WESTERN SYDNEY
UNIVERSITY

Automating the synthesis of platinum(ll)
complexes and modifying the

pharmacokinetics of platinum(lV) complexes

Brondwyn McGhie
Supervisor: Professor Janice R. Aldrich-Wright
Co-Supervisor: Doctor Ming Wu
School of Science and Health

Western Sydney University

A Thesis presented to
The Western Sydney University
In fulfilment of the requirements
For the Degree of
Master of Philosophy
© Brondwyn McGhie, 2018



Statement of Authentication

This thesis is submitted in fulfiiment of the requirements of the Master of
Philosophy (Science) course at Western Sydney University (WSU), School of Science.
The work presented in this thesis is, to the best of my knowledge and belief, original
except as acknowledged in the text. | hereby declare that | have not submitted this

material, either in full or in part, for a degree at this or any other institution.

30/11/2018




Acknowledgements

Firstly, | would like to thank my supervisor Professor Janice Aldrigh-Wright for
her wisdom, guidance and support she has provided throughout my candidature.
Without Janice’s guidance my career would have taken a very different path, and |
am thankful to her for convincing me to take on the challenge of postgraduate
research and for giving me the support and knowledge to find my feet. Janice, you
have been everything a supervisor should be and more, your passion and
commitment has inspired me, and your work ethic driven me to achieve more.

Secondly, | would like to thank Dr Christopher Gordan and my co-supervisor
Dr Ming Wu, who have worked closely with our lab and offered knowledge and
guidance. You have also shown the value in collaboration and an outsider’s
perspective, thank you.

Thirdly | would like to thank other groups within the university who have
helped with different aspects of my project. | would like to thank the Nanoscale
Organisation and Dynamics Group, in particular Scott Willis, for allowing me access
to the NMR equipment, as well as education and guidance in its use. | would also
like to thank the School of Medicine for their similar help and access to the Mass
spectrometry Facility especially Meena Mikhael and David Harmen for their
guidance in the use of the equipment.

During my candidature | was also fortunate enough to collaborate with groups
outside the university. | would like to thank our collaborators at the Cavalry Mater
Facility in Newcastle who undertook the biological studies of my complexes. | would
also like to thank Department of Physics and Astronomy of Aarhus University and
Nyk Jones for teaching me how to use their synchrotron, as well as giving me the
opportunity to see their beautiful country.

Next, | would like to thank my peers in the office for providing a fun, easy-
going, supportive environment throughout my candidature. Although frustrating at
times, the office antics kept my mood light and provided entertainment when lab
work was repetitive and monotonous. You each contributed in your own way to this

fun and supportive environment and for that | thank you.



| would also like to thank my friends and family for their role in supporting my
studies. For the late-night phone calls, tedious editing, study breaks, and their
continued belief in my ability to succeed. | appreciate you making sure that | looked
after myself and didn’t lose myself in my studies. To my family in particular, thank
you for shaping me into the person | am today and for being proud of all my
achievements.

Lastly, | would like to thank my wonderful partner Dr Ben Pages for his love
and commitment as well as the guidance he provided as a fellow researcher. When |
was feeling unmotivated or unsure of myself you picked me up and pushed me to
do better; although there were many grumbles of discontentment at the time, | do

really appreciate it and know that | would not be where | am now without you.



Abstract

Cancer is one of the most common diseases worldwide and one of the leading
causes of death globally each year. Current mortality rates are high despite the
many treatment options, leading many researchers to investigate new more
effective cancer treatments. Currently the majority of patients receive
chemotherapy as a part of their treatment and the most common drugs are
platinum based cisplatin, oxaliplatin and carboplatin. These drugs covalently bind to
DNA subsequently causing apoptosis. Although effective at killing cancerous cells
these drugs are non-specific and also destroy non target cells. Their non-specificity
results in a variety of negative side effects, many of them so severe that patients
terminate treatment early or move to a lower than optimal dosage. Resistance is
another area of concern for these drugs, with both intrinsic and acquired resistance
resulting in poor prognosis for patients.

New complexes proposed for anticancer treatments hope to mitigate these
issues by utilising different mechanisms of action. Polyaromatic platinum complexes
are an example of a class of promising new complexes that have a different
mechanism of action than the traditional platinum drugs. These complexes have the
general formula [Pt(P)(A)]*" incorporating polyromantic ligands (P) with a
coordinated ancillary ligand (A.), they have achieved Glsp results up to 1000 times
better than cisplatin. These polyaromatic complexes can be oxidised to platinum(IV)
which may allow oral administration, improved extracellular stability and fine
tuning of the pharmacokinetics through modification of the axial ligands.

In this work the method for the synthesis of a series of novel platinum(IV)
polyaromatic complexes was developed and these complexes were characterised
using ESIMS, UV spectroscopy, CD spectroscopy, SRCD spectroscopy, microanalysis,
NMR and HPLC. These complexes were synthesised via the coordination of halides
Cl, Br and | in the axial positions producing the di-halogenated platinum(IV)
complexes desired. The effectiveness of substitution in the axial position by various
ligands was assessed, as well as the cytotoxicity of the resulting compounds in cell
lines. It was revealed that these compounds allow the development of new

synthetic methods which were previously closed to these complexes, allowing the
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synthesis of targeted complexes that have the potential to improve prognosis. The
developed method is much less time consuming than the current oxidation
methods, reducing time spent on synthesising intermediates which will maximise
outcomes for further synthesis. The Glso’s revealed that these complexes are of
comparable cytotoxicity to the platinum(ll) complexes and are more cytotoxic than
dihydroxido platinum(1V) complexes of the same type.

