3 (GP3)

1 mmol of the desired quinolinol was placed into a Schlenk flask under vacuum for approximately
3 — 4 hours to remove any excess moisture. The quinolinol was then suspended in hexane and
placed into an isopropanol/N, bath at -78 °C. 1 mmol of neat trimethyl gallium was added by pre-
purged syringe to the flask, yielding an immediate colour change. The reaction was allowed to
warm to room temperature before the solid produced was filtered, yielding compunds 1G — 4G.

The coloured filtrate was left to stand, yielding crystalline solid over time.

4.7.3.1. Bis-methyl gallium mono-5-chloro-quinolinolate, 1G. 5-chloroquinolinol (0.179 g, 1 mmol)
was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP3. Yellow solid, (0.250 g, 89%),
m.p: 215 — 216 °C; 'H NMR (600 MHz, DMSO-ds) 6 = 8.90 (dd, J = 4.6, 1.4 Hz, 1H, CH.), 8.62 (dd, J
= 8.5, 1.3 Hz, H, CHar), 7.83 (dd, J = 8.5, 4.5 Hz, 1H, CHar), 7.60 (d, J = 8.4 Hz, 1H, CHor), 6.87 (d, J =
8.4 Hz, 1H, CHar), -0.32 (s, 6H, CHs). 3C NMR (600 MHz, DMSO-ds) 6 = 162.9 (Car) 148.1 (Cor), 141.9
(Car), 138.3 (Car), 132.9 (Cur), 129.3 (Car), 126.4 (Cor) 115.3 (Car), 115.1 (Cor), -0.514 (CH3). FT-IR [cm
1]:3053 (w), 2954 (w), 1599 (m), 1576 (w), 1493 (m), 1363 (m), 1310(sh), 1254 (m), 1152 (m), 1081
(sh), 780 (sh), 734 (sh), 669 (sh); MS (ESI)* m/z = 180.0 [LH,*], 99.0 [Ga(CH3),"] 68.9 [Ga]. ESI : 100.9
[Ga(CHs),H7]. Elemental analysis, Expected: C:47.46 H:3.98 N:5.03 Found: C:47.26 H:3.89 N:4.95.

CCDC 1898525

4.7.3.2. Bis-methyl gallium mono-5,7-dichloro-quinolinolate, 2G. 5,7-dichloroquinolinol (0.214 g, 1
mmol) was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP3. Yellow solid, (0.280
g, 90%), m.p: 127 -129 °C; *H NMR (600 MHz, DMSO-ds) & = 8.85 (dd, J = 4.5, 1.4 Hz, 1H, CHay), 8.57

(dd, J = 8.5, 1.4 Hz, 1H, CHay), 7.79 (m, 1H CHay), 7.78 (s, 1H, CHar), -0.35 (s, 6H, CHs). 13C NMR (600
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MHz, DMSO-dg) 6 = 157.8 (Car) 148.0 (Cor), 141.1 (Cyr), 137.1 (Cor), 131.5 (Cor), 127.3 (Car), 125.5
(Car), 117.5 (Cor), 114.6 (Car), -0.514 (CH3). FT-IR [cm *]: 2961 (w), 1567 (m), 1491 (w), 1456 (m),
1399 (m), 1368(sh), 1259 (w), 1196 (w), 1057 (w), 811 (sh), 782 (sh), 651 (sh); MS (ESI)* m/z = 214.0
[LH>*], 99.0 [Ga(CHs),"], 68.9 [Ga]. ESI : 100.9 [Ga(CHs):H |. Elemental analysis, Expected: C:42.23

H:3.22 N:4.48 Found: C:42.35 H:3.14 N:4.48. CCDC 1898522

4.7.3.3. Bis-methyl gallium mono-5,7-dibromo-quinolinolate, 3G. 5,7-dibromoquinolinol (0.303 g,
1 mmol) was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP3. Yellow solid, (0.391
g, 97%), m.p: 136 - 138 °C; 'H NMR (600 MHz, DMSO-ds) 6 = 8.85 (dd, J = 4.5, 1.4 Hz, 1H, CHa),
8.53(dd, J=8.5, 1.4 Hz, 1H, CH,/), 8.03 (s, 1H, CH,/), 7.84 (dd, J = 8.5, 4.5 Hz, 1H, CHa,), -0.32 (s, 6H,
CHs). 23C NMR (600 MHz, DMSO-ds) & = 159.6 (Car) 147.9 (Car), 141.0 (Car), 139.5 (Car), 136.7 (Car),
129.0 (Car), 125.9 (Cor), 107.5 (Car), 103.8 (Car), -0.512 (CH3). FT-IR [cm *]: 2957 (w), 1547 (m), 1478
(w), 1451 (m), 1363 (sh), 1233 (w), 1221 (w), 1191 (w), 850 (m), 750 (sh), 707 (m); MS (ESI)* m/z =
303.9 [LH>'], 99.0 [Ga(CHs),*], 68.9 [Ga]. ESI : 101.0 [Ga(CHs),H7']. Elemental analysis, Expected:

C:32.89 H:2.51 N:3.79 Found: C:32.70 H:2.47 N:3.38. CCDC 1898528

4.7.3.4. Bis-methyl gallium mono-5,7-diiodo-quinolinolate, 4G. 5,7-diiodoquinolinol (0.397 g, 1
mmol) was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP3. Yellow solid, (0.425
g, 91%), m.p: 165 - 167 °C; *H NMR (600 MHz, DMSO-ds) 6 8.75 (dd, J = 4.5, 1.3 Hz, 1H, CHy), 8.36
(dd, J=8.5,1.4 Hz, 1H, CHar), 8.28 (s, 1H, CHq), 7.79 (dd, J = 8.5, 4.5 Hz, 1H, CH,/), -0.35 (s, 6H, CH3).
13C NMR (600 MHz, DMSO-ds) 6 = 163.5 (Cyr), 147.9 (Car), 147.8 (Car), 144.1 (Cor), 139.8 (Car), 132.2
(Car), 126.4 (Cor), 84.3 (Car), 78.9 (Car), -0.490 (CHs). FT-IR [cm ™]: 2960 (w), 1560 (m), 1485 (m), 1451
(sh), 1367 (sh), 1261 (w), 1191 (w), 1112 (m), 1055 (w), 809 (m), 781 (m), 686 (sh); MS (ESI)* m/z
=397.8 [LH;'], 99.0 [Ga(CHs),*], 68.9 [Ga]. ESI : 100.9 [Ga(CH3),HZ ]. Elemental analysis, Expected:

C:26.65 H:2.03 N:2.83 Found: C:26.79 H:1.92 N:2.93. CCDC 1898524
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4.7.4. General procedure 4 (GP4)

1 mmol of anhydrous indium trichloride was added to a Schlenk flask and suspended in dry
hexane. The solution was cooled to -78 °C using an isopropanol/N; bath before the addition of 3.2
mmol of methyllithium in diethoxymethane solution via a pre-purged syringe. The solution was
left to stir for ~ three hours. The solution was added via filter cannulation to remove the LiCl
produced, to a pre-dried suspension of 1 mmol of the desired quinolinol in hexane, at -78 °C. The
reaction was allowed to warm to room temperature before the solid produced was filtered

yielding compounds 11 — 4l. Compounds were recrystallised from acetone.

4.7.4.1. Bis-methyl indium mono-5-chloro-quinolinolate, 11, 5-chloroquinolinol (0.179 g, 1 mmol)
was reacted with previous prepared trimethyl indium (~ 1 mmol) according to GP4. Yellow solid,
(0.236 g, 73%) m.p: 250 — 253 °C decomp; *H NMR (600 MHz, DMSO-dgs) 6 8.77 —8.72 (m, 1H, CHar),
8.54-8.49 (m, 1H, CHy), 7.72 (dd, J = 8.5, 4.4 Hz, 1H, CH,/), 7.51 (d, J = 8.5 Hz, 1H, CHy,), 6.76 (t, J
= 8.2 Hz, 1H, CHar), -0.35 (s, 6H, CHs); **C NMR (151 MHz, DMSO-ds) 6 = 161.71 (Car), 160.36 (Car),
145.25 (Cqr), 144.90 (Car), 140.12 (Cor), 134.63 (Car), 129.65 (Car), 126.77 (Car), 125.31 (Cor), 122.86
(Car), 113.03 (Cor), 110.43 (Cyr), -4.03 (CHs); FT-IR [cm ] 2917 (w), 2280 (w), 1599 (m), 1574 (m),
1495 (sh), 1456 (sh), 1393 (sh), 1363 (sh). 1255 (m), 1083 (sh), 1043 (sh), 958 (m), 822 (m), 782
(sh), 737 (sh); MS (ESI)* m/z = 292.9 [In(L)*], 144.9 [In(CH3);*], 114.9 [In]. ESI - 292.9 [In(L)], 178.0
[L — H], 146.9 [In(CHs);H7 ], 112.9 [**3In]; Elemental analysis (11.2H,0), Expected: C:38.69 H:3.83

N:4.10 Found: C:39.05 H:3.77 N:4.19. CCDC: 1938266

4.7.4.2. Bis-methyl indium mono-5,7-dichloro-quinolinolate, 21, 5,7-dichloroquinolinol (0.214 g, 1
mmol) was reacted with previous prepared trimethyl indium (~ 1 mmol) according to GP4 Yellow
solid, (0.273 g, 79%) m.p: 254 — 257 °C decomp; *H NMR (600 MHz, DMSO-ds) 6 8.81 (d, J = 4.1 Hz,
1H, CHar), 8.53 (dd, J = 8.5, 1.5 Hz, 1H, CHa:), 7.75 (dd, J = 8.5, 4.4 Hz, 1H, CHa:), 7.72 (s, 1H), -0.33

(s, 6H, CH3); *C NMR (151 MHz, DMSO-ds) & = 157.60 (Car), 146.34 (Ca), 140.00 (Car), 134.90 (Car),
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129.22 (Cy), 125.73 (Car), 122.88 (Cay), 116.27 (Cur), 110.45 (Car), -3.78 (CH3); FT-IR [cm 1] 2973 (w),
2922 (w), 2371 (w), 1595 (w), 1560 (m), 1489 (sh), 1442 (sh), 1390 (sh), 1358 (sh), 1228 (m), 1103
(m), 1053 (m), 963 (m), 884 (sh), 736 (sh), 714 (sh); MS (ESI)* m/z = 144.9 [In(CH3),"], 114.9 [In]. ESI
:211.9 [L — H, 146.9 [In(CHs),Hy], 112.9 [*3In]; Elemental analysis, Expected: C:36.91 H:2.82

N:3.91 Found: C:36.70 H:2.91 N:3.85. CCDC: 1938263

4.7.4.3. Bis-methyl indium mono-5,7-bromo-quinolinolate, 31, 5,7-dibromoquinolinol (0.303 g, 1
mmol) was reacted with previous prepared trimethyl indium (~ 1 mmol) according to GP4 Yellow
solid, (0.321 g, 74%) m.p 225 — 228 °C decomp,; *H NMR (400 MHz, DMSO-ds) & 8.78 (dd, J = 4.4,
1.5 Hz, 1H, CHq), 8.47 (dd, J = 8.6, 1.5 Hz, 1H, CHy,), 7.96 (s, 1H, CHyr), 7.77 (dd, J = 8.5, 4.4 Hz, 1H,
CHar), -0.33 (s, 6H, CHs); 3C NMR (151 MHz, DMSO-ds) 6 = 146.27 (Car), 136.94 (Car), 134.48 (Car),
127.45 (Cqr), 123.07 (Car), 106.62 (Car), -3.51 (CHs3); FT-IR [cm ] 2920 (w), 2296 (w), 1592 (w), 1556
(m), 1483 (sh), 1438 (sh), 1385 (sh), 1367 (sh), 1350 (sh), 1235 (m), 1099 (sh), 1050 (w), 940 (m),
859 (m), 725 (sh), 685 (sh); MS (ESI)* m/z = 144.9 [In(CHs),*], 114.9 [In]. ESI ": 301.9 [L — H], 146.9
[In(CH3):H7 ], 112.9 [*¥3In]; Elemental analysis, Expected: C:29.57 H:2.26 N:3.13 Found: C:29.34

H:2.38 N:3.23. CCDC: 1938265

4.7.4.4. Bis-methyl indium mono-5,7-diiodo-quinolinolate, 4l, 5,7-dichloroquinolinol (0.397 g, 1
mmol) was reacted with previous prepared trimethyl indium (~ 1 mmol) according to GP4. Yellow
solid, (0.454 g, 86%), m.p: 239 — 242 °C decomp; *H NMR (600 MHz, DMSO-ds) 6 8.69 (dd, J = 4.4,
1.4 Hz, 1H, CHqa), 8.32 (dd, J = 8.5, 1.4 Hz, 1H, CHy,), 8.25 (s, 1H, CHyr), 7.73 (dd, J = 8.5, 4.4 Hz, 1H,
CHar), -0.34 (s, 6H, CHs); 3C NMR (151 MHz, DMSO-ds) 6 = 146.69 (Car), 145.12 (Car), 144.60 (Ca),
140.34 (Cqr), 130.41 (Cyr), 123.20 (Cor), 118.05 (Car), 83.03 (Car), -3.21 (CHs3); FT-IR [cm ] 2906 (w),
2289 (w), 1541 (m), 1476 (m), 1436 (sh), 1381 (sh), 1368 (sh), 1350 (sh), 1247 (w), 1102 (m), 1050

(w), 927 (w), 804 (m), 736 (sh), 691 (sh); MS (ESI)* m/z = 144.9 [In(CHs);*], 114.9 [In]. ESI~: 395.9 [L

215



—H], 146.9 [In(CHs):H7], 112.9 [**3In]; Elemental analysis, Expected: C:24.43 H:1.86 N:2.59 Found:

C:24.60 H:1.85 N:2.66. CCDC: 1942090 [(In(Me):L)(In(Me).OH)].

4.7.4.5. Methyl indium bis-5,7-dibromoquinolinolate, 3I’. 3I’ was isolated as a small crop of crystal
from the reaction mixture of complex 31 after 24 hours. Yellow blocks ( > 5%). CCDC: 1938264
4.7.4.6. 4[Indium mono-hydroxido bis-5,7-dibromoquinolinolate], 3I-C. 31-C was isolated from the

reaction mixture of complex 31 and 3V’ after several days. Orange blocks, ( > 5%). CCDC: 1938267

4.7.5. General procedure 5 (GP5)

2 mmol of the desired quinolinol was placed into a Schlenk flask under vacuum for approximately
3 —4 hours to remove any excess moisture. The quinolinol was then either dissolved or suspended
in toluene and placed into an isopropanol/N; bath at -78 °C. 1 mmol of neat trimethyl gallium was
added by pre-purged syringe to the flask, yielding an immediate colour change. The reaction was
allowed to warm to room temperature before refluxing at 110 °C the solid produced was filtered,
yielding complexes 1G’ — 4G’. The coloured filtrate was left to stand, yielding crystalline solid over

time

4.7.5.1. Methyl gallium bis-5-chloro-quinolinolate, 1G’. 5-chloroquinolinol (0.358 g, 2 mmol) was
reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP5. Yellow solid, (0.315 g, 72%),
m.p: 225 - 227 °C decomp; 'H NMR (600 MHz, DMSO-ds) 6 = 9.09 (dd, J = 4.6, 1.4 Hz, 2H, CHar),
8.75(dd, J = 8.6, 1.3 Hz, 2H, CHq;), 7.99 (dd, J = 8.6, 4.6 Hz, 2H, CH,/), 7.64 (d, J = 8.4 Hz, 2H, CH.),
6.90 (d, J = 8.4 Hz, 2H, CHa;), -0.03 (s, 3H, CH3). 6 = 157.8 (Cyr) 146.2 (Cqr), 138.5 (Car), 136.4 (Ca),
130.8 (Cr), 126.5 (Car), 124.4 (Cyr), 114.3 (Car),112.5 (Car), -4.82 (CH3). FT-IR [cm *1]: 3054 (w), 1601
(m), 11575 (m), 1494 (sh), 1458 (sh), 1320 (sh), 1256 (w), 1085 (sh), 829 (m), 780 (sh), 744 (sh).

Elemental analysis, Expected: C:51.64 H:2.97 N:6.34 Found: C:51.84 H:2.73 N:6.49. CCDC 1898523
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4.7.5.2. Methy! gallium bis-5,7-dichloro-quinolinolate, 2G’. 5,7-dichloroquinolinol (0.428 g, 2
mmol) was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP5. Yellow solid, (0.422
g, 81%), m.p: > 300 °C decomp; *H NMR (600 MHz, DMSO-ds), residual toluene and acetone are
not labelled. 6 =9.17 (dd, J = 4.7, 1.3 Hz, 2H, CHa), 8.81 (dd, J = 8.5, 1.3 Hz, 2H, CHq), 8.06 (dd, J =
8.5, 4.6 Hz, 2H, CHar), 7.87 (s, 1H CHyr), -0.00 (s, 3H, CHs). FT-IR [cm "]: 3073 (w), 1566 (m), 1488
(sh), 1450 (sh), 1370 (sh), 1235 (w), 1235 (w), 1114 (m), 1053 (w), 892 (m), 752 (sh), 660 (sh).

Elemental analysis, Expected: C:33.14 H:1.61 N:4.07 Found: C:33.28 H:1.53 N:4.14. CCDC 1898526

4.7.5.3. Methyl gallium bis-5, 7-dibromo-quinolinolate, 3G’. 5,7-bromoquinolinol (0.606 g, 2 mmol)
was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP5. Yellow solid, (0.616 g,
80%), m.p: 165 - 167 °C; *H NMR (600 MHz, DMSO-dg) 6 = 9.14 (d, J = 4.7 Hz, 2H, CHy), 8.75 (d, J
= 8.6 Hz, 2H, CHyr), 8.20 — 7.97 (m, 4H, CHa), 0.00 (s, 3H, CHs). FT-IR [cm ]: 2958 (w), 1560 (m),
1483 (m), 1449 (sh), 1367 (sh), 1221 (w), 1203 (w), 1110 (m), 1051 (w), 869 (m), 748 (sh), 690 (sh).

Elemental analysis, Expected: C:33.14 H:1.61 N:4.07 Found: C:33.28 H:1.53 N:4.14. CCDC 1898529

4.7.5.4. Methyl gallium bis-5,7-diiodo-quinolinolate, 4G’. 5,7-diiodoquinolinol (0.784 g, 2 mmol)
was reacted with trimethyl gallium (0.1 mL, 1 mmol) according to GP5. Yellow solid, (0.666 g,
81%), m.p: > 300 °C decomp; *H NMR (600 MHz, DMSO-ds) & = 9.10 (dd, J = 4.6, 1.3 Hz, 2H, CHar),
8.62 (dd, J = 8.5, 1.3 Hz, 2H, CHy), 8.41 (s, 2H, CHqr), 8.10 (dd, J = 8.5, 4.7 Hz, 2H, CH,r), 0.00 (s, 3H,
CHs). FT-IR [cm "]: 2954 (w), 1545 (m), 1474 (sh), 1446 (sh), 1361 (sh), 1246 (w), 1218 (w), 1113
(m), 1050 (w), 851 (m), 747 (sh), 720 (m). Elemental analysis, Expected: C:26.03 H:1.26 N:3.20

Found: C:26.19 H:1.41 N:3.30. CCDC 1898527

4.7.6. General procedure (GP6)

0.5 mmol of the desired triaryl antimony (0.176 g) was added to a 100 mL RBF, equipped with

stirrer bead and dissolved in diethyl ether. To this, a slight excess of 1.2 mmol of a 30% hydrogen
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peroxide solution in water was added. After approximately 5 minutes, 0.5 mmol of the either R or
S mandelic acid (0.076g) was added and the reaction stirred overnight. The solvent and
tBuOH/H,0 biproducts were removed under vacuum yielding oily solids. The oily substance was
sonicated in H,0, precipitating out a solid. The solids were collected via filtration, yielding
complexes 1S — 6S, 1R — 6R. Complexes were crystallised from the ether filtrate, or by heating the

solid in DMSO.

4.7.6.1. Tris-o-tolyl antimony R-mandelate, 1Sr. Tris-o-tolyl antimony (0.197 g, 0.5 mmol) was
reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.226 g, 83%),
m.p: 136 — 139 °C; 'H NMR (600 MHz, DMSO-ds) 6 = 7.58 — 7.56 (m, 3H, CHa), 7.52 — 7.49 (m, 3H,
CHar), 7.42 (t, J = 7.2 Hz, 6H, CHy), 7.37 (d, J = 1.2 Hz, 2H, CHo,), 7.34 — 7.31 (m, 2H, CHar), 7.30 —
7.26 (m, 1H, CHar), 5.40 (s, 1H, CCH), 2.28 (s, 9H, CHs); 13C NMR (151 MHz, DMSO-dg) 6 = 173.10
(COOH), 141.76 (SbC), 139.81 (Cur), 138.13 (Cay), 133.61 (Cor), 131.90 (Cor), 131.67 (Car), 128.15 (Car),
127.62 (Car), 127.12 (Car), 126.98 (Cor), 73.57 (COH), 64.92 (CCH), 22.92 (CHs); FT-IR [cm ]: 3055
(w), 2922 (w), 1682 (sh), 1450 (m), 1309 (m), 1286 (sh), 1045(m), 1026 (m), 797 (w), 747 (sh), 697

(sh). Elemental Analysis, Expected: C:63.88 H:4.99, Found: C63.63 H:5.11. CCDC: 1938254

4.7.6.1 Tris-o-tolyl antimony S-mandelate, 1Ss. Tris-o-tolyl antimony (0.197 g, 0.5 mmol) was
reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.280 g, 80%),
m.p: 137 — 140 °C; *H NMR (600 MHz, DMSO-ds) 6 = 7.58 — 7.56 (m, 3H, CHar), 7.52 — 7.49 (m, 3H,
CHar), 7.42 (t, J = 7.2 Hz, 6H, CHy), 7.37 (d, J = 1.2 Hz, 2H, CHo,), 7.34 — 7.31 (m, 2H, CHar), 7.30 —
7.26 (m, 1H, CHar), 5.40 (s, 1H, CCH), 2.28 (s, 9H, CHs); 13C NMR (151 MHz, DMSO-dg) 6 = 173.10
(COOH), 141.76 (SbC), 139.81 (Cur), 138.13 (Car), 133.61 (Cor), 131.90 (Cor), 131.67 (Cayr), 128.15 (Car),
127.62 (Car), 127.12 (Car), 126.98 (Cor), 73.57 (COH), 64.92 (CCH), 22.92 (CHs); FT-IR [cm ]: 3057
(w), 2922 (w), 1683 (sh), 1450 (m), 1310 (m), 1286 (sh), 1045(m), 1027 (m), 797 (w), 753 (sh), 697

(sh). Elemental Analysis, Expected: C:63.88 H:4.99, Found: C63.43 H:4.98. CCDC: 1938260
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4.7.6.3. Tris-m-tolyl antimony R-mandelate, 2Sr. Tris-m-tolyl antimony (0.197 g, 0.5 mmol) was
reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.224 g, 86%),
m.p: 130 — 133 °C; *H NMR (600 MHz, DMSO-ds) 6 = 7.49 — 7.43 (m, 3H, CHu:), , 7.43—7.37 (m, 3H,
CHar), 7.36 — 7.30 (m, 6H, CHar), 7.28 = 7.25 (m, 2H, CHar), 7.25 — 7.21 (m, 2H, CHa), 7.21 (m, 1H,
CHar), 5.16 (s, 1H, CH), 2.27 (s, 9H, CHs); *3C NMR (101 MHz, DMSO) & = 174.60 (COOH), 142.70
(SbC), 141.38 (Cur), 137.70 (Car), 134.69 (Car), 131.28 (Car), 130.51 (Car), 128.37 (Cur), 127.45 (Car),
127.40 (Cy), 126.73 (Car), 74.07 (COH), 21.30 (CH3).FT-IR [cm "]: 2919 (w), 1683 (sh), 1619 (sh),
1450 (m), 1361 (m), 1278 (sh), 1070(m), 1038 (m), 791 (m), 763 (sh), 691 (sh). Elemental Analysis,

Expected: C:63.88 H:4.99, Found: C63.56 H:5.10. CCDC: 1938259

4.7.6.4. Tris-m-tolyl antimony S-mandelate, 2Ss. Tris-m-tolyl antimony (0.197 g, 0.5 mmol) was
reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.196 g, 72%),
m.p: 129 — 131 °C; *H NMR (600 MHz, DMSO-ds) 6 = 7.49 — 7.43 (m, 3H, CHy), , 7.43—7.37 (m, 3H,
CHar), 7.36 — 7.30 (m, 6H, CHar), 7.28 = 7.25 (m, 2H, CHar), 7.25 — 7.21 (m, 2H, CHa), 7.21 (m, 1H,
CHar), 5.16 (s, 1H, CH), 2.27 (s, 9H, CHs); 3C NMR (101 MHz, DMSO) & = 174.62 (COOH), 142.71
(SbC), 141.39 (Cur), 137.70 (Car), 134.69 (Car), 131.29 (Car), 130.51 (Car), 128.36 (Cur), 127.45 (Car),
127.40 (Car), 126.72 (Car), 74.09 (COH), 21.30 (CHs); FT-IR [cm ]: 2918 (w), 1682 (sh), 1618 (sh),
1450 (m), 1362 (m), 1276 (sh), 1070(m), 1038 (m), 778 (m), 763 (sh), 690 (sh). Elemental Analysis,

Expected: C:63.88 H:4.99, Found: C63.87 H:5.24. CCDC: 1938255

4.7.6.5. Peroxybis(tris-p-tolyl antimony R-mandelate), 3Sr. Tris-p-tolyl antimony (0.197 g, 0.5
mmol) was reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.227
g, 81%), m.p: 145 — 147 °C; FT-IR [cm “]: 3026 (w) 2920 (w), 1653 (sh), 1493 (sh), 1451 (m), 1314
(m), 1283 (sh), 1059 (m), 1015 (m), 797 (sh), 732 (sh), 696 (sh). Elemental Analysis, Expected:

C:61.95 H:5.02, Found: C61.84 H:5.24.
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4.7.6.6. Tris-p-tolyl antimony R-mandelate, 35r’. Complex 3Sr was placed into ds-DMSO, liberating
H,0; and forming the solution state cyclometallate. 1H NMR (600 MHz, DMSO-ds) 6 = 10.20 (s, 1H,
OH), 7.49 — 7.46 (m, 6H, CHy), 7.43 — 7.40 (m, 2H, CHq), 7.26 — 7.24 (m, 6H, CHy), 7.22 — 7.20 (m,
2H, CHar), 7.20—7.17 (m, 1H, CHy), 5.12 (s, 1H, CCH), 2.32 (s, 9H, CHs); *3C NMR (151 MHz, DMSO-
ds) 6 = 174.5 (COOH), 141.4 (SbC), 139.4 (Cur), 139.3 (Cur), 134.2 (Car), 129.2 (Cr), 127.4 (Cor), 127.3

(Car), 126.6 (Car), 73.9 (COH), 64.9 (CCH), 21.0 (CHs).

4.7.6.7. Peroxybis(tris-p-tolyl antimony S-mandelate, 3Ss. Tris-p-tolyl antimony (0.197 g, 0.5 mmol)
was reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.222 g,79%),
m.p: 144 — 146 °C. FT-IR [cm ]: 3024 (w) 2919 (w), 1654 (sh), 1492 (sh), 1450 (m), 1312 (m), 1283
(sh), 1059 (m), 1015 (m), 796 (sh), 732 (sh), 696 (sh). Elemental Analysis, Expected: C:61.95 H:5.02,

Found: C61.90 H:4.82.

4.7.6.8. Tris-p-tolyl antimony S-mandelate, 3Ss’. Complex 3Ss was placed into ds-DMSO, liberating
H,0; and forming the solution state cyclometallate. *H NMR (600 MHz, DMSO-ds) 6 = 10.20 (s, 1H,
OH), 7.49 — 7.46 (m, 6H, CHa,), 7.43 — 7.40 (m, 2H, CHar), 7.26 — 7.24 (m, 6H, CHq,), 7.22 — 7.20 (m,
2H, CHar), 7.20—7.17 (m, 1H, CHar), 5.12 (s, 1H, CCH), 2.32 (s, 9H, CHs); *C NMR (151 MHz, DMSO-
ds) 6 = 174.5 (COOH), 141.4 (SbC), 139.4 (Cur), 139.3 (Car), 134.2 (Car), 129.2 (Cur), 127.4 (Car), 127.3

(Car), 126.6 (Car), 73.9 (COH) , 64.9 (CCH), 21.0 (CHs).

