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meant everything to me.

Onwards and upwards! Eolann J
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ES for a lifetime of love.
AMC for the invaluable support.

SC for having faith in me.

ADondt believe in yourself.
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Abstract

Click Chemistry represents an exciting and important branch of synthetic chemistry
with vast potential. Due to its versatility it is frequently used to modify and
functionalise drugs, sensors and macromolecules for example, facilitating important
advancements in many scientific fields. Furthermore, given its ability to generate
unique compounds with relative simplicity, it is now at the forefront of modern
chemical synthesis. This thesis explores how click chemistry conjugation strategies

can be developed to functionalise Pt based drugs.

Cancer is one of the leading health issues worldwide, with 1 in 6 deaths being cancer
related. Pt based drugs are used in 50% of all chemotherapy regimens. Despite the
many successes of Pt drugs, the negative side effects associated with treatment often
limit their effectiveness. In addition, many cancers become resistant to Pt based
therapy over time. This thesis explores how click chemistry can play a role in
enhancing the activity of Pt-based drugs and tracking Pt-based drugs through

functionalisation.

Chapter 1 primarily provides an introduction to cancer, the medicinal chemistry of
Pt-based drugs and click chemistry. A summary of research undertaken to date in

relation to conjugation of Pt centres to secondary molecules is also provided.

Chapter 2 outlines the methods used to synthesise a number of novel organic
compounds and ligands, as well as inorganic complexes. Peptide synthetic methods
are also described, in addition to biological, i and fluorescent imaging

techniques and methods used.

Chapter 3 describes the development of a novel biocompatible Pt-fluorophore click
complex and how the conjugation of a NIR fluorescent probe to a Pt drug may
further our understanding of Pt cellular uptake and distribution. A Cu-free technique
(SPAAC) was employed; the first of its kind, where the azide handle resides on the
stable ammine carrier ligand. The b cytotoxicity, DNA binding properties and
widefield microscopy cellular imaging of the novel Pt-fluorophore complex were

investigated.
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The selective targeting of cancer cells over healthy cells is of prime interest in
chemotherapeutic research, as the non-selective nature of Pt drugs is one of the
biggest drawbacks associated with their use clinically. In addition, resistance to
current Pt chemotherapy regimens is of major concern. Chapter 4 explores how
peptides may be used to selectively target cancer and improve the potency of Pt
drugs. The development of a novel Pt(IV)-peptide conjugate and its
cytotoxicity is described.

Chapters 5 and 6 focus on synthesis of novel ligand scaffolds synthesised through
click chemistry strategies with an emphasis on generating dual functional metal

based drug complexes.

In chapter 5, the synthesis of a novel 1,4-disubstituted 1,2,3-triazole based
multidentate ligand is described. Reaction of this ligand with Pt(l1l) and Au(lll)
precursors afforded novel complexes, the structures of three of which were
characterised by X-ray crystallography, featuring interesting coordination modes.
1,4-disubstituted 1,2,3-triazole based multidentate ligands are demonstrated to be

ideal platforms for the generation of multinuclear and mixed metal complexes.

Finally, chapter 6 features three independent subsections, which build on outputs
from chapters 3 and 5 and describes the development of (i) click capable cage
ligands, (ii) Pt-steroid complexes for enhanced cancer targeting and (iii) iIEDDA
capable Pt-tetrazine complexes.
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A — Angstrém

aa— Amino acids

ABD — ATPase binding domain
ABIDO — Azadibenzocyclooctyne
ADP — Adenosine diphosphate
a.m.u — Atomic mass units

ATP — Adenosine triphosphate
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b — Broad
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CBDCA — Cyclobutane dicarboxylato
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CPP — Cell penetrating peptides
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CRT1 — Cu(l) transporter
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d - Doublet
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c]phenazine
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DMSO — Dimethyl sulfoxide
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DR — Death receptors
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EA — Elemental analysis

EDG - Electron donating groups
EDTA — Ethylenediaminetetraacetic
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ER — Estrogen receptor

ESI — Electrospray ionization
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FBS - Fetal bovine serum
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FT — Fourier-transform
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GSH — Glutathione
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h — Hour(s)

HDAC — Histone deacetylase
HIV — Human immunodeficiency
virus
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bases

HPLC — High performance liquid
chromatography

HSP — Heat shock protein
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I.D — Internal diameter

ICP — Inductively coupled plasma
IEDDA — Inverse electron demand
Diels-Alder
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J— Coupling constants

K — Kelvin

kDa — Kilodaltons
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LMWP — Low molecular weight
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M — Molar

m — Multiplet

memHSP70 — Membrane bound
HSP70

MRI — magnetic resonance imaging
MRSA — Methicillin-Resistant
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mg — Milligram
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mmol — Millimole

MS — Mass Spectrometry

MTS — 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium

MTT — 3-(4,5-dimethylthiazol-2-yl)-
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m/z — Mass to charge ratio
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NaOX — Sodium oxalate
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NER — Nucleotide excision repair
NHS — N-Hydroxysuccinimide
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Cancer

Cancer is one of the most well-known and imposing diseases in today’s society. As
cancer is more prominent at an older age, its occurrence has increased substantially
over the last century in developed nations, due to the general improvement in
healthcare, which has resulted in an increased lifespan.'* Furthermore, cancer is
considered a “lifestyle disease” because choices in relation to diet, fitness, alcohol
and tobacco use have all been shown to have a major influence on the development
of the disease.? There are many forms of the disease, each named for the organ,
tissue or cell type affected,® and although the survival rate has grown as a result of
early detection and treatment through raised awareness,” it is the second most
common cause of death in Ireland,® while globally it is the second biggest killer, with

1 in 6 of all deaths arising from some form of the disease.