Further development of these complexes was achieved through the linkage of
targeting and cytotoxic ligands. These ligands were provided by collaborators and
will undergo biological testing in their respective laboratories. DCF, a cytotoxic
ligand, was bound in both axial positions through an ethylene diamine linker. The
synthesis was confirmed by NMR, providing proof of concept for the attachment of
such ligands, further diversifying the skillset of the research group. The PSMA
targeting ligand DCL was bound using a succinate linker to one of the axial ligands.
This synthesis provided proof of concept for the synthesis of asymmetric
compounds with large targeting ligands; whose pharmacokinetics can be further
adjusted through derivatisation of the remaining axial ligand. The synthesis of more
novel asymmetric complexes was developed, platinum compounds with both a
hydroxido and acetardo ligand. The asymmetric design of these compounds will
allow further asymmetric derivatisation of the Pt(IV) which may be advantageous in
the design and synthesis of multi action drugs.

The use of flow chemistry to streamline the synthesis of these compounds
was also trailed. Although the resulting protocol was successful, being the first
reported use of flow chemistry for the synthesis of an inorganic complex; yields
were not improved to the ~90% typically achieved in batch chemistry. As such this
method of synthesis was not pursued in the synthesis of platinum(ll) starting
materials in our research group; instead working as a proof of concept in the use of

flow chemistry in the synthesis of such complexes.
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Chapter 1 Introduction

1.1 Cancer

Cancer is one of the leading causes of death worldwide with
approximately 8 million deaths occurring each year.! In Australia approximately
470 per 100,000 people are predicted to be diagnosed with cancer in 2017 with
a mortality rate of 161 per 100,000 people.? This takes a large toll on the quality
of Australian lives and hospitals, with just under 40% of deaths being attributed
to cancer.?* Cancer is characterised by the rapid uncontrolled proliferation of
abnormal cells which can metastasise to different sites in the body. These
growths result in obstruction of normal tissue function, eventually causing
death.> These abnormal cells are the result of mutation of deoxyribonucleic
acid (DNA), occurring due to mutagens or during normal cell division. There are
many different types of cancers; some are more easily prevented or cured
when diagnosed early such as skin cancer, while others have high mortality
rates.* For example, brain cancer patients only have a 22% chance of surviving

the first five years after diagnosis.®’

1.2 Cancer treatments

Although changes in lifestyle and diet can reduce the occurrence of some
cancers, over 70% cannot be prevented and thus treatment is needed.! There
are currently several treatment options for most types of cancer; however,
many of them have severe side effects and low success rates. For example brain
cancer is treated with a combination of surgery, radiotherapy, chemotherapy or
steroid therapy, and yet the low survival rates persist.” Chemotherapy is the
most common form of cancer therapy with just over 60% of patients receiving
it as their primary form of treatment.* & Of these patients, many are treated
with platinum based drugs such as cisplatin or oxaliplatin in combination with
other organic anticancer agents or physical techniques such as radiotherapy or
sugery.* ° Most “traditional” platinum anticancer drugs have the basic formula

cis-[PtX2(NHR2)2], in which R = organic ligand and X = leaving group. The main
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challenge of these treatments is low specificity for cancer cells, which results in
lower than optimal dosage to mitigate negative side effects. The risk of
resistance to the treatment developing is heightened when a suboptimal
dosage is used.* There are many researchers focusing on developing improved

strategies for cancer to solve these problems.

1.2.1 Cisplatin

Cis-diamminedichloroplatinum(ll) (cisplatin) was first identified by Barnett
Rosenberg in 1965 as the compound that prevented cell division of Escherichia
coli.’® He hypothesized that cisplatin and other platinum complexes would also
be able to prevent the division of cancerous cells thus resulting in the death of
the tumours. In 1978 it gained FDA approval and it is now one of the most
widely used anticancer drugs.* ! Cisplatin is composed of a square planar
platinum(ll) coordinated to two chloride ligands and two ammine ligands
(Figure 1.2.1). Its mechanism of action requires that the chloride ligands leave,
allowing the platinum to bind covalently to DNA;'2 however, it has many other
intracellular targets such as RNA, thiols, cytoskeletal microfilaments and
phospholipids.'® * When cisplatin binds, it alters the shape of the DNA by
unwinding, bending or forming crosslinks within the strand; these changes
prevent transcription and trigger apoptosis.!? Cisplatin can be absorbed by cells
though both active and passive pathways.'® This interaction occurs in both
cancerous and normal cells, although uptake of cisplatin is greater in rapidly
dividing cells.* This includes cancerous cells as well as epithelial and hair cells,

resulting in deterioration of the skin and hair loss.'®

HoN Cl
Pt
HoN cl

\./
/ N\

Figure 1.2.1: The chemical structure of the platinum(Il) compound Cisplatin.

Cisplatin is highly effective against some forms of cancer; for example, the

cure rate for testicular cancer is 95%. Cisplatin is also very effective against
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lung, ovarian head and neck cancer.* Despite this success, there are many
disadvantages to the use of cisplatin as an anticancer drug. Cisplatin is
susceptible to acquired resistance by cancer cells, in most cases only one
treatment schedule can be completed before resistance occurs; thus, if a follow
up treatment is required a different drug must be used.!” There are several
mechanism by which resistance can occur, including upregulation of cisplatin
binding proteins and peptides which deactivate cisplatin, reduced retention
time within the cell, and upregulation of the natural repair mechanisms for
DNA.'® 19 There are also several cancers that are inherently resistant to cisplatin
treatments.!” & 20 The high toxicity of cisplatin is dose limiting, reducing the
likelihood of curing the disease. Cisplatin is administered intravenously, which
is complicated by its low solubility in aqueous solution and inflammation at the
injection site.?! There are many side effects, including nausea and low white
blood cell counts, which leaves the patient susceptible to disease.* 22 Cisplatin
is also toxic to the kidneys and can cause hearing loss.?® Researchers aspire to
create more potent platinum complexes with increased cytotoxicity that target

cancer cells more effectively and will result in a better prognosis.