4.7.6.9. Tris-o-methoxypheny antimony R-mandelate, 4Sr. Tris-o-methoxypheny! antimony (0.221
g, 0.5 mmol) was reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid
(0.213 g, 72%), m.p: 195 — 197 °C; *H NMR (600 MHz, DMSO-ds) 6 = 7.56 — 7.48 (m, 8H, CHy), 7.37
—7.28 (m, 2H, CHar), 7.28 — 7.24 (m, 1H, CHar), 7.17 — 7.08 (m, 6H, CHar), 5.23 (s, 1H, CH), 3.56 (s,
9H, OCHs); 3C NMR (151 MHz, DMSO-ds) 6 = 173.45 (COOH), 160.21 (COCHs), 140.89 (SbC), 133.14

(Car), 132.47 (Car), 128.95 (Car), 127.76 (Car), 127.07 (Cur), 126.49 (Cur), 121.81 (Cor), 111.94 (OCHs),
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72.86 (COH), 55.77 (CCH); FT-IR [cm "1]: 3063 (w) 2941 (w), 1677 (sh), 1577 (sh), 1470 (m), 1431
(m), 1297 (sh), 1242 (m), 1009 (m), 790 (sh), 756 (sh), 705 (m). Elemental Analysis, Expected:

C:59.07 H:5.12, Found: C59.37 H:4.84. CCDC: 1938261

4.7.6.10. Tris-o-methoxyphenyl antimony S-mandelate, 4Ss. Tris-o-methoxyphenyl antimony
(0.221 g, 0.5 mmol) was reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White
solid (0.231 g. 78%), m.p: 196 —198°C; 6 = 7.56 — 7.48 (m, 8H, CH,), 7.37 = 7.28 (m, 2H, CHq,), 7.28
—7.24 (m, 1H, CHay), 7.17 — 7.08 (m, 6H, CHar), 5.23 (s, 1H, CH), 3.56 (s, 9H, OCHs); 3C NMR (151
MHz, DMSO-dg) 6 = 173.45 (COOH), 160.21 (COCH3), 140.89 (SbC), 133.14 (Cq), 132.47 (Cor), 128.95
(Car), 127.76 (Car), 127.07 (Cr), 126.49 (Car), 121.81 (Car), 111.94 (OCHs), 72.86 (COH), 55.77 (CCH);
FT-IR [cm 7]: 3063 (w) 2941 (w), 1677 (sh), 1577 (sh), 1470 (m), 1431 (m), 1297 (sh), 1242 (m),
1009 (m), 790 (sh), 756 (sh), 705 (m). Elemental Analysis, 45Ss.0.5Et20 Expected: C:59.07 H:5.12,

Found: €59.45 H:4.91. CCDC: 1938262

4.6.7.11. Tris-mesityl antimony R-mandelate, 5Sr. Tris-mesityl antimony (0.238 g, 0.5 mmol) was
reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.297 g, 78%),
m.p: 230 — 232 °C; *H NMR (600 MHz, DMSO-ds) & = 7.30 — 7.25 (m, 3H, CHa), 7.11 (m, 2H, CHay),
7.02 (m, 3H, CH,/), 6.88 — 6.81 (m, 3H, CHar), 5.02 (s, 1H, CH), 2.38 (s, 9H, CH3s), 2.30 —2.26 (m, 9H,
CHs), 2.21-2.12 (m, 9H, CHs); *C NMR (151 MHz, DMSO-ds) 6 = 143.66 (SbC), 141.42 (Ca,), 140.77
(Car), 139.30 (Car), 139.16 (Car), 130.45 (Car), 129.90 (Cur), 127.92 (Car), 127.48 (Cur), 74.22 (COH),
23.53f (CHs), 22.32 (CHs), 20.46 (CHs); FT-IR [cm "]: 3017 (w) 2921 (w), 1677 (sh), 1449 (m), 1311
(sh), 1291 (m), 1256 (sh), 1017 (sh), 945 (m), 785 (m), 765 (sh), 697 (m). Elemental Analysis,

Expected: C:66.79 H:6.25, Found: C66.87 H:6.57. CCDC: 1938256

4.6.7.12. Tris-mesityl antimony S-mandelate, 5Ss. Tris-mesityl antimony (0.238 g, 0.5 mmol) was

reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid (0.300 g, 82%),
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m.p: 230 — 232 °C; *H NMR (600 MHz, DMSO-ds) 6 = 7.30 — 7.25 (m, 3H, CHqr), 7.11 (m, 2H, CHay),
7.02 (m, 3H, CH,), 6.88 — 6.81 (m, 3H, CHa), 5.02 (s, 1H, CH), 2.38 (s, 9H, CHs), 2.30 — 2.26 (m, 9H,
CHs), 2.21—2.12 (m, 9H, CHs); *C NMR (151 MHz, DMSO-ds) 6 = 143.66 (SbC), 141.42 (C.;), 140.77
(Car), 139.30 (Car), 139.16 (Cor), 130.45 (Car), 129.90 (Cor), 127.92 (Cor), 127.48 (Cor), 74.22 (COH),
23.53f (CHs), 22.32 (CHs), 20.46 (CHs); FT-IR [cm “]: 3021 (w) 2919 (w), 1677 (sh), 1448 (m), 1311
(sh), 1291 (m), 1255 (sh), 1017 (sh), 945 (m), 785 (m), 765 (sh), 697 (m). Elemental Analysis,

Expected: C:66.79 H:6.25, Found: C66.97 H:6.52. CCDC: 1938258

4.6.7.13. Tris-p-tert-butylphenyl antimony R-mandelate, 6Sr. Tris-p-tertbutylphenyl antimony
(0.260 g, 0.5 mmol) was reacted with R-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White
solid (0.252 g, 75%), m.p: 196 — 198 °C; *H NMR (600 MHz, DMSO-dg) 6 = 7.61 — 7.50 (m, 6H, CH),
7.49—7.43 (m, 6H, CHy), 7.41 —7.33 (m, 2H, CHq), 7.21 — 7.16 (m, 3H, CHq), 5.14 (s, 1H, CH), 1.28
(s, 27H, CH3); *3C NMR (151 MHz, DMSO-ds) & = 174.52 (COOH), 152.46 (SbC), 139.76 (Cqr), 134.16
(Car), 127.45 (Cor), 127.35 (Cur), 125.58 (Cur), 74.05 (COH), 56.16 (CCH), 34.65 (CHs), 31.14 (CHs),
18.70 (CHs); FT-IR [cm ™]: 3059 (w) 2957 (sh), 2902 (m), 1665 (sh), 1491 (m), 1311 (sh), 1267 (m),
1200 (m), 1064 (sh), 947 (w), 818 (sh), 800 (w), 698 (m). Elemental Analysis (6R.1.5H.0), Expected:

C:65.34 H6.93, Found: C65.47 H:7.10. CCDC: 1938257

4.7.6.14. Tris-p-tert-butylphenyl antimony S-mandelate, 6Ss. Tris-p-tertbutylphenyl antimony
(0.260 g, 0.5 mmol) was reacted with S-mandelic acid (0.071 g, 0.5 mmol) according to GP6. White
solid (0.241 g, 73%), m.p: 197 — 199 °C; *H NMR (600 MHz, DMSO-dg) 6 = 7.61 — 7.50 (m, 6H, CH),
7.49—7.43 (m, 6H, CHyr), 7.41 —7.33 (m, 2H, CHq), 7.21 - 7.16 (m, 3H, CHq), 5.14 (s, 1H, CH), 1.28
(s, 27H, CH3); 3C NMR (151 MHz, DMSO-ds) & = 174.52 (COOH), 152.46 (SbC), 139.76 (Cqr), 134.16
(Car), 127.45 (Cor), 127.35 (Cur), 125.58 (Cur), 74.05 (COH), 56.16 (CCH), 34.65 (CHs), 31.14 (CHs),

18.70 (CHs); FT-IR [cm "]: 3058 (w) 29575(sh), 2902 (m), 1665 (sh), 1491 (m), 1311 (sh), 1267 (m),
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1200 (m), 1064 (sh), 949 (w), 818 (sh), 798 (w), 697 (m). Elemental Analysis (65.1.5H,0), Expected:

C:65.34 H6.93, Found: C65.30 H:7.12. CCDC: 1938253
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Comparative stability, toxicity and anti-leishmanial
activity of triphenyl antimony(v) and bismuth(v)
a-hydroxy carboxylato complexest

’ '.) Check for updates ‘
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Rebekah N. Duffin,? Victoria L. Blair,® Lukasz Kedzierski® and Philip C. Andrews & *2

A series of triphenyl Sb(v) and Bi(v) a-hydroxy carboxylato complexes of the general formula
[MPh3(O,CROH),] and [MPh3(O,CRO)] have been successfully synthesised and characterised, and sub-
sequently assayed for their comparative activity towards Leishmania parasites and human fibroblast cells.
Four complexes are novel; [SbPhzGlyl, [BiPhs(GlyH),], [SbPhz(R-ManH),] and [SbPh3(S-ManH),], and have
been structurally characterised through X-ray diffraction. These were combined in the study with
the known complexes; ([SbPhz(R-Man)], [SbPhz(S-Man)], [BiPhs(R-ManH),l, [BiPhs(R-ManH),],
[SbPh3z(BenzH),l, [BiPhs(BenzH),l, for which the crystal structures of [BiPhz(S-ManH),] and [BiPhz(R-Man),]
have now been authenticated (GlyH, = glycolic acid, R/S-ManH, = mandelic acid, BenzH, = benzilic
acid). The complexes adopt a typical bipyramidal 7-coordinate geometry with the phenyl rings occupying
the equatorial plane, and the ligands on the axial. In contrast to previous studies the Bi(v) compounds
show a relatively high degree of stability in DMEM culture media. Promastigote and human fibroblast cell
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DOI: 10.1039/c7dt04171c

assays showed the Bi(v) analogues to be non-selectively toxic with a respective ICsq range of
3.58-6.33 pM and 5.83-7.01 pM. In contrast, the Sb(v) analogues provided much greater selectivity (pro-
mastigotes 12.5-20.7; fibroblasts 72.8->100 pM). Assessment of the Sb(v) complexes against amastigotes

rsc.li/dalton

Introduction

Leishmaniasis is classified by the World Health Organisation
as a severely neglected tropical parasitic disease, affecting
approximately 350 million people across 88 tropical and sub-
tropical countries." The parasite is spread by the bite of an
infected female sandfly (genus Phlebotomus and Lutzomyia)
with the threat of infection being greater in lower socio-
economic communities.>® Approximately 200 000-400 000 inci-
dences are a result of the deadlier visceral parasite, with 10%
of these cases resulting in death.” Visceral Leishmaniasis (VL)
arises from infection by the sub-species Leishmania donovani,
with 70% of the recorded cases occurring in Bihar, a state of
the Indian subcontinent.” Without immediate treatment the
infection can become lethal.®

“School of Chemistry, Monash University, Clayton, Melbourne, VIC 3800, Australia.
E-mail: phil.andrews@monash.edu; Tel: +61 (03) 9905 5509

bFaculty of Veterinary and Agricultural Sciences at The Peter Doherty Institute for
Infection and Immunity, 792 Elizabeth Street, Melbourne 3000, Victoria, Australia

1 Electronic supplementary information (ESI) available. CCDC 1578595-1578597
and 1580805. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/c7dt04171c

This journal is © The Royal Society of Chemistry 2018

at 10 pM showed them to be effective with % infection values ranging from 9.5 + 0.5-30 + 1.3.

The front-line treatment of VL relies heavily on the use of
pentavalent antimonials, notably sodium stibogluconate (SSG,
Pentostam™) and meglumine antimoniate (Glucantime™).”
These Sb(v) compounds have been theorised to act as pro-
drugs, reducing in vivo to Sb(m) through interactions with
cysteine rich glutathione and trypanothione,® while other
studies suggest a direct role for SSG in inhibiting protein phos-
phatase pathways prior to reduction both in vitro and in vivo.’
Despite their success and efficacy the front-line Sb(v) treat-
ments present unavoidable side-effects, including joint and
muscle pain, elevation of hepatocellular enzymes and in
serious cases, cardiotoxicity and pancreatitis.® The inherent
hydrophilicity and rapid renal clearance of the drugs means
they are administered daily by injection over 28 days, under
medical supervision, leading to significant non-compli-
ance.®'®'" Resistance to the drugs has also appeared, pre-
dominately in Bihar, India, where high levels of exposure to
arsenic in drinking water has resulted in a leishmanial As(v)
reductase that can act upon the Sb(v) compounds.'*"?
Alternative second-line therapeutics, such as miltefosine, are
expensive and harbour their own potentially debilitating side-
effects.' "1

To improve compliance and ease of treatment it would be
preferable to have orally active drugs. However, the strong
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aqueous solubility of both sodium stibogluconate and
meglumine antimoniate mean they have very low absorp-
tion in the stomach and are inactive if taken orally. In
attempting to increase hydrophobicity and the possibility of
absorption through the gastric mucosa we, and others, have
targeted and assessed heteroleptic Sb(v) complexes of the
general formula [SbAr;(O,CR),], incorporating both aryl
and carboxylato ligands. We have demonstrated that these
complexes show significant activity against both the pro-
mastigote and amastigote form of the leishmania parasite
with minimum inhibitory concentrations (MIC) in the
range 0.5-3.5 pM, while demonstrating little toxicity toward
human fibroblast cells below 25 pM."> These provide good
lead compounds.

In attempting to ameliorate the inherent toxicity of Sb(ir)
in the treatment regimen we also investigated the potential
use of Bi(ur) and Bi(v) complexes as anti-leishmanials, predi-
cated on the generally recognised understanding that
bismuth has a much lower systemic toxicity in mammals
than antimony.'® Bismuth(i) carboxylate and thioxoketonate
complexes exhibit excellent activity towards Leishmania pro-
mastigotes, but also showed significant toxicity towards
human fibroblasts.’”'® One class of ligand which provided
greater promise was the a-hydroxy carboxylates.?® From this
study, the glycolate complexes [Bi(gly)(H-gly)] and [Bi(gly)
(NO3)(H,0)] showed good activity toward amastigotes at
50 UM (% viability 7.5 + 3.8 and 1.8 + 0.9 respectively), with
no observable toxicity on human fibroblasts at the same con-
centration, providing a reasonable degree of selectivity.

Our initial studies into Bi(v) analogues, [BiAr;(O,CR),]
(Ar = Ph; o-, m-, and p-Tol), of the promising organo-anti-
mony(v) dicarboxylato complexes involved benzoate ligands
drawn from a range of non-steroidal anti-inflammatory
drugs (NSAIDs)."® While the range of ICs, values for the
series of complexes towards promastigotes proved promis-
ing (Ar = Ph, 0.71-2.50 uM; Ar = Tol, 0.57-1.77), the com-
plexes proved chemically unstable in culture media, under-
going reduction and precipitating BiAr;, and were mostly
non-selective in their toxicity to human fibroblasts.
However, two complexes based on diflunisal (Ar = o0-Tol)
and aspirin (Ar = m-Tol) demonstrated some potential
with selectivity indices <100 (fibroblast/promastigote) at
6.12 pM.

In our current study, the target was to directly compare
the stability, anti-leishmanial activity and mammalian cell
toxicity of related organometallic Bi(v) and Sb(v) complexes
incorporating ligands derived from the o-hydroxy acids;
glycolic acid (GlyH,), R,S-mandelic acid (R,S-ManH,),
and benzilic acid (BenzH,), shown in Fig. 1. In so doing,
four novel complexes have been successfully synthesised
and characterised; ([SbPh;Gly] 1S, [BiPh;(GlyH),]
1B, [SbPh;(R-ManH),] 2Sr, [SbPh;(S-ManH),] 2Ss) and
assessed alongside four previously recorded complexes
([SbPhs(R-Man)] 2Sr/, [SbPh;(S-Man)] 2Ss’, [BiPh;(R-ManH),]
2Br, [BiPhj(S-ManH),] 2Bs, [SbPhs(BenzH),] 3S, [BiPh;
(BenzH),] 3B) (Fig. 2).>°**
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Fig. 1 Four a-hydroxy carboxylic acids used in the formation of a series
of [MPh3(O,CR),] complexes (M = Bi or Sb).

N

1B 2Br/s
-0 o
Okl (O
3
Ph, /2 8 o7 ©
3B 18
.0 00O
Ot o (O T
3 0 A 3 o ©
2Sr/s 2Sr/s’
0
<©>Sb<o)§°”>
8 Ph, ‘2
3s

Fig. 2 Composition of the Bi(v); 1B—3B, and Sb(v); 1S, 2Sr/s, 2Sr/s’, 3S,
complexes.

Results and discussion

Synthesis and characterisation

Bismuth complexes [BiPhs(GlyH),], 1B, [BiPhs(ManH),], 2Bt/
2Bs, [BiPhs(BenzH),], 3B, and antimony complexes [SbPh;Gly],
1S, [SbPhz(ManH),], 2Sr/2Ss, and [SbPhjs(BenzH),], 3S, were
synthesised via an oxidative addition reaction in which MPh;
(M = Sb or Bi) was treated with two equivalent of +-BuOOH fol-
lowed by two equivalents of the chosen a-hydroxy carboxylic
acid (Scheme 1).>* The -BuOOH oxidises the metal from the
+III to +V state in forming [MPh;(OH),] and subsequently

This journal is © The Royal Society of Chemistry 2018
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MPhy + 2+BUOOH ————= [MPhy(OH);] + 2 +BuOH
2
M = Sb, Bi 0°C

l n RC(OH)CO,H

[IMPh5(0,C(OH)CR))] + nH,O

1S:M=Sb;R=H;n=1

28:M=Sb;R=Ph;n=2
28" M=8b;R=Ph;n=1
38:M=8b;R=Phy;n=2

1B:M=Bi;R=H;n=2
2B: M =Bi;R=Ph;n=2
3B:M=Bi;R=Phy;n=2

Scheme 1 Oxidative addition pathway for the synthesis of Sb(v) and
Bi(v) complexes.

undergoes a condensation reaction on treatment with the acid
to give the target complex, [MPh;(O,C(OH)CHR),].>* The by-
products, H,O and ¢-BuOH, are easily removed under vacuum.
The resultant solid was crystallised from hot solvent and the
resulting crystals collected by filtration and washed with cold
diethyl ether to remove any excess acid and/or MPh;.>”
Moderate to good yields were obtained without the need for
further purification. Crystals of 1S when grown from DMSO
solution incorporate a single molecule of DMSO as a co-ligand
on the Sb centre and so is more properly represented as
[1S-DMSO]. These crystals have a melting point (161-162 °C)
lower than the microcrystalline solid 1S obtained from toluene
(191-192 °C).

When 2Sr and 2Ss were dissolved in polar solvents a proton
shift occurred liberating one molecule of mandelic acid while
simultaneously forming the cyclometallate complex [SbPh;(R,
S-Man)].

This mono-substituted complex has been isolated pre-
viously by Barucki et al. through a salt metathesis route involv-
ing the silver salt of mandelic acid and SbPh;Cl,. They
reported that this mono-substituted form could not be an
intermediate to the di-ester as an excess of silver salt failed to
produce the di-substituted mandelate.”* Through the oxidative
addition route in toluene, the di-substituted form was able to
be isolated as a pure crystalline compound. Though stable in
the solid-state, as confirmed by elemental analysis, the
complex readily undergoes cyclometallation to the mono-sub-
stituted chelate form in solution. Presumably water mediates
the dissociative and protonation sequence resulting in the for-
mation of the mono-substituted cyclometallate. This
rearrangement of complex 2Sr and 2Ss to complex 2Sr’' and
2Ss’ is both thermodynamically and entropically favourable
(Fig. 3).>%%
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0
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Fig. 3 Cyclometallation of complex 2S to complex 2S’ in dg-DMSO.
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The novel complexes 1B, 1S, 2Sr and 2Ss were characterised
by '"H NMR, "*C NMR, FT-IR spectroscopy, melting point, mass
spectrometry, and elemental analysis. Solid-state structure of
complexes 2Br, 2Bs, 2Sr and 2Ss were obtained through X-ray
diffraction.

The composition of the previously described complexes
2Br, 2Bs, 2Sr’, 2Ss’, 3B and 3S were confirmed by their charac-
teristic "H NMR and '*C NMR spectra and where appropriate,
unit cell analysis.”® Full analytical details on each complex is
given in the Experimental section.

'H and "*C NMR spectroscopy was conducted on all com-
plexes in both de-DMSO and CDCl; solutions. Complexation of
the carboxylate to the metal centre was indicated by the
absence of the carboxylic OH signal of the parent acid nor-
mally found between 12.14 ppm and 12.52 ppm, but only in
de-DMSO as this proton in the acid itself was not observed in
CDCl;. Complex formation was also accompanied by a general
shift to higher frequency of the o-, m-, and p-H signals of the
MPh groups in contrast to those of MPh; This is consistent
with proton shifts observed in the '"H NMR spectra of pre-
viously synthesised triaryl carboxylato complexes of Sb(v) and
Bi(v].19’25

When attempting to obtain the "H NMR of the di-substi-
tuted complexes 2Sr and 2Ss in de-DMSO it was found that
cyclometallation occurred, liberating free mandelic acid and
the mono-substituted complex previously reported.>> The
cyclometallate was isolated by extraction from DMSO with
water, when analysed via '"H and "*C NMR it was found to be
the pure mono-substituted complexes 2Str’ and 2Ss’. Similar to
complex 1S, a molecule of DMSO was found to be coordinating
to the complex. The "H NMR analysis of the di-substituted
complexes was analysed using a dry deuterated solvent (C¢Dg).
No free mandelate was observed however the signals appeared
as broad multiplets with no clear splitting. Though definitive
'"H NMR analysis was difficult to obtain on the complex,
elemental confirmed di-substitution of the bulk sample for
both 2Sr and 2Ss.

In the FT-IR spectra of all complexes a shift in the wave-
number of the carboxylic acid carbonyl was observed for each
complex from the parent acid range of 1705-1715 cm ™. Each
shifted to a lower wavenumber, corresponding to both the
asymmetric and symmetric carboxylate carbonyl stretches
within the ranges of 1556-1690 and 1432-1557 cm™" respect-
ively. This is indicative of deprotonation of the carboxylic acid
and subsequent binding to the metal centre through a carboxyl-
ate anion forming the [MPh;(O,CC(OH)R),] or [MPh;(0,CC
(O)R)] complexes. For the Sb complexes 2S and 3S, the differ-
ence in the asymmetric and symmetric stretches were found to
be greater than 200 cm ™", with the opposite effect seen for the
analogous Bi complexes. 1B and 2B. According to Deacon and
Phillips, a difference of greater than 200 cm™" is indicative of
monodentate binding, whereas a difference less than 200 cm™*
is attributed to bidentate binding of the carboxylic acid func-
tionality to the metal centre.”® This trend was further observed
by analysis of the solid state structures of the novel complexes
1S, 1B, 2Sr, 2Ss. For the previously synthesised complexes 2Br,

Dalton Trans., 2018, 47, 971-980 | 973


http://dx.doi.org/10.1039/c7dt04171c

Published on 13 December 2017. Downloaded by Monash University on 4/5/2019 6:40:34 AM.

Paper

2Bs, 3S and 3B, a similar binding mode was also observed.”*!
For complexes 1S and 2S’ the binding occurs through the car-
boxyl hydroxyl and o-hydroxyl giving a bidentate chelation
mode, however in terms of the carboxylate it is monodentate
as coordinate interactions with the carbonyl oxygen are not
observed, this is supported by the IR data. A summary of the
shifts in wavelengths is given in the ESL7

Mass spectral studies were also conducted in DMSO as
further confirmation of complex formation. As DMSO was the
solvent of choice it can be assumed the complexes 2Sr and 2Ss
are found as the previously characterised 2Sr’ and 2Ss’, never-
theless the mass spectral data was included in the
Experimental section. Typical ion peaks corresponding to the
metal were observed for the bismuth complexes (Bi, 208.9),
along with the [MPh," + 6H,0]" fragments for complexes 18,
2Sr’, 2Ss’, 1B and the previously synthesised 2Br and 2Bs
[Bi (471.0) Sb (382.9)]. The high water content in DMSO can be
attributed to the presence of the hydrated metal fragment. The
mandelate ligand was observed in the ESI” for both 2Sr" and
2B, as [LH — H]~ with a fragment mass of 150.9. For the novel
complex 1B, a peak at 515.0 in the ESI" was observed to be the
fragment [BiPh;L]". Further mass spectral data is given in the
Experimental section.

X-ray crystallography

The four novel complexes, [Sb(Ph),;Gly] 1S, [Bi(Ph);(GlyH),] 1B,
[Sb(Ph);(R-ManH),] 2Sr, and [Sb(Ph);(S-ManH),] 2Ss, and the
previously characterised 2Br and 2Bs, were able to undergo
analysis via single crystal X-ray diffraction. Unfortunately for
complexes 1S and 1B a recurring problem of twinning was
observed despite multiple X-ray data collection of separate
crystalline samples. Due to the twinning of the complexes, per-
tinent bond angles and lengths cannot be discussed in detail.
The connectivity of each complex could however be estab-
lished, the structures can be found in the ESI.} Representative
complexes 2Sr and 2Br were found to be analogous in terms of
molecular geometry. A discussion of both complexes is pro-
vided. The S-enantiomers 2Bs and 2Ss were analogous in struc-
ture and so were not discussed. Crystals suitable for analysis
were obtained for both complexes by slow evaporation of
toluene. Both complexes adopt a trigonal bipyramidal geome-
try, with a greater degree of distortion observed in the bismuth
analogue in contrast to the antimony complex. The only major
difference between the complexes observed was found to be
the chelation mode of the carboxylate functionality of the
mandelate (Fig. 4 and 5). The carboxylates were found to
occupy the axial plane, with the phenyl groups found in the
equatorial plane. This structural configuration has been com-
monly observed in Sb(v) and Bi(v) tri-aryl complexes.'>"'%?®
The M-C bond lengths for both complexes are similar to those
observed in previously synthesised complexes of the general
formula [MPh;(O,CR),].

The bond M-C bond lengths observed in 2Br, were found to
be; Bi(1)-C(1) 2.200(4) A, Bi(1)-C(7) 2.203(5) A, Bi(1)-C(13)
2.213(5) A. Ong et al. reported complexes of the general
formula [BiPh;3(O,CR),] to share a similar range of Bi-C bond
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Fig. 4 Molecular structure of [BiPhz(R-ManH),] 2Br showing thermal
ellipsoids at 40% probability. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°). Bi(1)-C(1), 2.200(4);
Bi(1)-C(7), 2.203(5); Bi(1)-C(13), 2.213(5); Bi(1)-O(1), 2.284(3); Bi(1)-
0O(4), 2.327(3); Bi(1)-0O(5), 2.806(3); Bi(1)-0O(2), 3.040(4); C(1)-Bi(1)-C(7),
104.51(18); C(7)-Bi(1)-C(13), 145.35(17); C(1)-Bi(1)-O(1), 87.60(15);
C(13)-Bi(1)-0(1), 93.75(14); C(7)Bi(1)-O(4), 90.57(15); O(1)-Bi(1)-O(4),
176.31(12); O(1)-Bi(1)-0O(5), 132.06(10); O(4)-Bi(1)-0O(5), 50.50(11).

Fig. 5 Molecular structure of [Sb(Ph)z(R-ManH),] 2Sr showing thermal
ellipsoids at 40% probability. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°). Sb(1)-C(1), 2.094(2); Sb
(1)-C(7), 2.103(2); Sb(1)-0(4), 2.1036(16); Sb(1)-O(1), 2.1077(17); Sb(1)-
C(13), 2.112(2); C(1)-Sb(1)-C(7), 111.94(9); C(1)-Sb(1)-O(4), 85.00(8);
C(7)-Sb(1)-0(4), 92.06(8); O(4)-Sb(1)-0O(1), 169.73(7); C(7)-Sb(1)-C(13),
131.94(10); O(4)-Sb(1)-C(13), 91.28(9).

lengths, ranging from 2.177(4) A-2.210(6) A, and giving an
overall average length of 2.196 A.' Due to proximity effects
from the carbonyl functionality, a bidentate binding mode of
the mandelate was observed, pushing the coordination
number of the bismuth centre from five to seven which can be

This journal is © The Royal Society of Chemistry 2018
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said to give an overall pentagonal bipyramidal geometry. The
average bond length observed for the Bi(1)-O(1), Bi(1)-O(4)
(2.301(3) A) suggests they are covalent in character and the
direct result of deprotonation of the carboxylic hydroxyl.
Coordinate bonding interactions between Bi(1)-O(2) and
Bi(1)-O(5) were then characterised by their increased bond
lengths of 3.040(4) A and 2.804(3) A respectively. A similar set
of lengths were observed by Egorova et al., with the average
Bi-O covalent and coordinate bond lengths of 2.303 A and
2.892 A respectively. A coordination geometry of seven was also
observed in complexes synthesised by Egorova et al. and Ong
et al."®*° This was further confirmed by the Av observed in the
IR spectrum. The bidentate coordination of the carboxylic
functionality causes distortion of the trigonal angles in
complex 2Br, as observed by the deviation of the ideal bond
angle of 120° in the equatorial plane to 145.35(17)°,
110.14(18)° and 104.51(18)° for C(7)-Bi(1)-C(13), C(1)-Bi(1)-C(13)
and C(1)-Bi(1)-C(7) respectively. This deviation of the bond
angles may be attributed to the cis conformation of the acetate
ligands around the central Bi(v) atom and can be said to push
the geometry towards a pentagonal square pyramidal configur-
ation. 1B was found to be similar to complexes previously syn-
thesised by Ali et al., with an overall coordination number of
five observed, giving a trigonal bipyramidal conformation."
1B was found to have formally monodentate carboxylate func-
tionalities in contrast to the bidenate binding observed in the
analogous 2Br.

This monodentate binding mode was further supported by
the IR spectrum. The average bond length between Sb-O
covalent interactions in 1B, were found to be shorter than
those observed in 2Br, 2.103(16) A and 2.327(3) A respectively.
This was expected due to the higher bond energy associated
with the Sb-O bond.*° Though IR data suggests monodentate
binding of the carboxylate, the oxygens may potentially exhibit
long, weak coordinate bonding interactions. Distortion toward
a square pyramidal geometry is observed due to a widening of
the trigonal angle of C(7)-Sb(1)-C(13) to 131.94°. This distor-
tion could therefore allow coordinate interactions to occur. A
major difference was observed in the solid state structures of
1S and 2Sr, with 1S found to encompass one doubly-deproto-
nated glycolate dianion around its centre as opposed to 2Sr
which was found to have two monoanionic glycolate ligands
and share a similar suggested geometry to 2Br. The glycolate
in 1S was found to have deprotonated at the carboxylate
hydroxyl (O(2)) and the alpha hydroxyl (O(1)) before chelation
to the antimony centre. A solvent molecule (DMSO) was also
found to be interacting with the centre, pushing the coordi-
nation number from five to six, suggesting a distorted octa-
hedral geometry. This geometry has been observed in pre-
viously synthesised complexes of the structurally related Sb(v)
triaryl hydroximates 1.>*

Stability studies

In order to assess the viability of the complexes for anti-
parasitic activity the stability of the compounds in the solu-
tion and solid state was studied. All complexes were
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exposed to atmospheric conditions and screened via
melting point over a period of eight months, yielding no
change. This is indicative of a high degree of stability in
the solid-state. Assessment of solution stability was con-
ducted by comparing "H NMR spectra taken in deuterated
solvents over a set time period. Each complex was dissolved
in either d-DMSO or CDCl; and the 'H NMR spectrum
taken at ¢ = 0 and 48 h. There was no observable change in
the chemical shifts of complexes 1S, 2Sr’, 2Ss’, 3S, 1B, 2Br,
2Bs and 3B, supporting high stability in the solution state.
As complexes 2Sr and 2Ss undergo proton shifting to the
cyclometallate form they can be assumed to be unstable in
DMSO.

Our previous studies have shown that [BiAr;(LH),] (Ar = Ph,
Tol) complexes can be stable in water and DMSO but will
decompose readily when in DMEM culture medium, resulting
in reduction of the Bi(v) complex and liberation of the reduced
BiAr; species.”® This decomposition normally occurs over a
period of several hours, and though the exact mechanism by
which it occurs is still unknown the Bi(v) complexes are able
to exert a strong toxic effect on the parasite within that short
timeframe.

In consideration of this, the rate of decomposition of com-
plexes 1B-3B, 1S, 2Sr’, 2Ss’, 3S in culture medium was deter-
mined by collecting "H NMR data on the complexes (50 uM)
dissolved in DMEM (1 mL) every 60 minutes. The culture
medium was initially freeze dried and resuspended in D,O to
minimise the signal from H,O prior to the study. The inte-
gration ratio of an unchanging signal from the culture
medium against the ortho protons of the complexes was then
compared every hour for upwards of 50 h. An unchanging
signal in the culture media at 5.07 ppm for the representative
mandelate complex 2Br was selected due to the overlap of the
aromatic signals of the complex with the culture media. For 1B
the unchanging culture media signal at 7.01 ppm was used as
it was clear of any overlap.

In contrast to our previous study on the decomposition of
[Bi(o-Tol);(dif),], which exhibited a one-phase exponential
decay with a halfife of 1.2 h.*® complexes 1B and 2Br were
found to be significantly more stable and exhibited a linear
decomposition (R* = 0.9986 and 0.9990 respectively) over many
hours, shown in Fig. 6. It is not yet known why these a-hydroxy
carboxylato complexes exhibit such an increased stability in
the culture medium. The decay graph of 2Br is given below as
a representation of the stability. The graph of 1B can be found
in the ESL.{

Our previous study on [Bi(o-Tol);(dif),] seemingly ruled out
reactions with other anions (incl. phosphate) and the various
amino acids in the culture medium. One contributing factor
could be glucose, which is present in high concentration.
However, a separate NMR study on the interaction of [Bi(m-
Tol);(asp),] (where asp = aspirin) with glucose showed a
reduction of the Bi(v) species but only slowly and over the
period of a week, substantially longer than the calculated half-
life in culture medium.?® Our attempts to fully understand this
process are ongoing.
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Fig. 6 Decomposition curve of [BiPhs(ManH),l, 2Br, in DMEM culture
media at 25 °C vs. time.

Biological activity

Complexes 1S-3S and 1B-3B were assessed for their activity
against L. major and for toxicity towards human primary fibro-
blast cells. We have previously tested both the parent
a-hydroxy carboxylic acids and MPh; against both cell types
and reported that no toxicity is observed at concentrations of
<100 pM for human primary fibroblasts and L. major promasti-
gotes, and upwards of 50 uM for bone-marrow derived macro-
phages and L. major amastigotes.">*> DMSO and amphotericin
B (AmpB) were also tested as the reference anti-leishmanial
agents under the same set of experimental conditions.

Cell viability assay. Each complex underwent a duplicate bio-
logical assay with the parasitic strain L. mgjor v121 and human
primary fibroblasts. The antimony complexes showed a high
degree of solubility in the culture media, however the bismuth
analogues, though soluble in DMSO, often formed opaque
solutions upon injection into the media. Having complete
solubility of the complexes in the culture medium is important
in accurately determining the minimum inhibitory concen-
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tration (MIC) of a particular complex, and the observed cloudi-
ness, which presumably is slow precipitation in a high water
content environment, thus made it difficult to determine the
exact concentration at which the bismuth complexes exhibited
activity. Nevertheless, they did show significant activity and at
least provided data that allows a comparison with the Sb(v)
complexes (Fig. 7).

It should be noted that for complexes 2Sr and 2Ss the form
assayed would most likely be that of the mono-substituted 2Sr’
and 2Ss’ as the complexes are first dissolved into DMSO.

All eight complexes exhibited moderate activity towards the
parasite with ICs, values from a range of 3.58 pM-20.7 pM
observed. The bismuth complexes in particular showed the
highest potential toxicity (ICs, range 3.58-6.33 pM), with the
lowest ICs, observed for the S-mandelate complex 2Bs.
Unfortunately, all four of the bismuth complexes were found
to be non-selectively toxic at significant levels to human fibro-
blasts, ICs, range 5.83 pM-7.01 pM (Fig. 8). The antimony
complexes were found not only to be toxic to the parasite (ICs,
12.5-20.7 pM) but selectively toxic, showing little to no activity
towards fibroblasts at concentrations ranging from
72.8->100 pM (Fig. 8). We have observed a similar trend with
Sb(v) carboxylate complexes exhibiting a high degree of selecti-
vity and the bismuth counterparts presenting with a lower
degree of selectivity.">'® With selectivity indices of over 30 for
complexes 1S, 2Sr’, 2Ss’ and 3S, further studies on the in vivo
activity against the clinically relevant amastigote form of the
complex were then assessed. For complexes 1B-3B, a low
selectivity index and troubles with solubility disqualify the
need for further testing. Individual graphs of each complex
against both fibroblast and L. major promastigotes is given in
Fig. 8 below, ICs, value are also listed.