Within Ireland, the most prominent cancers are prostate, breast, colorectal, lung and
skin melanomas. Although prostate and breast cancers make up 30% of all cancers in
each gender, lung and colorectal are amongst the most problematic due to their
higher occurrence and poor survival rates, with lung and colorectal cancers

accounting for 21.1% and 11.8% of all invasive cancer related deaths, respectively.

Colorectal Cancer

Colorectal cancer (CRC) is the most reported form of the disease in Ireland,
regardless of gender, and is the 2" leading cause of cancer death.™ ° As with lung
cancer, CRC is associated with a high mortality rate. The occurrence of CRC is
higher in males than in females, with male mortality also being higher, probably due
to the differences in lifestyle, dietary habits and the lower likelihood of men to seek
medical consultation when faced with a health concern.! The 5 year survival rates
have steadily improved® due to better early diagnosis and early treatment.® The
development of platinum (Pt) drug resistance in CRC*® and the negative side effects
associated with current treatments have led to the research for alternative and more

selective chemotherapies.™

Ovarian Cancer
For females in Ireland, ovarian cancer is the 4™ leading cause of cancer related

mortality, accounting for 6.7% of all deaths. Although it only makes up 4% of all
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invasive cancers, poor long term survival makes it one of the most deadly forms of
cancer.® Furthermore, the survival rate over the past 20 years has not improved.
Although it has a high (60-80%) response to treatment initially, recurrence and
subsequent development of Pt drug resistance is common in 90% of metastatic cases.
This leads to a 5 year net survival rate of 30%, making ovarian one of the most

recurring forms of cancer.! %4

Treatments

There are a number of treatments available for cancers, which vary based on the type
of cancer, the stage of cancer and how invasive the cancer in question may be. The
three most common treatments may encompass one or all of the following: surgery to

remove the tumorous growth, radiotherapy and drug therapy (chemotherapy).®

Surgery in the most common treatment method but the extent of surgery may vary
greatly based on the size and position of the tumour.> " > In many cases, this is very
successful, particularly in instances where the cancer is localised within a single
region. However, later stage cancers which are typically more aggressive, require
more complicated and invasive surgical techniques and often potent
chemotherapeutic regimens to eliminate aberrant cells at metastatic sites and to avert

recurrence.” 16

Radiotherapy is used to shrink tumour size by irradiating cells with X-rays, which
induces DNA (deoxyribonucleic acid) damage, which in turn leads to programmed
cell death and clearance of the tumour mass. Radiotherapy can be very effective,
however it is use can be limited by tumour location and proximity to healthy tissues
and organs, in addition to the tumours size. In most instances, it is used in
conjunction with another treatment or therapy.” *® Surgery is often performed in
conjunction with radiotherapy to remove larger dead tumour masses or to prevent

recurrence through post-surgical radiation therapy.**%

Hormone therapy is most commonly used in the treatment of prostate and breast
cancers due to the specific demand and high level of receptors these organs have for
hormonal steroids™ > In the case of prostate cancer, androgen receptors (AR) are
upregulated and have an 80-90% dependency on them.”® Androgen deprivation
therapy is used to prevent the release of testosterone which is required for prostate

cancer growth. The therapy results in tumour shrinkage.?? For breast cancer, a test is

3
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first carried out to determine whether the breast cancer is estrogen receptor (ER)
positive or negative, ER(+) or ER(-).” Approximately 80% of breast cancers are

26-27

estrogen sensitive™ " and may be treated with hormone therapy in a similar manner

to prostate cancer.

Chemotherapy is broadly described as any treatment regime which uses a drug or
chemical compound to elucidate an anticancer effect. There are a large number of
drugs which perform this role, and a broad variety of combinations employed which

are administered depending on type of cancer, stage of cancer and side effects.

For example, the triple therapy known as FOLFOX employs a three drug strategy
made up of 5-Fluorouracil (which interferes with the DNA replication pathway),
Leucovorin (which enhances the effects of 5-Fluorouracil) and oxaliplatin (by

inducing ribosomal biogenesis stress®).%

This chemotherapeutic cocktail is used to
treat late stage CRC. The primary focus of this thesis will be on Pt-based anticancer

chemotherapeutic drugs, as outlined below.

Metals in medicine

Metals have a long history as key ingredients in many traditional natural remedies.”
31 Today, metal based drugs are routinely used in the clinic as diagnostic agents and
as therapeutics, with cisplatin, the platinum-based anticancer drug, well-known as the

‘poster boy’ of medicinal inorganic chemistry.™" 32

Platinum (Pt) Chemistry

Platinum (Pt) is a group 10 transition metal with an atomic number of 78, atomic
mass of 195.08 a.m.u. (atomic mass units) and an electronic configuration of
[Xe]4f“5d%6s". It is most frequently found in the Pt(11) and Pt(IV) oxidation states,
but may also form bimetallic complexes as Pt(I) and Pt(lll), though this is
uncommon. Pt is classified as a rare “soft” acid metal according to the HSAB (hard
soft Lewis acids and bases) theory, and therefore binds strongly with soft ligand base

donors such as nitrogen and sulphur.