1.2.2 Carboplatin and oxaliplatin
Diammine[1,1-cyclobutanedicarboxylato(2-)]-O,0'-platinum(Il)

(carboplatin) (Figure 1.2.2) gained FDA approval following a collaboration
between Johnson Matthey and the Institute of Cancer Research in London,
when it was tested to see if a more stable leaving group would reduce the
toxicity of the drug without reducing its anticancer activity.* They were
successful, with nephrotoxicity and neurotoxicity of carboplatin greatly reduced
compared with cisplatin; this allowed it to be administered at two hundred
times the dose of cisplatin (2000 mg/dose).?* However, carboplatin has similar
side effects to cisplatin, with greater than 30% of patients experiencing hair
loss, taste changes, nausea and vomiting, weakness and blood test
abnormalities (low magnesium).?> Despite a higher administrative dose of
carboplatin, the rate of DNA adduct formation is approximately ten times

slower, resulting in treatment success rates that are essentially the same as
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that of cisplatin.?® 27 Like cisplatin, carboplatin is susceptible to acquired
resistance by cancer cells and is also cross-resistant, because it works via the

same mechanism of action as cisplatin and induces what can be considered the

same type of DNA crosslinks.* 2925 26 o
o
II/// / \
o
o}
Oxaliplatin Carboplatin

Figure 1.2.2: The chemical structures of the platinum(ll) (Pt(Il)) compounds

carboplatin and oxaliplatin.

[(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-0,0')platinum(ll)
(Oxaliplatin) (Figure 1.2.2) was discovered in 1979 and approved internationally
in 2009.% It was used predominantly as a treatment for colorectal cancer.*
Oxaliplatin has similar anticancer activity to cisplatin, although it works via a
slightly different mechanism; this limits the chance of cross resistance to
cisplatin and carboplatin.?® 24 Oxaliplatin has many of the same side effects as
cisplatin, and can also cause temporary nerve damage and loss of breath, but it
is still widely used due to its lack of cross resistance and effectiveness against

bowel and colorectal cancer, for which cisplatin has limited effectiveness.?®
1.3 Unconventional Pt drugs

By developing treatments with a different mechanism of action to
cisplatin and its analogues we are potentially able to overcome both intrinsic
and acquired resistance.?® In fact, it has been suggested that the only way to
improve the oncology of cancer treatments is to develop compounds whose
structure and mechanism of action are significantly different to that of
cisplatin.?®3! These compounds are often referred to as non-classical or
unconventional metal complexes and do not follow the same design “rules” as
classical anticancer compounds. For example, it had been proposed that
potential anticancer compounds should have no charge, and yet many non-
classical metal complexes with proven anticancer activity are charged.'® 32 33
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1.3.1 Polyaromatic platinum(ll) complexes

One form of unconventional platinum complexes with a different
mechanism of action to cisplatin are polyaromatic platinum complexes (PPCs)
which have the general formula [Pt(P.)(A)]*". The design of these complexes
incorporates polyromantic ligands (P.) with a coordinated ancillary ligand (A,)
(Figure 1.3.1). Unlike cisplatin, this type of complex is substitutionally inert,
thus it cannot covalently bind to DNA. Although no longer thought to be the
mechanism of action they do bind to DNA through non-covalent intercalation
where the P, inserts between the base pairs of DNA.3* This interaction does not
form adducts with DNA although the interactions can both stretch or bend the
helix (Figure 1.3.1). Intercalation is stabilised by hydrogen bonding and
electrostatic interactions between the negative charge on the DNA phosphate
backbone and the net positive charge of the PPC.3> Although it was
hypothesised that intercalation was responsible for the cytotoxicity of PPCs, it
was subsequently demonstrated that enantiomeric pairs have bound to DNA
with similar affinity despite large differences in cytotoxicity.3> The mechanism
of cytotoxicity is now proposed to be a result of interactions with other cellular
mechanisms.3* 3¢ Complexes of this type have been reported to be significantly
more potent than cisplatin in all cancer cell lines tested,3* indicating the
potential of these unconventional platinum complexes as a viable cancer
treatment option.3> In particular, the complex [(5,6-dimethyl-1,10-
phenanthroline)(1S,25-diaminocyclohexane)platinum(ll)] dichloride (56MESS,
Figure 1.3.2) is over 100 times more cytotoxic than cisplatin to several cancer
cells (Table 1.3.1.1). Improved cytotoxicity reduces the dosage required,
treatment time and the reduces the chance of acquired resistance.3’ Despite
encouraging in vitro activity, in vivo studies demonstrated low specificity and
high toxicity in non-target organs similarly to cisplatin.3® Subsequent studies are

developing new methods to increase specificity and reduce toxicity.
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Table 1.3.1.1: Cytotoxicity of complexes of the type [Pt(P.)(AL)]*

and [Pt(PL)(AL)(OH)2]** compared to cisplatin, oxaliplatin and carboplatin.