Amastigote invasion assay. Due to the high selectivity of the
antimony complexes further an assay was conducted on amas-
tigotes, the more clinically relevant form of the parasite. Bone-
marrow derived macrophages were infected with L. major pro-

% Viability v Concentration complexes 1S - 3S, 1B - 3B against L. major
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Fig. 7 Comparison of %cell viability of complexes 1S, 2Sr’, 2Ss’, 3S, 1B—3B, against L. major promastigotes and human primary fibroblasts. Dose
response curves were generated over a range of concentrations (48 nm-100 pM) in the appropriate culture media from 10 mM DMSO stock solu-
tions. All readings were compared spectroscopically to non-treated control and the percent growth inhibition calculated. A DMSO control and posi-
tive drug control (Amp B) were also included at the same range of concentrations.
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Fig. 8 Individual activity of complexes 1S, 2Sr’, 2Ss’, 3S, 1B—3B after 48 hours incubation, with IC50 values listed for both L. major promastigotes
and human primary fibroblasts. Dose response curves were generated over a range of concentrations (48 nm-100 pM) in the appropriate culture

media from 10 mM DMSO stock solutions.

mastigotes and incubated for 48 h. After differentiation into
amastigotes, the cells were washed and incubated for a further
48 h with 10 pM concentrations of the complexes 1S-3S.
Biologically the environment of a macrophages is much more
demanding than that of a primary fibroblast, which can have a
drastic effect on the complexes activity. To enter the macro-
phage the complexes have to traverse two membranes and still
retain biological activity in the acidic environment of phago-
lysosomes.>* All four compounds exhibited activity against the
L. magjor amastigotes at statistically significant different levels
when compared to the positive control (Fig. 9). Surprisingly
the two cyclometallate mandelate complexes showed the
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Fig. 9 Infected macrophages after 48 hours. Number of infected
macrophage was determined microscopically, in duplicate of fixed
specimens. Amphotericin B (AmpB) was used as a positive control at
10 pM concentration. A DMSO control was also employed at a 1% con-
centration. Error bas indicate SEM, one-way ANOVA. Dunnett's multiple
comparison test was used to determine the statistical significance
between all test compounds and a positive control lacking treatment
(+ve control).
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highest activity with % infected cells of 21 + 0.72 for the
R-enantiomer and 9.5 + 0.50 for the S. The R-enantiomer, 2Sr’,
was found to exhibit the highest ICs, value for L. major pro-
mastigotes of 20.7 pM, this suggest that the activity of the com-
plexes cannot be accurately assessed on promastigotes assays
alone.*® It is unknown as to why the S-enantiomer is the more
biologically active, though it may elude to the effects of chiral-
ity. Good activity towards promastigotes doesn’t reflected the
potential activity against the clinically relevant amastigote
form. The di-substituted benzilate complexes showed the least
activity giving a % infection of 30 + 1.3. Though significant
activity was observed for all four complexes, none exhibited
greater activity in comparison to the drug control amphoteri-
cin B (% infected 4.3). The complexes were also found to be
less biologically active when compared to the previously syn-
thesised Sb(v) carboxylate complexes, several of which yielded
nearly 0% observable infection at 10 uM.'> However as the
complexes are selectivity toxic they may still yet have potential
as anti-leishmanial drug candidates. As the cell viability of the
human fibroblasts was found to be 72.8-100 pM, it may be
viable to increase the concentration of the complexes to
15-20 pM to see if any significant difference in infection
occurs at slightly higher concentrations.

Conclusions

Eight a-hydroxy carboxylate complexes of bismuth and anti-
mony have been successfully synthesised by a one-pot oxi-
dative addition reaction, four of which are novel. Each
complex, 1S, [SbPh;Gly], 1B, [BiPh3(GlyH),], 2Sr, [SbPh;(R-
ManH),] 2Ss, [SbPh;(S-ManH),], 2Br, [BiPhs(R-ManH),] 2Bs,
[BiPh;(S-ManH),] 3S, [SbPhj;(BenzH),], 3B, [BiPhj;(BenzH),]
and the cyclometallate complexes 2Sr', [SbPh;(R-Man)], and
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2Ss’, [SbPh;(S-Man)], was fully characterised by a range of tech-
niques. Differences in the binding mode of the GlyH, and
ManH, moiety was observed by the calculated Av of each
complex and further supported by the solid-state structures.
The bismuth complexes 1B-3B were found to support a biden-
tate chelation mode of the carbonyl functionality of the carboxyl-
ate ligands. The antimony complex 1S incorporated one
doubly-deprotonated glycolate ligand forming a more stable
five membered chelate ring. A solvent molecule was also found
to be coordinating in the solid-state structure. The antimony
complex 2S was found to exhibit proton shifting behaviour in
DMSO as described by the "H NMR in de-DMSO, incorporating
a doubly-deprotonated mandelate ligand, while retaining bis-
substitution in the solid state when grown from toluene.
Complex 28’ was successfully isolated as a pure derivative of
complex 2S from aqueous extraction from DMSO. The bismuth
complexes were found to adopt the typical trigonal bipyrami-
dal geometry common for substituted triaryl Bi(v) complexes.
All complexes were assessed for their anti-parasitic activity
against L. mgjor promastigotes and toxicity towards human
fibroblast cells. The four bismuth complexes were found to be
non-selectively toxic towards human fibroblast. This degree of
toxicity and problems with solubility disqualified them from
further testing. In contrast, the three antimony complexes
were found to have excellent selectivity with ICs, values of
>100 pM observed for human fibroblasts. Macrophage inva-
sion assays performed on the four antimony complexes at
10 pM yielded viable results, with each complex exhibiting
some degree of activity against the amastigotes with % infec-
tion values ranging from 9.5 + 0.5-30 + 1.3. Though not as
effective as previously synthesised Sb(v) triaryl carboxlyates,
the compounds still exhibited clinically relevant activity, whilst
remaining non-toxic toward mammalian cells. Therefore, it is
concluded the high selectivity of the Sb(v) complexes make
them much more viable candidates for further in vivo studies
in contrast to their Bi(v) counterparts.

Experimental section

Both BiPh; and SbPh; were synthesised according to literature
procedures.>® High purity MPh; were obtained from recrystalli-
sation from hot ethanol. All a-hydroxy acids were purchased
from Sigma-Aldrich or Alfa Aesar, without the need for further
purification. All remaining reagents and solvents were pur-
chased from Sigma-Aldrich and Merck. Dried solvents were
obtained from a MBruan-SPS-800 and stored over molecular
sieves (4 A) under a dry nitrogen atmosphere. All reactions
requiring anhydrous conditions were performed with oven-
dried glassware under an inert atmosphere of nitrogen, utilis-
ing a Schlenk manifold. "H NMR and *C NMR spectra were
recorded on a Bruker Avance DRX400 spectrometer (400 MHz)
with the chemical shifts referenced to the appropriate deute-
rated solvent (de-DMSO or CDCl;). Multiplicities are denoted
as singlet (s), doublet (d), triplet (t), multiplet (m) and
broad (b), or a combination where necessary. Melting points
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were analysed in open end capillary tubes on a digital Stuart
Scientific melting point apparatus SMP10. Infrared Spectra
were recorded on an Agilent Technologies Cary 630 FTIR
spectrometer, using a range of 4000-500 em™'. Mass spec-
trometry (ESI) was obtained utilising a Micromass Platform
QMS spectrometer, with an electrospray source and a cone
voltage of 35 eV. CHS elemental analysis (EA) was obtained
from The Campbell Microanalytical Laboratory, Department of
Chemistry, University of Otago, Dunedin New Zealand.

Biological assays

Cell culture. Leishmania major virulent clone v121 was
derived from the LRC-L137 L. mgjor isolate and maintained at
26 °C in supplement M199 media (10% (v/v) heat inactivated
FBS, 1% pen-strep), purchased from Gibco ™. Human
primary fibroblasts were cultured and maintained in
Dulbecco’s Modified Eagles Medium (DMEM) supplemented
with 10% FBS and 1% pen-strep (purchased from Gibco ™) at
37 °C in a 5% CO, incubator.*®

In vitro testing of L. major and human fibroblasts. Celltiter
Blue Cell Viability Assay was purchased from Promega™, and
used for the determination of percentage viability of the para-
site and human fibroblasts. Compounds 1S-3S and 1B-3B
were dissolved in DMSO to make up a 10 mM working stock
and sequentially diluted out in the appropriate culture media
(100 pM to 48 nM). Assays were set up in duplicate in 96-well
Falcon plates. Volumes of 10° promastigotes per mL and 10°
fibrolasts per mL were used. Cell viability for human fibro-
blasts was measured spectroscopically at 550 nm.>* Cell titre
Blue dye was added to the samples at 7= 0, and subsequently
subtracted from all readings at 600 nm as background inter-
ference. L. Major assay viability was measured spectroscopi-
cally using fluorescence excitation at 544 nm and emission at
590. The compounds were compared to a negative control of
no drug and the percent inhibition calculated.*® All absor-
bance plate readings were conducted on a BMG-Labtech
Spectrostar Nano UV-Vis microplate reader. Fluorescence
measurements were conducted on a BMG-Labtech FluoStar
Omega microplate reader.

Macrophage invasion assays were performed as previously
described.”?’ Briefly, bone marrow-derived mouse macro-
phages were plated onto coverslips in a 24 well plate and
allowed to adhere for 48 h. The cells were exposed to L. major
promastigotes at a 1: 10 ratio and incubated for a further 48 h
to allow for amastigote formation in vitro. The slides were then
washed to remove any excess promastigotes and exposed to
compounds for 48 h before washing and fixation with metha-
nol. Following Giemsa staining, the cells were then counted
microscopically and the percentage of infected cells analysed.

Synthesis and characterisation

General procedure, GP. MPh; and a-hydroxy acid (1:2 or
1:1) were dissolved in 10 mL of diethyl ether or toluene at
0 °C and stirred. An excess of 2.2 equivalents of t-BuOOH was
added and the mixture stirred for approximately one hour.??
The mixtures were left to stand for 24-48 h before the com-
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pounds were obtained. The compounds either crystallised
straight from the ether filtrate, or required crystallisation in
hot solvent.

Synthesis of triphenylantimony mono(glycolate), 1S. SbPh;
(0.176 g, 0.5 mmol), glycolic acid (0.038 g, 0.5 mmol) and 70%
t-BuOOH (150 pL, 1.1 mmol) were reacted in diethyl ether as
per GP. Yield: 82% [(microcrystalline, no solvent coordinated)
(0.176 g, 0.82 mmol)]; m.p.: 191-192 °C, 18, 161-162 °C,
1S-DMSO; solubility: hot THF, DMSO, chloroform. '"H NMR
(400 MHz, (CD;),S0, 25 °C): § = 7.54 (6H, m, 0-CH,,) 7.43 (6H,
m, m-CH,,) 7.41 (3H, m, p-CH,,) 4.07 (2H, s, CH,) 2.55 (6H, s,
DMSO0); *C{'H} NMR (100 MHz, CDCl;, 25 °C): 174.2 (COO),
142.9 (SbC), 134.0 (0-CH,,), 129.6 (m-CH,,), 128.5 (p-CH,,),
62.3 (CH,), 40.3 (DMSO). IR [em™']: 3045 (w), 2993 (W), 2883
(w), 2837 (W), 2091 (W), 1690 (s), 1577 (w), 1478 (m), 1428 (s),
1333 (m), 1293 (b), 1183 (w), 1072 (s), 1036 (w), 1020 (W),
987 (s), 928 (sh), 729 (sh), 693 (sh), 659 (m). MS (ESI)" m/z =
382.9 [SbPh, + 6H,0]", 424.3 [SbPh; + 4H,0], 464.2 [SbPh,L +
2H,0]"; (ESI)” m/z = 444.5 [SbPh;L — H,0]7; C,,H,3;0,SSb
(504.04) calculated: %C 52.30, %H 4.59, %S 6.35, found: %
C 52.30, %H 4.60, %S6.27.

Synthesis of triphenylbismuth bis(glycolate), 1B. BiPh;
(0.220 g, 0.5 mmol), glycolic acid (0.076 g, 1.0 mmol) and 70%
t-BuOOH (150 pL, 1.1 mmol) were in diethyl ether reacted as
per GP. Yield: 61% (0.184 g, 0.30 mmol); m.p.: 182-184 °C;
"H NMR (400 MHz, CDCl;, 25 °C): § = 8.12 (6H, d, *J = 8.6 Hz,
0-CHy,), 7.64 (6H, t, ’J = 7.6 Hz, m-C-H,,), 7.18 (3H, t, *] =
7.4 Hz, p-C-H,,), 3.86 (4H, s, CH,), 2.41 (2H, s, OH); “*C{'H}
NMR (100 MHz, CDCl;, 25 °C): § = 178.2 (COO), 158.7 (BiC),
134.2 (0-CH,), 131.8 (m-CH,), 131.6 (p-CH,), 61.7 (CH,).
IR [em™"]: 3487 (b), 3093 (W), 3050 (w), 2889 (w), 2107 (w), 1602
(s), 1586 (s), 1558 (s), 1468 (s), 1432 (s), 1408 (m), 1320 (b),
1289 (b), 1174 (m), 1081 (sh), 1010 (sh), 984 (sh), 921 (s), 726
(sh), 678 (sh). MS (ESI)" m/z = 152.1 [BiPh + H,0]*", 208.9 [Bi],
363.0 [BiPh,]", 471.0 [BiPh, + 6H,0]’, 515.0 [BiPhsL]; (ESI)~
mf/z = 437.0 [BiPh,L — HJ]7, 513.0 [BiPh;L — H], 589.0
[BiPh;LL — HJ|7; Cp,H,;BiOg (590.11) calculated: %C 44.76, %
H 3.59, found: %C 44.83, %H 3.61.

Synthesis of triphenylantimony bis(R-mandelate), 2Sr.
SbPh; (0.353 g, 1.0 mmol), mandelic acid (0.306 g, 2.0 mmol)
and 70% t-BuOOH (300 pL, 2.2 mmol) were reacted in toluene
as per GP. 2S: Yield: 71% (0.466 g, 0.71 mmol); m.p.:
151-152 °C; 28: FT-IR [em ™ ']: 3405 (m), 3060 (w), 3209 (w),
2924 (w), 1663 (sh), 1577 (w), 1481 (m), 1438 (m), 1404 (w),
1304 (sh), 1257 (w), 1228 (m), 1181 (s), 1089 (sh), 1071 (s),
996 (m), 858 (W), 785 (w), 733 (sh), 687 (sh). Cs;H,oSbOg
(655.31) calculated: %C 62.31, %H 4.46, found: %C 62.21, %
H 4.60; CCDC 1578596.F

Synthesis of triphenylantimony bis(S-mandelate), 2Ss. SbPh;
(0.353 g, 1.0 mmol), mandelic acid (0.306 g, 2.0 mmol) and
70% t-BuOOH (300 pL, 2.2 mmol) were reacted in toluene as
per GP. 28: Yield: 81% (0.531 g, 0.81 mmol); m.p.: 151-152 °C;
2S: FT-IR [em™']: 3405 (m), 3060 (W), 3209 (w), 2924 (w), 1663(sh),
1577 (w), 1481 (m), 1438 (m), 1404 (w), 1304 (sh), 1257 (w),
1228 (m), 1181 (s), 1089 (sh), 1071 (s), 996 (m), 858 (w),
785 (w), 733 (sh), 687 (sh). C3,H,9SbOg (655.31) calculated: %
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C 62.31, %H 4.46, found: %C 62.23, %H 4.55; CCDC
1578595.F

Synthesis of triphenylantimony mono(R-mandelate), 2Sr'.
0.5 mmol (0.328 g) SbPh(R-ManH), was dissolved into 5 mL
of DMSO, 10 mL of H,O was added and the white solid
extracted via filtration. Conversion: 95% (0.311 g, 0.47 mmol)
m.p. 87-89 °C; 'H NMR (400 MHz, (CD;),S0, 25 °C) § = 7.61
(6H, m, 0-SbCH,,), 7.45 (9H, m, m-SbCH,,, p-SbCH,,), 7.40 (2H,
m, 0-CH,,), 7.21 (3H, m, m-CH,,, p-CH,,), 5.18 (1H, s, H®) 5.18
(1H, s, CH,), 2.54 (6H, s, DMSO); C{'H} NMR (100 MHz,
(CD3),80, 25 °C): § = 163.9 (COO), 142.9 (0-CH,,), 134.2 (m-CH,,),
127.4 (p-CHy,), 129.8 (CHy,), 128.6 (CHy,,), 127.2 (CH,,), 104.5
(CH), 39.5 (DMSO). Analytical data consistent with that pre-
viously reported.>* MS (ESI)" m/z = 382.9 [SbPh, + 6H,O],
390.9 [SbPh; + K]', 524.9 [SbPh;L — H + Na]', 753 [SbPhsLL —
H + 2Na + 3H,0]"; (ESI)” m/z = 107.0 [L — COOH]~, 151.0
[L — H], 325.0 [2L — 2H + Na], 493 [SbL, — 2H + 4H,0]".

Synthesis of triphenylantimony mono(S-mandelate), 2Ss'.
Compound was prepared using a similar procedure to 2Sr'
using the di-substituted S-enantiomer 2Ss. 0.5 mmol (0.328 g)
SbPh;(R-ManH), was dissolved into 5 mL of DMSO, 10 mL of
H,0 was added and the white solid extracted via filtration.
Conversion: 96% (0.313 g, 0.48 mmol) m.p. 89-92 °C; 'H and
3C NMR consistent with previously reported.>> MS (ESI)" m/z =
382.9 [SbPh, + 6H,0]", 390.9 [SbPh; + K]', 524.9 [SbPh;L — H +
Na]’, 753 [SbPh;LL — H + 2Na + 3H,0]’; (ESI)” m/z = 107.0
[L — COOH], 151.0 [L — H]", 325.0 [2L — 2H + Na|", 493
[SbL, — 2H + 4H,0] .

Synthesis of triphenylbismuth bis(R-mandelate), 2Br. BiPh;
(0.441 g, 1.0 mmol), mandelic acid (0.306 g, 2.0 mmol) and
70% t-BuOOH (300 pL, 2.2 mmol) were reacted in diethyl ether
as per GP. Yield: 80% (0.596 g, 0.80 mmol) m.p. 158-159 °C;
IR [em™': 'H and 'C NMR consistent with previously
reported.>! CCDC 1578597.F

Synthesis of triphenylbismuth bis(S-mandelate), 2Bs. BiPh;
(0.441 g, 1.0 mmol), mandelic acid (0.306 g, 2.0 mmol) and
70% t-BuOOH (300 pL, 2.2 mmol) were reacted in diethyl ether
as per GP. Yield: 72% (0.538 g, 0.72 mmol) m.p. 160-161 °C;
'H and "*C NMR consistent with previously reported.*' CCDC
1580805.F

Synthesis of triphenylantimony bis(benzilate), 3S. SbPh;
(0.177 g, 0.5 mmol), benzilic acid (0.228 g, 1.0 mmol) and 70%
t-BuOOH (150 pL, 1.1 mmol) were reacted in diethyl ether as
per GP. Yield: 72% (0.292 g, 0.80 mmol) m.p. 158-159 °C;
'H and ">C NMR consistent with previously reported.>°

Synthesis of triphenylbismuth bis(benzilate), 3B. BiPh;
(0.220 g, 0.5 mmol), benzilic acid (0.228 g, 0.5 mmol) and
70% t-BuOOH (150 pL, 1.1 mmol) were reacted in diethyl
ether as per GP. Yield: 87% (0.325 g, 0.80 mmol)
m.p. 168-169 °C; 'H and "*C NMR consistent with previously
reported.>’
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ABSTRACT

A series of sixteen triphenyl Bi(V) and Sb(V) acetato complexes of general formula [MPh3(O,CCR),] and one oxido-bridge antimony complex [(SbPh3(0,C—O—C(=
0O)Me)),0], have been synthesised and characterised, thirteen of which are novel. The solid-state structures of fifteen of the complexes have been successfully
authenticated by single crystal X-ray diffraction. All structures, excluding the oxido-bridge antimony complex, adopt a typical trigonal bipyramidal confirmation with
the phenyl rings in a propeller-like orientation in the equatorial plane. Fourteen of the complexes were screened for their anti-leishmanial activity and cytotoxicity
towards mammalian cells. The Bi(V) complexes were found to be unstable in DMEM culture media and to be severely toxic towards mammalian cells, with ICs, values
in the range 11.4 uM-19.8 uM. In contrast, the Sb(V) complexes demonstrated a high degree of stability and selectivity, with ICsy values 6.18-19.1 uM for the
promastigote assay, and of 73.8-<100 uM for the human fibroblasts. Assessment of the Sb(V) complexes against the clinically relevant amastigote form of these
parasites at 10 uM showed all but the oxido-bridged complex to be effective, with % infection values ranging from 7.0 + 1.7-40.5 = 2.0.

1. Introduction

Leishmaniasis is classified by the World Health Organisation (WHO)
as a ‘neglected tropical disease’ since while being highly prevalent it is
ranked low on the political and research agenda of many countries and
is of minimal interest to major pharmaceutical companies, due mainly
to its localisation in lower socioeconomic areas [1]. A spike in the
prevalence of leishmaniasis has appeared in the last decade along with
an expansion of endemic regions [2]. The WHO has estimated 0.2-0.4
million new cases of potentially fatal visceral leishmaniasis (VL) oc-
curring every year in the 98 countries the protozoan is found [3,4].
Approximately 10% of VL infections result in a fatality within 2 years of
contracting the disease [2,5].

For many decades, the frontline treatment of VL has relied heavily
on the use of the pentavalent antimony complexes sodium stibogluco-
nate (Pentosam ™) and meglumine antimoniate (Glucantime ™) [6].
Current consensus is that Sb(V) is reduced in vivo to the more active
+1II form, making the parent +V complexes pro-drugs [7]. Some
studies though have shown that the Sb(V) complexes may also inhibit
parasite function in the +V state prior to reduction via the inhibition of
protein phosphatases, causing cellular cascade and eventual apoptosis,
thus targeting the parasite both directly and indirectly [8]. However,
these two common antimonial drugs have serious draw backs since

* Corresponding author.
E-mail address: phil.andrews@monash.edu (P.C. Andrews).

https://doi.org/10.1016/j.jinorgbio.2018.08.015

antimony is inherently toxic and side-effects ranging from mild nausea
to severe cardiotoxicity can occur [7]. Drug resistance is now another
major problem, arising in part because of poor treatment compliance in
part from the challenging treatment regimen, which involves daily in-
tramuscular/intravascular injections since the drugs are highly hydro-
philic [9,10], and also evolution of a leishmanial As(V) reductase,
arising from exposure of humans to high levels of arsenic in drinking
water, which can also act on the Sb(V) drugs [2,11,12].

The organic alternatives to antimonials for the treatment of leish-
maniasis; pentamidine, miltefosine, and liposomal formulations of
amphotericin B (Fig. 1), were originally developed as anti-trypano-
somal [13], anti-cancer [14] and anti-fungal [15] agents respectively.
Unfortunately, as with the antimonial drugs, they each have debili-
tating draw-backs: Miltefosine has a narrow therapeutic window and is
tetratogenic, pentamidine salts induce serious cardiac and gastro toxi-
city, and amphotericin B, though the most effective of all current
treatments, is expensive and can cause numerous side effects, including
renal failure [16]. Resistance to the orally available amphotericin B
derivative (AmBisome ™) has also become an issue having been recently
observed in clinical isolates of L. donavani, both in vitro and in vivo [17].
This resistance is thought to be associated with an increase in specific
leishmanial sterols, which alter the fluidity of the cell membrane re-
sulting in the potential inhibition of the movement of drugs into the
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Fig. 1. Non-antimony based compounds used to treat leishmaniasis.

parasites [18].

Both cost and administration remain the major hurdles in the ad-
vancement of potential anti-leishmanial drugs. In terms of ease of ad-
ministration, the current pentavalent antimonials are too hydrophilic to
be absorbed in the stomach and so cannot be taken orally. The only
orally administered drugs, Miltefosine and liposomal amphotericin B
(AmBisome ™) are expensive and already facing resistance [17,19]. The
development of cheap, oral treatments would be a major advance and
hence a key research target is the design and synthesis of lipophilic
organometallic complexes of the group 15 metals as new metallo-drugs.
The move from Sb(V) to Bi(V) is an attempt to reduce the significant
toxic load on the body while undergoing treatment. Despite being
classified as a heavy metal, bismuth has a reported low systematic
toxicity in humans, mainly due to low solubility of the compounds in
biological fluids, while showing effective antimicrobial activity at low
concentrations. However this reported non-toxicity is mainly limited to
the +III oxidation state, with little information available on the +V
state [20].

In our previous studies, we have shown that complexes of the
general formula [SbAr3(0O,CR),] can show significant activity towards
both the promastigote and clinically relevant amastigote forms of the
parasite at concentrations between 0.5 and 3.5 pM. They can also show
good selectivity, with concentrations of > 25 uM needed for toxicity to
be observed towards human fibroblast cells [21]. The analogous bis-
muth complexes have also been examined [22], and though significant
activity towards the parasite was observed they unfortunately proved to
be chemically unstable in the culture medium [21]. Non-selective
toxicity of the bismuth complexes on human fibroblasts was also ob-
served, often at low uM concentrations [22,23].

The key challenge therefore is whether this class of organometallic
Bi(V) complex can be designed to improve both solution stability and
therapeutic selectivity. Our recent study on Bi(V) a-hydroxy carbox-
ylates showed that as a class they exhibit unusually high stability when
compared with previous similar carboxylate complexes [24], we believe
predicated on the additional thermodynamic stability provided by the
chelating nature of the ligands. A second common structural feature of
this class of ligand is the two-carbon chain backbone. To determine
whether this structural feature was a contributing factor in the toxicity
of the Bi(V) complexes we have now examined a range of Bi(V) and Sb
(V) complexes incorporating a family of substituted acetates.

The simplest aryl acetate, PhCH,CO, ~, has been shown to display
effective antimicrobial activity, and hence prompted further analysis of
the biological and chemical effects of ring substitution [25]. In this
study, we have synthesised and characterised thirteen novel complexes,
and four reported previously, [21,26] incorporating anionic ligands
derived from the acids shown in Fig. 2 using an oxidative addition route

2. Experimental section

Both BiPh; and SbPh; were synthesised according to literature
procedures [27]. Crystalline high purity MPh; were obtained from re-
crystallisation from hot ethanol. SbPh; was also purchased as a 99%
purity powder from Sigma Aldrich. All carboxylic acids were purchased
from Sigma-Aldrich or Alfa Aesar, without the need for further pur-
ification. Dried solvents were obtained from an MBruan-SPS-800 and

stored under a dry nitrogen environment over molecular sieves (4 A. All
remaining reagents and solvents were purchased from Sigma-Aldrich
and Merck. All reactions requiring anhydrous conditions were per-
formed with oven-dried glassware under an inert atmosphere of ni-
trogen, utilising a Schlenk manifold and technique. '"H NMR and '3C
NMR spectra were recorded on a Bruker Avance DRX400 spectrometer
(400 MHz) with the chemical shifts referenced to the appropriate re-
sidual protiated solvent (dg-DMSO or CDCl3). Multiplicities are denoted
as singlet (s), doublet (d), triplet (t), multiplet (m) and broad (b), or a
combination where necessary. Melting points were analysed in open
end capillary tubes on a digital Stuart Scientific melting point apparatus
SMP10. Infrared Spectra were recorded on an Agilent Technologies
Cary 630 FTIR spectrometer, using a range of 4000-500cm™'. CH
elemental analysis (EA) was obtained from The Campbell Micro-
analytical Laboratory, Department of Chemistry, University of Otago,
Dunedin New Zealand.

2.1. Biological assays

2.1.1. Cell culture

Leishmania major virulent clone v121 was derived from the LRC-
L137 L. major isolate and maintained at 26 °C in Gibco ™ supplemented
M199 media (10% (v/v) heat inactivated FBS, 1% Pen-Strep). Human
primary fibroblasts were cultured and maintained in Dulbecco's
Modified Eagles Medium (DMEM) supplemented with 10% FBS and 1%
Pen-Strep (purchased from Gibco ™) at 37 °C in a 5% CO, incubator
[22].

2.1.2. Invitro testing of L. major and human fibroblasts

Celltiter Blue Cell Viability Assay was purchased from Promega ™,
and used for the determination of percentage viability of the parasite
and human fibroblasts. Compounds 1S, 3S-7S and 1B-8B were dis-
solved in DMSO to a 10 mM working stock and serially diluted in 96-
well plate rows in the appropriate culture media (100 uM to 48 nM).
Assays were set up in duplicate in 96-well Falcon plates. Volumes of
10° promastigotes/mL and 10° fibroblasts/mL were used. Cell viability
for human fibroblasts was measured spectroscopically at 550 nm [28].
Cell titre Blue dye was added to the samples at T = 0, and subsequently
subtracted from all readings at 600 nm as background interference. L.
major assay viability was measured spectroscopically using fluorescence
excitation at 544 nm and emission at 590. The compounds were com-
pared to a negative control (no drug) and the percent inhibition cal-
culated [29]. All absorbance plate readings were conducted on a BMG-
Labtech Spectrostar Nano UV-Vis microplate reader. Fluorescence
measurements were conducted on a BMG-Labtech FluoStar Omega
microplate reader.

2.1.3. Amastigote assay

Macrophage invasion assays were performed as previously de-
scribed [21,30]. Briefly, bone marrow-derived mouse macrophages
were plated onto coverslips in a 24 well plate and allowed to adhere for
48 h. The cells were exposed to L. major promastigotes at a 1:10 ratio
and incubated for a further 48 h to allow for amastigote formation in
vitro. The slides were then washed to remove any excess promastigotes
and exposed to compounds for 48 h before washing and fixation with
methanol. Following Giemsa staining, the cells were then counted
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Fig. 2. Composition of the carboxylic acids 1-8 used in this study.

microscopically and the percentage of infected cells analysed.
2.2. X-ray crystallography

Crystallographic data on complexes 1B-8B, 1S, 3S-8S were col-
lected on a Bruker x 8 APEXII CCD diffractometer, equipped with an
OXFORD Crysosystem 700 cryostream and cooled to 123(2) K. Data
collection occurred using monochromatic (graphite) MoK, radiation
(. = 0.71070 A) and was processed using the Bruker Apex2 v2014.7-1
software [31], polarisation, Lorentz and absorption corrections (multi-
scan-SADBABS) were applied [32]. Each compound was solved and
refined using SHELX-97 on X-seed or Olex2 [33,34]. Unless otherwise
indicated, all non-hydrogen atoms were refined with anisoptropic
thermal parameters. Hydrogen atoms were placed in calculated posi-
tions using a riding model with C-H = 0.95-0.98 A and Uiso(H) = xU-
iso(C), x = 1.2 or 1.5 unless otherwise indicated. A summary of the X-ray data can be found

in the ESI, Tables S1/S2.
2.3. Synthesis and characterisation

2.3.1. General procedure, GP

MPh; and acetic acid (1:2 or 1:1) were dissolved in 10 mL of diethyl
ether, toluene or THF at room temperature and stirred. An excess of 2.2
equivalents of t-BuOOH was added and the mixture stirred for ap-
proximately one hour [35]. The compounds either crystallised straight
from the solvent filtrate, or required crystallisation in hot solvent.

2.3.1.1. Triphenylantimony bis(o-tolylacetate), 1S. SbPh; (0.176g,
0.5 mmol), o-tolylacetic acid (0.150g, 1.0 mmol) and 70% t-BuOOH
(150 uL, 1.1 mmol) were reacted as per GP. Yield: 89% 0.289 g; m.p:
129-131°C; 'H NMR (400 MHz, (CDCl3, 25°C): 8 = 7.73 (6H, m, o-
CH,,) 7.44 (3H, m, p-CH,,) 7.36 (6H, m, m-CH,,) 7.11 (2H, m, CH,,)
7.06 (4H, m, CH,,) 6.96 (2H, m, CH,,) 4.51 (4H, s, CH,) 1.93 (6H, s,
CHs); *C{’H} NMR (100 MHz, CDCl;, 25°C): 174.5 (COO), 137.3
(SbC), 134.3 (CH,,), 133.8 (CH,,), 130.9 (CH,,) 130.1 (CH,,), 129.9
(CHap), 129.1 (CHay), 126.7 (CHap), 125.7 (CHay), 41.1 (CHyp), 19.3
(CHs); FT-IR [em™1]: 3063 (w), 3013 (w), 2995 (w), 2909 (w), 1651
(sh), 1576 (w), 1481 (m), 1437 (m), 1342 (sh), 1301 (m), 1244 (sh),
1211 (sh), 1172 (m), 1069 (m), 1022 (m), 996 (m), 853 (w), 731 (sh),
689 (sh); Elemental analysis, expected: %C 66.38%H 5.11 found: %C
66.14%H 5.00. CCDC 1578382.