Pt(I1) forms square planar geometries with an 18 electron d® metal centre. The dy,,

dy,, d;? and dyy orbitals are occupied by electron pairs in a low spin state, leaving only
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the highest energy d,2y? unoccupied (Figure 1.1). Pt(IV) forms more kinetically inert
complexes which are thermally stable, with an octahedral geometry and with an 18
electron d® metal centre. The complexes are low spin with the three t,q orbitals (dy,
dyz, dyy) full, whilst leaving the two high energy ey (dy%y? d;*) orbitals unoccupied
(Figure 1.1).

Pt(II) dg square planar Pt(IV) dg octohedral
—_— dyoy A
’ ? de dxz_yz’dzz (eg)
E E
$ +| +| +| xy? Yyze xz(Zg)

ZZ
_H> % dy,, dyy

Figure 1.1: d-orbital level diagram for Pt(1l) and Pt(I\V) metal ions in a square planar

and octahedral ligand field respectively.

Pt(11) and Pt(IV) follow the standard affinity for soft ligands as previously outlined
by HSAB theory,*® and Pt(l1) reactions are influenced by them  effect.®

The & effect is the labilisation of ligands that are &  to other ligands and is
used to primarily explain substitution patterns in Pt(ll) chemistry. For example, it
helps predict the likelihood of incoming ligands to coordinate in a &
conformation more rapidly thaninas position with respect to ligand with a strong
a effect (such as many soft ligands).*® The trend below shows the increasing
intensity of thea  effect for a number of ligands:

F', H,0, OH < NH3 < py < CI' < Br < I, SCN", NO,", SC(NH,),, Ph™ < SO3*
< PR3, AsRs, SR,, CHy < H', NO, CO, CN", C,H, **

Two main factors contribute to the magnitude of the s effect; (i) the polarizability
and (ii) the m-back-bonding ability of ligands, both of which weaken the Pt(l1)-ligand
bond. With respect to (i), the primary charge of Pt(Il) induces a dipole with its
ligands which can lengthen and weaken the bonds and (ii) where a strong n-back-

bonding will weakenthe  ligand.3*
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The & effect is famously harnessed for the synthesis of cisplatin, which is

synthesised by reacting [PtCl,]* with ammonia.*®

Gold (Au) Chemistry

Gold (Au) is a group 11 transition metal with an atomic number of 78, atomic mass
of 196.97 am.u. and an electronic configuration of [Xe]4f**5d'%s". It is most
frequently found in the +1 and +3 oxidation states, but oxidation states ranging from
-1 to +5 are also known.®” Most Au drugs are associated with the +1 oxidation state
such as Auranofin.®’

Au, like Pt, is classified as a “soft” metal according to the HSAB theory and as such
clinically used Au(l) complexes are bound by soft ligands, such as those containing
thiols (sulphur) bonds and phosphines.*’

Au(l) is an 18 electron d'° metal centre, with all d orbitals fully occupied (Figure
1.2) and forms linear complexes.

Au(lll) complexes possess square planar geometries with an 18 electron d® metal
centre. The dy,, dy,, d,* and dy, orbitals are occupied by paired electrons in a low spin
state leaving the highest energy d,?,? unoccupied.

Au(l) d; linear Au(IIl) dg square planar

A ﬂl_?» dZ2 A _— dxz_y2
+ yzo Uxz
1 1 % i,

e

Figure 1.2: d-orbital level diagram for Au(l) and Au(lll) metal ions in a linear and

|
Xz-y:, dxy *

square planar ligand field respectively.

Cisplatin — 1% generation

£ -diamminedichloroplatinum(ll) (cisplatin) was the first Pt based anticancer drug
brought to market, and the first used to target solid tumours. Although first
synthesised in the early 1800s, in the 1960s Barnette Rosenberg serendipitously

discovered that cisplatin had an anti-proliferative effect on E b (E
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cb ).*® Cisplatin was approved by the FDA as an anticancer agent in 1978 and is
now used clinically in a high proportion of chemotherapeutic regimens. Cisplatin’s
success certainly kick-started a surge of interest in metal based medicinal chemical

research.

Structurally, cisplatin and other Pt(Il) drug complexes follow the model outlined in
Figure 1.3, where a Pt(Il) metal centre is coordinated to 8 am(m)ine and & anionic

ligands.

cis-[PtA,X5]
stable carrier groups X, A labile leaving groups
in cis geometry ‘Pt in cis geometry

(A) x7 a (X)

square planar Pt(ll)
neutral centre

Figure 1.3: The “classical” &8 -PtA,X, framework constitutes a Pt(ll) metal centre

coordinated to a stable carrier am(m)ine ligand (A) and a labile (di)anionic leaving

group (X).

The am(m)ine groups are commonly referred to as carrier ligands as they remain
bound to Pt following administration and intracellular transformation. The anionic
labile ligands are known as leaving groups and become displaced following cellular

uptake (Figure 1.3).

Cisplatin is injected intravenously and enters the cell by a combination of passive
diffusion and active transport® (Scheme 1.1) @ the Cu(l) transporter CRTI.
Notably, genetic knockdown of CRT1 enhances Pt resistance both ity and n
b .40—41

Following uptake, cisplatin must undergo a number of chemical interactions within
the cell in order for DNA binding to occur. Upon entering the cell, cisplatin
undergoes hydrolysis due to low chloride concentrations (4-10 mM) prompting the
exchange of one or both chlorido ligands with H,O, forming an aquated Pt species
(Scheme 1.1). This species is highly electrophilic and able to react with various

cellular nucleophilic sites.
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+ 2+
C|\ /NH3 _CI_ Hzo\ NH3 -Cl - Hzo\ /NH3
/Pt\ E—— /Pt\ /Pt\
Cl NH, +H,0 Cl NH, +H,0 H,O NH,

Scheme 1.1: Schematic representation of cisplatin hydrolysis in a cellular

environment.