MCF-7 A2780 H460 A431 Du145 MIA ADDP
Complex Breast Ovarian Lung Skin Prostate Pancreas Ovarian
n=3-4 n=3-4 n=3-4 n=3-4 n=3-4 n=3-4 n=3-4
PHENSSDACH 053%0.15 0.27 £ 0.029 0.48%0.15 0.87%0.28 0.081 + 0.050 0.80 % 0.65 0.24%0.038
56MESSDACH 0.050 + 0.020 0.030 + 0.004 0.037 £ 0.009 0.051 +0.021 0.007 £ 0.002 0.015 + 0.002 0.032 £ 0.007

56MESSDACH(OH)2 0.14 +0.000 0.063 +0.016 0.053 +0.010 0.10 +£0.015 0.009 +0.003 0.027 +0.002 0.075+0.019

cisplatin 6.5+0.8 1.0+01 09+0.2 24+03 12+01 75+13 12+01
oxaliplatin 05+0.1 0.16 £0.0 1.6+01 41+05 29+04 09+0.2 14+01
carboplatin >50 9.2+29 14+1.0 243+22 147+1.2 >50 143+0.7

— —
N 1: R,=R,=H, PhenSS/RR
N 2: R,=CH, and R,=H, 5MeSS/RR

H2N NH 3: R;=R,=CH;, 56MeSS/RR

Figure 1.3.2 General structure of polyaromatic platinum(ll)complexes.

*indicates a stereocentre, either S or R.

1.3.2 Platinum(IV) complexes

The oxidization of PPCs from Pt(ll) to Pt(IV) enables two additional ligands
to be bound to Pt, thus offering new design features to be explored.3®* Many
different ligands have been assessed, several of which show increased targeting
of cancer cells and comparable activity to cisplatin.3 4% 41 Platinum(IV)
complexes are hypothesised to act as prodrugs, i.e. they are inert in vivo until
they are absorbed by the target cells and are reduced to the active platinum(ll)
form (Figure 1.3.3).#2 The in vitro intercellular inertness is thought to minimise
unwanted interactions with nucleophiles in the human blood serum; thus
reducing side effects, increasing cellular dosage and, enhancing
bioavailability.*®* This mechanism has been proven by the completion of phase

three clinical trials by satraplatin; however, it was not approved for
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chemotherapy worldwide due to not significantly improving the patients
survival compared to drugs currently in the clinic.** The cytotoxicity of the Pt(ll)
complex correlates with that of the Pt(IV), i.e. the Pt(IV) complex should reduce
to Pt(ll) in vitro and produce the same cytotoxic effect.>® There have been
several different lines of inquiry as to which ligands would produce maximal
efficacy. These include ligands that: change the overall lipophilicity or charge of
the PC, increase the size of the complex to utilize the enhanced permeability

and the retention (EPR) effect, have anticancer activity of their own or contain

known targeting groups. 3% 4041

Figure 3.3.3: Intra- and extracellular reduction of Pt(IV), resulting in the loss of
the axial ligands, producing a Pt(ll) compound, showing potential mechanisms

of action.*¥ % (X= axial ligand)

1.3.3 Advantages of platinum(lV) complexes with targeting

Vectors.

Platinum(lV) prodrugs have the potential to deliver drugs specifically to
tumour cells, which should limit unwanted side-effects and reduce the quantity
of drug required for effective treatment.*® Targeting may be accomplished
through either active or passive methods.*¢*8 Passive targeting makes use of

the disorganised vasculature and poor lymphatic drainage of cancer tissue.*’-
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5146, 52, 53 Macromolecules that range in size from 100 — 1200 nm are able to
passively cross the cancer endothelium via the fenestrations, while normal cells
have pore sizes smaller than 2 nm.*® Additionally, removal of these molecules
from cancer cells is impeded by poor lymphatic drainage. This phenomenon is

termed the enhanced permeability and retention (EPR) effect (Figure 3.3.4).>*

[A] [B

= Healthy
[ ) ) .AJ /N Aj
c =Tumor Tissue ¢ ‘ .

®  =Unconjugated ® o o

. = Conjugated D c Q D Q D

Figure 3.3.4: Enhanced permeability and retention (EPR) effect: A) Small drug
size results in the diffusion of the unconjugated drug into both the healthy and
tumour tissue. B) Larger drug size results in the diffusion of the conjugated drug

into tumour tissue only.

Active targeting requires specific interactions between the prodrug and
cancer cell; for example, receptors that are over-expressed on the surface of
cancer cells have potential as cellular targets.?® 48 50 55 Active targeting then
requires that the prodrug contains a targeting vector for that specific cellular
receptor.*® 48 30 However, the receptor must be overexpressed relative to
normal cells,”® should be recycled frequently,®>” and it must be in an accessible
location such as the surface of cells.>® Based on these principles, several
prospective targets have been identified, including: folate receptor (FR);
glucose transporter 1; prostate-specific membrane antigen (PSMA);
epidermal growth factor receptor.”®®! Folic acid for example is an excellent
candidate for a targeting ligand due to the overexpression of FR, the ease at
which it may be derivatised, its high specificity and affinity, resistance to
denaturing and low immunogenicity.>® 2% FRs are also largely absent from