2.3.1.2. Triphenylbismuth  bis(o-tolylacetate), 1B. BiPh; (0.221g,
0.5 mmol), o-tolylacetic acid (0.150g, 1.0 mmol) and 70% t-BuOOH
(150 pL, 1.1 mmol) were reacted as per GP. Yield: 81% 0.299 g; m.p:
143-144°C; 'H NMR (400 MHz, (CDCl3, 25°C): & = 7.98 (6H, m, o-
CH,,) 7.49 (3H, m, p-CH,,) 7.43 (6H, m, m-CH,,) 7.07 (2H, m, CH,,)
6.99 (4H, m, CHy,) 6.90 (2H, m, CH,,) 3.40 (4H, s, CH3) 1.94 (6H, s,

CHs); 3c{*H} NMR (100 MHz, CDCl;, 25°C): 177.1 (COO), 159.5
(BiC), 136.7 (CH,,), 134.0 (CH,,), 131.0 (CH,) 130.6 (CH,), 129.9
(CHyy), 126.4 (CH,,), 126.7 (CHy), 125.7 (CH,,), 40.7 (CHy), 19.3
(CH3)); FT-IR [em™']: 3061 (w), 3020 (w), 2912 (w), 1601 (m), 1560
(sh), 1470 (m), 1437 (m), 1349 (sh), 1325 (m), 1258 (m), 1217 (m),
1190 (m), 1052 (w), 1009 (m), 986 (sh), 852 (w), 728 (sh), 680 (sh);
Elemental analysis, expected: %C 58.54%H 4.45 found: %C 58.47%H
4.47. CCDC 1578385.

2.3.1.3. Triphenylantimony bis(m-tolylacetate), 2S. SbPh; (0.176g,
0.5 mmol), m-tolylacetic acid (0.150g, 1.0 mmol) and 70% t-BuOOH
(150 uL, 1.1 mmol) were reacted as per GP. Yield: 79% 0.257 g; 'H
NMR and *C NMR consistent with previously synthesised [21].

2.3.1.4. Triphenylbismuth  bis(m-tolylacetate), 2B. BiPh; (0.220g,
0.5 mmol), m-tolylacetic acid (0.151 g, 1.0 mmol) and 70% t-BuOOH
(150 pL, 1.1 mmol) were reacted as per GP. Yield: 77% 0.284 g; m.p:
124-126 °C; H NMR (400 MHz, (CDCl;, 25°C): 8 = 8.03 (6H, m, o-
CH,,) 7.50 (6H, m, m-CH,,) 7.46 (3H, m, p-CH,,) 7.06 (2H, m, CH,,)
6.98 (2H, m, CH,,) 6.82 (4H, m, CH,,) 3.40 (4H, s, CH,) 2.24 (6H, s,
CHs); *C{'H} NMR (100 MHz, CDCl;, 25°C): 159.6 (BiC), 133.9
(CHy), 131.0 (CHy), 130.6 (CHy,) 129.8 (CH,,), 128.0 (CH,y), 126.9
(CH,,), 126.0 (CH,,), 42.8 (CH,), 20.1 (CHj); FT-IR [cm™']: 3051 (w),
2918 (w), 1602 (sh), 1570 (sh), 1559 (sh), 1490 (m) 1435 (sh), 1364
(m) 1348 (sh), 1238 (w) 1150 (m), 1101 (m), 984 (sh), 948 (w), 771
(m), 728 (sh) 666 (sh); Elemental analysis, expected: %C 58.45%H 4.45
found: %C 58.24%H 4.46. CCDC 1578380.

2.3.1.5. Triphenylantimony bis(p-tolylacetate), 3S. SbPh; (0.175g,
0.5 mmol), p-tolylacetic acid (0.150g, 1.0 mmol) and 70% t-BuOOH
(150 pL, 1.1 mmol) were reacted as per GP. Yield: 91% 0.295 g; m.p:
144-146 °C; 'H NMR (400 MHz, (CDCl;, 25 °C): & = 7.77 (6H, m, o-
CH,,) 7.44 (3H, m, p-CH,,) 7.35 (6H, m, m-CH,,) 7.01 (4H, m, CH.,)
6.90 (4H, m, CH,,) 3.36 (4H, s, CH») 2.32 (6H, s, CH3); '*C{'H} NMR
(100 MHz, CDCl;, 25°C): 175.0 (COO), 137.4 (SbC), 135.8 (CH,,),
133.9 (CH,,), 132.4 (CH,) 130.9 (CH,p), 129.1 (CH,,), 128.9 (CH,y),
42.8 (CH,), 21.1 (CHs); FT-IR [em™']: 3056 (w), 2939 (w), 1644 (sh),
1574 (w), 1479 (m), 1434 (m), 1305 (sh), 1267 (sh), 1192 (m), 1131
(sh), 1066 (m), 939 (m), 863 (w), 782 (m) 734 (sh), 687 (sh); Elemental
analysis, expected: %C 66.38%H 5.11 found: %C 66.31%H 5.09. CCDC
1578609.

2.3.1.6. Triphenylbismuth  bis(p-tolylacetate), 3B. BiPh; (0.220g,
0.5 mmol), p-tolylacetic acid (0.151g, 1.0 mmol) and 70% t-BuOOH
(150 uL, 1.1 mmol) were reacted as per GP. Yield: 69% 0.255 g; m.p:
150-153°C; 'H NMR (400 MHz, (CDCl;, 25 °C): & = 8.00 (6H, m, o-
CH,,) 7.56 (3H, m, p-CH,,) 7.48 (6H, m, m-CH,,) 6.94 (4H, m, CH,,)
6.86 (4H, m, CHy,) 3.37 (4H, s, CH>) 2.29 (6H, s, CHs); *C{'H} NMR
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(100 MHz, CDCls, 25 °C): 162.2 (BiC), 133.9 (CH,,), 133.7 (CH,,), 131.0
(CH,) 130.5 (CH,,), 128.8 (CH,), 128.9 (CHy), 42.8 (CHy), 21.1
(CHy); FT-IR [em™1]: 3051 (w), 2916 (w), 1600 (sh), 1560 (w), 1468
(m), 1434 (m), 1371 (sh), 1260 (sh), 1010 (m), 984 (s), 790 (m), 763
(m) 728 (sh), 679 (sh); Elemental analysis, expected: %C 58.45%H 4.45
found: %C 58.43%H 4.51. CCDC 1578384.

2.3.1.7. Triphenylantimony  bis(2-methoxyphenylacetate), 4S. SbPhj
(0.176 g, 0.5 mmol), 2-methoxyphenylacetic acid (0.166 g, 1.0 mmol)
and 70% t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield:
89% 0.307g; 'H NMR and '3C NMR consistent with previously
synthesised [26]. CCDC 1578602.

2.3.1.8. Triphenylbismuth  bis(2-methoxyphenylacetate), =~ 4B. BiPh;
(0.220 g, 0.5 mmol), 2-methoxyphenylacetic acid (0.166 g, 1.0 mmol)
and 70% t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield:
80% 0.302 gm.p: 148-150 °C; H NMR (400 MHz, (de-DMSO, 25 °C):
8 =7.93 (6H, m, 0-CH,,) 7.65 (6H, m, m-CH,,) 7.57 (3H, m, p-CH,,)
7.16 (2H, m, CH,,) 6.86 (2H, m, CH,,) 6.74 (2H, m, CH,,) 3.53 (6H, s,
CHs) 2.09 (4H, s, CH,); *C{'H} NMR (100 MHz, ds-DMSO, 25 °C):
177.1 (COO), 159.7 (BiC), 137.1 (CH,,), 133.8 (CH,,), 131.9 (CH,,)
131.4 (CH,,), 130.8 (CH,,), 128.2 (CH,,), 120.3 (CH,,), 110.8 (CH,),
55.9 (OCH3), 31.5 (CH,); FT-IR [em ™ 1]: 3063 (w), 2952 (w), 1599 (sh),
1570 (m), 1490 (m), 1467 (m), 1359 (sh), 1291 (m) 1238 (sh), 1113
(m), 1027 (m) 983 (m), 733 (sh), 689 (sh); Elemental analysis,
expected: %C 56.11%H 4.32 found: %C 56.14%H 4.23. CCDC 1578381.

2.3.1.9. Triphenylantimony  bis(3-methoxyphenylacetate), ~5S. SbPhy
(0.176 g, 0.5 mmol), 3-methoxyphenylacetic acid (0.167 g, 1.0 mmol)
and 70% t-BuOOH (150 puL, 1.1 mmol) were reacted as per GP. Yield:
91% 0.315g; m.p: 103-105°C; 'H NMR (400 MHz, (CDCl3, 25°C):
8 = 7.78 (6H, m, 0-CH,,) 7.46 (3H, m, p-CH,,) 7.38 (6H, m, m-CH,,)
7.15 (2H, m, CH,,) 6.78 (2H, m, CH,,) 6.65 (4H, m, CH,,) 3.72 (6H, s,
CH5) 3.40 (4H, s, CH,); **C{'H} NMR (100 MHz, CDCls, 25 °C): 174.5
(CO0), 159.5 (SbC), 137.2 (CH,,), 136.9 (CH,.), 133.8 (CH,) 131.0
(CHap), 129.2 (CH,y), 121.7 (CHyy), 114.5 (CH,,), 112.4 (CH,), 55.1
(OCH3), 43.5 (CH,); FT-IR [ecm™']: 3062 (w), 2951 (w), 1619 (sh),
1593 (sh), 1481 (m), 1433 (m), 1413 (m), 1367 (sh), 1263 (m) 1237
(sh), 1165 (m), 1039 (m) 996 (m), 738 (sh), 690 (sh); Elemental
analysis, expected: %C 63.27%H 4.87 found: %C 63.22%H 5.15. CCDC
1578603.

2.3.1.10. Triphenylbismuth  bis(3-methoxyphenylacetate), ~ 5B. BiPhs
(0.221 g, 0.5 mmol), 3-methoxyphenylacetic acid (0.166 g, 1.0 mmol)
and 70% t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield:
75% 0.289g; m.p: 121-123°C; 'H NMR (400 MHz, (CDCl3, 25°C):
8 = 8.02 (6H, m, 0-CH,,) 7.51 (6H, m, m-CH,,) 7.44 (3H, m, p-CH,,)
7.08 (2H, m, CH,,) 6.73 (2H, m, CH,,) 6.62 (4H, m, CH,,) 3.71 (6H, s,
CHs) 3.41 (4H, s, CH,); *C{*H} NMR (100 MHz, CDCls, 25 °C): 175.9
(CO0), 159.5 (BiC), 133.9 (CH,y), 131.5 (CH,,), 131.0 (CH,,) 131.0
(CH,,), 129.0 (CH,,), 126.8 (CH,y), 121.5 (CH,,), 112.2 (CH,,), 55.1
(OCHg), 43.0 (CHy); FT-IR [em™']: 3052 (w), 2964 (w), 1605 (sh),
1555 (sh), 1489 (m), 1466 (m), 1434 (m), 1371 (sh), 1267 (sh) 1223
(sh), 1157 (m), 1037 (m) 980 (m), 730 (sh), 691 (sh); Elemental
analysis, expected: %C 56.11%H 4.32 found: %C 56.05%H 4.33. CCDC
1578377.

2.3.1.11. Triphenylantimony bis(4-methoxyphenylacetate), 6S. SbPhj
(0.177 g, 0.5 mmol), 4-methoxyphenylacetic acid (0.166 g, 1.0 mmol)
and 70% t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield:
91% 0.313g; 'H NMR and '°C NMR consistent with previously
synthesised [26]. CCDC 1578379.

2.3.1.12. Triphenylbismuth  bis(4-methoxyphenylacetate),  6B. BiPhj
(0.221 g, 0.5 mmol), 4-methoxyphenylacetic acid (0.165g, 1.0 mmol)
and 70% t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield:
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75% 0.285 g; m.p: 140-141 °C; 'H NMR (400 MHz, (de-DMSO, 25 °C):
8 =7.91 (6H, m, 0-CH,,) 7.63 (6H, m, m-CH,,) 7.55 (3H, m, p-CH,,)
6.86 (2H, m, CH,,) 6.74 (2H, m, CH,,) 3.70 (6H, s, CHs) 2.08 (4H, s,
CH,); '*C{'H} NMR (100 MHz, d¢-DMSO, 25 °C): 172.1 (CO0), 158.2
(BiC), 134.3 (CH,,), 133.7 (CH,,), 131.9 (CH,,) 131.5 (CH,,), 130.3
(CH,,), 128.2 (CH,,), 123.1 (CH,,), 114.0 (CH,), 55.6 (OCHj;), 31.2
(CH,); FT-IR [cm ™ !]: 3055 (w), 2934 (w), 1596 (sh), 1556 (m), 1510
(sh), 1466 (m), 1435 (m), 1350 (sh), 1239 (sh), 1176 (m), 1037 (m) 981
(m), 738 (sh), 681 (m); Elemental analysis, expected: %C 56.11%H 4.32
found: %C 56.38%H 4.18 CCDC 1578383.

2.3.1.13. Triphenylantimony  (u-oxido)(acetoxyacetato), ~7S. SbPhg
(0.353 g, 1.0 mmol), acetoxyacetic acid (0.118 g, 1.0 mmol) and 70%
t-BuOOH (300 puL, 2.2mmol) were reacted as per GP. Yield: 86%
0.411g; m.p: 184-185°C; 'H NMR (400 MHz, (CDCl;, 25°C):
8 = 7.96 (4H, m, CH,,) 7.38 (10H, m, CH,,) 7.25 (16H, m, CH,,) 4.45
(4H, br(s), CH») 2.05 (6H, br(s), CHs); FT-IR [em~']: 3057 (w), 2955
(w), 1741 (m) 1732 (m) 1653 (sh), 1480 (m), 1434 (m), 1352 (m), 1336
(sh), 1269 (m) 1231 (sh), 1061 (m) 919 (m), 737 (sh), 691 (sh);
Elemental analysis, expected: %C55.26%H4.22 found: %C 55.11%H
4.30. CCDC 1578606.

2.3.1.14. Triphenylantimony hydroxido-(acetoxyacetate), 7S’. 7S was
dissolved in d¢-DMSO with quantitative conversion to 7S’ observed;
'H NMR (400 MHz, (de-DMSO, 25 °C): § = 8.02 (6H, m, 0-CH,,) 7.55
(9H, m, m,p-CH,,) 4.80 (1H, s, OH) 4.39 (2H, s, CH,) 2.50 (3H, s, CH3);

2.3.1.15. Triphenylbismuth bis(acetoxy acetate), 7B. BiPh; (0.220 g,
0.5 mmol), acetoxyacetic acid (0.117 g, 1.0 mmol) and 70% t-BuOOH
(150 uL, 1.1 mmol) were reacted as per GP. Yield: 66% 0.222 g; m.p:
136-138°C; 'H NMR (400 MHz, (CDCl3, 25°C): 8 = 8.11 (6H, m, o-
CH,,) 7.63 (6H, m, m-CH,,) 7.51 (3H, m, p-CH,,) 4.39 (4H, s, CH>) 2.06
(6H, s, CHs3); *C{'H} NMR (100 MHz, CDCl;, 25°C): 170.4 (COO),
157.9 (BiC), 134.1 (CH,,), 131.6 (CH,,), 131.3 (CH,,), 36.4 (CHy), 20.7
(CHs); FT-IR [em ™ 1]: 3049 (w), 1744 (sh), 1629 (sh), 1576 (m), 1470
(m), 1436 (m), 1393 (sh), 1267 (m) 1217 (sh), 1066 (sh) 982 (m), 730
(sh), 678 (sh); Elemental analysis, expected: %C46.30%H3.74 found:
%C 46.01%H 3.88. CCDC 1578370.

2.3.1.16. Triphenylantimony bis(phenoxyacetic acetate), 8S. SbPhj
(0.177 g, 0.5 mmol), phenoxyacetic acid (0.152 g, 1.0 mmol) and 70%
t-BuOOH (150 uL, 1.1 mmol) were reacted as per GP. Yield: 78%
0.255g; 'H NMR and '°C NMR consistent with previously synthesised
[21]. CCDC 1578378.

2.3.1.17. Triphenylbismuth  bis(phenoxyacetic — acetate), ~8B. BiPhj
(0.220 g, 0.5 mmol), phenoxyacetic acid (0.152 g, 1.0 mmol) and 70%
t-BuOOH (150 pL, 1.1 mmol) were reacted as per GP. Yield: 65%
0.241g; m.p: 144-146°C; H NMR (400 MHz, (de-DMSO, 25°C):
8 =7.97 (6H, m, 0-CH,,) 7.72 (6H, m, m-CH,,) 7.63 (3H, m, p-CH,,)
7.14 (4H, m, CH,,) 6.88 (2H, m, CH,,) 6.58 (4H, m, CH,,) 4.49 (4H, s,
CH>); *C{'H} NMR (100 MHz, ds-DMSO, 25 °C): 174.5 (CO0), 159.5
(BiC), 137.2 (CH,,), 136.9 (CH,,), 133.8 (CH,,) 131.0 (CH,,), 129.1
(CH,p), 121.7 (CH,), 114.6 (CHy), 112.4 (CH,), 55.1 (CH,); FT-IR
[em™']: 3059 (w), 2929 (w), 1624 (sh), 1598 (sh), 1557 (m), 1495 (sh),
1469 (m), 1436 (sh) 1353 (sh), 1261 (m) 1218 (sh), 1174 (m), 1071 (m)
984 (m), 735 (sh), 691 (sh); Elemental analysis, expected: %C 54.99%H
3.94 found: %C 54.69%H 3.86. CCDC 1578608.

3. Results and discussion
3.1. Synthesis
All sixteen complexes (Fig. 3) were synthesised via an oxidative

addition pathway involving treatment of one equivalent of MPh;
(M = Sb or Bi) with two equivalents of t-BuOOH followed by addition
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Fig. 3. Composition of the Bi(V) complexes 1B-8B, and the Sb(V) complexes, 15-8S.

of two equivalents of the chosen carboxylic acid [35].

Oxidation of the metal from +1III to +V results in the formation of
the dihydroxido intermediate [MPh3(OH),] which then undergoes a
facile condensation with the acid to generate the desired complex,
[MPh3(05CR),] [36]. The H>O and t-BuOH by-products are easily re-
moved under vacuum prior to recrystallization of the complex from a
hot solvent, either toluene or THF, making the overall reaction process
clean and efficient. In contrast, we found the other possible synthetic
route of salt metathesis involving [MPh3Cl,] and the Na or K carbox-
ylate results in mixed products and lower yields. Crystalline products
were washed with cold diethyl ether to remove any unreacted material
with good to excellent isolated yields obtained (64-91%). In terms of
complex composition, 7S is the exception being an oxido-bridged bi-
metallic [(SbPh3(0,C—0—C(=0)Me)),0], presumably through self-
condensation. A rational synthesis using a 1:1 ratio of MPh; to car-
boxylate was employed to maximise the yield. In polar protic solvents
7S undergoes a potentially reversible hydrolysis to form
[SbPh3(0,C—0—C(=0)Me)OH], 7§, as identified by '"H NMR. This
differs from the solid-state structure obtained from toluene, which was
also confirmed by elemental analysis (Fig. 4).

We have described previously the synthesis, characterisation, and
biological activity of complexes 2S and 8S towards L. major [21]. The
solid-state structure of 2S had been confirmed by single crystal X-ray
diffraction but that of 8S was not and so to complete this work, crystals
of 8S were grown and the crystal structure determined. Complexes 4S
and 6S have been previously tested against a separate strain of Leish-
mania, so were able to undergo analysis via cell inhibition assays to
determine their activity against L. major [26]. For this study, complexes
4S and 6S were also synthesized and their solid-state structures de-
termined by single crystal X-ray diffraction.
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3.2. NMR spectroscopy

All novel complexes (1B-8B, 1S, 3S, 5S, 7S and 7S’) were char-
acterised by "H and '*C NMR spectroscopy, FT-IR, melting point, and
elemental analysis. The solid-state structure of each complex, with the
exception of 2S, was authenticated by X-ray diffraction studies. The
composition of the previously characterised complexes 28, 4S, 6S and
8S were each confirmed by NMR spectroscopy and elemental analysis.
Full analytical details on each complex are given in the Experimental
section.

NMR spectra of all the complexes were obtained in CDCl3, and also
in dg-DMSO for complexes 4B, 6B and 8B. Binding of the carboxylate
moiety to the metal centre was evidenced by the absence of the broad
singlet of the carboxylic acid proton at 12.10-13.25 ppm in dg-DMSO.
In CDCl3 the carboxylic acid proton is observed as a very broad signal
close to the baseline, this large broad signal disappears upon com-
plexation. A shift in the proton and carbon signals of the phenyl ring is
also observed upon complexation, with a move to higher frequency
observed for the o-, m-, p-H signals compared with those in MPhs. As
previously reported, these shifts are consistent with the formation of
triaryl carboxylato complexes of both Sb(V) and Bi(V) [21-23]. The
conversion of 78 to 7S’ was observed in the "H NMR spectrum collected
in ‘wet’ dg-DMSO. In the presence of water the bridging oxygen of
complex 7S breaks forming two equivalents of the mono-hydroxido
complex [SbPh3(0,C—0O—C(=0)Me)OH]. The hydrolysis of the brid-
ging oxygen is facile being quantitative in only 30 min. The process is
slower in CDCl; due the lower concentration of water. Fluxionality of
the hydroxyl and terminal methyl signal of 7S are observed by the
presence of the broad and sharp singlets at 2.1 ppm and 4.4 ppm (Figs. 5
and 6).

Fig. 4. Hydrolysis product of complex [(SbPhs
(0,C—0—C(=0)Me),0] 7S to [SbPh3(0,C—O—C
(=0)Me)OH] 75"
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Fig. 5. "H NMR spectrum of quantitative conversion to 78’ in d-DMSO, DMSO signal at 2.5 ppm and H,O at 3.33 ppm.

3.3. Infrared spectroscopy

Formation of the metal carboxylates was further confirmed by FT-IR
through the appearance of the asymmetric and symmetric carboxylate
signals in the ranges of 1696-1703cm ™' and 1435-1510cm ™! re-
spectively. These differ from the parent carboxylic acids for which the
carbonyl stretching frequencies are found in the ranges of
1686-1731cm ™' and 1408-1595cm™'. The difference in the sym-
metric and asymmetric stretches (Av) were calculated for each complex
and used to predict the binding mode of the carboxylate to the metal,
i.e. whether it is mono- or didentate. Deacon and Phillips observed that
a difference of > 200cm ™" is generally indicative of a monodentate
bonding mode, while < 200 cm ™ indicates a didentate chelate invol-
ving both O atoms of the carboxylate moiety [37]. A comparison of the
structures founded on the FT-IR absorbance and those obtained from X-
ray diffraction is given in the Supporting information, Table S3. In
summary, the two methods correlate closely.

3.4. X-ray crystallography

Crystals of the twelve novel complexes (1B-8B, 18, 3S, 5S and 7S"),
and the three previously synthesised Sb(V) complexes, 4S, 6S and 8S,
were studied by single crystal X-ray diffraction, and the solid-state
structure of each determined. Crystals suitable for analysis were ob-
tained from toluene solutions on slow evaporation. Each complex, with
the exception of 7S’, adopts a trigonal bipyramidal geometry, as com-
monly observed for complexes of the general formula [MPh3(0O>CR),].

To illustrate the structural types the authenticated structures of 1B and
1S are given in Figs. 7 and 8. The carboxylate ligands are found to
occupy the axial plane, with the phenyl rings arranged in a propeller
orientation in the equatorial plane [21,22,24]. In contrast to the Sb(V)
complexes, which adopt a five coordinate configuration, the Bi(V)
analogues are seven coordinate [24]. A greater degree of distortion of
the bipyramidal geometry is observed in the Bi(V) analogues, which
may allow for easier access of the carbonyl oxygen for dative interac-
tions, pushing the coordination number from five to seven. The greater
size in coordination sphere of Bi(V) compared to Sb(V) also contributes
to the preferred difference in coordination number (0.74A v 0.62A)
[71.

A detailed description of structural features of complexes 1B and 1S
(Figs. 7 and 8) along with a summary of the crystallographic data on all
remaining complexes can be found in the Supplementary Information
Table S1.

7S is the only complex which was found to adopt a different
structural chemistry, incorporating a bridging oxide between two Sb(V)
centres (Fig. 9). The structure is centrosymmetric, with the asymmetric
unit incorporating one Sb(V) unit, with the second being symmetry
generated. The geometry about each Sb(V) centre can be considered as
trigonal bipyramidal with a coordination number at the metal of five.
The Sb — C™" bonds are similar to those in the more typical Sb(V) triaryl
di-carboxylato complexes, with bond lengths of 2.110(4) A (Sb(1) -
C(1)), 2.108(5) A (Sb(1) - C(7)), and 2.106(4) A (Sb(1) - C(13)). All
phenyl ligands occupy the equatorial plane in the distinctive propeller
orientation. The covalent bond between Sb(1) and the bridging oxygen
O(5) was found to be shorter than the covalent interaction with the

5.5

5.0 4.5
f1 (ppm)

4.0 15

Fig. 6. "H NMR spectrum of 7S (circle) and hydrolysis product 7S’ (square) in CDCls, the residual solvent signal and ether signal retained from synthesis has not been

labelled (t, 1.2 ppm, q, 3.4 ppm).
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Fig. 7. Solid-state structure of [Bi(C¢Hs)3((0oCCH2CsH4CH3)2], 1B. Thermal
ellipsoids at 50% probability. Hydrogen atoms have been omitted for clarity.
Selected bonds lengths (A) and angles (°). Bi(1) - O(1), 2.278(14), Bi(1) - 0(2),
Bi(1) - O(3), 2.308(14), Bi(1) — O(4), 2.703(15), 2.815(14), Bi(1) - C(1),
2.205(19), Bi(1) - C(7), 2.186(2), Bi(1) - C(13), 2.195(2); C(7) — Bi(1) - C(13),
143.6(8), C1 - Bi(1) - C(7), 104.5(7), C7 - Bi(1) - O(1), 95.15(6), C(7) - Bi(1) -
0(4), 75.93(6), O(1) — Bi(1) — O(3), 170.3(5).

Fig. 8. Solid state structure of [Sb(C¢Hs)3((02CCH2CcH4CH3),], 1S. Thermal
ellipsoids at 50% probability. Hydrogen atoms have been omitted for clarity.
Selected bonds lengths (A) and angles (°). Sb(1) — O(1), 2.110(14), Sb(1) - O(3),
2.131(14), Sb(1) - C(1), 2.108(19), Sb(1) — C(7), 2.104(19), Sb(1) - C(13),
2.116(18); C(7) - Sb(1) — C(1), 139.1(7), C1 — Sb(1) - C(13), 113.5(7), C1 - Sb
(1) - 0(1), 90.71(6), O(1) - Sb(1) - O(3), 174.0(5).

carboxylate oxygen O(1), with comparative lengths of 1.901(5) A
versus 2.147(3) A. This shorter bond distance has been observed pre-
viously in oxido bridge Sb(V) complexes. Quan et al., Abakumov et al.
and Preut et al., all reported Sb—O bond lengths of 1.950(4) f\, 1.968(6)
A and 1.936(1) A respectively [38-40]. Each carboxylate ligand occu-
pies the remaining axial position, forming an almost linear angle for O
(1) - Sb(1) — O(5) of 175.2(8)°. The angle of the oxido bridge in 7S (Sb
(1) - O(5) - Sb(1)’, 179.9(18)°) is linear with respect to the two Sb(V)
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Fig. 9. Solid state structure of [(SbPh3(0>CCR))»0], 7S. Thermal ellipsoids at
50% probability. Hydrogen atoms have been omitted for clarity. Selected bonds
lengths (A) and angles (*). Sb(1) — O(1), 2.147(3), Sb(1) - O(5), 1.951(5), Sb(1)
—C(1), 2.110(4), Sb(1) — C(7), 2.108(5), Sb(1) — C(13), 2.106(4); C(7) — Sb(1) —
C(1), 126.5(17), C(1) — Sb(1) - C(13), 115.9(17), C1 - Sb(1) — O(1), 90.46(16),
O(1) - Sb(1) - 0(5), 175.2(8), Sb(1) — O(5) — Sb(1)’, 179.9(18). Symmetry
operator’' =1 -x,1-y,1 -z

centres on the axial plane. Similar linearity was observed in the com-
plex {[SbPh3(C,H,Cl0,),]0} characterised by Quan et al. with a formal
angle of 180° for the Sb—O—Sb bond [38]. These oxido bridges are not
always found to be linear, as a second triaryl carboxylato complex,
{[SbPh3(CcH3CINO,),]O} later characterised by Quan et al. exhibited
distortion of the oxido bridge angle from the ideal 180° with an angle of
165.1(4)° obtained. This was characterised as a bent geometry about
the Sb — O - Sb angle [41].

3.5. Stability studies

For complexes to exhibit viable anti-parasitic activity and to be
considered as potential drugs a high degree of stability is required. As
such, studies of all complexes in both the solid and solution state were
conducted. Melting point analysis over several months on all the
complexes showed them to be stable to atmospheric conditions in the
solid-state. Assessment of solution stability was conducted through 'H
NMR spectral data in either CDCl3 or dg-DMSO over the period of one
week. The NMR spectrum of each complex was recorded at room
temperature (ca 24 °C) at t = 0 and 48 h and at t = 7 days. No changes
in the expected chemical shifts and integral values were observed,
confirming stability of the compounds in solution over that time.
Complex 7S was the exception undergoing hydrolysis at the oxido
bridge to form two equivalents of a new hydroxido complex 7§’, as
previously described. Thus, it is established that complex 7S is unstable
in polar protic solvents while the thermodynamically favoured product
of the equilibrium 78’ is. 7S’ was isolated as a pure complex from a
mixture of DMSO:H,0 and when re-dissolved in dg-DMSO remained in
solution as 7S’ with no formation of the original complex 7S observed.

Previously, we have found that while complexes of the general
formula [BiAr3(O5CR),]) are stable in water and DMSO (Ar = Ph, Tol)
they readily undergo decomposition in DMEM culture media, decom-
posing to half their original concentration within 2h [22,23]. From our
more recent studies, complexes with chelating a-hydroxy carboxylate
ligands show higher stability in the culture media with half-lives of
50+ h. The current study sought to establish whether the two carbon
structural backbone contributed to this improved stability [24], but
unfortunately for the new Bi(V) complexes the decomposition process
was found to take between 5 and 6 h, though significant activity was
still observed on both the parasite and the mammalian cells within the
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Fig. 10. 1H NMR decomposition of complex 3B in dg-DMSO doped freeze dried D,O DMEM culture medium, at 25 °C at 0 and 24 h, references of the complex, 3B,

BiPh; and free ligand 3 in dg-DMSO:D,0 given.

short timeframe. The implication from this is that it is the chelating
nature of the a-hydroxy carboxylate ligands which is the main con-
tributing factor to the increased stability in the culture medium.

In this study 3B, [BiPh3(O,CCH>CgH4CH3)2] (from p-tolylacetic
acid), was selected as the test compound since its stability in dg-DMSO
and structure are representative of all the other Bi(V) complexes. The
complex was placed in 1 mL of DMEM media which was previously
freeze dried and resuspended into D,0, thus minimising the NMR signal
from H,0. A small degree of precipitation was observed for two of the
eight Bi(V) compounds (7B and 8B). Initial studies on 3B at t = 0 and
24 h showed that after 24 h the complex had almost completely dis-
sociated into the parent BiPh; and p-tolylacetic acid, with only traces of
3B remaining. This reflects and confirms our previous study on the
decomposition of such Bi(V) complexes in culture medium.

The decomposition into BiPhs can be observed at 7.2, 6.6 and
6.5 ppm, however the ortho and meta aromatic signals for the acid, 3a,
overlap with those from both the culture media and BiPhs at 7.2 ppm
(Fig. 10). However, the appearance of a multiplet beside the large
singlet can be seen at 7.2 ppm as 3B undergoes decomposition into the
parent acid, 3, and BiPhs, along with the characteristic signals of the
para and meta aromatics of BiPh; at 6.6 and 6.5 ppm (Fig. 10).

A 12 x 1hr study was then conducted to elucidate the half-life of
the complex, along with a corresponding study on the antimony ana-
logue 3S. The signal corresponding to the p-CH of the phenyl group of
the complex was compared over time to a constant signal from the
culture media at 5 ppm. Though complex 3B decays rapidly, it shares a

IH NMR decomposition of 3aB in DMEM culture medium at 25 °C vs time
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Fig. 11. H NMR decomposition curve of [BiPh3((0>CCH,C¢H4CH3),], 3B at
10mM, in DMEM culture medium at 25°C vs time. Half-life = 5.2h, rate
constant = 48 uM/h.

linear decomposition with the previously synthesised a-hydroxy com-
plexes (Fig. 11). This zero-order decay was found to have a rate con-
stant of approximately 59.5 uM/h, decaying to half the original 500 uM
concentration after 4.2 h.