Cisplatin’s primary mode of action against cancer cells is widely considered to be the
formation of irreparable Pt-DNA adducts by binding to the N7 position of DNA
bases, most notably with the purine base guanine and to a lesser extent adenine. The
labile ligand(s) are substituted to form Pt-DNA crosslinks, which cause DNA

damage and prevent DNA replication.*>*°

The most prominent Pt-DNA adducts formed are intrastrand crosslinks, where Pt
binds with two adjacent base pairs on the same DNA strand, namely as GpG 1,2-
intrastrand and ApG 1,2-intrastrand crosslinks. GpXpG 1,3-intrastrand crosslinks
occur less frequently, where Pt binds to two guanine bases separated by a single base
(Figure 1.4). Interstrand crosslinking also occurs, with Pt binding to bases on

opposite DNA strands.*°

N/ \G C/

H3N\ / o H3N\ / T

Pt Pt

N \fe--cz HN \fA--T\
N/

HaN_ /G"C
H3N /< > H3N/Pt$e>
\< > &
/ \

Figure 1.4: Structures of various DNA adducts formed with Pt; GpG 1,2-intrastrand,
ApG 1,2-intrastrand, GpXpG 1,3-intrastrand, GpG 1,2-interstrand crosslinking.

GpG 1,2-intrastrand lesions are most associated with Pt cytotoxicity, as they severely
disrupt the structure of DNA, by causing a bend towards the major groove, triggering

a loss in helix stability.*’

In addition, the presence of Pt further prevents DNA repair protein function, such as
those associated with the nucleotide excision repair (NER) pathway. NER is a

complex process involving more than twenty proteins. If DNA damage is beyond

8
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repair DNA replication fails, the cell cannot replicate, thus committing the cell to

apoptosis or programmed cell death.* %

Despite these widely observed and accepted claims, there is evidence that only low
levels of administered Pt undergo nuclear DNA binding. In addition, given that there
is still a high Pt drug cytotoxic response of certain cancer cells which have enhanced
DNA repair mechanisms, it suggests that cytotoxicity may arise through other
cellular means.*® Cisplatin for example has also been linked with redox, endoplasmic

reticulum stress and mitochondrial DNA damage.*

Side effects and Pt resistance

With many types of cancer, there is no standard or single treatment method, even
among cancers of the same tissue type." ®! In order to treat cancer, a combination
therapeutic regimen is often employed to give patients the highest chance of
survival.! A major concern associated with clinically used drugs is their cytotoxicity
to healthy cells, as many are non-selective to cancerous tissues, which greatly
reduces quality of life.*?

0 H, 0

HSN\ /CI HSN\ /O N\ /O

/Pt\ /Pt\ /Pt\

HsN Cl H,N~ YO TN TOTY

0 Ha
(a) (b) (c)

Figure 1.5: The chemical structures of the Pt drugs cisplatin, (b) carboplatin and (c)

oxaliplatin.

Side effects associated with the clinically used Pt based anticancer drugs, cisplatin,
carboplatin and oxaliplatin (Figure 1.5) has been severe enough that patients remove
themselves from chemotherapy.>® Some side effects include nausea and vomiting,

organ damage, neurotoxicity and nephrotoxicity.>?

As previously stated, many cancers are intrinsically resistant to available therapies or
acquire resistance over time due to a variety of cellular defence mechanisms.™ >
Cancerous cells have been shown to undergo multiple gene mutations which can lead
to a decrease in Pt complex intracellular uptake, an increase in cellular efflux of Pt

drugs and increased repair of DNA damage for example.*® °* ** Therefore many
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treatments, though initially effective in reducing tumour size, fail over the longer
term due to acquired resistance.>°

There are four predominant categories which resistance may fall under which
include: pre-target resistance, on-target resistance, post-target resistance and off-

target resistance.*®

The predominant mechanisms of pre-target resistance are decreased drug uptake and
increased drug sequestration. As previously mentioned, the Cu(l) transport protein
CRT1 is pivotal in cisplatin uptake, and genetic knockdown of CRT1 enhances Pt
resistance.*”*! Sequestering of Pt drugs naturally depletes the quantity of the active
drug molecule. The cellular detoxification enzyme glutathione S-transferase (GST)
and its substrate glutathione (GSH) contribute greatly to Pt resistance. The sulphur
containing GSH acts as a scavenger and detoxifies Pt by forming an inert complex
with Pt (Pt-GSH) which is unreactive.” °" This reaction may occur with or without
GST as a catalyst.*> *® GSH also aids in the detoxification process using transporter
proteins which mediate Pt elimination through efflux of Pt-GSH type conjugates.** *°
Knockdown expression of GST in ovarian cancer has been shown to increase Pt

sensitivity,® and using Pt complexes containing GSH inhibitors, such as

ethacraplatin (Figure 1.6) can overcome Pt resistance.®!®?
Cl 0
cl 0
\)J\O o
H3N\||Dt/CI
HaN" | ~cl
© 0
o Cl
0 Cl

Figure 1.6: Ethacraplatin. A Pt(IV) drug which contains two molecules of the GSH
inhibitor ethacrynic acid in the axial positions.