healthy tissue, reducing the likelihood of unwanted side effects while being
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present in several different cancer types.>® %7 PSMA is also a good target for
cancer treatment, as it is a trans-membrane protein overexpressed by
essentially all prostate cancer cells. The expression of PSMA is increased in fast
growing, poorly differentiated, intrinsically resistant, and metastatic cancers.
PSMA is also expressed in gliomas (most common primary brain tumours) and
several other solid tumours including those found in the pancreas, kidney and
lung. There is also evidence that PSMA is overexpressed in the vascular
endothelium, and targeting this structure may “starve” the cancer and
consequently kill it.?® Although some normal tissue (apart from in prostate
cells) express PSMA, it is in relatively small amounts in cells not accessible
through the vasculature, or are within the kidneys where they are potentially
protected by the glomerulus (which would stop larger molecules passing).
Treatments targeted to PSMA are hypothesised to: selectively target prostate
cancers or vessels perfusing to cancer calls, accumulate significantly, reducing
the risk of acquired resistance, and spare non target tissue in which PSMA is not
expressed. A Lu-PSMA complex was recently awarded best image of the year by
Society of Nuclear Medicine and Molecular Imaging, for a demonstration of
exceptional responsiveness in patients with metastatic prostate cancer. This
Phase Il clinical trial drug demonstrated the viability of PSMA targeted
therapies.®® N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-(S)-lysine (DCL) is a part
of a series of PSMA targeting ligands consisting of a urea base with attached
amino acids, in this case lysine and glutamic acid.”® DCL has been proven as a
selective targeting agent as both a radio-imaging tool and as a delivery ligand
for a non-platinum anticancer agent.”®’2 Binding DCL to Pt drugs is
hypothesised to result in the active intake of the Pt-DCL complex in cells over
expressing PSMA. The carboxylic acid groups make crossing lipophilic cell
membranes of healthy tissue difficult, thus targeting cancer cells and reducing
the risk of side effects.®® DCL is therefore an excellent candidate to bind o Pt(IV)

prodrugs to increase the specificity of their cytotoxic action.

1.3.4 Advantages of Pt(IV) complexes with bio-active ligands.
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Pt(IV) derivatives of active Pt(ll) complexes with bio-active ligands present
a new method to further refine and enhance the suitability of Pt drugs as
anticancer agent. As discussed above Pt(IV) analogues are considered pro-drugs
as they are activated by reduction within cells. The hypothesis behind the use
of bio-active ligands is that upon reduction of the Pt prodrug the axial ligands
are released within cells and these ligands can be utilised to further enhance
they cytotoxicity of the drug. The literature has many examples of ligands that
are known antiproliferative agents, enzyme inhibitors/enhancers, cytotoxic
agents or exhibit biological activity that works alongside Pt drugs or that help to
overcome resistance to Pt drugs.”>78 Because these bioactive ligands have the
potential to affect a variety of cellular mechanisms, their cytotoxic activity
cannot be attributed to just one pathway; hence it would be more accurate to
call them multi-action rather than dual action drugs.”’
Nonsteroidal anti-inflammatory drugs (NASIDs) have been shown to inhibit the
cyclooxygenase enzyme system which consequently leads to reduced tumour
growth and angiogenesis.”8* The anticancer effect of these compounds is
achieved only at high concentrations and thus they have limited
pharmacological activity.®* However, these compounds attached to a Pt(IV)
prodrug may achieve a high intracellular concentration without a high dosage.
This hypothesis has been confirmed in the literature; a study in which NASIDs
were bound to cisplatin and its derivatives found that NSAID cellular
concentration was high enough to change the reaction of the cell to the Pt(ll)
drug, promoting apoptosis.®> 8 An example of one such NASID is 2-[2,6-
dichlorophenylamino]phenyl acetate (DCF) which has proven anticancer activity
and has also been bound to cisplatin by Brabec et al®” Their study
demonstrates that cisplatin bound DCF is cytotoxic against cancer cell lines, and
is more potent than cisplatin alone against cisplatin resistant cell lines. The DCF
was bound to cisplatin in place of the chloride ions, forming a square planar
Pt(ll) complex (Figure 1.3.4.1). The DCF ligands are still cleaved intracellularly as
per the normal cisplatin mechanism, allowing the cisplatin to bind to the DNA
while the DCF affects multiple cellular pathways. Unlike most NSAIDs, DCF is

not cyclooxygenase enzyme dependant; it instead works through mitochondrial
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interaction, inhibiting glycolysis and lactate transport. DCF also modulates the
phases of the cell cycle, enabling damaged cells to traverse the S phase. Thus
DCF is a good candidate for further experimentation with different Pt

anticancer agents and potentially new linkers.
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Figure 1.3.4.1: Examples of DCL complexes; complex 1: cis-[PtCl>(DCF)2(NH)],
complex 2: cis-[Pt(DCF)2(NHs)2] and complex 3: [Pt(1,10-phenanthroline)(1S,25-

diaminocyclohexane)(2-Aminoethyldiclofenacamide),]?*.

1.3.5 Advantages of asymmetric Pt(IV) complexes.

Asymmetric Pt(IV) complexes allow for further fine tuning of the
pharmacokinetics of a cytotoxic Pt(ll) drug. Asymmetric complexes may be
advantageous in one of two ways. Firstly, using two different cytotoxic axial
ligands in a multi-action prodrug means a greater amount of different
mechanisms of action per complex relative to one with two of the same axial
ligand. Secondly, the use of two different axial ligands can profoundly affect the
reduction potential of a platinum(lV) complex. The reduction potential is
important because the activation of Pt(IV) prodrugs relies on the intracellular
reduction of the complex, which is modulated by the nature of the axial ligands.

The axial ligands must have a reduction potential high enough that it is

24



chemically inert extracellularly, providing the aforementioned advantages of
Pt(IV) drugs such as being orally active. The reduction potential must also be
low enough that it can be reduced once inside the cell, initiating its cytotoxic
action.”’