The NMR study conducted on the analogous antimony complex 3S
exhibited unsurprising results, with no decomposition in the media
observed. No significant changes in the integration of the o0-CH protons
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Fig. 12. 'H NMR spectral study of complex [SbPh3((0>CCH,Ce¢H4CH3),], 3S at 10 mM, in DMEM culture medium, at 25°C at 0, 4, 8 and 12 h.

of the phenyl ring relative to the same signal of the media at 5 ppm was
observed over the 12h period (Fig. 12).

3.6. Biological activity

Despite the instability of the Bi(V) complexes in the culture medium
they were still included in the initial assays against both human fi-
broblasts and L. major promastigotes so that an assessment of their
toxicity could be made and compared with their Sb(V) analogues. As
expected, the Sb(V) complexes exhibited a high degree of solubility in
the culture medium, while two of the Bi(V) complexes (7B and 8B)
formed partially opaque solutions, indicating a small degree of pre-
cipitation. Without completely soluble components it is not possible to
have the known concentration gradient which a requirement for es-
tablishing an accurate assessment of toxicity. As complexes 2S and 8S
have been tested previously on L. major and human fibroblasts, no
further assays were conducted [21]. Complexes 4S and 6S have been
previously tested on L. tropica, giving ICso values of 18.3 and 20.9 pM
respectively [26]. Because of physiological differences with L. major it
was considered appropriate to include them is this study. L. major
compared to several other species was observed to be more resilient to
the commercial drugs currently on the market and therefore a more
difficult vector to combat [42]. All eight ligands were also assessed for
their potential toxicity towards mammalian cells and found to exhibit
little to no activity at concentration of =100 uM, with the exception of
3 which shows some minor toxicity, with an ICso of 72.9 pM. Ligands 6,
7, and 8 exhibited a small degree of activity, with a slight drop in the
viability at concentrations =12.5 uM, though this change in %viability
was insignificant in comparison to the complexed Bi(V) and Sb(V)
analogues as all three ligands still retained an ICso of =100 uM. The
viability graphs of the ligands can be found in the ESI.

The Bi(V) complexes exhibited non-selective toxicity towards both

L. major and mammalian cells, illustrated in Fig. 12. In contrast, the Sb
(V) complexes, with the exception of 7S, were all found to stable and
soluble and to be significantly more toxic towards L. major than the
fibroblast cells, thereby providing a good selectivity index for each
complex [24].

For the bismuth complexes 1B-8B the ICs, values for L. major were
found in the range of 2.06 uM-4.63 uM while the antimony complexes
1S-8S gave were in the range of 6.18-19.1 uM (Fig. 13). This attests to
the potency of the bismuth complexes towards the parasite cells as they
are present in a reduced concentration because of their rapid decom-
position. However, the ICsy values for the human primary fibroblasts
were between 11.4 and 19.8 uM. As such, no further assays were con-
ducted with the Bi(V) complexes. This further supports the high re-
duction potential of Bi(V) playing a primary role in the non-selective
toxicity rather than stability and ligand class effects.

In contrast, the Sb(V) complexes exhibited a much lower toxicity to
the human fibroblast cells, with complex 7S’ presenting with the lowest
ICs value of 73.8 uM. The six remaining Sb(V) complexes all gave an
ICsp value of > 100 uM. A table of the ICsq values can be found in the
ESI (Tables S4 and S5). The Sb(V) complexes were therefore taken
forward into an amastigote invasion assay.

3.7. Selectivity of Bi(V) versus Sb(V)

This trend in stability and selectivity supports our previous ob-
servations and reports. In almost all cases, the Bi(V) analogues are non-
selective, exhibiting high levels of toxicity towards both human fibro-
blasts and L. major parasites. In contrast, the Sb(V) analogues are se-
lective, targeting only the parasite. This somewhat contradicts the
common assumption that bismuth is a less toxic alternative to anti-
mony, but the difference in toxicity can be attributed to the oxidation
state and the difference in reduction potentials of Sb(V) and Bi(V)
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Fig. 13. Comparison of percentage cell viability after treatment with the Bi(V) complexes 1B-8B (black) and the Sb(V) complexes 1S-8S (pink), against L. major
promastigotes and Human primary fibroblasts. Dose response curves were generated over a range of concentrations (48 nm-100 pM in the appropriate culture media
from 10 mM DMSO stock solutions. All readings were compared spectroscopically to non-treated control and the percent growth inhibition calculated. A DMSO
control and positive drug control (Amp B) were also included at the same range of concentrations which can be found in the ESI. Numerical data for each curve is
given in the Supplementary information. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(E° = +V/+1I = 0.59 and 2.03 V respectively) [7].

Both mammalian cells and L. major parasites are rich in sulfur
containing proteins, such as trypanothione (parasite specific, TPH) and
glutathione (parasite and mammalian cells, GSH), which, as reductants,
are theorised to play an important role in maintaining pH and reducing
oxidative stress in the cell, as well as having a key determining role in
the mechanism of action of the metallodrugs [43,44]. Interactions of Sb
(III) with leishmanial TPH have been identified by protein crystal-
lography, disclosing the actual mechanism of action in the trivalent
state. The Sb(III) binds to the protein active site with high affinity,
interacting directly with two cysteine moieties and one threonine and
histidine, blocking hydride transfer and trypanthione reduction [45].
This interaction with the sulfur rich moieties, such as cysteine and
methionine side chains of proteins, is consistent with the thiophilic
nature of the group 15 metals/metalloids [26]. Bismuth is a highly
thiophilic metal, preferring sulfur bonds over oxygen. In the +1III state
bismuth readily exchanges carboxylate ligands for S containing moi-
eties, so it can be inferred that in the more reactive +V state, it will
readily reduce in the presence of sulfur rich proteins where the redox-
based thiol/disulfide pair plays a key function [46]. The high reduction
potential of Bi(V) could possibly induce redox chemistry within the cell,
reducing Bi(V) to Bi(III) and subsequently oxidising sulfur rich proteins
in the process, rendering them inactive. This could then cause a cascade
effect in which the cells undergo oxidative stress and finally apoptosis,
similar to processes observed with the trivalent Sb(III). Biological re-
duction of an unstable oxidation state metal in both intracellular and
extracellular processes is commonly observed with major contributing

metals being chromium + VI and manganese +IV. Reduction of Cr(VI)
and Mn(IV), similar to Bi(V), is believed to occur in part with interac-
tions with low molecular weight thiols such as GSH and cysteine after
crossing the cellular membrane [47,48]. The reduction potential of
both Cr(VI)/Cr(Ill) and Mn(IV)/Mn(III) are significantly large (1.36 V
and 1.22V respectively) leading to facile intracellular reduction, and
hence generalised oxidative stress and damage [7,49]. As previously
mentioned, the reduction of potential of Bi(V)/Bi(Ill) is significantly
larger still at 2.03V, inferring a potential high level of reactivity [7].

3.8. Amastigote invasion assay

Given the good selectivity indices (promastigote vs human fibro-
blast) established for the Sb(V) compounds, they were then taken for-
ward to be assessed in an amastigote invasion assay - the more clinically
relevant form of the parasite. In order for the promastigotes to differ-
entiate into the amastigote form, bone-marrow derived macrophages
(BMDM) were infected with promastigotes for 48 h. BMDMs were then
washed, resuspended in media and 10 uM solutions of complexes 1S
and 3S-7S added. The plates were further incubated for a further 48 h.
Assessment of the complex activity was determined by counting in-
fected versus non-infected cells. Infected macrophages are dis-
tinguished by the presence of amastigotes within the cytosol (Fig. 14).

Statistically significant activity, when compared to the positive
control, was observed for all complexes, ranging from mild to good
activity (Fig. 15). Complex 78’, however, was found to be cytotoxic to
the mammalian macrophages as well as the parasite, as concluded by

Fig. 14. A) Non-infected macrophages; B) infected macrophage; C) macrophage under apoptotic stress following treatment with triphenylantimony bis(o-tolylace-
tate), 1S. Amastigotes are labelled with arrows. Images taken at 100 X magnification oil immersion.
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Fig. 15. Infected macrophages after 48 h. Number of infected macrophage was
determined microscopically, in duplicate of fixed specimens. Amphotericin B
(AmpB) was used as a positive control at 10 uM concentration. A DMSO control
was also employed at a 1% concentration. Error bas indicate SEM, one-way
ANOVA. Dunnett's multiple comparison test was used to determine the statis-
tical significance between all test compounds and a positive control lacking
treatment (+ ve control).

the presence of no viable cells on either slide tested. Though active, the
% infected cells for the tolylacetates were found to be the highest, with
1S and 3S presenting with values of 40.5% = 2.01 and 22.3% =+ 1.55
respectively. The methoxyphenylacetates 4S, 5S and 6S proved more
effective than the tolyacetates, with a trend correlating to the position
of the methoxy functionality, with efficiency increasing in the order o-
OMe = m-OMe = p-OMe. A similar trend is also observed for the toly-
lacetates, 1S and 3S, with efficiency increasing from o-Tol to p-Tol.
Complex 68 exhibited notable activity, with a value of 7.75% + 1.18,
while 4S and 5S were also moderately effective with values of
19.0% = 1.58 and 14.5% =+ 2.63 respectively.

Though the methoxyphenylacetate in particular was significantly
effective, the complexes tested still lacked the potent activity of pre-
viously synthesised Sb(V) triaryl dicarboxylato complexes which were
found to exhibit significant activity at concentrations of 0.5-3.5uM.
The toxicity of the previous complexes toward human fibroblast was
considerably higher though with the minimum ICs, of 25 pM observed
[21,24]. As these newly synthesised Sb(V) complexes are significantly
less toxic and their amastigote activity within clinically relevant con-
centrations, they present as potential drug candidates.

4. Conclusions

Eight Bi(V) and nine Sb(V) heteroleptic organometallic carboxylate
complexes have been successfully synthesised, characterised, and as-
sessed for their potential as anti-leishmanial agents. Twelve of the
complexes are novel (1B-8B, 1S, 3S, 7S and 7S’) while four; 2S, 4S, 6S
and 8S, have been synthesised previously, albeit it by a different syn-
thetic route. The solid-state structures of all complexes, with the ex-
ception of 2S, were obtained through single crystal X-ray diffraction. As
found in previous studies, the carboxylate moieties bind in a didentate
chelating mode in the Bi(V) while they are monodentate in the Sb(V)
complexes. All complexes except 7S adopt a trigonal bipyramidal geo-
metry, common for complexes of general formula [MAr3(O>CR).]. The
dinuclear Sb(V) oxido-bridged complex 7S [(SbPh3(0,C—O—C(=0)
Me)),0], adopts a distorted octahedral geometry. In solution, this
complex undergoes hydrolysis giving two equivalents of the com-
plementary mono-nuclear hydroxido Sb(V) complex
[SbPh3(0,C—0—C(=0)Me)OH], 7S’.

Journal of Inorganic Biochemistry 189 (2018) 151-162

All complexes, with the exception of 2S and 8S, were assessed for
their anti-leishmanial activity with the Sb(V) complexes being sig-
nificantly more selective in their toxicity towards the parasite cells and
human fibroblast cells than their Bi(V) counterparts. The Bi(V) com-
plexes demonstrate high levels of toxicity to both cell types showing
generalised non-selective toxicity. An amastigote invasion assay on the
Sb(V) complexes revealed some structure-activity relationships de-
termined by the positioning of the functional group on the aryl ring of
the carboxylate ligands.

There is an increase in activity following the order 0-OMe > m-
OMe > p-OMe, and a similar trend for the tolylacetates with o-
Tol > p-Tol. Complex 6S, derived from 4-methoxyphenylacetic acid, in
particular is a potential lead compound. In conclusion, the high oxi-
dising ability and low stability of the Bi(V) complexes leads to non-
specific toxicity and low selectivity. The triaryl Sb(V) complexes are far
superior anti-parasitic activity and are currently better candidates for
lead compounds and anti-leishmanial agents.
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A series of eight alkyl gallium complexes of general formulae [GaMey(L)] and [Ga(Me);L] have been
synthesised, characterised and their antimicrobial activity against bacteria, cancer cells and Leishmania
assessed. All eight complexes are novel, with the solid-state structures of all complexes successfully
authenticated by single crystal X-ray diffraction. The dimethyl complexes all adopt a four-coordinate
tetrahedral confirmation, while the monomethyl complexes are five-coordinate trigonal bipyramidal.
All complexes were screened for their anti-bacterial activity either by solution state diffusion, or a solid-
state stab test. The five soluble complexes underwent testing against two differing mammalian cell

g?l,l‘;\:fr:l > controls, with excellent selectivity observed against COS-7 cells, with an ICso range of 88.5 uM to
Quinolinol >100 uM. Each soluble complex was also tested for their anti-cancer capabilities, with no significant
Bacteria activity observed. Excellent activity was exhibited against the protozoan parasite Leishmania major
Leishmania (strain: V121) in both the promastigote and amastigote forms, with ICsp values ranging from 1.11 uM
Structure —13.4 uM for their anti-promastigote activity and % infection values of 3.5% + 0.65—11.5% + 0.65 for the

more clinically relevant amastigote. Selectivity indices for each were found to be in the ranges of 6.61
—64.7, with significant selectivity noted for two of the complexes. At minimum, the gallium complexes
show a 3-fold enhancement in activity towards the Leishmaniaamastigotes over the parent quinolinols

alone.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

Neglected tropical diseases continue to be a growing worldwide
problem, impacting not only on the health and wellbeing of mil-
lions of people but having a large negative impact on economic
development in the affected countries [1]. Leishmaniasis is of
particular concern owing to its distribution and prevalence in low
socio-economic areas of the planet [2]. The World Health Organi-
sation (WHO) estimates that in the 98 countries where the parasite
resides there are between 0.2 and 0.4 million new cases of the
potentially fatal visceral Leishmaniasis (VL) every year, of which
around 10% of result in death [3—5]. The current front-line treat-
ments remain the pentavalent antimonials; antimony stibogluco-
nate (Pentostam ™) and meglumine antimoniate (Glucantime ™).
However, they place a high toxic load on the body and require daily
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E-mail address: phil.andrews@monash.edu (P.C. Andrews).

https://doi.org/10.1016/j.ejmech.2019.111895
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intravascular delivery under clinical conditions, often resulting in
unwanted side-effects and poor compliance [6]. Also, through a lack
of proper hygiene and improper use of conventional medications,
drug resistance is becoming a major hurdle in the treatment of
Leishmaniasis [7]. Mostly due to exposure of infected communities
to increased levels of As(V) in drinking water. Native strains of
Leishmania have evolved an arsenic reductase enzymes that are
able to act upon the Sb(V) drugs, further contributing to an increase
in parasite resistance [8—10]. It is not yet known whether new
Sb(V) complexes will also be impacted by the resistance pathways
that act upon the current front-line drugs. Though many metals,
including transition metals, have been utilised for the synthesis of
anti-leishmanials, antimony remains the number one choice of
metal, with a varying degree of activity noted for complexes of both
Sb(V) and Sb(IIl) [11-17].

Antimony can be a toxic metalloid and this proved difficult to
overcome in researching existing and future medicinal applica-
tions. Most of the pentavalent antimony complexes studied exhibit
a high degree of anti-parasitic activity, but mammalian cell toxicity
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remains a challenge. A large degree of variation has been observed
in the selectivity with some proving to be cytotoxic at levels similar
to their anti-parasitic activity [11—14,16,18]. Antimony complexes
exhibit a reliance on redox active pathways within the parasites in
order to function to their full potential. The most widely accepted
theory of the mechanism of action is based on the reduction of
Sb(V) to Sb(IIl) intracellularly, inhibiting essential sulfur rich pro-
teins by competitive binding [17]. This redox reliance has been a
contributing factor to the increased resistance to the conventional
treatments, alluding to the potential formation of parasitic resil-
ience to future Sb(V) compounds synthesised [3,9,19].

Unlike antimony, gallium is not limited by its redox chemistry
existing largely in its stable 0 and + III oxidation states. It has long
been utilised in the synthesis and evaluation of medicinal com-
plexes, as diagnostics, anti-microbials and most notably in the
treatment of cancers [20—22]. The anti-microbial and anti-cancer
activity is theorised to be due to the pharmacological properties
of Ga®*. The properties of Ga(lll) are similar to those of Fe(lll),
having similar electronegativities (1.70 V and 1.96 V respectively),
ionic radius (0.76 and 0.63 respectively) and a preference for a six
coordinate geometry [23,24]. It is postulated that Ga(Ill) can replace
and/or mimic Fe(Ill) in biological systems, substituting into
important metalloprotein and enzymes. Microbial and proliferative
cells uptake the Ga(lll) via transport enzymes such as lactoferrin
and transferrin [25,26], once inside Ga(III) inhibits cellular function
by inhibition of iron pathways due to its inability to be reduced
under physiological conditions [27,28], This is particularly promi-
nent, though not limited to fast growing cells such as cancerous
cells [29,30].

In order to grow and reproduce, both bacteria and parasites such
as Leishmania require iron. In most cases, bacteria and Leishmania
must obtain iron from exogenous sources. Bacteria have evolved
differing methods to acquire iron from their surroundings,
including high iron affinity siderophores, and surface receptors that
specifically bind transferrin or lactoferrin [31,32]. Eukaryotes are a
little more sophisticated in their iron acquisition, with subtle
changes present in the different strains of Leishmania. For example,
L. chagasi utilises a transferrin-binding protein on its cellular sur-
face to harvest iron from its immediate environment inside
mammalian macrophages, whereas L. donavani, another VL causing
parasite, acquires iron through a saturable binding of haem
[33—36]. By exploiting these mechanisms for iron uptake, it may be
possible to substitute the iron for gallium, thereby causing cellular
stress due to the inability for redox active pathways to commence.
Gallium has previously been observed to inhibit iron pathways in
several bacterial strains, such as Mycobacterium avium localised
inside and outside of mammalian macrophages [37]. Though
traditionally synthesised as anti-cancer agents, there is potential
application of gallium chelates as microbial iron inhibitors due to
competitive binding to transferrin leading to a large amount of
cellular gallium uptake [38]. Though a potent inhibitor of bacterial
and cancerous cell iron pathways, there is a paucity of studies on
gallium as an anti-Leishmanial, with only one recent study from
2013 using curcumin derivatives. However, this study provided no
insights into the activity against the clinically relevant amastigote
form of the parasite, and neglected to assess the overall selectivity
of the complexes [39].

Not only is the metal centre an important aspect in the biolog-
ical activity of the overall complex, but so is the ligand class. Gal-
lium is readily stabilised by organic chelates [37], such as the N,O
donor 8-quinolinol (8-hydroxyquinoline, 8QH). The biological ac-
tivity of unsubstituted 8-quinolinol stems from an initial study by
Albert et al., in which they concluded that the bioactivity of 8QH
was influenced by the presence of metals within the cellular media
[40]. The biological potential of 8QH and its metal chelates has been

extensively study against a large variety of ailments, including
Leishmania, with promising results [41,42]. Gallium tris-8-
quinolinolate, KP46, has reached phase II clinical trials as an anti-
cancer agent. It was found to possess a high degree of thermody-
namic stability (logBs = 40.7), however, its high hydrolytic stability
(4.8 + 0.9 x 107> s~ ') means that it does not rapidly release gallium
to transfer proteins such as transferrin, leading to a less effective
anti-microbial [37,43]. Calculations on plasma models of KP46
concluded that the complex stays intact after traversing the
gastrointestinal tract. This differed from other phase Il gallium anti-
cancer agents such as gallium maltolate, which releases Ga>* into
the bloodstream after absorption [44]. Therefore, it is essential to
explore the fine line between a reactive and a stable compound,
when contemplating the synthesis of a new class of metallodrugs.

In order to produce a complex that still exhibits cellular media
stability, but is also labile enough to function as an iron mimic, we
turned to alkyl gallium complexes. Trimethylgallium is a versatile
and highly reactive precursor, which is notably pyrophoric. The
idea was to generate dimethyl and monomethyl gallium quinolinols
with the hope that the inclusion of Ga—C bonds would allow for
increased activity with transferrin and lactoferrin. We also inves-
tigated the effect of halide substitution on the 8-quinolinol and
whether there was a correlation between halide size and bioac-
tivity. Therefore, four different halido substituted quinolinols; 5-
chloroquinolinol (1), 5,7-dichloroquinolinol (2), 5,7-
dibromoquinolinol (3) and 5,7-diiodoquinolinol (4), were selected
for this study (Fig. 1). Each of these halido-quinolinols have been
extensively studied against various microbes, with varying degrees
of activity and selectivity [45—50]. Substitution on the 5 and 7
positions of the 8-quinolinol has previously shown to increase both
lipid solubility and chelating ability, and markedly lower toxicity in
higher animals [51]. Complexes of general formulae [Ga(CH3)L] and
[GaCHs(L),] (Fig. 2) were synthesised, characterised and their ac-
tivity against several strains of gram negative and gram-positive
bacteria, cervical cancer, L. major promastigotes and amastigotes,
and their cytotoxicity against two mammalian cell lines investi-
gated as controls.

2. Results and discussion
2.1. Synthesis and characterisation

Synthesis of the alkyl gallium complexes; [Ga(Me),CoH5NOCI]
1G, [Ga(Me)2C9H4NOC12] 2G, [Ga(Me)2C9H4NOBr2], 3G [Ga(Me)z_
CgH4NOI;] 4G, [GaMe(CgH5NOCI),] 1G’, [GaMe(CgH4NOCI,),] 2G,
[GaMe(CgH4NOBTI,),] 3G, [GaMe(CgH4NOI,)2] 4G’, was performed
under an inert atmosphere, in the absence of air and moisture,
following the addition of Ga(CH3)3 to either one or two equivalents
of the quinolinols 14, in either hexane or toluene at —78 °C [52].
This resulted in an immediate colour change to bright yellow so-
lutions (1G - 4G) or suspensions (1G’- 4G’), dependant on stoichi-
ometry. To obtain exclusively the monomethyl complexes the
reaction mixture was allowed to warm to room temperature and
then heated to reflux (Fig. 3). All the dimethyl complexes 1G — 4G
were soluble in toluene but only sparingly in hexane. The mono-
methyl analogues (1G’- 4G’) precipitated in both toluene and
hexane. The filtrate of each though exhibited a yellow colouration,
and when left to stand crystals of each respective complex formed
over a period of one to three days.

The reaction involves deprotonation of the hydroxyl group at
the 8 position and displacement of a methyl group, forming
methane as the by-product. This provides a clean and highly
favourable reaction process, and any excess quinolinol can be
washed away with a polar solvent, such as ethanol or methanol.
Each complex was obtained in excellent yields of between 89-97 %
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Fig. 1. Four halido substituted 8-quinolinols, CoHgNOCI, 1, CgHsNOCl;, 2, CyHsNOBr,, 3 and CgHsNOI,, 4 used in this study.
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Fig. 2. General formulae of the alkyl gallium quinolinolato complexes (1G — 4G; 1G’ —
4G’) synthesised and characterised.
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-78°CtoR.T Ga(CH3),L + CH,
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Fig. 3. Synthetic route used in the synthesis of 1G, [Ga(Me),CoHsNOCI], 2G,
[Ga(Me)2CgH4NOC12], 3G, [Ga(Me)2CgH4NOBr2], 4G, [Ga(Me)2C9H4NOI2] and 1G/,
[GaMe(CoHs5NOCI),], 2G/, [GaMe(CoH4NOCLy),], 3G/, [GaMe(CoH4NOBI):] 4G/,
[GaMe(CgH4NOL, ), ].

for the dimethyl complexes and 72—83 % for the monomethyl
complexes. Unfortunately, complexes 2G’ — 4G’ were found to have
limited solubility in DMSO, and so biological testing was limited to
using a simple ‘stab-test’ of the solid on bacterial agar plates. The
remaining complexes 1G — 4G and 1G’ all exhibited reasonable
solubility in DMSO and so were able to be tested against various
bacteria, Leishmanial promastigotes and amastigotes, and towards
mammalian cells in order to determine their cytotoxicity.

The solid-state structure of each complex was structurally
authenticated through single crystal X-ray diffraction. The solution
state composition of each complex, 1G — 4G and 1G’ — 4G/, was
established through 'H NMR spectroscopy in DMSO-dg, however
due to solubility issues with 2G’ — 4G’, only complexes 1G — 4G and
1G’ were able to be assessed by >C NMR and ESI mass spectroscopy.
Physical and chemical analysis was completed using infrared
spectroscopy (FT-IR), melting point (mp), and elemental analysis.
Full analytical details on each complex is given in the Experimental
section, and all spectra provided in the Supporting Information
(ESI).

The dimethyl complexes, 1G — 4G, and one of the monomethyl
analogues (1G’), were readily soluble in DMSO-dg. The remaining
monomethyl complexes, 2G’ — 4G’, were only sparingly soluble
with heating, however their presence could be distinguished on the

baseline. Complex formation was indicated by disappearance of the
hydroxyl proton of the quinolinols, normally observed between
10.15 and 10.95 ppm, and by shifts in the aromatic signals. The
appearance of a methyl singlet due to residual GaMey in the low
frequency region of —0.345 and —0.007 ppm was also observed,
typical of methyl gallium complexes [53—55]. As an illustration, the
'H NMR spectra of complexes 1G and 1G’ are given relative to the
free quinolinol in Figs. ST and S2 in the ESL >C NMR spectra were
obtained for the soluble complexes 1G — 4G and 1G’, however
inconclusive data were obtained for the poorly soluble mono-
methyl complexes 2G’ - 4G’. The structure of these complexes,
however, was confirmed by X-ray and elemental analysis.

Crystals suitable for X-ray diffraction were obtained from slow
evaporation of the reaction filtrate, from either toluene or hexane.
The asymmetric unit of each complex, 1G — 4G, is similar, and all
adopt a 4-coordinate distorted tetrahedral geometry around the
gallium centre comprising the two covalently bound methyl groups
(Ga—C), the covalent deprotonated hydroxyl (Ga—0), and a single
dative interaction between the quinolinol nitrogen (Ga—N). Com-
plex 1G, however, is the only one to form a dimer which lifts the
coordination geometry to five with a largely distorted trigonal
bipyramidal geometry (Fig. 4).

Because of the different composition complexes 1G’ — 4G’ are
five-coordinate through chelation of two substituted quinolinol
ligands and the single covalently bound methyl group. The geom-
etry at the gallium centre is also distorted trigonal bipyramidal. A
discussion of the 5,7-dichloroquinolinol derivatives, 2G and 2G’ is
given below (Figs. 5 and 6), remaining data can be found in the ESI
(Table S1).

The crystal structure of the simplest alkyl gallium quinolinol, 8-
hydroxyquinolinol, has been previously characterised by X-ray
diffraction and found to form a structure analogous to the 5-
chloroquinolinolate derivative 1G. The average bond length of
1.966 A is typical for a Ga—C bond in a dimethyl complex. The Ga—C
bond tends to shorten with more electron withdrawing groups
such as a carboxylate, as observed in the solid-state structure of
dimethyl gallium carboxylates synthesised by Kaluderovic et al.,
with average bond lengths of 1.942 A°%! The analogous 8QH
complex synthesised by Onyitiuka et al. had an observed average
length of 1.945 A for the Ga—C bond, indicating that the presence of
the halide on the quinolinol ligand may influence the metal —
carbon bond. The bond length observed for the Ga—O bond is
representative of a covalent interaction with a bond length of
1.953 A, whereas the Ga—N bond is typical of a dative bond
(2.204 A) [56]. The quinolinolate ligand sits in the equatorial plane,
central to the gallium through the formation of a four membered
Gay0; unit. Each asymmetrically bridged oxygen occupies one co-
ordination site in the equatorial plane of one gallium atom, whilst
occupying the axial coordination site of the other. For the complex
synthesised by Onyitiuka et al. it was found that the dimeric unit
exhibited a bond angle of 149.7° for the N(1)—Ga(1)-0(1),
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Fig. 4. Solid-state structure of the asymmetric unit and dimer of complex [Ga(CH3),(CoH5CINO)], 1G, thermal ellipsoids at 50% probability. Hydrogen atoms have been omitted for
clarity. Selected bonds lengths (A) and angles (°). Ga(1)—0(1), 1.953(16), Ga(1)—N(1), 2.204(19), Ga(1)—C(10), 1.963(2), Ga(1)—C(11), 1.969(3); O(1)—Ga(1)—N(1), 78.07(7), O(1)—
Ga(1)—C(10), 111.3(9), O(1)—Ga(1)—C(11), 118.3(10), C(10)—Ga(1)—C(11), 130.1(14), N(1)—Ga(1)—0(1)’, 149.8(7). Symmetry operator’ = 1 - X, -y, -z.

Fig. 5. Solid-state structure [Ga(Me;)CoH4CINO], 2G, Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A)
and angles (°). Ga(1)—0(1), 1.929(17), Ga(1)-N(1), 2.064(2), Ga(1)—C(10), 1.954(2),
Ga(1)—C(11), 1.958(3); O(1)—Ga(1)-N(1), 83.02(7), O(1)-Ga(1)—C(10), 109.10(10),
0(1)—Ga(1)—C(11), 110.73(10), C(10)—Ga(1)—C(11), 126.99(12), N(1)-Ga(1)—C(11),
108.88(10).

Fig. 6. Solid-state structure [GaMe(CoH4CIoNO),], 2G’, Thermal ellipsoids at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bonds lengths (A)
and angles (°). Ga(1)—0(1), 1.906(18), Ga(1)—0(2), 1.918(18), Ga(1)—N(1), 2.122(2),
Ga(1)—-N(2), 2.142(2), Ga(1)-C(19), 1.959(3); O(1)—Ga(1)—0(2), 112.40(8), O(1)—
Ga(1)—N(1), 81.21(8), O(1)—Ga(1)—N(2), 85.16(8), C(1)—Ga(1)—C(19), 131.82(11).

complex 1G had an almost identical angle of 149.8(7), exhibiting
the distortion from the ideal trigonal bipyramidal geometry.
Similar to the asymmetric unit of 1G, that of 2G (Fig. 5.) can be
described as a distorted tetrahedron, with a coordination number
of four. This complex and the two remaining complexes 3G and 4G
all exist as monomers in the solid-state. Lengthening of the Ga—C
bond is observed in comparison to the mono-chlorido substituted
quinolinol, further indicating that the halide substituent may in-
fluence the Ga—C bond. The major difference between the mono-
methyl and dimethyl quinolinolato complexes is the coordination
number. The addition of a second chelate in place of the methyl
group boosts the coordination from 4 to 5. Complex 2G’ (Fig. 6.),
along with the remaining three complexes 1G’, 3G’ and 4G’, adopt a
distorted trigonal bipyramidal geometry. There are few examples of
structurally authenticated monomethyl bis-substituted gallium
complexes, however there are geometrically similar complexes

Acgtg ne

wet DMSO
" - o

Fig. 7. Solvatochromism of complex 1G in toluene, acetone and DMSO.

identified by Bakewell et al., a mono-chlorido bis-quinolinolato
complex [Ga(CgH3Cl,CH3),Cl] and a mono-tert-butoxido bis-qui-
nolinolato complex [Ga(CgH3Cl,CH3),0(CHs)3] [52]. Similar to
complex 2G’, these complexes are distorted trigonal bipyramids,
with the distortion largely in the N—Ga — N bond in the axial plane.
Complex 2G’ exhibits distortion from the ideal angle of 180°, with
an axial angle of 160.84° for N(1)—Ga(1)—N(2). The methyl group
sits in the equatorial plane, adjacent to the oxygens of the quino-
linol. These Ga—O bonds can be said to be covalent with a formal
average bond length of 1.918 A, with the nitrogen atoms acting as
dative donor atoms (average length: 2.132 A). The complexes syn-
thesised by Bakewell et al. share largely similar average covalent
and dative bond lengths with an average of 1.868 A for Ga—O and
2.107 A for Ga—N [52]. A bond length of 1.959 A for Ga(1)—C(1) is
indicative of a covalent interaction.

2.2. Photophysical properties

The effects of metal chelation on the fluorescent activity of the
8-quinolinol has been well established. Ohnesorge et al. observed
that with an increase in the atomic number of the central atom,
there was a red-shift of the maximum absorbance [57,58]. For all
complexes 1G — 4G and 1G’ — 4G’ a varying degree of sol-
vatochromatism was observed. When going from the least polar
toluene to the most polar DMSO (with acetone as the median) a
visual colour change under UV exposure was noticeable, with
DMSO fluorescing weakly (Fig. 7).

Complexes 1G — 4G exhibited the presence of multiple bands in
the UV—visible spectrum, with the largest of these between 400
and 425 nm (ESI Fig. S6). Studies found that by increasing the size of
the metal the bathochromic shift of the Aax also increases, there-
fore it could be assumed that by increasing the halogen size on the
ligand, an increase in shift could be observed [59]. A trend in
absorbance was observed with increasing halogen. 1G was the
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weakest absorber and 4G the strongest (¢ = 2458 and 2784
respectively). The difference between monomethyl versus dimethyl
was the former were found to be stronger absorbers, which would
most likely be attributed to the presence of two quinolinols in the
complete molecule (Fig. S7).