On-target resistance is associated with any mechanism which directly alters Pt-DNA
binding and associated damage. The prominent mechanism of resistance to Pt drugs
is through the enhanced expression and thus increased levels of the proteins of the
NER™ process, which improve the rate of DNA repair and increases Pt tolerance as a

direct result.®-%*

Post-target resistance relates to the alterations to processes which take place
subsequent to Pt-DNA binding. When DNA adducts are beyond repair or cannot be

effectively repaired, apoptosis is triggered through a lethal signalling cascade.

10



Chapter 1

However, disruption to any of the associated proteins in this process can prevent cell
death from occurring. A well-recognised example of post-target resistance involves
the tumour suppressor protein p53. Cellular and protein mutations can lead to the
loss of p53 function.®® Irregular p53 function is common in cancer, with 50% of

human cancers showing some form of mutation to the 8 gene.*®®’

The final class of resistance is off-target resistance, where a process enhances
cellular survival without being directly related to the cellular response to Pt drugs.
For example, colorectal cancers are known to have increased levels of heat-shock
proteins (HSP), which stabilise cellular proteins during a stress stimulus, such as Pt
drug therapy.® The protective role HSPs fulfil in cancer cells prevents the initiation
and activation of apoptosis, making it a biomolecule of interest if studying Pt drug

resistance.

For the aforementioned reasons, overcoming resistance is a major objective in Pt
drug research. The common approach currently employed in novel Pt drug
development is the synthesis of dual or multifunctional Pt drugs. This will be the
main focus of this thesis.

Multi target therapy is one of the tactics used in chemotherapy where a second active

molecule is used in addition to Pt to enhance the cytotoxic effect.

Next Generation Pt drugs

As previously discussed, Pt drugs play a critical role in anticancer chemotherapy and
are used in 50% of cancer drug regimes. The 1% and 2" generation of Pt drugs,
cisplatin and carboplatin are known to kill cancer by forming irreparable Pt-DNA
adducts.'! Significantly, oxaliplatin was recently shown to induce its cytotoxic effect
not through DNA binding but & induction of ribosomal biogenesis stress, disrupting

ribosome synthesis, thus triggering cell death.?®

A plethora of Pt complexes have been reported in the 40 years since the discovery
and clinical use of cisplatin, but only carboplatin and oxaliplatin have also been
approved for worldwide use. Although a number of other Pt complexes such as
nedaplatin, lobaplatin and heptaplatin have been approved for use in specific

countries, there have been limited successes in bringing new complexes beyond

11
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clinical trials.*® However, a frequent factor which has restricted the advancements of
these new complexes are their lower cytotoxicities or similar limitations (resistance
and side effects) as compared to the existing drugs. However, there has been a recent
resurgence in this field and a number of interesting complexes have been developed
with the aim of improving selectivity and sensitivity. To this end, new dual
functional Pt(I1/IVV) complexes conjugated to targeting agents, diagnostic agents

and/or additional bioactive moieties have been investigated.

Pt(IV) anticancer drugs
To date, only Pt(ll) complexes have been approved for clinical use, however a
number of Pt(1VV) complexes have recently shown potential in clinical trials, such as

satraplatin (Figure 1.7).69"

O

I

o
Ho
N2l cl
<:>' Pt

HaN"™ | ~Cl

R

Figure 1.7: Pt(IV) anticancer complex satraplatin.

Pt(1V) complexes, in contrast to Pt(ll), are not initially active and behave as prodrugs

in a cellular environment. Pt(IV) must first undergo reduction in the reducing

environment of the cell to form an active, traditional, Pt(11) drug (Scheme 1.2)."*"

OH

C'//,,Pt,\\NHs H,0, C'//,’Fl,t‘\\NHs 2e", -20H CI//"Pt‘\\NH\%

ci” NH;  Oxidation c1” | NH; Reducton ¥ “NH,
OH

Scheme 1.2: Pt(I1) and Pt(IV) oxidation and reduction scheme.

An important advantage of developing Pt(IV) complexes is the ability to
functionalise the axial hydroxo positions of Pt(IV) hydroxo complexes. The research
community has primarily focussed on conjugating the following to one or both axial
hydroxo groups; (i) an active drug molecule which is released upon reduction, (ii) a
targeting moiety endowed with specificity for a particular tissue or cellular region or

(i), reporter molecules, which help track the drug.

12
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Multifunctional Pt Drugs

Pt drug resistance and non-specific targeting are of major concern in current
chemotherapeutic medicine and there is an urgent need for the development of novel
and better therapeutic agents for overcoming resistance and improving upon the
negative side effects of current Pt drugs. This led to multi-functional therapies either
through dual function drug design or co-administration.”*”® Multifunctional Pt drugs
can accomplish this through specific site targeting of cancer cells and/or targeting

multiple mechanisms of resistance within tumour tissues.

The specific targeting of biomolecules is fundamental to chemical biology and
medicinal chemistry, and is central to improving general population health. The
emergence of new diseases and of drug resistant strains of many illnesses and
infections, both bacterial and cancerous, means there is a constant need to develop
new drugs in modern society. A number of traditional and novel approaches are
currently employed in inorganic medicinal chemistry in order to create more potent

and effective medicines.