When it comes to the reduction potential of Pt(IV) analogues, there are
several variables that must be accounted for to elucidate any correlation
between cytotoxicity and reduction potential. The reactivity of Pt(IV) is
enhanced in the presence of intracellular reducing agents, ascorbic acid,®
glutathione® and protein sulfhydryl.?® Pt(IV) complexes may bind differently to
DNA depending on these reaction conditions and the nature of the axial
ligands.’ When the equatorial ligands are kept approximately the same and
the axial ligands are varied a correlation between the electronegativity of the
axial ligands and the speed of reduction is revealed. In general the more
electronegative the ligands, the more destabilised the Pt(IV) state, resulting in
faster reduction.’® In general this translates to hydroxyl ligands axial ligands
reducing the slowest followed by acetate chloride and fluroacetate. Rate of
reduction is also dependant on the bulkiness of the axial ligands, with more
bulky ligands reducing faster than smaller ligands. In this case the bulkiness of
the equatorial ligands also contributes to the speed of reduction. The bulky
ligands destabilise the octahedral Pt(IV) structure resulting is faster reduction
to the more stable square planar structure.®® Everything else equal, cytotoxicity
and reduction have a positive correlation, and thus the rate of reduction is an
important consideration in the design of Pt(IV) pro-drugs. This conclusion leads
to the understanding that in some cases binding two bioactive or targeting
ligands may negatively affect the reduction rate and thus negatively affect the
prodrugs cytotoxicity. It may therefore be essential for the efficiency of the
drug to have two different axial ligands, one to enhance the efficiency of the
cytotoxic mechanism and the other to ensure the timely reduction of the
prodrug to release said cytotoxic agents.”’

Asymmetric ligands also offer a large library of potential prodrugs, where
bioactive and targeting ligands can be mixed and matched to find the most

efficient prodrug. This avenue also leads to dinuclear Pt(IV) compounds, which
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combine two different Pt(ll) analogues. For example, a dinuclear Pt(IV)
compound was synthesised comprising of 56MESS and cisplatin joined by a
linker, with two different cytotoxic agents covalently bound to each Pt centre;
phenylbutyrate (PhB) and dichloroacetate (DCA) (Figure 1.3.5.1).%2 This
“quadruple action” complex was shown to have DNA binding, mitochondrial
action as well as inhibition of histone deacetylase inhibitor, and it is suggested
to have further action through the multiple possible cellular processes of each
component i.e. the bioactive ligands and PCs way work via more than one
mechanism. The combined mechanisms resulted in the Glso being higher than
that of any of the individual components, and the complex is active in cisplatin
resistant cells.®> These complexes have shown good activity in KRAS mutated
cells, which is exciting as KRAS mutated cancers have been previously described
as “undrugable”.®3 The KRAS gene is responsible for the activation of number of
signalling molecules that affect cell differentiation, growth, chemotaxis and
apoptosis.®* It is a part of the RAS class of oncogenes meaning that their
mutations are likely to become cancerous. KRAS mutations are the most
common mutation to cause cancer, and occur in particularly high rates in some
of the most deadly cancers, 97.7% of pancreatic ductal adenocarcinomas,
44.7% of colorectal adenocarcinomas and 30.9% of lung adenocarcinomas.®?
the multi-action dinuclear complexes mentioned above were tested against
several lines of aggressive KRAS mutated cells and showed promising activity,

significantly higher than that of cisplatin.®?
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Figure 1.3.5.1: An example of an asymmetric dineclear anticancer agent made

up of 56MESS, cisplatin, PhB and DCA.??
1.4 New synthetic procedures: continuous flow chemistry

Continuous flow chemistry refers to reactions that occur in a stream
rather than in a batch as used in traditional synthesis chemistry. This usually
involves pumping solutions through tubes containing reagents or catalysts
bound to a solid phase. The stream can flow under pressure or at temperature
and can be run with minimal supervision for extended periods of time. As
exemplified in Figure 1.4.1 continuous flow chemistry set ups can include a
multitude of parameters and intermediates which unlike in batch are
undertaken as a part of a continuous system rather than purifying

intermediates after each reaction as typically seen in batch chemistry.
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B

Figure 1.4.1: An example of a flow chemistry set up, where reactants A and B
are combined under condition a to create the intermediate C before
undergoing condition b and the addition of D to finally produce the final

product E.

Continuous flow chemistry has many advantages over batch chemistry: it
allows for more precise control of variables such as temperature and pressure,
more efficient use of reagents and solvents, as well as reduction of reaction and
purification time.% This leads to reduced cost of production as well as creating
a safer work space, as the reaction is contained and minimal handling is
necessary.’® Continuous flow chemistry can also increase the sustainability of
the synthesis by reducing waste and increasing the reproducibility of the
results.’” The current synthesis of 56MESS and analogues using batch chemistry
is relatively time consuming with an average time for 2 days with an average
yield of ~80% (Figure 2.4.1). Developing a continuous flow protocol for the
synthesis of these PCs would reduce the amount of time and resources used
during synthesis and purification. The development of such a protocol would be
particularly significant as there are currently no reported applications of flow

chemistry in the field of inorganic syntheses.

Cl \NH,
", /1, \\\\\\\\ N N

,,,,,,

Pt )
CI/ \NHz

Reflux at 100 °C

o

140 °C at 0.05 mL/min
Figure 1.4.2: Reaction scheme for the batch chemistry method (top) and the

flow chemistry method (bottom).
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1.5 Project Aims

. To produce a new protocol for the synthesis of [Pt(P.)(AL)]** type
complexes, that is more efficient than the current method. Continuous
flow chemistry will be investigated to meet this aim which may
produce novel findings in the use of flow chemistry for inorganic
synthesis protocols.