Fluorescence intensities of each complex was then conducted at
the Amax values derived from the UV—visible spectrum. Graphs of
the normalised solution state fluorescence can be found in the ESI
(Figs. S8 and S9). Unsurprisingly each complex exhibited weak
fluorescence in both the solid and solution. Due to the weak fluo-
rescence activity observed, there was no further need for quantum
yield analysis therefore the fluorescence imaging discussed is
qualitative in nature.

In alkane solvents, 8QH molecules self-associate to form stable
dimers which are able to undergo biprotonic transfer in the excited
state [60]. Previous studies indicate the quantum yield of the metal
chelates are marginally low when compare to conventional fluo-
rophores such as fluorescein. As the complexes were nearly non-
fluorescent in DMSO the possibility of utilising these compounds
as potential biological fluorophores was dismissed.

2.3. Stability and biological activity

The stability of compounds as solids under atmospheric condi-
tions and in solution with conventional solvents is an important
property of potential medicinal agents. Therefore, an assessment of
the stability of each complex in both the solid and solution state
was performed. Complexes 1G — 4G and 1G’ all had reasonable
melting points of between 125 and 230 °C (full detail on each
complex is given in the Experimental section), and so could be
monitored by melting point analysis over a period of several
months. Complexes 2G’ — 4G’, however, have decomposition points
>300 °C making analysis by melting point difficult and unreliable.
As such, elemental analysis was performed twice within a period of
a month with no changes in elemental composition observed.

Solution state stability of each complex was assessed in DMSO.
Complexes 2G’ — 4G’ were found to be poorly soluble in DMSO and
were therefore unsuitable for the biological assays, so a detailed
assessment of their long-term stability was unnecessary. The sol-
uble complexes were able to be analysed ('H NMR in DMSO-dg,

0—24 h), with a good degree of solution state stability overall.
Example complex 1G can be found in the ESI at 0, 24 and 48 h in-
tervals in DMSO-dg, with no changes to the signals observed (ESI
Fig. S1).

The pH of the mammalian phagolysosome sits in the range of
4—5 [61,62]. Therefore, to determine whether the complexes are
stable at this low pH, or undergo ligand exchange processes
releasing the quinolinol, a solution of the complex was titrated with
HCl and any changes in complex composition monitored using
UV—visible spectroscopy. Complex 1G, [Ga(Me;)CgH5CINO], was
dissolved into ethanol at a concentration of 104 M. The parent
quinolinol, cloxyquin, was used as a control at the same concen-
tration. A weak HCl solution was added dropwise to the ethanolic
solution of 1G, monitored by a pH metre. Aliquots were taken at pH
values of 8.5 (starting pH), 6.5 and 4.5. The absorbance was
measured, noting a decrease in the complex signal and an increase
of the parent quinolinol as pH decreased (Fig. 8). The final reading
at pH of 4.5 was compared to the parent quinolinol at the same pH
to accurately determine if the formation of the free quinolinol was
occurring (ESI Fig. S2). At acidic pH the quinolinol dissociates from
the gallium complex, differing from the tris-quinolinolate, KP46
[43,44,63,64]. This, however, is similar to the mode of action of the
anti-cancer complex gallium tris-maltolate, which liberates gallium
to transferrin proteins prior to crossing the intestinal epithelium
[63,65,66]. This dissociation would allow the gallium a free coor-
dination site to interact and inhibit iron transfer proteins, while
simultaneously delivering a potentially biologically active ligand
into the cell.

Before testing against any microbes was commenced a
mammalian cell assay was conducted to determine their cytotox-
icity. COS-7 cells were selected for the assay as they are an easily
cultured immortal cell line [67]. As complexes 2G’ — 4G’ were
limited in their DMSO solubility only complexes 1G — 4G and 1G’
were able to undergo testing. These complexes exhibited no
reasonable toxicity towards the COS-7 control cells with ICs5q values
exceeding >100 uM. Only complex 1G showed moderate cytotox-
icity with an ICsg of 88.3 uM (Fig. 9).

Initial analysis of biological activity involved a qualitative
assessment against bacterial agar plates. Complexes 1G — 4G and
1G’ were dissolved at approximately 5 mg/mL. Due to the

UV-visible absorbance of 1G at different pH [Ethanol, 10 “M]

Absorbance

270 290 310 330 350

—1G pH 8.6
=1G pH 6.5
~+1G pH 4.5

370 390 410 430 450 470

Wavelength (nm)

Fig. 8. UV—visible graph of complex 1G at changing pH. The signal of the bound quinolinol complex at 397 nm decreases as pH decreases. The signal of the dissociated quinolinol at

332 nm increases as pH decreases.
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Fig. 9. Viability percentage of complexes 1G — 4G and 1G’ against COS-7 cells. Dose
response curves were generated over a range of concentrations (48 nm—100 uM) in the
appropriate culture media from 10 mM DMSO stock solutions. All readings were
compared spectroscopically to non-treated control and the percent growth inhibition
calculated.

insolubility of complexes 2G’ — 4G’ only a qualitative “stab” test of
each solid could be performed. Bacteria were prepared as described
in the Experimental section. The solids were then analysed using a
protocol utilised by Werrett et al. where a solid plug is gently
pierced into the agar using sterile pipette tips at approximately
1 mg [68]. All solid complexes exhibited no activity against the five
bacterial strains assayed. The soluble complexes fared no better
with only a small zone of inhibition observed for E. coli for complex
2G, and against S. aureus for complexes 2G and 1G’. One possible
reason for this lack of activity could be the poor solubility of the
complexes in aqueous media thereby limiting leeching of the gal-
lium complex into the agar medium and into contact with the
bacteria.

As many of the dimethyl gallium complexes have been tradi-
tionally tested against cancer cell lines [53—55], the soluble com-
plexes 1G — 4G and 1G’ were then assessed for their anti-cancer
activity towards the cervical cancer cell line Hela. The results
showed little activity against the HeLa cells (ESI, Fig. S3).

A final set of tests against the eukaryotic microbe L. major was
then performed. Complexes 1G — 4G and 1G’ all exhibited excellent
activity against the promastigote form of the parasite, with ICsq
values ranging from 111 uM—13.4 uM (Fig. 10). As mentioned
previously parasites require iron from exogenous sources and so it
is possible the gallium is being taken up by the parasites within the
culture media [34,35]. 8QH has also shown to exhibit a high degree
of biological activity, which is greatly increased in the presence of
metals within the media, thus is it possible that complexation to
the gallium is enhancing the activity of the quinolinols 14, against
the L. major parasites [40,42].

Studies were undertaken on human primary fibroblasts to
establish the selectivity of the complexes and their potential as
therapeutic agents. Fibroblasts were chosen for the mammalian cell
cytotoxicity assays since the species of Leishmania being investi-
gated here, L. major, causes the cutaneous form of the disease which
is characterised by lesion of the skin [69]. IC5¢ values ranging from
16.2 uM to >100 pM were obtained, with the most effective anti-
promastigote complexes, 1G and 1G’, presenting as the most
potent, with IC59 values of 16.2 pM and 52.2 pM respectively
(Fig. 11). As the ICsg against the parasites is reasonably lower than
that of the mammalian cells both complexes 1G and 1G’ were tested
further. Graphs and selectivity indices for each complex are given in
Figs. 11 and 12 and Table 1.

Viability vs concentration of complexes 1G - 4G and 1G’ L. major pr
1G 4G
-
1 * ICs 245 M ICsp: 12.8 pM
T
A" '
2G 1G
G741 M ICg 111 M
3G
ICsp: 13.4 uM

% Viability

——

1
0 50 100
Concentration (M)

Fig. 10. Viability percentage of complexes 1G — 4G and 1G’ against L. major promas-
tigotes Dose response curves were generated over a range of concentrations (48 nm -
100 uM) in the appropriate culture media from 10 mM DMSO stock solutions. All
readings were compared spectroscopically to non-treated control and the percent
growth inhibition calculated.

With a good range of selectivities observed for complexes 1G —
4G and 1G/, each complex then underwent analysis in the amasti-
gote invasion assay described in the experimental section. Each
complex was found to exhibit excellent activity when compared to
the known drug control Amphotericin B (Fig. 12). Complex 1G’, the
monomethyl complex was found to exhibit the lowest rate of %
infection, and therefore presents the greatest activity, with a value
of 3.5% + 0.65. The analogous dimethyl complex 1G, followed close
behind with a value of 5.3 + 0.63. When going from the cloxyquin
analogue to the chloroxine, it was found that activity decreased,
with an increase of percentage of infection for complex 2G of
11.5 + 0.65, a notable trend was observed for these complexes, with
the increase in halogen size on the 5 and 7 position of the quino-
linol resulting in increased activity and therefore decreased infec-
tion rate. 3G presented with an infection value of 8.5 + 0.50 and 4G
with 5.5 + 0.86. Excluding 1G, which is substituted only on the 5
position, the complex activity follows the trend of 2G < 3G < 4G,
which correlates with Cl < Br < I substitution of the quinolinol. It
seems that increasing the number of bound quinolinol ligands also
contributes to an increase in activity, as complex 1G’, the mono-
methyl bis-cloxyquin complex, exhibited the greatest activity of the
five gallium complexes trialled. These values are comparable and,
in most cases, more effective than our most recent class of Sb(V)
aryl carboxylates, and the current drug control, amphotericin B
(percentage infection 3.5% + 0.80) [11,14].

Each parent quinolinol was also assessed for their anti-
amastigote activity. The simplest 8QH has previously been shown
to exhibit activity towards L. amazonensis, L. infantum and
L. braziliensis amastigotes at concentrations of ~68.0, 34.0 and
17.0 uM (percentage infectivity ranges: 1.2—2.4, 5.2—54.9 and
21.8—72.3% respectively) [42]. For this study, each parent quinolinol
was tested at the lower concentration of 10 uM, corresponding to
the concentration used for the gallium complexes. The parent
halido-quinolinols were found to have a percentage infection range
of 16.0—30.8% against L. major amastigotes (ESI Fig. S4). The activity
of the gallium complexes was found to be greater than that of the
parent quinolinols which indicates that the metal plays an impor-
tant role in the biological activity. A comparison of the percentage
infection of each quinolinol (1—4) and the corresponding gallium
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Viability vs concentration of complexes 1G - 4G and 1G' against human
fibroblasts
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Fig. 11. Viability percentage of complexes 1G — 4G and 1G’ against Human fibroblasts.
Dose response curves were generated over a range of concentrations (48 nm - 100 uM)
in the appropriate culture media from 10 mM DMSO stock solutions. All readings were
compared spectroscopically to non-treated control and the percent growth inhibition
calculated.
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Fig. 12. Infected macrophages after 48 h. Number of infected macrophage was
determined microscopically, in duplicate of fixed specimens. Amphotericin B (AmpB)
was used as a positive control at 10 uM concentration. A DMSO control was also
employed at a 1% concentration. Error bars indicate SEM, one-way ANOVA. Dunnett’s
multiple comparison test was used to determine the statistical significance between all
test compounds and a positive control lacking treatment (+ve control).

complex are given in Table 2 below. A visual representation of
infected cells in the positive control (untreated) versus treatment
by example complex 1G can be seen in Fig. 13. Several other ex-
amples can be found in the ESI (section 7).

Though complexes 2G and 3G did not exhibit the same level of
activity as complexes 1G and 1G’, their increased selectivity and
decreased cytotoxicity towards mammalian cells make them ideal
candidates for future evaluation. Overall, with an ICsg of >100 uM
against human fibroblasts for complex 4G, and a rate of infection
comparable to 1G and 1G’, 4G, the iodoquin complex was found to
be the most effective anti-Leishmanial alkyl gallium quinolinolate
and therefore the most promising lead candidate. Though these
complexes lack the potent activity of former Sb(V) aryl carboxylates

they do exhibit better mammalian selectivity and are the first ex-
amples of heteroleptic gallium complexes to undergo anti-
Leishmanial testing [70].

To probe a possible mechanism of action, a study was conducted
to observe whether the gallium complexes initiated oxidative stress
on the macrophages and intracellular amastigotes using a modified
assay to measure the production of reactive oxygen species [71].
Reactive oxygen species (ROS) were measured spectroscopically by
the addition of a non-fluorescent dye, dihydroethidium (DHE) at
intervals of 6, 12 and 24 h to drug treated wells, containing amas-
tigote infected macrophages. At each time interval, the plate was
washed with PBS and re-inoculated with both the drug and the dye.
Before each reading, a measurement buffer of 5 mM of glucose in
PBS was added to each well. If the cells undergo oxidative stress, the
DHE becomes the oxidised 2-hydroxyethidium upon reactions with
superoxide and enables measurement via fluorescence. The % in-
crease of ROS was calculated by comparing the increase to a control
of the dye added to cells with no prior infection or drug inoculation
(negative control) (Fig. 14 and Table 3). At the 6-h interval an in-
crease in the production of ROS was observed for both complexes
1G and 1@’ indicating that the complexes were able to initiate
oxidative stress on the cells.

Macrophages generate superoxide in response to infection in
what is known as an oxidative burst [72,73], Leishmania amasti-
gotes however are able to bypass this by hiding within the phag-
olysosome of the macrophages and producing enzymes that
convert superoxide to H>0, and O, [74,75]. Addition of the gallium
complexes is shown to initiate an ROS response within the mac-
rophages, which may contribute to effectiveness of the complexes.

At the 12-h interval a slight increase was observed for 1G and
1@, though minimal. After 24 h the production of ROS began to
drop, indicating that it may take less than 24 h for the parasite to be
successfully eliminated from the macrophages. Each was compared
to a drug control of amphotericin B, exhibiting a greater increase of
ROS (Table 3).

Though it has been theorised that gallium inhibits iron redox
pathway, therefore causing cell death, the production of ROS does
not discount this theory. Inhibition of important iron pathway leads
to oxidative stress within a cell, which would lead to the production
of reactive oxygen species. For complete differentiation to occur,
Leishmania promastigotes require iron from extracellular sources.
In iron poor environments such as the macrophage, regulation of
iron transporters are increased. An increase in iron uptake by the
parasite triggers physiological change into the amastigote. The iron
is converted to iron superoxide dismutase, which causes the pro-
duction of H,0; within the parasite [ 76]. Therefore, it is possible the
gallium complexes are inhibiting iron uptake and subsequent
conversion to superoxide dismutase, which then allows the su-
peroxide radicals produced by the macrophages to successfully
eliminate the infection.

Other hypotheses can be related to a recent study by Costa et al.
Their studies into the mechanism of action of ruthenium (II)
complexes against L. amazonensis determined that an increase of
ROS by the complexes led to the depolarisation of mitochondrial
membrane, DNA cleavage and alterations to the parasite
morphology. All these factors were thought to contribute to
increased apoptosis of the parasites [77]. It has been demonstrated
previously that apoptosis of L. donavani promastigotes has been
attributed to respiratory chain inhibitors and therefore an increase
in ROS [78]. Therefore, these ROS induced changes to the parasite
morphology may also be a potential mechanism of action of the
gallium complexes.

Nitric oxide is another small molecule produced by macro-
phages when fighting infection [79]. NO plays an important role in
the control of parasitic infection [80]. Similar to the inhibition of
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Table 1
Selectivity indices for complexes 1G — 4G and 1G’, where SI = ICsg(fibroblasts)/ICsg(parasite).
ICs0 (uM) L. major ICs0 (WM) Fibroblasts Selectivity Index (SI)

[Ga(Me),CoHsNOCI] 1G 245 16.2 6.61
[Ga(Me),CsH4NOCI,] 2G 7.41 742 10.0
[Ga(Me),CsH4NOBr»] 3G 134 170* 12.7
[Ga(Me),CoH4NOI;] 4G 12.8 827* 64.6
[GaMe(CsHsNOCl),] 16 1.11 522 47.0

*values extrapolated by applying a trendline to the curve.

Table 2

Percentage infection value of the parent quinolinols at 10 uM and the gallium complexes 1G — 4G and 1G’ at 10 uM. The control Amphotericin B presented with a percentage
infection of 3.5 + 0.80

Quinolinol 1 [CgHGNOCl] 2 [CgHsNOClz] 3 [C9H5NOBI'2] 4 [C9H5N012] -

% infection 21.5+5.13 30.8 +3.29 23.8 +4.86 16.0 + 2.81 -

Complex 1G [Ga(Me)»CoHsNOCl] 2G [Ga(Me),CoH4NOC,] 3G [Ga(Me),CoH4NOBr,] 4G [Ga(Me),CoH4NOI] 1G’ [GaMe(CoHsNOCI )]
% infection 530 + 0.63 115 + 0.65 8.50 + 0.50 5.50 + 0.86 3.50 + 0.65

Complex 1G

Positive control . "

B Y.

Fig. 13. Visual representation of amastigote infected cells in the untreated positive control (indicated by arrows) and non-infected cells after treatment with complex 1G. Contrast

and colour has been adjusted using adobe photoshop to improve clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Cytosolic ROS measured using DHE (% of negative control) after treatment
with 1G and 1G' at 6, 12 and 24 hours
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Fig 14. % Increase of cytosolic ROS produced by infected macrophages after treatment with 1G and 1G’ at 6 h, 12 h and 24 h, against a negative control of no infection and no drug.

ROS, Leishmania spp. are able to further avoid host immunity by study highlighted this increase of NO as a potential mechanism of
decreasing the production of NO [81,82]. Studies by Nascimento the complexes antileishmanial effect [83]. To determine whether
et al. showcased increased NO levels by the addition of organo- the production of NO played an important role in the mechansim of
metallic Ru(Il) complexes to the intracellular parasite [83]. The action of the gallium complexes, a Griess assay was then performed
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Table 3
% Increase of ROS after treatment with 1G, 1G’ and AmpB with respect to time (hr).
All values calculated by a comparison with the negative control baseline of 100%.

1G 1¢ AmpB
6h 135.4% + 8.1 175.7% + 11.7 1250+ 7.7
12h 156.8% + 4.7 177.1% £ 27.3 1223 +54
24h 119.6% + 1.5 141.6% + 14.8 125.1 £ 2.7

[84]. Macrophages were plated into a 24-well plate and infected as
per the amastigote protocol. Colourless DMEM was added to each
plate along with the example complexes 1G and 1G’ at 10 pM. The
infected cells were incubated for 6 h before the assay was con-
ducted on the supernatant. A control of amphotericin B was also
employed. The absorbance response was compared to a calibration
curve of nitrite concentrations. The results showed no significant
increase of NO. This suggests that the mechansim of the metallo-
drugs is unaffected by the production of NO and relies more so
on the production of ROS and potential inhibition of iron-pathways
(ESI S5 and Table S2).

3. Conclusions

Eight novel alkyl gallium quinolinolato complexes have been
successfully synthesised and fully characterised; four dimethyl
complexes [Ga(CHs);L], and four analogous monomethyl com-
plexes [GaCHs(L);]. Five of the eight complexes were suitable for
in vitro biological testing (1G — 4G, 1G’), with three (2G’ — 4G’)
proving poorly soluble in water and DMSO. The solid-state struc-
ture of each of the eight complexes was determined through single
crystal X-ray diffraction with the monomethyl complexes adopting
a trigonal bipyramidal geometry and three of the dimethyl com-
plexes a distorted tetrahedral geometry. Complex 1G differed from
the other three dimethyl complexes in presenting as a dimer in the
solid-state with trigonal bipyramidal geometry. UV—visible and
fluorescence analysis concluded that the complexes exhibited weak
fluorescence in both the solution and solid state. Further fluores-
cence quenching by DMSO disqualified their future use as potential
biological trackers.

Solution and solid-state studies conducted over a period of days
to months revealed highly stable complexes resistant to both hy-
drolysis and atmospheric decomposition. Complexes 1G — 4G and
1G’ were relatively soluble in a range of organic solvents, whereas
the monomethyl complexes 2G — 4G exhibited a low degree of
solubility in organic solvents, including DMSO. Therefore, only five
of the eight novel complexes were able to undergo a full qualitative
and quantitative assessment of biological activity, with complexes
2G’ — 4G’ only able to be tested qualitatively as a solid “stab” test.
None of the complexes exhibited any significant activity against five
different bacterial strains, with only minimal activity against E. coli
observed for complex 2G and S. aureus for complexes 2G and 1G’.
The five soluble complexes were found to be largely non-toxic to-
wards mammalian COS-7 cells, with 1G registering the lowest ICsg
value of 88.3 uM. The complexes also exhibited little to no activity
against the cervical cancer cell line HeLa.

Importantly though the complexes exhibited excellent activity
against the motile promastigote form of L. major with ICsg values
ranging from 1.11 uM—13.4 uM. Complexes 2G — 4G exhibited no
toxicity towards the mammalian fibroblast control (IC59 74.2 uM
- > 100 puM), with complexes 1G and 1G’ exhibiting limited toxicity
with ICsg values of 16.2 uM and 52.2 uM respectively. All complexes
exhibited excellent activity towards the clinically relevant, intra-
cellular amastigote form of the parasite at the reasonably low
concentration of 10 uM, with infection rates ranging from
3.5 +0.65—11.5 + 0.65. The complexes were shown to exhibit better

activity than the parent quinolinols. When considering substitution
on both the 5 and 7 position of the quinolinol, a minor trend was
observed, with an increase of activity corresponding to an increase
in halogen size (2G < 3G < 4G: Cl < Br < I). Studies into the pro-
duction of ROS and NO allowed for further elucidation into the
potential mechanism of action. Further in-depth studies may pro-
vide even greater insight into the mechanistic pathway of these
organometallic complexes and the ability to potentially fine-tune
their anti-parasitic activity. Overall, the monomethyl complex 1G’
proved to be the most effective based on percentage infection value.
However, 4G exhibits the highest degree of selectivity based on the
calculated selectivity index (SI), These two complexes are the most
promising candidates for future invasive assays and for the devel-
opment of possible drug candidates.

4. Experimental
4.1. Synthesis and characterisation

4.1.1. General

Trimethyl gallium was purchased from Merck and stored in a
recirculated nitrogen glove box as a neat liquid canister with no
further need for purification. All halido-quinolinols were purchased
from sigma Aldrich as powders of 95-99% purity. 5-
Chloroquinolinol was recrystallised from a hot toluene solution to
increase purity. All reaction requiring inert conditions were per-
formed under an atmosphere of nitrogen, using over dried glass-
ware and utilising a Schlenk manifold and technique. All dried
solvents were obtained from an MBruan-SPS-800 and stored under
nitrogen over 4A molecular sieves, in flasks equipped with Youngs
taps. '"H NMR and 3C NMR were recorded on a Bruker Avance
DRX600 spectrophotometer (600 MHz), chemical shifts were ref-
erences to the appropriate protiated solvent, DMSO-dg. Melting
point analysis was conducted in open end capillary tubes, on a
digital Stuart Scientific melting point apparatus SMP10. Infrared
Spectra were recorded on an Agilent Technologies Cary 630 FTIR
spectrometer, using a range of 4000—500 cm™ . Mass spectrometry
(ESI) was obtained utilising a Micromass Platform QMS spectrom-
eter, with an electrospray source and a cone voltage of 35 eV.
Elemental analysis was obtained from the School of Human Sci-
ences, Science Centre at London Metropolitan University, United
Kingdom.

4.1.2. General procedure: GP1: synthesis of dimethyl complexes

1 mmol of the desired quinolinol was placed into a Schlenk flask
under vacuum for approximately 3—4 h to remove any excess
moisture. The quinolinol was then suspended in hexane and placed
into an isopropanol/N; bath at —78 °C. 1 mmol of neat trimethyl
gallium was added by pre-purged syringe to the flask, yielding an
immediate colour change. The reaction was allowed to warm to
room temperature before the solid produced was filtered. The
coloured filtrate was left to stand, yielding crystalline solid over
time.

4.1.2.1. Dimethyl  gallium  mono-5-chloro-quinolinolate, 1G.
5-chloroquinolinol (0.179 g, 1 mmol) was reacted with trimethyl
gallium (0.1 mL, 1 mmol) according to GP1. Yellow solid, (0.250 g,
89%), m.p: 215—216 °C. '"H NMR (600 MHz, DMSO-dg) = 8.90 (dd,
J=4.6,14 Hz, 1H, ar-H), 8.62 (dd, ] = 8.5, 1.3 Hz, H, ar-H), 7.83 (dd,
J = 8.5, 4.5 Hz, 1H, ar-H), 7.60 (d, ] = 8.4 Hz, 1H, ar-H), 6.87 (d,
J = 8.4 Hz, 1H, ar-H), —0.32 (s, 6H). 3C NMR (600 MHz, DMSO-ds)
d = 162.9 (C-ar) 148.1 (C-ar), 141.9 (C-ar), 138.3 (C-ar), 132.9 (C-ar),
129.3 (C-ar), 126.4 (C-ar) 115.3 (C-ar), 115.1 (C-ar)fz —0.514 (CH3).
FT-IR [cm ~']: 3053 (w), 2954 (w), 1599 (m), 1576 (w), 1493 (m),
1363 (m), 1310(sh), 1254 (m), 1152 (m), 1081 (sh), 780 (sh), 734 (sh)
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669 (sh); MS (ESI)* m/z = 180.0 [LH3], 99.0 [Ga(CH3)3] 68.9 [Ga].
ESI: 100.9 [Ga(CH3),H3 |. Elemental analysis, expected: %C 47.46 %H
3.98 %N 5.03 found: %C 47.26 %H 3.89 %N 4.95. CCDC 1898525.

4.1.2.2. Dimethyl gallium mono-5,7-dichloro-quinolinolate, 2G.
5,7-dichloroquinolinol (0.214 g, 1 mmol) was reacted with tri-
methyl gallium (0.1 mL, 1 mmol) according to GP1. Yellow solid,
(0.280 g, 90%), m.p: 127—129 °C. 'TH NMR (600 MHz, DMSO-ds)
0 =28.85(dd,J=4.5,14 Hz, 1H, ar-H), 8.57 (dd, ] = 8.5, 1.4 Hz, 1H, ar-
H), 7.79 (m, 1H ar-H), 7.78 (s, 1H, ar-H), —0.35 (s, 6H, CH3). 3C NMR
(600 MHz, DMSO-dg) & = 157.8 (C-ar) 148.0 (C-ar), 141.1 (C-ar), 137.1
(C-ar), 131.5 (C-ar), 127.3 (C-ar), 125.5 (C-ar), 117.5 (C-ar), 114.6 (C-
ar), —0.514 (CH3). FT-IR [cm ~1]: 2961 (w), 1567 (m), 1491 (w), 1456
(m), 1399 (m), 1368(sh), 1259 (w), 1196 (w), 1057 (w), 811 (sh), 782
(sh), 651 (sh); MS (ESI)" m/z = 214.0 [LHJ], 99.0 [Ga(CH3)3], 68.9
[Ga]. ESI: 100.9 [Ga(CH3);H3]. Elemental analysis, expected: %C
4223 %H 3.22 %N 4.48 found: %C 42.35 %H 3.14 %N 4.48. CCDC
1898522.

4.1.2.3. Dimethyl gallium mono-5,7-dibromo-quinolinolate, 3G.
5,7-dibromoquinolinol (0.303 g, 1 mmol) was reacted with tri-
methyl gallium (0.1 mL, 1 mmol) according to GP1. Yellow solid,
(0391 g, 97%), m.p: 136—138 °C. 'H NMR (600 MHz, DMSO-dg)
0 =28.85(dd,J=4.5,14Hz,1H, ar-H), 8.53 (dd, ] = 8.5, 1.4 Hz, 1H, ar-
H),8.03 (s, 1H, ar-H), 7.84 (dd, ] = 8.5, 4.5 Hz, 1H, ar-H), —0.32 (s, 6H,
CH3). 13C NMR (600 MHz, DMSO-dg) 3 = 159.6 (C-ar) 147.9 (C-ar),
141.0 (C-ar), 139.5 (C-ar), 136.7 (C-ar), 129.0 (C-ar), 125.9 (C-ar),
107.5 (C-ar), 103.8 (C-ar), —0.512 (CHs). FT-IR [cm ~!]: 2957 (w),
1547 (m), 1478 (w), 1451 (m), 1363 (sh), 1233 (w), 1221 (w), 1191
(w), 850 (m), 750 (sh), 707 (m); MS (ESI)* m/z = 303.9 [LH3], 99.0
[Ga(CHs3)31, 68.9 [Gal]. ESI: 101.0 [Ga(CH3);H3 |. Elemental analysis,
expected: %C 32.89 %H 2.51 %N 3.79 found: %C 32.70 %H 2.47 %N
3.38. CCDC 1898528.

4.1.2.4. Dimethyl gallium mono-5,7-diiodo-quinolinolate, 4G.
5,7-dichloroquinolinol (0.397 g, 1 mmol) was reacted with tri-
methyl gallium (0.1 mL, 1 mmol) according to GP1. Yellow solid,
(0.425 g, 91%), m.p: 165—167 °C. 'H NMR (600 MHz, DMSO-dg)
08.75(dd,J = 4.5,1.3 Hz, 1H, ar-H), 8.36 (dd, ] = 8.5, 1.4 Hz, 1H, ar-
H),8.28 (s,1H, ar-H), 7.79 (dd, ] = 8.5, 4.5 Hz, 1H, ar-H), —0.35 (s, 6H,
CH3). *C NMR (600 MHz, DMSO-dg) & = 163.5(C-ar) 147.9 (C-ar),
147.8 (C-ar), 144.1 (C-ar), 139.8 (C-ar), 132.2 (C-ar), 126.4 (C-ar), 84.3
(C-ar), 78.9 (C-ar), —0.490 (CH3). FT-IR [cm ~']: 2960 (w), 1560 (m),
1485 (m), 1451 (sh), 1367 (sh), 1261 (w), 1191 (w), 1112 (m), 1055
(w), 809 (m), 781 (m), 686 (sh); MS (ESI)* m/z = 397.8 [LH3], 99.0
[Ga(CH3)31, 68.9 [Gal. ESI: 100.9 [Ga(CH3),H3]. Elemental analysis,
expected: %C 26.65 %H 2.03 %N 2.83 found: %C 26.79 %H 1.92 %N
2.93. CCDC 1898524.

4.1.3. GP2: synthesis of monomethyl complexes

2 mmol of the desired quinolinol was placed into a Schlenk flask
under vacuum for approximately 3—4 h to remove any excess
moisture. The quinolinol was then either dissolved or suspended in
toluene and placed into an isopropanol/N; bath at —78 °C. 1 mmol
of neat trimethyl gallium was added by pre-purged syringe to the
flask, yielding an immediate colour change. The reaction was
allowed to warm to room temperature before refluxing at 110 °C
the solid produced was filtered. The coloured filtrate was left to
stand, yielding crystalline solid over time.

4.1.3.1. Methyl gallium bis-5-chloro-quinolinolate, 1G.
5-chloroquinolinol (0.358 g, 2 mmol) was reacted with trimethyl
gallium (0.1 mL, 1 mmol) according to GP2. Yellow solid, (0.315 g,
72%), m.p: 225—227 °C decomp. 'H NMR (600 MHz, DMSO-dg)
8=9.09(dd,J =4.6,1.4 Hz, 2H, ar-H), 8.75 (dd, ] = 8.6, 1.3 Hz, 2H, ar-

H), 7.99 (dd, ] = 8.6, 4.6 Hz, 2H, ar-H), 7.64 (d, ] = 8.4 Hz, 2H, ar-H),
6.90 (d, ] = 8.4 Hz, 2H, ar-H), —0.03 (s, 3H, CH3). 8 = 157.8 (C-ar)
146.2 (C-ar), 138.5 (C-ar), 136.4 (C-ar), 130.8 (C-ar), 126.5 (C-ar),
124.4 (C-ar), 114.3 (C-ar),112.5 (C-ar), —4.82 (CH3). FT-IR [cm ~']:
3054 (w), 1601 (m), 11575 (m), 1494 (sh), 1458 (sh), 1320 (sh), 1256
(w), 1085 (sh), 829 (m), 780 (sh), 744 (sh). Elemental analysis, ex-
pected: %C 51.64 %H 2.97 %N 6.34 found: %C 51.84 %H 2.73 %N 6.49.
CCDC 1898523.