Metal complexes provide an excellent platform for the rational design of drug
candidates as therapeutic and diagnostic agents, due to the predictability and control
of the pharmacodynamics and pharmacokinetics of such compounds. Metals can
offer characteristic or accessible geometries, coordination numbers and redox states.
Manipulation of such variables, by selection of appropriate ligands can lead to the
fine tuning of electronic, chemical and photophysical properties of metal complexes.
Ligand choice also contributes greatly to structural diversity, stability, ligand
exchange kinetics and second coordination sphere interactions of metal complexes.®*
7

Surprisingly, given that numerous metallic elements play vital roles in biological
systems, the majority of drug molecules are purely organic and do not attempt to

exploit the potential advantages of metal-based complexes.

As previously mentioned, the administration of multiple drugs as a chemotherapeutic
cocktail combination therapy, i.e. FOLFOX, can improve the treatment of cancer

compared to the use of a single drug.”® The success of strategies such as this proves
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the effectiveness of multiple drug administration for targeting and inhibiting multiple

pathways and elements associated with tumour cells.

McKay € b and Johnstone @ have both comprehensively reviewed many of the

recent strategies employed to develop dual functionalised Pt drugs’®®
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Figure 1.8: Structure of Pt HDAC inhibitor complexes (a) [Pt(ll)(mal-
SAHA)(NH3),]%* and (b) [Pt(IV)Clo(NHs).(OAC)(POA)].2

One interesting research strategy in dual therapeutic functional Pt drugs is through
the use of histone deacetylase (HDAC) inhibitors. HDAC is involved in wrapping
and unwrapping of DNA around histones during gene expression and DNA
replication. Inhibition of this enzyme leaves DNA exposed in its uncoiled state,
leaving it more liable to be platinated. Both suberoylanilide hydroxamic acid
(SAHA) and (2-propynyl)octanoic acid (POA) have been identified as active HDAC
inhibitors and utilised as ligands in both Pt(11)** and Pt(I\V)® complexes (Figure
1.8). In both instances the HDAC inhibitor is “released” within the cell either by
aquation of the labile Pt(I1) ligand or reduction of Pt(1V) to Pt(ll).

Song & investigated the use of a Pt(IV) complex with axial fluorescein ligands to
track and determine the cellular reduction of Pt(IV). The fluorescein probe
fluoresced only upon release following the reduction of Pt(IV) to the active Pt(ll)
complex, and therefore acted both as a therapeutic and a diagnostic agent.** Dual
functional compounds which have both diagnostic and therapeutic properties are
known as theranostic agents. They are of great interest in drug development and
discovery due to their potential to actively track a drug complex and identify directly

its localisation, processing and interactions.*
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The use of another metal complex is sometimes employed in multifunctional
therapies. For example, Au is most frequently used to make nanoparticles which

8586 anticancer

have a wide range of uses including medical imaging and diagnosis,
treatment through photodynamic therapy®” and therapeutic delivery and targeting,®®
as analytical probes®® and in electronic technologies as conductors.®® There has been
a surge of interest in Au(lll) square planar complexes as potential anticancer

91-94

agents,” " making Au a metal of interest in this thesis.

A prime example of rational multifunctional drug development was reported by
Kumar t They utilised a Au nanoparticle that was functionalised with both a
Pt(1V) drug and a targeting peptide moiety and reported enhanced tumour targeting

and anticancer activity.*

This thesis will focus on the application of the diagnostic and targeting applications

of new generation Pt drugs.

Diagnostics

A rational design approach to the development of new anticancer treatments and
methods for the early detection of disease are crucial to modern medicinal chemistry
research. Diagnostic agents may be used in the developmental stage of rational drug
design as they can be used to track and identify a drug or a drug candidate’s cellular
interactions and transport mechanisms.** 8% %9 Diagnostic agents may also be used
to identify critical biomarkers such as proteins or antibodies associated with

particular diseases or illnesses.”® %

Examples of diagnostics in medicine include magnetic resonance imaging (MRI)

100

contrast agents, single-photon emission computed tomography (SPECT)

103102 and fluorescent dyes.®” 19319 |n addition to clinically

radioisotopic complexes,
used diagnostics there is a plethora of simple pharmaceutical (over the counter)
chemical diagnostic testing devices available to the general public, e.g. pregnancy

tests, blood sugar strips and alcohol breathalysers.
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Figure 1.9: Clinically used MRI contrast agents (a) Magnevist'®
[GA(DTPA)(H,0)]*, (b) Teslascan'® [Mn-DPDP], where DTPA =

diethylenetriaminepentaacetate and DPDP = dipyridoxaldiphosphate.

MRI is used to generate an image of soft body tissues by generating a magnetic field
which magnetically aligns the protons of water and small organic molecules. When
the magnetic pulse ends there is a decay of the protons magnetic moment, known as
relaxation time. This change can be detected and transformed into an image. Contrast
agents may be added in order to improve (shorten) the relaxation time in imaging
which can generate greater contrast between tissue types and improve the image
resolution. The major classes used clinically utilise the strong paramagnetic
properties of Gd, Mn and Fe to form complexes (Figure 1.9) which are capable of
enhancing the image quality by reducing relaxation times. MRI may typically be
used to scan the brain, liver and heart and can detect damaged tissues and tumours.'%®

The Tc isotope, **™Tc, is used as a radioisotope as it is a g ray emitter with a half-life
a 6 hours, which can be detected and imaged using SPECT while minimising
patient exposure to radiation. ®"Tc is used in a large number of SPECT imaging
experiments in complexes with numerous multidentate ligands. Some complexes
naturally locate in particular regions of the body, while others are attached to
targeting agents.** Examples include Ceretec (Figure 1.10a), used to measure
cerebral blood flow,'" Cardiolite (Figure 1.10b) which specifically localises in
cardiac tissues is used to assess cardio blood perfusion’® and **™Tc medronic acid
(Figure 1.10c) which is used to identify bone breaks, regeneration and cancers due to

its uptake by osteoblasts.'®
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Figure 1.10: Clinically used *™Tc imaging agents (a) Ceretec, (b) Cardiolite and (c)

9MTc medronic acid.