Pt(IV) polyaromatic complexes are producing promising preliminary in vivo

results.3* Further development of these compounds would be significantly

assisted if their synthesis were to be automated using flow chemistry protocol.

Another exciting aspect of the development of such a protocol is the novelty of

using what is currently a technique used for purely organic chemistry and apply

it to an inorganic synthesis. The main aim of this aspect of the project is to
develop a synthesis that is straightforward and less time consuming than the
batch synthesis while achieving the same if not better yields. This will be done
by developing the flow protocol using much of the same strategy for
optimisation of any other flow system, focusing on each reaction variable in
turn until optimal results are achieved. Thus the aim is; to produce a new
protocol for the synthesis of [Pt(P.)(A)]*" type complexes, where (P.) is an
analogue of 1,10-phenanthroline (phen) and (AL) is diaminocyclohexane (dach),

that is more efficient than the current method.

. To effectively oxidise Pt(ll) complexes with halides Cl, Br, and | on the
axial positions to produce [Pt(P.)(AL)(X2)]**. The resulting compounds
will be characterised and their biological activity determined.

The coordination of halides (X) in the axial positions of the platinum(IV)

complex (c,c,t-[Pt(5,6-dimethyl-1,10-phenanthroline(56Me;,phen))(SS-

dach)(X),]**) will be investigated as a part of this project. It has been previously
observed that reduction to platinum(ll) occurs faster when the axial ligand is
chlorine rather than oxygen, and thus it is hypothesized that the other halides
will similarly affect the reduction rate and the pharmacology of these

complexes.’ To explore their effect on cytotoxicity and pharmacokinetics, a
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series of compounds with axially coordinated Cl, Br or | will be synthesised.
They will be utilised as an intermediate to more efficiently coordinate other
ligands onto the axial positions that can be targeting factors or have anticancer
properties themselves. Using the resulting complexes, the effectiveness of
substitution in the axial position by various ligands will be assessed, as well as
the cytotoxicity of the resulting compounds in cell lines. The main aim of the
synthesis of [Pt(AL)(PL)(X)2] complexes is to identify a more efficient method of
substitution onto the axial positions, which could be incredibly useful for
attaching targeting groups such as folic acid and glucose.® The protocol used
will be a modification of a previously described method which has already

proven successful.®®

U To develop a method for the synthesis of asymmetric compounds of
the type [Pt(P.)(AL)(OH)(CzH30,)1*".
The third aim of the project is to develop a method for the synthesis of
asymmetric Pt(IV) compounds which will offer further diversification of the
platinum compounds able the be synthesised. These Pt(IV) compounds will
incorporate acetate and hydroxido ligands to produce compounds of the type
[Pt(P.)(A)(OH)(C2H302)]*". The asymmetric design of these compounds will
allow further asymmetric derivatisation of the Pt(IV) which may be

advantageous in the design and synthesis of multi action drugs.

. To investigate the substitution of targeting vectors onto
[Pt(P.)(AL)(X2)]?** as a potential method for more efficient cancer cell
selectivity.

The third aim of the project is to develop a method for the synthesis of

asymmetric Pt(IV) compounds which will offer further diversification of the

platinum compounds able the be synthesised. These Pt(IV) compounds will
incorporate acetate and hydroxido ligands to produce compounds of the type

[Pt(P.)(A)(OH)(C2H302)]*". The asymmetric design of these compounds will

allow further asymmetric derivatisation of the Pt(IV) which may be

advantageous in the design and synthesis of multi action drugs.
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e To collaborate with other research labs, producing complexes that
have the potential to increase targeting.

The fourth aim of this project is to bind targeting ligands provided by
international and local collaborators to PPCs of the type [Pt(PL)(AL)(OH)2]** to
determine their effectiveness. The synthesis of these compounds will further
diversify the synthetic methods available to the research team at WSU,
expanding the number and type of compounds able to be synthesised. These
complexes have the potential to increase the viability of 56MESS (and
analogues) as a drug, targeting specific types of cancers and reducing its
systemic toxicity. As these targeting ligands will be developed with
international and local collaborators; this project also serves to strengthen our
position in the research field and our connections with these valuable

collaborators.

J To prepare manuscripts for publication: 1) Modifying the
Pharmacokinetics of Platinum(IV) Complexes via Halogenation at axial
positions and, 2/3) Substitution of Targeting Vectors Pt(IV)
compounds.

The first paper will be a synthesis and characterisation paper in which nine

novel complexes will be synthesises, characterised using a combination of

HPLC, NMR, ESI-MS, CD, SRCD microanalysis and biological testing. These

complexes should have some interesting activity in cancer cell lines and have

characterisation data different to other complexes of the same type which will
be a point of interest for the paper. The second and third papers will be in
collaboration with other researches who have provided ligands which | will
attach to our labs complexes. These complexes will be novel and are

hypothesised to have improved activity and pharmacokinetics.
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Chapter 2 Materials and Methodology

2.1 Materials

Reagents were used as received unless otherwise specified. All solvents
used were of analytical grade or higher. Potassium tetrachloroplatinate
(K2PtCls) was purchased from Precious Metals Online. Acetone, acetic acid,
acetonitrile, dichloromethane (DCM), diethyl ether, ethyl acetate, hexane,
hydrochloric acid, silver acetate, silver nitrate, N-iodosucinamide, N-
chlorosucinamide, N-bromosucinamine, and sodium chloride were obtained
from Sigma-Aldrich. Hydrogen peroxide was obtained from VWR. Methanol was
obtained from Honeywell. DCL was purchased from Tokyo Chemical Industry
and DCL was synthesised by B. Pages.'® Deuterated solvents ds-
Dimethylformamide (99.5%), de-dimethylsulphoxide (99.9%), deuterium oxide
(99.9%) and deuterated acetonitrile (99.8%) were purchased from Cambridge

Isotope Laboratories. Acetone (299.5%) was purchased from Biolab.