4.1.3.2. Methyl  gallium  bis-5,7-dichloro-quinolinolate,  2G".
5,7-dichloroquinolinol (0.428 g, 2 mmol) was reacted with tri-
methyl gallium (0.1 mL, 1 mmol) according to GP2. Yellow solid,
(0422 g, 81%), m.p: > 300 °C decomp. 'H NMR (600 MHz,
DMSO-dg), residual toluene and acetone are not labelled. 6 = 9.17
(dd,J =4.7,1.3 Hz, 2H, ar-H), 8.81 (dd, ] = 8.5, 1.3 Hz, 2H, ar-H), 8.06
(dd, J = 8.5, 4.6 Hz, 2H, ar-H), 7.87 (s, 1H ar-H), —0.00 (s, 3H, CH3).
FT-IR [cm ~!]: 3073 (w), 1566 (m), 1488 (sh), 1450 (sh), 1370 (sh),
1235 (w), 1235 (w), 1114 (m), 1053 (w), 892 (m), 752 (sh), 660 (sh).
Elemental analysis, expected: %C 33.14 %H 1.61 %N 4.07 found: %C
33.28 %H 1.53 %N 4.14. CCDC 1898526.

4.13.3. Methyl  gallium  bis-5,7-dibromo-quinolinolate, = 3G".
5,7-bromoquinolinol (0.606 g, 2 mmol) was reacted with trimethyl
gallium (0.1 mL, 1 mmol) according to GP2. Yellow solid, (0.616 g,
80%), m.p: 165—167 °C. 'TH NMR (600 MHz, DMSO-dg) 5 9.14 (d,
J=4.7Hz, 2H, ar-H), 8.75 (d, ] = 8.6 Hz, 2H, ar-H), 8.20—7.97 (m, 4H,
ar-H), 0.00 (s, 3H, CH3). FT-IR [cm ~']: 2958 (w), 1560 (m), 1483 (m),
1449 (sh), 1367 (sh), 1221 (w), 1203 (w), 1110 (m), 1051 (w), 869 (m),
748 (sh), 690 (sh). Elemental analysis, expected: %C 33.14 %H 1.61 %
N 4.07 found: %C 33.28 %H 1.53 %N 4.14. CCDC 1898529.

4.1.3.4. Methyl gallium bis-5,7-diiodo-quinolinolate, 4G’
5,7-diiodoquinolinol (0.784 g, 2 mmol) was reacted with trimethyl
gallium (0.1 mL, 1 mmol) according to GP2. Yellow solid, (0.666 g,
81%), m.p: > 300 °C decomp. 'H NMR (600 MHz, DMSO-dg) 5 9.10
(dd,J =4.6,1.3 Hz, 2H, ar-H), 8.62 (dd, ] = 8.5, 1.3 Hz, 2H, ar-H), 8.41
(s, 2H, ar-H), 8.10 (dd, ] = 8.5, 4.7 Hz, 2H, ar-H), 0.00 (s, 3H, CH3). FT-
IR [cm ~']: 2954 (w), 1545 (m), 1474 (sh), 1446 (sh), 1361 (sh), 1246
(w), 1218 (w), 1113 (m), 1050 (w), 851 (m), 747 (sh), 720 (m).
Elemental analysis, expected: %C 26.03 %H 1.26 %N 3.20 found: %C
26.19 %H 1.41 %N 3.30. CCDC 1898527.

4.1.4. UV—visible and fluorescence spectrophotometry

Samples 1G — 4G and 1G’ — 4G’ were dissolved into toluene at 10
~4M. A UV—visible wavelength scan from 300 nm—700 nm was
obtained on an Agilent Cary-60 UV—Visible spectrophotometer to
determine the Anax and therefore fluorescence excitation wave-
length in toluene. Fluorescence emission spectrum in both the
solution state and solid state were obtained using an Agilent Cary
Eclipse Fluorimeter. All graphs were produced using Microsoft
excel.

4.1.5. X-ray crystallography

Crystallographic data on complexes 3G, 1G’ and 3G’ were
collected on a Bruker X8 APEXII CCD diffractometer, equipped with
an OXFORD Crysosystem 700 cryostream and cooled to 123(2) K.
Data collection occurred using monochromatic (graphite) MoK,
radiation (A = 0.71070 A) and was processed using the Bruker
Apex2 v2014.7—1 software [85], polarisation, Lorentz and absorp-
tion corrections (multi-scan-SADBABS) were applied [86]. Crystal-
lographic data for compound 1G, 2G and 2G’ was collected on an
OXFORD Gemini Ultra equipped with an OXFORD Cryosystems 700
Cryostream and cooled to 173(2) K. Data was collected with
monochromatic (graphite) CuK/e. radiation (A = 0.71073 A) and
processed using the CrysAlisPro v 1.171.34.36 software [87,88].

Please cite this article as: R.N. Duffin et al., Alkyl gallium(IIl) quinolinolates: A new class of highly selective anti-leishmanial agents, European
Journal of Medicinal Chemistry, https://doi.org/10.1016/j.ejmech.2019.111895




R.N. Duffin et al. / European Journal of Medicinal Chemistry xxx (XxXx) xxx 1

Compounds 4G and 4G’ were collected at the MX1 beamline at the
Australian Synchrotron, Melbourne, Victoria, Australia, operating at
174 KeV, with A = 0.7073 A, using an open flow N; cryostream
cooled to 100(2) K. The data collection and reduction was obtained
using Bluelce [89] and XDS [90]. Each compound was solved and
refined using SHELX-97 on X-seed or Olex2 [91,92]. Unless other-
wise indicated, all non-hydrogen atoms were refined with aniso-
tropic thermal parameters. Hydrogen atoms were placed in
calculated positions using a riding model with C—H = 0.95—-0.98 A
and Ujgo(H) = xU—is0-(C), x = 1.2 or 1.5 unless otherwise indicated. A
summary of the X-ray data can be found in the ESI.

4.2. Biological assays

4.2.1. Bacteria preparation and assay

Vancomycin resistant E. faecalis (VRE, M846910) and Methicillin
resistance S. aureus (MRSA, M118979) were cultured in Brain-heart
infusion broth media (Oxiod), S. epidermidis (A130/ATCC14990) and
S. aureus (A134/ATCC6538) were grown in nutrient agar and Luria-
Bertani (LB) broth. E. coli (G102) was grown in LB broth and LB agar.
Bacteria were streaked onto agar overnight from glycerol stocks
and incubated at 37 °C before inoculation of a single colony into
broth. 100 pL of suspended cell culture was then spread onto fresh
agar plates and allowed to grown overnight. For soluble complexes,
solutions were made up to 5 mg/mL in DMSO and the solution
soaked into small circles of filter paper before placing onto the agar
plates. For the insoluble compounds, using a 10 pL pipette tip, a
small amount ~1 mg, was pierced into the agar. The plates were
incubated overnight and the zones of inhibition measured. Each
was performed in triplicate.

4.2.2. Cell culture

Leishmania major virulent clone V121 was derived from the LRC-
L137 L. major isolate and maintained at 26 °C in supplemented
M199 media (10% (v/v) heat inactivated FBS, 1% Pen-Strep), pur-
chased from Gibco ™. Human primary fibroblasts, Cervical cancer
Hela, J774 macrophages and COS-7 cells were cultured and main-
tained in Dulbecco’s Modified Eagles Medium (DMEM) supple-
mented with 10% FBS and 1% Pen-Strep and 1% Glutamax
(purchased from Gibco ™) at 37 °C in a 5% CO; incubator [93].

4.2.3. Measurement of reactive oxygen species

Measurement of ROS was achieved by a modified assay from
Wojtala et al. [71]. J774 macrophages were plated into 24-well
plates at 30,000 cells per well. Cells were given 24 h to adhere
before infection with L. major promastigotes a ratio of 1:5 in plain
DMEM. The L. major promastigotes were incubated for 6 h to infect
and differentiate into amastigotes before excess promastigotes
were washed away with PBS. The cells were incubated for a further
24 h to allow complete infection. At each interval, 10 uM of the
complexes were added in plain DMEM along with 1 pM of dihy-
droethidium, in triplicate. A drug control of amphotericin B and a
negative control of non-infected cells without drug treatment was
included. At intervals of 6, 12 and 24 h, the cells were washed with
PBS and a fluorescence reading taken in the measurement buffer of
5 mM of glucose in PBS at excitation of 535 nm and emission of
635 nm. Treated wells were compared to the negative control and
the % increase calculated.

4.2.4. In vitro testing of L. major, HeLa, COS-7 and human
fibroblasts

Celltiter Blue Cell Viability Assay was purchased from Promega
™, and used for the determination of percentage viability of the
parasite and human fibroblasts. Compounds 1G — 4G and 1G’ were
dissolved in DMSO to make up a 10 mM working stock and

sequentially diluted out in the appropriate culture media
(100 uM—48 nM). Assays were set up in duplicate in 96-well Falcon
plates. Volumes of 10° promastigotes/mL, 10° COS-7/mL, 10° HeLa/
mL and 10 fibroblasts/mL were used. All cell assays were measured
spectroscopically using fluorescence excitation at 544 nm and
emission at 590 nm. Fibroblasts and L. major were measured after
48hrs, COS-7 and HeLa were measured after 24hrs. The compounds
were compared to a no drug negative control and the percent in-
hibition calculated [94]. Fluorescence measurements were con-
ducted on a BMG-Labtech FluoStar Omega microplate reader
[11,14].

4.2.5. Macrophage invasion assays

The assays were performed as previously described [70, 95].
Briefly, J774 macrophages were plated onto coverslips in a 24 well
plate and allowed to adhere for 48hrs. The cells were exposed to
L. major promastigotes at a 1:10 ratio and incubated for a further
24hrs to allow for amastigote formation in vitro. The slides were
then washed to remove any excess extracellular promastigotes and
exposed to compounds for 48hrs before washing, fixation and
cellular staining with a commercial Hema Color kit purchased from
Merck. Following Giemsa staining, 200 cells per duplicate slide
were then counted microscopically and the percentage of infected
cells calculated.

4.2.6. Griess assay

J774 macrophages were seeded at 10,000 cells per well in a 24-
well plate. The cells were given 24 h to adhere to the plate before
infection with 5x the amount of L. major promastigotes. The para-
sites were given 6 h to enter the cells before washing of any excess
parasites with PBS. Parasites were given 24 h to differentiate into
amastigote. The plate was washed again with PBS to remove any
free-floating parasites. Compounds 1G and 1G along with
amphotericin B were added in triplicate at a concentration of 10 uM
in colourless DMEM. The plate was incubated for a further 6 h. The
DMEM was removed and the solution centrifuged to remove par-
ticulates. The supernatant was then plated into a 96-well plate and
analysed as per the Griess assay protocol [84]. The absorbance was
read at 530 nm and the values compared to a standard curve of
nitrite to determine the increase percentage of nitric oxide.
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ABSTRACT

A series of ten cyclometallates and two p2-peroxo bridged tris-aryl Sb(V) complexes derived from R/S-mandelic
acid (= R/S-ManH,) were synthesised and characterised. As confirmed by X-ray crystallography the complexes
1Sr/s, [Sb(o-tol)s(man)], 2Sr/s, [Sb(m-tol)s(man)], 4Sr/s, [Sb(o-PhOMe)s(man)], 5Sr/s, [Sb(Mes)z(man)] and
6Sr/s, [Sb(p-tert-BuPh);(man)] are all cyclometallates. Complexes 3Sr/s, [(Sb(p-tol);(manH),0,], contain a
bridging 0, anion in the solid-state but convert to the cyclometallates in DMSO solution with concomitant
release of H>O, and formation of complexes [Sb(p-tol);(man)], 3Sr’/s'. All complexes underwent initial testing
against both human fibroblasts and L. major V121 promastigotes. ICso values were found to range from 2.07
(6Sr) to > 100 (4Sr) uM and 0.21 (5Ss) to > 100 (4Ss) uM for fibroblasts and parasites respectively. Two of the
complexes were found to be ineffective, displaying no toxicity (4S/r). Despite the degree of mammalian toxicity,
the selectivity of most complexes exceeded an SI of three and so were assessed for their anti-amastigote activity.
Excellent anti-amastigote activity was observed for complexes at both 10 yM and 5 puM, with percentage in-

fection value ranging from 0.15-3.00% for those tested at 10 pM and 0.25-2.50% for those at 5 pM.

1. Introduction

The fight against neglected tropical diseases (NTD) is an ongoing
effort. Leishmania is among these NTDs, with millions of individuals
affected globally each year. The World Health Organisation (WHO)
estimates there were approximately 1.5 million new cases of
Leishmaniasis in 2018, with those numbers set to rise if the disease
burden remains untreated [1]. The fatal visceral form of the infection
(VL) is on the rise, with an estimated 0.2-0.4 million new cases each
year [2]. Of those up to 40,000 people die from the disease due to lack
of adequate treatment [3,4]. Though highly effective, the current front-
line treatments, sodium stibogluconate (Pentostam™) and antimony
meglumine (Glucantime™), have well known problems associated with
delivery and toxicity, and more recently a significant increase in re-
sistance, now affecting most of the Indian sub-continent [5-7]. These
pentavalent antimonials are highly hydrophilic, leading to a high renal
clearance, and therefore oral administration is ineffective and treat-
ment requires daily intravenous injections for approximately 28 days
[8-10]. Even the alternative treatments, amphotericin B and miltefo-
sine harbour their owns problems with toxicity, expense and parasitic
resistance (Fig. 1) [11-13]. Despite all this, drug development from
major pharma companies remains limited, primarily due to the
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prevalence of Leishmania in lower socio-economic countries. [1,14].

The mechanism of action of the current pentavalent antimonial
treatments is still not fully understood. However, current consensus
seems to coalesce around observations that it is the in vivo reduction of
Sb(V) to Sb(IIl) which is the key important step, making the Sb(V)
compounds pro-drugs and the protein-bound Sb(III) form the active
agent [9]. Reduction occurs through interactions with trypanothione, a
thiol-rich protein based on glutathione and exclusive to the parasite,
which then inhibits its primary function as an oxidative stress mediator
[15,16]. An alternative and less developed hypothesis is that Sb(V) acts
directly on the parasite by inhibition of phosphatases, leading to a
cascade effect and eventual cell death [17].

Over the past 30 years a number of alternative metals (e.g. Cu, Zn,
Ru, Sn, Pd, Au, Ag) and their complexes have been studied as possible
replacements for Pentostam™ and Glucantime™, with little progress
[18]. Our recent research has focused on families of organometallic Bi
(V) and Sb(V) carboxylates as more lipophilic complexes with the
possibility of having lower toxicity [19-23]. Unfortunately, bismuth
complexes of the type [BiAr;(O,CR),] have proven to be unstable and
non-selectively toxic to both parasite and mammalian cells [19,20].
Analogous Sb(V) complexes have proven to be more robust and more
selective, and remain the most likely leads [19,20].
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Fig. 2. Structure of the cyclometallate complex [SbPh3(R/S-man)] [19].

One complex which combined excellent activity towards amasti-
gotes (% infected cells. 21 =+ 0.72) and low toxicity towards human
fibroblasts (=100 puM) was the tris-phenyl antimony(v) mandelate
[SbPhz(man)], in which mandelic acid (Man-H,), an alpha-hydroxy
acid, had undergone double deprotonation and formed a cyclometallate
(Fig. 2).

This was the case whether the R or S enantiomer of mandelic acid
was used, though there was some slight variation in the bioactivity
[19,24,25]. Mandelic acid itself has been used medicinally as a biolo-
gical detector for toxic vapour exposure and as a bladder irrigation fluid
for urinary tract infections [26-31]. Mandelic acids anti-bacterial po-
tential has also been assessed, with promising results in dermatological
treatments [32,33].

Our previous studies on a large range of tris-aryl antimony(V) bis-
carboxylate complexes, [SbAr3(O,CR)-] (Ar = Ph or tolyl), have shown
that the simple change from Ph to tolyl and then in the substitution
pattern of the tolyl group (o-, m- or p-) can have a significant effect on
both the activity and selectivity of the Sb(V) complexes [21,23]. Spe-
cifically, the most active and selective compounds were either p-tolyl or
m-tolyl substituted, with the m-tolyl compounds being overall margin-
ally better. The o-tolyl and Ph substituted compounds proved to be
generally less selective. In a subsequent study on Bi(V) analogues it was
noted that the tolyl derivatives were again more selective than their Ph
counterparts [20]. From these studies, it was concluded that the tolyl
groups not only improve selectivity but were largely responsible for
mediating the mammalian cell toxicity, while the carboxylate groups

affected activity towards the parasite.

With this information on hand, and being aware of the good activity
and selectivity of the [SbPhz(man)] complexes, we sought to improve
the overall selectivity through a reduction in mammalian cell toxicity
by replacing the three Ph groups with tolyl (o-, m- and p-), and three
other substituted aryl groups (o-MeO-, mesityl, and p-tert-Bu), shown in
Fig. 3.

In all six different aryl groups were assessed along with the different
enantiomers of mandelic acid, to determine any structure — activity
relationships dependant on the aryl group or the chirality of the car-
boxylate. We aimed to investigate whether these cyclometallate car-
boxylates may prove more effective than the conventional bis-sub-
stituted carboxylate complexes [SbArs(manH),]. As such, twelve novel
complexes of general formulae [SbArs(man)] and [(SbArz(manH),0-],
were synthesised and characterised and their anti-leishmanial activity
and cytotoxicity assessed.

2. Experimental
2.1. General

Mandelic acid (R or S) was purchased from Sigma Aldrich without
the need for purification. All bromo-aryls were purchased from either
Sigma Aldrich or Oakwood. Any remaining reagents were purchased
from Sigma Aldrich and Alfa Aesar. Solvents were purchased from
Merck. All reaction requiring inert conditions were performed under an
atmosphere of nitrogen, using over dried glassware and utilising a
Schlenk manifold and technique. All dried solvents were obtained from
an MBraun-SPS-800 and stored under nitrogen over 4A molecular
sieves, in flasks equipped with Youngs taps. 'H NMR and **C NMR were
recorded on a Bruker Avance DRX600 spectrophotometer (600 MHz),
chemical shifts were references to the appropriate protiated solvent, de-
DMSO. Melting point analysis was conducted in open end capillary
tubes, on a digital Stuart Scientific melting point apparatus SMP10.
Infrared Spectra were recorded on an Agilent Technologies Cary 630
FTIR spectrometer, using a range of 4000-500 cm™'. Elemental
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Fig. 3. SbAr; precursors used in this study: [Sb(o-tol);], 1S [Sb(m-tol)3], 2S [Sb(p-tol)s], 3S [Sb(o-PhOMe);], 4S [Sb(Mes)s], 58 [Sb(p-tert-BuPh);], 6S.

analysis was obtained from either the School of Human Sciences,
Science Centre at London Metropolitan University, United Kingdom, or the
School of Chemistry, Monash University.

2.2. X-ray crystallography

Crystallographic data on all appropriate complexes were collected
on an OXFORD XtaLAB Synergy, Dualflex, HyPix diffractometer
equipped with an OXFORD Cryosystems 700 Cryostream and cooled to
173(2) K. Data was collected with monochromatic (graphite) CuK/a
radiation (A = 0.71073 A) or MoK, radiation (A = 0.71070 A) and
processed using the CrysAlisPro v 1.171.40.49a software [34]. Each
compound was solved and refined using SHELX-97 utilising the gra-
phical interface X-Seed or Olex2 [35,36]. Refinement was achieved by
using the full matrix least-squares technique on F?, which minimises the
function given by (F,-F.)?, where F, and F. are the observed and cal-
culated structure amplitudes respectively, given that the weight is de-
fined as 4F,2/2F,2. Unless otherwise indicated, all non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen atoms
were placed in calculated positions using a riding model with C-
H = 0.95-0.98 A and Uiso(H) = xXUjo(C), x = 1.2 or 1.5 unless
otherwise indicated. Dr. Craig M. Forsyth and Dr. Victoria L. Blair
provided advice and assistance during the refinement process of struc-
tures.

2.3. Cell culture

Leishmania major virulent clone V121 was derived from the LRC-
L137 L. major isolate and maintained at 26 °C in supplemented M199
media (10% (v/v) heat inactivated FBS, 1% Pen-Strep), purchased from
Gibco ™. Human primary fibroblasts and J774 macrophages were cul-
tured and maintained in Dulbecco's Modified Eagles Medium (DMEM)
supplemented with 10% FBS and 1% Pen-Strep and 1% Glutamax
(purchased from Gibco ™) at 37 °C in a 5% CO- incubator [22].

2.4. In vitro testing of L. major and human fibroblasts

Celltiter Blue Cell Viability Assay was purchased from Promega ™,
and used for the determination of percentage viability of the parasite
and human fibroblasts. All compounds were dissolved in DMSO to make
up a 10 mM working stock and sequentially diluted out in the appro-
priate culture media (100 pM to 48 nM). Assays were set up in duplicate
in 96-well Falcon plates. Volumes of 10° promastigotes/mL and 10°
fibroblasts/mL were used. All cell assays were measured spectro-
scopically using fluorescence excitation at 544 nm and emission at
590 nm. Fibroblasts and L. major were measured after 48 h, Cos-7 and
HeLa were measured after 24 h. The compounds were compared to a no
drug negative control and the percent inhibition calculated [37].
Fluorescence measurements were conducted on a BMG-Labtech
FluoStar Omega microplate reader [19,20].

Macrophage invasion assays were performed as previously de-
scribed [23,38]. Briefly, J774 macrophages were plated onto coverslips
in a 24 well plate and allowed to adhere for 48 h. The cells were ex-
posed to L. major promastigotes at a 1:10 ratio and incubated for a
further 24 h to allow for amastigote formation in vitro. The slides were
then washed to remove any excess extracellular promastigotes and
exposed to compounds for 48 h before washing, fixation and cellular
staining with a commercial Hema Color kit purchased from Merck.
Following Giemsa staining, 200 cells per duplicate slide were then
counted microscopically and the percentage of infected cells calculated.

2.5. Precursors synthesis

The reaction was conducted wusing anhydrous conditions.
Magnesium metal (3.2 g, 3.1 equivalents) was added to a three-neck
round bottom flask, equipped with a stirring bead, dropping funnel,
condenser and Schlenk tap. The apparatus was evacuated and backfilled
with nitrogen in triplicate before the addition of ~ 70 mL of dry THF.
Either 19 mL, 19 mL, 24.2 g, 22.2 mL and 23 mL of 2-bromotoluene, 3-
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bromotoluene, 4-bromotoluene, bromomesitylene and 4-bromotertbu-
typhenyl respectively, were added to the dropping funnel and ~ 20 mL
of dry THF added to either dissolve or homogenise the brominated aryl.
The solution was added dropwise to the stirring magnesium turnings
until self-reflux occurred. If no reflux occurred, the solution was heated
with a heat gun to initiate the reaction. The solution was stirred for
approximately 4-6 h, forming a dark coloured Grignard. The Grignard
was filtered cannulated over to a prior prepared solution of 10 g of
SbCl; in a three-neck flask. The solution was kept over ice during the
filtration. After 24 h, the dark grey solution was quenched over ice,
yielding an off-white solid of the crude aryl antimony. Each was re-
crystallised in hot ethanol, removing impurities. An average yield of
75% - 85% was obtained for all aryls respectively. A different method
was employed for the o-methoxyphenyl antimony. Approximately
7.2 mL of anhydrous anisole was transferred into a Schlenk flask and
suspended in dry THF. Three equivalents (41 mL) of 1.6 M n-bu-
tyllithium solution in hexane, was added dropwise at 0 °C. The lithiated
solution was then added to a pre-purged dropping funnel in a pre-urged
three-neck RBF, with 5 g of SbCls. The solution was added dropwise to
the SbCl; solution in THF, maintaining a temperature of O °C. The so-
lution was quenched over ice to remove the LiCl produced and pre-
cipitate out the tris-aryl antimony. The crude product was recrystallised
from hot ethanol, yielding a crystalline white solid of 69% yield.

2.5.1. Tris-o-tolyl antimony

m.p: 108-110 °C, 82% 'H NMR (400 MHz, DMSO-dg) 8 7.35-7.24
(m, 2H, CH,,), 7.07 (ddd, J = 8.7, 5.1, 2.5 Hz, 1H, CH,,), 6.91-6.82 (m,
1H, CH,,), 2.40 (s, 3H); '*C NMR (101 MHz, DMSO) § 143.5 (SbC),
135.2 (Cay), 129.8 (Cayp), 126.6 (Cyy), 24.2 (CH3).

2.5.2. Tris-m-tolyl antimony

m.p: 70-72 °C, 76%; '"H NMR (400 MHz, DMSO-d¢) § = 7.29-7.19
(m, 6H, CH,), 7.15 (dd, J = 10.5, 7.6 Hz, 6H, CH,,), 2.24 (s, 9H, CHa);
13C NMR (101 MHz, DMSO-ds) § = 138.3 (SbC), 133.2 (C.,), 129.8
(Car), 21.5 (CH3).

2.5.3. Tris-p-tolyl antimony

m.p: 130-132 °C, 75%; '"H NMR (400 MHz, DMSO-ds) § = 7.26 (d,
J = 7.6 Hz, 6H, CH,,), 7.16 (d, J = 7.6 Hz, 6H, CH,,), 2.28 (s, 9H,
CHs); '*C NMR (101 MHz, DMSO-dg) § = 138.5 (SbC), 136.2 (Cay),
134.9 (C,), 130.1 (C,), 21.4 (CHs).

2.5.4. Tris-mesityl antimony

m.p: 136-138 °C, 85%; 'H NMR (400 MHz, DMSO-dg) § = 6.82 (s,
9H, CH,,), 2.19 (d, J = 4.0 Hz, 18H, CH3), 2.13 (d, J = 18.2 Hz, 9H,
CHs); 1>C NMR (101 MHz, DMSO-dg) § = 144.5 (SbC), 129.3 (C,,), 25.2
(CH3).

2.5.5. Tris-p-tertbutylphenyl antimony

m.p: 278-280 °C, 83%, 'H NMR (400 MHz, Chloroform-d) &
7.44-7.31 (m, 5H, CH,), 1.32 (s, 27H, tert-Bu-CH). '*C NMR
(101 MHz, CDCl5) § 151.38 (SbC), 136.0 (C,,), 134.8 (Cy,,), 128.2 (Cyp),
125.8 (C,p), 34.6 (tert-Bu-C), 31.3 (tert-Bu-C), 31.2 (tert-Bu-C).

2.5.6. Tris-o-methoxyphenyl antimony

m.p.: 180-182 °, 69%; 'H NMR (400 MHz, DMSO-dg) § = 7.35
(ddd, J = 8.2, 7.3, 1.7 Hz, 3H, CH,,), 7.03 (dd, J = 8.3, 1.0 Hz, 3H,
CH,,), 6.82 (td, J = 7.3, 1.0 Hz, 3H, CH,,), 6.68 (dd, J = 7.2, 1.7 Hz,
3H, CH,), 3.72 (s, 9H, OCH3); '°C NMR (101 MHz, DMSO-d)
§ = 162.3 (SbC), 130.5 (C,,), 121.8 (Cyp), 110.2 (C,y), 55.6 (OCH3).

2.6. General procedure
Approximately 0.5 mmol of the desired tris-aryl antimony (0.176 g)

was added to a 100 mL RBF, equipped with stirrer bead and dissolved in
diethyl ether. To this, a slight excess of 1.2 mmol of a 30% hydrogen
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peroxide solution in water was added. After approximately 5 min,
0.5 mmol of the either R or S mandelic acid (0.076 g) was added and
the reaction stirred overnight. The solvent and H>O by-products were
removed under vacuum yielding oily solids. The oily substances were
sonicated in H,O, precipitating out a solid. The solids were collected via
filtration, yielding complexes 1Sr — 6Sr, 1Rs — 6Rs. Complexes were
crystallised from the ether filtrate, or by heating the solid in DMSO.

2.6.1. Tris-o-tolyl antimony R-mandelate, 1Sr

Tris-o-tolyl antimony (0.197 g, 0.5 mmol) was reacted with R-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.226 g, 83%), m.p: 136-139 °C; H NMR (600 MHz, DMSO-dg)
8 = 7.58-7.56 (m, 3H, CH,), 7.52-7.49 (m, 3H, CH,,), 7.42 (t,
J = 7.2 Hz, 6H, CH,,), 7.37 (d, J = 1.2 Hz, 2H, CH,,), 7.34-7.31 (m,
2H, CH), 7.30-7.26 (m, 1H, CH,,), 5.40 (s, 1H, CCH), 2.28 (s, 9H,
CH3); 3C NMR (151 MHz, DMSO-dg) § = 173.1 (COOH), 141.8 (SbC),
139.8 (Cap), 138.1 (Cyr), 133.6 (Cyp), 131.9 (Cyp), 131.7 (Cyr), 128.2
(Car), 127.6 (Cy), 127.1 (Cy), 127.0 (Cyy), 73.6 (COH), 64.9 (CCH),
22.9 (CH3); FT-IR [cm ~11: 3055 (w), 2922 (w), 1682 (sh), 1450 (m),
1309 (m), 1286 (sh), 1045(m), 1026 (m), 797 (w), 747 (sh), 697 (sh).
Elemental Analysis, Expected: C:63.88H:4.99, Found: C63.63H:5.11.
CCDC: 1938254.

2.6.2. Tris-o-tolyl antimony S-mandelate, 1Ss

Tris-o-tolyl antimony (0.197 g, 0.5 mmol) was reacted with S-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.280 g, 80%), m.p: 137-140 °C; 'H NMR (600 MHz, DMSO-de)
8§ = 7.58-7.56 (m, 3H, CH,), 7.52-7.49 (m, 3H, CH,), 7.42 (t,
J = 7.2 Hz, 6H, CH,,), 7.37 (d, J = 1.2 Hz, 2H, CH,,), 7.34-7.31 (m,
2H, CH,), 7.30-7.26 (m, 1H, CH,,), 5.40 (s, 1H, CCH), 2.28 (s, 9H,
CH3); 3C NMR (151 MHz, DMSO-dg) § = 173.1 (COOH), 141.8 (SbC),
139.8 (Cyp), 138.1 (Cyp), 133.6 (Cy), 131.9 (Cyp), 131.7 (Cyp), 128.2
(Can), 127.6 (Cyp), 127.1 (Cyap), 127.0 (C,p), 73.6 (COH), 64.9 (CCH),
22.9 (CH3); FT-IR [cm ~1]: 3057 (w), 2922 (w), 1683 (sh), 1450 (m),
1310 (m), 1286 (sh), 1045(m), 1027 (m), 797 (w), 753 (sh), 697 (sh).
Elemental Analysis, Expected: C:63.88H:4.99, Found: C63.69H:5.08.
CCDC: 1938260.

2.6.3. Tris-m-tolyl antimony R-mandelate, 2Sr

Tris-m-tolyl antimony (0.197 g, 0.5 mmol) was reacted with R-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.224 g, 86%), m.p: 130-133 °C; 'H NMR (600 MHz, DMSO-dg)
§ = 7.49-7.43 (m, 3H, CH,,), 7.43-7.37 (m, 3H, CH,,), 7.36-7.30 (m,
6H, CH,,), 7.28-7.25 (m, 2H, CH,,), 7.25-7.21 (m, 2H, CH,,), 7.21 (m,
1H, CH,,), 5.16 (s, 1H, CH), 2.27 (s, 9H, CHs); '*C NMR (101 MHz,
DMSO) § = 174.6 (COOH), 142.7 (SbC), 141.4 (Cay), 137.7 (Cy), 134.7
(Cap), 131.3 (Cyy), 130.5 (Cyp), 128.4 (Cy), 127.5 (Cyp), 127.4 (Cyp),
126.7 (C,), 74.1 (COH), 21.3 (CH3).FT-IR [cm™1]: 2919 (w), 1683 (sh),
1619 (sh), 1450 (m), 1361 (m), 1278 (sh), 1070(m), 1038 (m), 791 (m),
763 (sh), 691 (sh). Elemental Analysis, Expected: C:63.88H:4.99,
Found: C63.56H:5.10. CCDC: 1938259.

2.6.4. Tris-m-tolyl antimony S-mandelate, 2Ss

Tris-m-tolyl antimony (0.197 g, 0.5 mmol) was reacted with S-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.196 g, 72%), m.p: 129-131 °C; 'H NMR (600 MHz, DMSO-dg)
8§ = 7.49-7.43 (m, 3H, CH,,), 7.43-7.37 (m, 3H, CH,,), 7.36-7.30 (m,
6H, CH,,), 7.28-7.25 (m, 2H, CH,,), 7.25-7.21 (m, 2H, CH,), 7.21 (m,
1H, CH,,), 5.16 (s, 1H, CH), 2.27 (s, 9H, CHs); '*C NMR (101 MHz,
DMSO) § = 174.6 (COOH), 142.7 (SbC), 141.4 (C,.), 137.7 (C,p), 134.7
(Cap), 131.3 (Cyy), 130.5 (Cyp), 128.4 (Cy), 127.5 (Cyp), 127.4 (Cyp),
126.7 (Cap), 74.1 (COH), 21.3 (CH3); FT-IR [em ~']: 2918 (w), 1682
(sh), 1618 (sh), 1450 (m), 1362 (m), 1276 (sh), 1070(m), 1038 (m),
778 (m), 763 (sh), 690 (sh). Elemental Analysis, Expected:
C:63.88H:4.99, Found: C63.87H:5.24. CCDC: 1938255.
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2.6.5. Peroxybis(tris-p-tolyl antimony R-mandelate), 3Sr

Tris-p-tolyl antimony (0.197 g, 0.5 mmol) was reacted with R-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.227 g, 81%), m.p: 145-147 °C; FT-IR [cm ~']: 3600 (w), 3026 (w)
2920 (w), 1653 (sh), 1493 (sh), 1451 (m), 1314 (m), 1283 (sh), 1187
(sh)1059 (m), 1015 (m), 797 (sh), 732 (sh), 696 (sh). Elemental
Analysis, Expected: C:61.95H:5.02, Found: C61.24H:5.24.