Fluorophores are among the most frequently used diagnostic agents, due in part to
the large variety available. Furthermore many can be readily modified to suit an

application.
Fluorophores are the diagnostic agents employed in this thesis.

Fluorophores

A fluorophore is a chemical which is capable of fluorescent emission upon excitation
by light, where the emitted light is at a longer wavelength than the light absorbed.
This is typically made possible by the presence of conjugated m-bond containing
systems such as aromatic groups, cyclic or planar groups with several n-bonds. When
a fluorescent molecule is excited by light, the molecule receives energy and is in an
excited state. The molecule interacts with itself and surrounding molecules resulting
in the emission of light of a different energy level and colour as it returns to its

energy ground state.*'°

Fluorophores have a wide range of imaging applications in modern medicine,
ranging from cellular and B imaging to clinically approved fluorescent guided

surgery. 103, 111-113

A vast number of fluorescent probes are frequently used in clinical and research
settings to detect and quantify key biomolecules associated with diseases such as
cancer. Furthermore, fluorophores are routinely used to study the behaviour of drugs
and drug candidates, i.e. to track the uptake, transport and processing of a drug

within a cell.™®® 113 The variety of fluorophore families have allowed for a diverse
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library of imaging agents to be developed and their properties tailored for a specific

need or function.

Each fluorophore family is predominantly defined by their absorption, excitation and
emission wavelengths. The common wavelength imaging range goes between 190
nm in the ultraviolet (UV) range up to 750 nm at the start of the infrared (IR)

range.***

Inan b and o system, excellent functionality and robustness of a probe is
associated with high quantum yields, high extinction coefficients and
photostability.**> A great number of fluorophore species may be modified for
specific qualitative and quantitative analysis of a particular biomarker, for example
antibody tagging or specific organelle staining e.g. cell nucleus.’** '® Below is

described a number of common ta applications for fluorescent materials.

The 4',6-diamidino-2-phenylindole (DAPI, Figure 1.11a) stain is perhaps the most
commonly used dye in cellular microscopy. It has a high affinity for adenine-thymine
rich regions of DNA and is thus used as a stain for the cell nucleus. It has low
cellular permeability for live cells and is therefore frequently used in fixed cell
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Figure 1.11: Fluorescent stains and dyes with applications: (a) DAPI (Amax

em 461 nm), (b) MTT (Amax €m 570 nm) and (c) reduction of tetrazolium rings to

form a formazan group.
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Switchable and on/off fluorescent materials are often used in colourimetric assaying
techniques. Cytotoxicity and cell viability studies frequently use the MTT assay. (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Figure 1.11b)
belongs to a family of agents known as tetrazolium dyes. In the presence of
NAD(P)H-dependent cellular oxidoreductase enzymes in a living cell, MTT is
reduced to form formazan (Figure 1.11c), which causes a shift in fluorescence from
approximately 570 to 500 nm. It is used to determine cell viability based on the
metabolic activity of a living cell.***® Porphyrins, phthalocyanines and their
derivatives are also used for their imaging properties in addition to multifunctional
applications.****? A number of these compounds show near-IR (NIR) emissions*?
however they are known to produce reactive oxygen species (ROS) within the cell
and are therefore generally only used for imaging purposes.***

The limitations of many fluorescent compounds and their potential applications
relate to their fluorescent properties e.g. photophysical properties, photostability (in
solution) and emission wavelengths. Background labelling of the fluorescent probe

through secondary and non-specific binding also reduces their function."***?°

Functional fluorophore design is of keen interest for i imaging to generate
bespoke imaging probes.*?**?” Of significant note from a medical and biofunctional
stand point is the NIR range (A=700-900 nm). NIR fluorophores are desirable for use
in a living system. NIR fluorophores such as boron-fluorescent dipyrromethenes
(BODIPY) and in turn the BF,-azadipyrromethenes (NIR-AZA) and squaraine dyes
for example, have been of prominent interest recently due to the favourable imaging
properties they provide in an @ system, as NIR light penetrates through organic
tissues. At lower wavelengths, interference from a biological system occurs due to
the natural absorption of light by competing endogenous chromophore

absorbance. 1?83

A number of NIR dyes are also commercially available e.g. IRDye® 750 (from LI-
COR Biosciences Inc.) (Figure 1.12b), which can label amino or thiol groups using
the IRDye® 750 (N-Hydroxysuccinimide) NHS Ester and Maleimide derivatives
respectively. Cy5.5® NHS Ester dye (from Lumiprobe, Lumiprobe GmbH) (Figure
1.12a) can label amino groups in peptides, proteins, and oligonucleotides. These dyes
can readily be incorporated into the structure of antibodies and other biomarkers to
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act as a fluorescent tag for identification and imaging purposes, as described in

recent reports.*32 13

Cy5.5 has been used to track the tumor uptake and distribution of a new targeted
RNA (ribonucleic acid) therapy o , with a view to further optimizing a delivery
strategy.™* Cy5.5 is one of the oldest and most widely used NIR dyes in

cancer imaging,**™* however its lower emission wavelength of Ama em 710 and
low photostability is less favorable when compared to the BODIPY family of

fluorophores,™* and the IRDye® series.