2.2 Instrumentation

'H NMR experiments were performed on a Bruker Avance 400 MHz NMR
spectrometer. Using this instrument 3C NMR experiments were performed at
101 MHz and °°Pt NMR at 86 MHz. All compounds were dissolved in one of the
following: D20, d7-DMF, d3- CD3CN, d>-CD2Cl, or de-DMSO. The temperature in
the probe was maintained at 25 °C. Spectra are referenced to the residual
deuterated solvent peak. The following abbreviations apply to spin multiplicity:
s (singlet), d (doublet), dd (doublet of doublets) t (triplet), g (quartet) and m
(multiplet).

UV spectra were recorded on a Cary 1E spectrophotometer at room
temperature in the 200—400 nm range, using a 10 mm quartz cell. All samples
were automatically corrected for solvent baseline. Titration of a stock solution
into a known volume of solvent allowed the calculation of the extinction
coefficient, a measure of the absorbance at a given wavelength per mass
density.
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CD spectra were obtained using a Jasco-810 spectropolarimeter at room
temperature. The instrument was left to equilibrate for 30 minutes prior to use.
Spectra were obtained in a 10 mm quartz cell, and were measured from 400—
200 nm with a data pitch of 1 nm, bandwidth of 1 nm and response time of 1
second. For each spectrum, 40 accumulations were collected and a water
baseline was subtracted

Electrospray ionisation mass spectrometry (ESIMS) experiments, in the
positive mode, were performed using a Waters TQ-MS triple quadrupole mass
spectrometer. Sample solutions were made up to 0.5 mM in H;0 and flowed at
0.1 mL/min. A desolvation temperature of 300 °C, desolvation flow rate
(nitrogen) of 500 L/hr remained consistent whilst the cone voltage and capillary
voltage were varied for each sample in order to adjust for fragmentation.
Spectra were collected over varied m/z ranges depending on the target mass.

Samples were purified using the Reveleris® X2 flash chromatography
system fitted with a Reveleris® reverse phase Cig 4 g column. The column was
equilibrated to 3% MeOH in water for 2.4 min at 8 mL/min, and the samples
run for 9 minutes with the UV detector sensitivity on high and detecting at 230,
254 and 280 nm. Samples between 20 and 100 mg were prepared in ~1-2 mL
H20 injected and eluted with a flow rate of 8 mL/min. The column was eluted
with 3% MeOH for 6 minutes then MeOH was increased to 100% over 1 minute,
kept steady for 1 minute before returning to 3% over another minute. Only one

product peak was detected and this was collected in 10 mL fractions.
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2.3 Synthesis

2.3.1 Synthesis of [Pt(1S,25-diaminocyclohexane)Cl,]*
2-

NH
NH, Cl W i, \\\\\\\\\C| Cl ", i, \\\\\\\\\ 2
1, W e
H Pt

+ ‘Pt
NH, CI/ \CI CI/ \NH2

The synthesis of Pt(1S,25-diaminocyclohexane)Cl; and Pt(1R,2R-
diaminocyclohexane)Cl,  was achieved using the published method.1%!
Potassium tetrachloroplatinate (307.5 mg: 7.41 mmol: 1 equiv.) was dissolved
in 30 mL of deionized water and filtered using a 45 micrometre syringe filter.
Then either 15,25-diaminocyclohexane (SS-dach) or 1R,2R-diaminocyclohexane
(RR-dach) (350.2 mg; 3.05 mmol ;1.1 equiv.) was added to the solution which
was then sealed and cooled to 4 °C for approximately 48 hrs, at which point the
solution turned an opaque pale orange and a yellow precipitate had formed.
The solution was then filtered and washed three times with 3 mL aliquots of
deionized water. The pure product was then dried in a desiccator for several
days. [Pt(SS-dach)Cl;], yield 254.7 mg, 90.0 %: *H NMR (400 MHz,ds-DMSO) &
5.56 (d, J = 8.2Hz, 1H), 5.03 (s, 1H), 2.08 (s, 1H), 1.85 (d, 1H, J=12.6 Hz,) 1.44
(d, 1H, J = 8.4 Hz), 1.24 (s, 1H), 0.96 (t, 1H, J = 9.7 Hz). Pt(RR-dach)Cl,, yield
254.7 mg, 90.0 %: 'H NMR (400 MHz,ds-DMSO) & 5.56 (d, 1H, J = 8.2Hz), 5.03 (s,
1H), 2.08 (s, 1H), 1.85 (d, 1H, J = 12.6 Hz), 1.44 (d, 1H, J = 8.4 Hz), 1.24 (s, 1H),
0.96 (t, 1H, J=9.7 Hz).
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2.3.2 Synthesis of [Pt(1,10phenanthroline)(1S,2S-

diaminocyclohexane)]?* (Batch)

,,,,,,,

Reflux at 100 °C

The batch synthesis of [Pt(phen)(SS-dach)]** (PHENSS) was achieved
using the published method.°! [Pt(SS-dach)Cl,] (307.5 mg; 85.4 mmol: 1 equiv.)
and phen (164.5 mg : 91.3 mmol: 1.1 equiv.) were refluxed for 24 hrs, result