2.6.6. Tris-p-tolyl antimony R-mandelate, 3Sr’

Complex 3Sr was placed into dg-DMSO, liberating H,O, and
forming the solution state cyclometallate. 'H NMR (600 MHz, DMSO-
dg) § = 10.20 (s, 1H, OH), 7.49-7.46 (m, 6H, CH,,), 7.43-7.40 (m, 2H,
CH,p), 7.26-7.24 (m, 6H, CH,,), 7.22-7.20 (m, 2H, CH,,), 7.20-7.17 (m,
1H, CH,,), 5.12 (s, 1H, CCH), 2.32 (s, 9H, CH3); *C NMR (151 MHz,
DMSO-dg) § = 174.5 (COOH), 141.4 (SbC), 139.4 (C,,), 139.3 (C,),
134.2 (Cyp), 129.2 (Cyp), 127.4 (Cyp), 127.3 (Car), 126.6 (Car), 73.9
(COH), 64.9 (CCH), 21.0 (CH5).

2.6.7. Peroxybis(tris-p-tolyl antimony S-mandelate, 3Ss

Tris-p-tolyl antimony (0.197 g, 0.5 mmol) was reacted with S-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.222 g,79%), m.p: 144-146 °C; FT-IR [cm ~']: 3600 (w), 3024 (w)
2919 (w), 1654 (sh), 1492 (sh), 1450 (m), 1312 (m), 1283 (sh), 1187
(sh) 1059 (m), 1015 (m), 796 (sh), 732 (sh), 696 (sh). Elemental
Analysis, Expected: C:61.95H:5.02, Found: C61.90H:4.82.

2.6.8. Tris-p-tolyl antimony S-mandelate, 3Ss’

Complex 3Ss was placed into dg-DMSO, liberating H,O, and
forming the solution state cyclometallate. "H NMR (600 MHz, DMSO-
dg) 8§ = 10.20 (s, 1H, OH), 7.49-7.46 (m, 6H, CH,,), 7.43-7.40 (m, 2H,
CH,,), 7.26-7.24 (m, 6H, CH,,), 7.22-7.20 (m, 2H, CH,,), 7.20-7.17 (m,
1H, CH,,), 5.12 (s, 1H, CCH), 2.32 (s, 9H, CH3); '*C NMR (151 MHz,
DMSO-dg) § = 174.5 (COOH), 141.4 (SbC), 139.4 (C,p), 139.3 (Cyy),
134.2 (Gap), 129.2 (Cap), 127.4 (Cap), 127.3 (Car), 126.6 (Cap), 73.9
(COH), 64.9 (CCH), 21.0 (CHa).

2.6.9. Tris-o-methoxypheny antimony R-mandelate, 4Sr

Tris-o-methoxyphenyl antimony (0.221 g, 0.5 mmol) was reacted
with R-mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.213 g, 72%), m.p: 195-197 °C; 'H NMR (600 MHz, DMSO-dg)
§ = 7.56-7.48 (m, 8H, CH,,), 7.37-7.28 (m, 2H, CH,,), 7.28-7.24 (m,
1H, CH,), 7.17-7.08 (m, 6H, CH,,), 5.23 (s, 1H, CH), 3.56 (s, 9H,
OCH,); *C NMR (151 MHz, DMSO-d¢) § = 173.5 (COOH), 160.2
(COCH3), 140.9 (SbC), 133.1 (Cap), 132.5 (Cyy), 129.0 (Cyy), 127.8 (Cyy),
127.1 (C,p), 126.5 (Cyy), 121.8 (C,p), 111.9 (OCH3), 72.9 (COH), 55.8
(CCH); FT-IR [em ~11: 3063 (w) 2941 (w), 1677 (sh), 1577 (sh), 1470
(m), 1431 (m), 1297 (sh), 1242 (m), 1009 (m), 790 (sh), 756 (sh), 705
(m). Elemental Analysis 4Sr.2Et,0, Expected: C:59.07 H:5.12, Found:
C59.37 H:4.84. CCDC: 1938261.

2.6.10. Tris-o-methoxyphenyl antimony S-mandelate, 4Ss

Tris-o-methoxyphenyl antimony (0.221 g, 0.5 mmol) was reacted
with S-mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.231 g. 78%), m.p: 196-198 °C; § = 7.56-7.48 (m, 8H, CH,,),
7.37-7.28 (m, 2H, CH,,), 7.28-7.24 (m, 1H, CH,,), 7.17-7.08 (m, 6H,
CH,.), 5.23 (s, 1H, CH), 3.56 (s, 9H, OCHs); 3¢ NMR (151 MHz,
DMSO-dg) § = 173.5 (COOH), 160.2 (COCH3), 140.9 (SbC), 133.2
(Can), 132.5 (Cyp), 129.0 (Cyp), 127.8 (Cuy), 127.1 (Cyp), 126.5 (Cap),
121.8 (C,p), 111.9 (OCHg), 72.9 (COH), 55.8 (CCH); FT-IR [ecm ~!I:
3063 (w) 2941 (w), 1677 (sh), 1577 (sh), 1470 (m), 1431 (m), 1297
(sh), 1242 (m), 1009 (m), 790 (sh), 756 (sh), 705 (m). Elemental
Analysis 4Ss.2Et,0 , Expected: C:59.07 H:5.12, Found: C59.45 H:4.91.
CCDC: 1938262.

2.6.11. Tris-mesityl antimony R-mandelate, 5Sr
Tris-mesityl antimony (0.238 g, 0.5 mmol) was reacted with R-
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mandelic acid (0.071 g, 0.5 mmol) according to GP6. White solid
(0.297 g, 78%), m.p: 230-232 °C; 'H NMR (600 MHz, DMSO-ds)
§ = 7.30-7.25 (m, 3H, CH,,), 7.11 (m, 2H, CH,,), 7.02 (m, 3H, CH,,),
6.88-6.81 (m, 3H, CH,,), 5.02 (s, 1H, CH), 2.38 (s, 9H, CH3), 2.30-2.26
(m, 9H, CHs3), 2.21-2.12 (m, 9H, CH3); '*C NMR (151 MHz, DMSO-ds)
§ = 143.7 (SbC), 141.4 (C,), 140.8 (C,), 139.3 (Cy), 139.2 (Cy),
130.5 (Car), 129.9 (Cu), 127.9 (Cu), 127.5 (Cqr), 74.2 (COH), 23.5
(CH3), 22.3 (CH3), 20.5 (CH3); FT-IR [cm _1]: 3017 (w) 2921 (w), 1677
(sh), 1449 (m), 1311 (sh), 1291 (m), 1256 (sh), 1017 (sh), 945 (m), 785
(m), 765 (sh), 697 (m). Elemental Analysis, Expected: C:66.79H:6.25,
Found: C66.87H:6.57. CCDC: 1938256.

2.6.12. Tris-mesityl antimony S-mandelate, 5Ss

Tris-mesityl antimony (0.238 g, 0.5 mmol) was reacted with S-
mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.300 g, 82%), m.p: 230-232 °C; 'H NMR (600 MHz, DMSO-de)
§ = 7.30-7.25 (m, 3H, CH,,), 7.11 (m, 2H, CH,,), 7.02 (m, 3H, CH,,),
6.88-6.81 (m, 3H, CH,,), 5.02 (s, 1H, CH), 2.38 (s, 9H, CH3), 2.30-2.26
(m, 9H, CHjy), 2.21-2.12 (m, 9H, CHs); *C NMR (151 MHz, DMSO-ds)
§ = 143.7 (SbC), 141.4 (C,.), 140.8 (C,p), 139.3 (C.), 139.2 (C,p),
130.5 (Car), 129.9 (Cap), 127.9 (Cyp), 127.5 (Cyr), 74.2 (COH), 23.5
(CH3), 22.3 (CH3), 20.5 (CHs); FT-IR [cm ~11: 3021 (w) 2919 (w), 1677
(sh), 1448 (m), 1311 (sh), 1291 (m), 1255 (sh), 1017 (sh), 945 (m), 785
(m), 765 (sh), 697 (m). Elemental Analysis, Expected: C:66.79H:6.25,
Found: C66.97H:6.52. CCDC: 1938258.

2.6.13. Tris-p-tert-butylphenyl antimony R-mandelate, 6Sr

Tris-p-tertbutylphenyl antimony (0.260 g, 0.5 mmol) was reacted
with R-mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.252 g, 75%), m.p: 196-198 °C; 'H NMR (600 MHz, DMSO-de)
§ = 7.61-7.50 (m, 6H, CH,,), 7.49-7.43 (m, 6H, CH,,), 7.41-7.33 (m,
2H, CH,y), 7.21-7.16 (m, 3H, CH,,), 5.14 (s, 1H, CH), 1.28 (s, 27H,
CH3); 3C NMR (151 MHz, DMSO-dg) § = 174.5 (COOH), 152.5 (SbC),
139.8 (Can), 134.2 (Cap), 127.5 (Cap), 127.4 (Cap), 125.6 (Cop), 74.1
(COH), 56.2 (CCH), 34.7 (CH3), 31.1 (CH3), 18.7 (CH3); FT-IR [ecm ~']:
3059 (w) 2957 (sh), 2902 (m), 1665 (sh), 1491 (m), 1311 (sh), 1267
(m), 1200 (m), 1064 (sh), 947 (w), 818 (sh), 800 (w), 698 (m).
Elemental Analysis (6R.1.5H,0), Expected: C:65.34 H6.93, Found:
C65.47H:7.10. CCDC: 1938257.

2.6.14. Tris-p-tert-butylphenyl antimony S-mandelate, 6Ss

Tris-p-tertbutylphenyl antimony (0.260 g, 0.5 mmol) was reacted
with S-mandelic acid (0.071 g, 0.5 mmol) according to GP. White solid
(0.241 g, 73%), m.p: 197-199 °C; 'H NMR (600 MHz, DMSO-d)
8 = 7.61-7.50 (m, 6H, CH,,), 7.49-7.43 (m, 6H, CH,,), 7.41-7.33 (m,
2H, CHyy), 7.21-7.16 (m, 3H, CHy), 5.14 (s, 1H, CH), 1.28 (s, 27H,
CH3); '*C NMR (151 MHz, DMSO-dg) § = 174.1 (COOH), 152.5 (SbC),
139.8 (Cup), 134.2 (Cap), 127.6 (Car), 127.6 (Cup), 125.6 (Cyp), 74.1
(COH), 56.2 (CCH), 34.7 (CH3), 31.1 (CH3), 18.7 (CHs); FT-IR [ecm ~1]:
3058 (w) 2957 (sh), 2902 (m), 1665 (sh), 1491 (m), 1311 (sh), 1267
(m), 1200 (m), 1064 (sh), 949 (w), 818 (sh), 798 (w), 697 (m).
Elemental Analysis (6S.1.5H,0), Expected: C:65.34 H6.93, Found:
C65.30H:7.12. CCDC: 1938253.

3. Results and discussion
3.1. Synthesis

All complexes were synthesised by a conventional oxidative addi-
tion reaction of hydrogen peroxide to the selected SbAr; before addition
of one equivalent of either R or S mandelic acid (Fig. 4) [19,21,22,39].

Due to the close pK, values of tert-BuOH and the a-hydroxyl proton
of mandelic acid, H,O, was used in place of the common alternative
oxidant tert-BuOOH to encourage cyclometallation [40]. Thus, the only
by-product from the reaction was H,O, produced upon condensation of
the [SbAr3(OH),] intermediate with the acid.
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Fig. 4. Reaction scheme for the formation
of complexes 1Sr/s, [Sb(o-tol)s(man)],
2Sr/s, [Sb(m-tol)s(man)], 3Sr/s, [(Sb(p-

H,0, OH G 0 O toDz(manH),0.], 4Sr/s, [Sb(o-
< Aryl - < Aryl / _ . < Alyl>— 7 PhOMe);(man)], 5Sr/s, [Sb(Mes)s(man)]
3 3 \()H P 3 \() and 6Sr/s, [Sb(p-tert-BuPh);(man)].

Despite the anticipated simplicity of the reaction procedure, the

synthesis of complexes 1Sr/s, [Sb(o-tol)s(man)], 2Sr/s, [Sb(m-
tol)s(man)], 3Sr/s, [(Sb(p-tol)s(manH),0,], 4Sr/s, [Sb(o-
PhOMe)s(man)], 5Sr/s, [Sb(Mes)s(man)] and 6Sr/s, [Sb(p-tert-

BuPh);(man)], gave rise to several issues. The reaction would often
generate oily residues. 'H NMR spectra of these residues indicated that
the reactions had not gone to completion. On increasing the reaction
time and heating to 60 °C in H,O under sonication the target com-
pounds were isolated as white solids in high purity and yield. Any re-
maining peroxide and mandelic acid was removed in the water.
Complexes 1Sr/s, 2Sr/s, 4Sr/s, 5Sr/s, and 6Sr/s all formed the desired
cyclometallates of general formula [SbArz(man)].

Interestingly, and somewhat surprisingly, the reaction with Sb(p-
tol); generated the |.12-per0x0 complex [(SbArz(manH))»0,], illustrated
in Fig. 5. This product was obtained on every occasion the reaction was
conducted, as verified by elemental analysis and through X-ray dif-
fraction data collected on four sets of crystals from four separate re-
actions. We saw no evidence for the formation of the cyclometallate
from the solid-state data. However, solution "H NMR spectral analysis
of the complex in dg-DMSO over a period of 24 h showed the formation
of the cyclometallate and liberation of H,O, (Fig. 5). This result is
consistent with the formation and identification of the only other
complex of this type, [Sb(p-tol)s(OC¢H,4Br-4),05)1, which stems from
the treatment of Sb(p-tol); with 2-bromophenol mediated by H,O,
[41].

3.2. Characterisation

All complexes were characterised by 'H and '>C NMR spectroscopy,
mp, FT-IR spectroscopy, and elemental analysis. Yields ranged from 72
to 86%. Complexes 1Sr/s, 2Sr/s, 4Sr/s, 5Sr/s, and 6Sr/s were able to
be structurally elucidated by single crystal X-ray crystallography.
Repeated attempts to obtain the solid-state structures of the peroxo
complexes 3Sr/s resulted only in poor data, though connectivity of
these complexes was able to be determined.

As expected for enantiomers, the R and S complexes are spectro-
scopically identical. Inclusion of the mandelate dianion as a cyclome-
tallate was confirmed by the absence of the hydroxyl and carboxylic
acid proton signals in the 'H NMR spectra. The NMR spectra for all
complexes can be found in the ESI along with an example in Fig. S1.
The formation of the cyclometallate form of 3Sr/s,
[(SbArz(manH)),0,], was able to be determined through 'H NMR,

HO

Ph
O

Ph

exhibiting clear differences in the solid-state versus solution state sta-
bility of the complex. When the p®-peroxo complex was dissolved into
de-DMSO, a signal corresponding to H,O, was observed along with the
lack of the a-hydroxyl signal that would be expected for the p*-peroxo
complex. After 24 h, the H,O, signal disappears due to rapid de-
gradation of H,0,, leaving only the signals that correspond to the for-
mation of the cyclometallate (Fig. 6).

The FT-IR spectrum of each complex confirmed binding of the
carboxylate by the shift in the wavenumber of the CO, stretching fre-
quencies, detailed in the ESI (Table S1), along with the IR spectrum of
each complex. The only technique able to successfully distinguish the
two enantiomers was X-ray crystallography. The FT-IR was able to
further confirm the presence of the peroxide bond in complexes 3Sr/s.
A sharp signals at 1187 cm ™! that is not found in any other complex
correlates to the presence of a metal — peroxide bond [42,43]. A signal
at ~3500 cm ™! representative of the a-hydroxyl can also be seen, and
is absent in the remaining complexes. All IR spectral data can be found
in the ESI.

3.3. X-ray crystallography

All complexes were structurally authenticated through single crystal
X-ray diffraction. Complexes 1Ss and 1Sr, [Sb(o-tol)z(man)]; 2Ss and
2Sr, [Sb(m-tol)s(man)]; 4Sr and 4Ss, [Sb(0o-PhOMe);(man)]; 5Ss and
58r, [Sb(Mes)s(man)], all crystallised from either the toluene or ether
reaction mixture, without solvent molecules present. Crystals of com-
plexes 6Ss and 6Sr, [Sb(p-tert-BuPh);(man)], were crystallised through
dissolution in hot DMSO and subsequent cooling, and shown to in-
corporate a datively bound DMSO molecule in the asymmetric unit,
increasing the coordination number of Sb to six in a distorted octahe-
dral environment.

Each complex solved in a non-centrosymmetric space group due to
the pure enantiomeric form of the mandelate. A summary of the X-ray
data for all complexes is provided in the ESI, Table S2. All complexes,
with the exception of 2Ss/r and 6Ss/r, are five-coordinate adopting
distorted trigonal bipyramidal geometry. Complexes 2Ss and 2Sr, [Sb
(m-tol)s3(man)] are dimeric, with one Sb(V) datively interacting with
the carboxyl of the other, forming a mixed five-coordinate, six-co-
ordinate Sb complex. The structures are shown in the ESI with a de-
tailed description of bond length and angles.

A description of the o-methoxyphenyl complex 4Sr is given below
(Fig. 7). The 4Ss complex is analogous in structure, with the only

7
-
Ph

OH

3Sr/s

O
dg-DMSO 7
- N\
-H,0, 3 T Ny
3sr'/s'

Fig. 5. General structures of complexes 3Sr/s, [(Sb(p-tol)3(manH),0,] and the cyclometallate form 3Sr’/s', [Sb(p-tol)s(man)].



R.N. Duffin, et al.

0 hrs
E
O
G / F D
\ ¢ .
A B3 S. o A
"102 C b

Journal of Inorganic Biochemistry 203 (2020) 110932

24 hrs

|

100 95 90 85 80 75 70 65

55 50 45 40 35 30 25 20

Fig. 6. ’H NMR of complex 3Sr’, [(Sb(p-tol)s(man)], in dg-DMSO at 0 and 24 h, highlighting the liberation of H,O, and cyclometallate formation. The residual

solvent signal and H,O signal can be found at 2.50 and 3.33 ppm respectively.

o

o ¥
Fig. 7. Solid-state structure of [Sb(C¢H4(OCH3))3(R-man)], 4Sr. Thermal el-
lipsoids at 50% probability. Hydrogen atoms have been omitted for clarity.
Selected bonds lengths (f\) and angles (0). Sb(1) - O(1), 1.956(3), Sb(1) - 0O(2),
2.162(3), Sb(1) - C(1), 2.118(5), Sb(1) - C(7), 2.103(4), Sb(1) - C(15),
2.100(5); C(1) - Sb(1) - C(15), 101.5(2), C(1) - Sb(1) - C(7), 108.1(2), C(7) -
Sb(1) - 0(1), 124.9(18), O(1) - Sb(1) - O(2), 77.00(14).

difference the position of the hydrogen of the a-carbon of the mande-
late, bond lengths will still be discussed. The hydrogen of 4Sr has been
included in order to demonstrate the different enantiomers.

The trigonal bipyramidal geometry of the complexes is a common
geometrical preference for tris-aryl antimony carboxylates
[19,20,23,44-47]. In terms of cyclometallates, very little has been
elucidated by X-ray crystallography, with most trigonal bipyramid

complexes found to have the general formula [SbPhsL,]. Only two
other instances of cyclometallate structures can be found in the litera-
ture, an a-hydroxy complex characterised by Barucki et al,
[SbPh3(0,CC(O)CH3(CH,CH30)], and a pinanediol complex synthe-
sised by Coles et al, [SbPh3(C;0H1505)] [24,25]. Complexes 4Sr and
4Ss, [Sb(o-PhOMe)3(man)] were found to have similar bond lengths for
the Sb — O interaction. These bond lengths were identified as covalent
in nature (1.961(12); 2.165(13), 4Ss, 1.956(3); 2.162(3), 4Sr, for Sb(1)
—0(1); Sb(1) - 0O(2)). Widening of the trigonal angle was also observed
for the complexes from the ideal 120 °. For example: angles of 108.1(2)
and 107.7(7) were observed for 4Sr and 4Ss for C(1) — Sb(1) - C(7). A
similar degree of distortion was observed for the two cyclometallates
synthesised by Barucki et al and Coles et al, with an average trigonal
angle of 111.9 ° and 100.8 ° respectively [24,25].

3.4. Biological activity

3.4.1. Mammalian cytotoxicity assay

All complexes: 1Sr/s, [Sb(o-tol)3(man)], 2Sr/s, [Sb(m-tol)s(man)],
4Sr/s, [Sb(o-PhOMe)s(man)], 5Sr/s, [Sb(Mes)s;(man)] and 6Sr/s, [Sb
(p-tert-BuPh);(man)], were dissolved in DMSO to a concentration of
10 mM. Complexes 6Sr/s required heating to fully solubilise. All
complexes were sufficiently soluble as DMSO solution in the biological
media DMEM. As the solution state of complexes 3Sr/s, [(Sb(p-
tol)s(manH),0,] indicates cyclometallation in dg-DMSO, it can be as-
sumed that the biologically active complexes tested are 3Sr’/s', [Sb(p-
tol)s(man)].

Initial human fibroblast assays revealed a varying level of toxicity.
An ICsg range of 2.07 - = 100 uM was observed for the R-complexes
and a range of 2.90-100 uM for the analogous S-enantiomers. Graphs
showing the ICsq values can be found in the ESI, Figs. S2, S3, S4 and S5.
The p-tert-butylphenyl complexes, 6Sr/s, were found to be the most
toxic, with the o-methoxyphenyl complexes 4Sr/s exhibiting little or no
toxicity at the highest concentration tested. Amphotericin B was used as
a control, showing no toxicity towards the mammalian cells. ICs, values
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Table 1
Selectivity indices of complexes 1Sr/s — 6Sr/s. Indices calculated based on
ICso(mammalian)/ICso(parasite).

Complex Ar 1Cso (M) 1Cso (UM) Selectivity index (SI) CLogP"
fibroblasts promastigotes

1Ss o-tolyl 19.3 14.6 1.32 8.516
1Sr 16.2 15.7 1.03
2Ss m-tolyl 21.8 4.56 4.78 8.516
2Sr 22.8 4.29 5.31
3Ss' p-tolyl 16.1 2.65 6.08 8.516
3sr’ 15.7 5.04 3.16
4Ss 0-MeO =100 =100 - 6.776
4Sr =100 =100 -
5S8s mesityl 6.04 0.21 28.8 11.51
5Sr 5.01 0.33 15.2
6Ss p-tert-Bu 2.90 0.58 5.00 12.51
6Sr 2.07 0.60 3.45

@ Calculated using ChemDraw Professional 15.0, Perkin Elmer Informatics
Inc.

for each complex and the selectivity indices (SI) are shown in Table 1.

3.4.2. Leishmania promastigote activity

A large variation was found in the anti-promastigote activity of the
complexes with ICso ranges from 0.21 to =100 uM, and also between
the R and S enantiomers of each complex. Surprisingly, complexes 4Sr/
s, [Sb(o-PhOMe);(man)], showed little activity towards the promasti-
gotes with only an approximate 75% reduction in parasite viability at
100 puM, the highest concentration used. The o-tolyl complexes 1Sr/s,
[Sb(o-tol)sz(man)], proved to be non-selective in their toxicity towards
the promastigotes and fibroblasts, with SI values of 1.03 and 1.32 for
the R and S enantiomers respectively. The more substituted mesityl and
p-tert-butylphenyl complexes, 5Sr/s, [Sb(Mes)s(man)] and 6Sr/s, [Sb
(p-tert-BuPh)s(man)], proved to have exceptional activity towards the
promastigotes at the significantly low concentration range of
0.21-0.60 pM.

In contrast to our earlier observations on the effect of the aryl
groups in tris-aryl Sb(V) benzoates on fibroblast toxicity, it is dis-
cernible from the data in Table 1 that there is very little difference in
the o-, m- and p-tolyl complexes, though the m- and p-tolyl complexes
give the best selectivity due to higher promastigote activity, matching
in part some of our earlier data [23]. The clear standout complexes in
terms of selectivity are those in which Ar = mesityl (SI = 15.2 R and
28.8 S), followed by the p-tert-butyl complexes (3.45 R and 5.00 S). The
standout complexes in terms of showing little or no activity at 100 pM
were the Ar = 0-MeOPh complexes. This was repeated with an identical
outcome. It is not clear at this time why this should be the case.

All complexes that exhibited a selectivity index of three or greater
were assessed for their anti-amastigote activity.

3.4.3. Amastigote invasion assay

Due to a lack of selectivity, complexes 1Sr/s, [Sb(o-tol)3(man)] and
4Sr/s, [Sb(o-PhOMe)s(man)], were disqualified from the assay.
Complexes 2Sr/s, [Sb(m-tol)s(man)], 3Sr’/s', [Sb(p-tol)s(man)] were
sufficiently selective and were tested at a standard 10 pM concentra-
tion. Though complexes 5Sr/s [Sb(Mes)sz(man)] and 6Sr/s [Sb(p-tert-
BuPh);(man)] were exceptionally selective, their mammalian toxicity
was significant, and so were tested at half the standard concentration
(5 uM). All complexes exhibited excellent anti-amastigote activity, with
percentage infection values ranging from 0.75-3.00% for those tested at
10 uM and 0.25-2.50% for the remaining 5 tM complexes (Figs. 8 and
9). All individual values have been provided in Table 2.

These complexes were found to be more potent than previously
analysed tris-phenyl antimony(V)

mandelates, confirming that a change in aryl group has a significant
effect on the biological activity [19]. In terms of their anti-amastigote
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Ylnfection by L. major amastigotes after treatment with 10 uM concentrations of
complexes 2Ss, 2Sr, 38¢'and 3Sr*
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Fig. 8. Infected macrophages after treatment of complexes 2Ss, 2Sr, 3Ss' and
3Sr’, after 48 h. Number of infected macrophages was determined micro-
scopically, in duplicate of fixed specimens. Amphotericin B (AmpB) was used as
a positive control at 10 uM concentration. A DMSO control was also employed
at a 1% concentration. Error bars indicate SEM, one-way ANOVA. Dunnett's
multiple comparison test was used to determine the statistical significance
between all test compounds and a positive control lacking treatment (+ve
control).

YlInfection by L. major amastigotes after treatment with 5 pM concentrations of
complexes 5Ss, 5Sr, 6Ss and 6Sr
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Fig. 9. Infected macrophages after treatment of complexes 5Ss, 5Sr, 6Ss and
6Sr, after 48 h. Number of infected macrophages was determined micro-
scopically, in duplicate of fixed specimens. Amphotericin B (AmpB) was used as
a positive control at 5 pM concentration. A DMSO control was also employed at
a 1% concentration. Error bars indicate SEM, one-way ANOVA. Dunnett's
multiple comparison test was used to determine the statistical significance
between all test compounds and a positive control lacking treatment (+ve
control).

activity, the following trend was obtained: mes > p-tol > p-tert-
BuPh = m-tol (based on the average between R and S). Chirality often
plays an important role in biological activity, with the greatest ex-
amples of this are the morning sickness medication thalidomide and the
over the counter NSAID ibuprofen. The R-enantiomer of thalidomide
was found to be a potent sedative, whereas the S-enantiomer led to
serious teratogenic effects [48]. Due to the interconversion of the drug,
no fine chiral control was able to be obtained. Similarly, for ibuprofen,
the S-enantiomer is the bio-active form and interconversion will occur
for R to S but not S to R [49]. For the mandelate complexes no statistical
difference was observed between both enantiomers, leading to the
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Table 2
Percentage infection values for the Sb(V) aryl mandelate complexes 2Sr/s,
3Sr’/s', 5Sr/s and 6Sr/s.

Complex Conc™ (UM) % Infection
2Ss 10 1.75 + 0.56
2Sr 3.00 + 0.50
3Ss' 10 0.75 + 0.83
3sr 1.00 + 0.50
5Ss 5.0 0.25 + 0.35
5Sr 2.00 + 0.48
6Ss 5.0 2.25 + 0.79
6Sr 2.50 + 0.56

conclusion that chirality of the mandelic acid plays little to no role in
the biological activity.

4. Conclusion

A series of tris-aryl Sb(V) mandelato complexes: {1Sr/s, [Sb(o-
tol)s(man)], 2Sr/s, [Sb(m-tol)s(man)], 3Sr/s, [(Sb(p-tol);(manH),0-],
4Sr/s, [Sb(o-PhOMe)s(man)], 5Sr/s, [Sb(Mes)s;(man)] and 6Sr/s, [Sb
(p-tert-BuPh)z(man)]}, bearing different aryl groups with either R or S
mandelate co-ligands, were synthesised, compositionally and structu-
rally characterised, and their biological activity towards Leishmania
promastigotes and amastigotes, and mammalian cells, assessed.
Complexes 3Sr/s were found to undergo cyclometallation in dg-DMSO
to the products 3Sr’/s', [Sb(p-tol)s(man),], therefore, the cyclome-
tallates were the biological relevant complexes.

In the solid-state, complexes 1Sr/s, 4Sr/s, and 5Sr/s are all five-
coordinate distorted trigonal bipyramids with the phenyl rings occu-
pying the equatorial plane in the common propeller-like orientation.
The oxygen atoms of the mandelate dianion occupy the two remaining
axial positions. Complexes 6Sr/s incorporate a datively bound DMSO
molecule, raising the coordination number to six and having distorted
octahedral geometry. The m-tolyl complexes 2Sr/s have two moieties
within the asymmetric unit, with one Sb(V) interacting with the car-
bonyl of the mandelate of the neighbouring Sb(V) centre forming a
mixed five/six coordinate Sb(V) complex.

No clear trend was discernible from the initial toxicity assays on the
fibroblast and promastigote for all the Sb(V) complexes. ICsq values for
the promastigotes ranged from 0.33 (5Sr) — = 100 (4Sr) uM and 0.21
(5Ss) — = 100 (4Ss) puM, and from 2.07 (6Sr) — = 100 (4Sr) uM and
2.90 (6Ss) — = 100 (4Ss) uM for fibroblast cells, for the R and S en-
antiomers respectively. Despite the high degree of mammalian cyto-
toxicity observed for complexes 5Ss, 5Sr, 6Ss and 6Sr, each were ex-
tremely potent anti-leishmanials, presenting with selectivity indices (SI)
of 28.8, 15.2, 5.00 and 3.45 respectively. Those complexes with the
highest SI values, 2Ss, 2Sr, 3Ss' and 3Sr’, were analysed in an amasti-
gote invasion assay at the standard 10 puM, but due to the higher degree
of toxicity of complexes, 5Ss, 5Sr, 6Ss and 6Sr, they were tested at only
5 uM. All complexes were found to exhibit excellent activity towards
the amastigotes with ranges of 0.75-3.00% for 2Ss, 2Sr, 3Ss' and 3Sr’
and 0.25-2.50% for 5Ss, 5Sr, 6Ss and 6Sr. Selectivity of the complexes
was found to decrease in the following order: mes = p-tert-BuPh = m-
tol = p-tol = o-tol = 0-MeOPh, which correlates with the CLogP values
suggesting the lipophilicity of the complexes plays a role in their se-
lectivity.

Though chirality can often lead to changes in biological activity this
was not observed for the mandelate complexes with no statistical dif-
ference notable for either R or S. Nevertheless, the change in aryl group
had a substantial effect on the overall activity of the complexes. Activity
of these cyclometallate far out-classed our previously synthesised bis-
substituted carboxylates [20], however an increased cytotoxicity is of
concern. Despite this, the selectivity of these cyclometallates is still
substantially high due to their potency towards the parasite. This study
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has highlighted the further need for further research into modification
of the aryl substituents of both conventional bis-substituted and cyclo-
metallate tris-aryl Sb(V) carboxylates.

List of abbreviations

GSH Gluathione

TSH Trypanthione

GSSG oxidised glutathione

'H NMR Proton nuclear magnetic resonance.
FT-IR Fourier transform infrared

m.p Melting point

o,m,p-tol ortho, meta, para-tolyl

tert-BuPh tertiary butyl phenyl

MeOPh  methoxyphenyl

Mes Mesityl

CLogP  Partition co-efficient

ICso Inhibitory concentration at 50%

de_DMSO deuterated dimethyl sulfoxide
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