Derivatives of the IRDye® 750 containing specific protein targeting moieties were
used iw for the selective identification of tumor target proteins. In order to
rationally develop this probe, a specific ligand pair of a target protein/biomolecule
were determined and the NIR probe modified to contain two specific moieties to

selectively bind with the desired target.**

There is an expanding research niche in the development and use of NIR
fluorophores for practical surgical applications such as tumour imaging and
fluorescence guided surgery.'*® The current strategies involve improving the
emission strength of an NIR probe, specific targeting of a fluorophore and improving
the time required for a viable image to be taken. The O’Shea research group has

made substantial process in this field as described below.*® 1?8

The O’Shea research group have used NIR fluorophores for live imaging to study
fundamental cellular process of lysosomes in cancer detection i 128 Grossi &

developed a lysosome selective on/off NIR-AZA fluorophore (Figure 1.12c), which
is pH responsive. Upon compartmentalisation in an acidic environment (~4.5 pH)
within the lysosome, it turns “on” giving a fluorescence emission of Amax 707 NM, a
process which is reversible through phenol/phenolate interconversion. This
fluorophore used for 4D live cellular uptake and tracking studies and in @ mice
models demonstrated high tumour localisation and targeting, validating its potential

use in fluorescence guided surgery.'?

In 2017, Daly &  developed two NIR-AZA probes (Figure 1.12d-e) and tested the
first preclinical colonic lymph node mapping using common clinical and

surgical imaging instruments and technology. This was achieved through the addition

20



Chapter 1

of strong electron donating dimethylamino moieties to the NIR-AZA scaffold which
helped produce a detectable bathochromic wavelength shift with emissions between
791-826 nm. A relatively low concentration of fluorophore solution was capable of
rapidly staining specific colonic lymph nodes which did not spread from the injection
site and “tattooed” a specific site of interest. Additional studies on recently resected
tumorous colonic tissue (@ ) showed that fluorophore injected directly into the
tumour migrated through the lymphatic vessels to distant nodes. This non-toxic
method could be used as a means for lymph node mapping in surgery to identify the

extended regions of diseased tissue mass over healthy tissue.”
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Figure 1.12: NIR Flu examples. (a) Cy5.5® NHS Ester reactive handle (Amax €m 710
nm), (b) IRDye® 750 NHS Ester reactive handle (Amax €m 776 nm in PBS), (c)
Lysosomal responsive NIR-AZA fluorophore (Amax em 707 nm),*?® (d) NIR-AZA
(Amax em 791 or 822 nm in THF or DMSO) and (e) (Amax em 826 nm in DMS0).*

The significance of these final two real time fluorescent tools for the identification of
key tissue structures and cellular markers shows the importance of diagnostic agents

in modern medical research.
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Peptides in medicine

The identification and development of novel effective targeting agents are vitally
important to the enhancement of modern medicine. Many existing clinical drugs
suffer from dose limiting toxicity due to unspecific targeting within the body, for
example cancer chemotherapeutics such as cisplatin.***** Furthermore, some
diseases respond poorly to existing drugs as these drugs lack the required selectivity

to be truly effective.#:244

Peptide based pharmaceutical research is currently very strong given the
improvements in the cost and ease of their synthesis. There are also now a growing
number of established and well characterised biomolecules that can be effectively

inhibited and/or targeted by synthetic peptides.” *°

A peptide is a sequence of amino acids (aa) linked together through amide bond
coupling reactions. The peptide chain may be linear or branched and considered to be
anywhere between 2 and 50 aa in length, whereas proteins are considered to be
greater than 50 aa in length. *® Significantly, peptides are already clinically approved
as therapies,”* such as Leuprorelin for prostate and breast cancer treatment,*’ the
100 unit peptide chain insulin glargine for long acting blood sugar control for

148-149

diabetes and atrial natriuretic peptides (ANP) used to treat cardiovascular

disease and heart failure.™ The use of peptides and specifically cell penetrating

peptides (CPP) in targeting of cancers is currently very topical.” !>

Cell Penetrating Peptides

CPP are defined as short (fewer than 35 aa), non-toxic peptide sequences which are
capable of translocation into cells both independently and when coupled to a cargo
e.g. small organic molecule, protein, antibody or nanoparticle.* *** The first
example of a CPP was identified in 1988, transcription transactivating (Trans-acting
activator of transcription) (TAT) peptide, derived from the human immunodeficiency
virusl (HIV-1).> Subsequently, additional CPPs and aptamers were identified in

anticancer research, including penetratin, pVEC, RGD and Octaarginine.****®

Since their discovery, the exact mechanism of entry of CPPs into cells has been
widely investigated. There have been a number of conflicting reports and it is now

widely accepted that there is no single fixed mode of cellular uptake/entry. In turn
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different mechanisms of passive transport (energy independent) and active transport
(energy dependent) have been proposed and established for a number of CPPs.*®°

Passive transport has been demonstrated through a number of mechanisms including
the inverted micelle model, pore formation model, carpet like model and membrane
thinning model (Figure 1.13).1%%° These transport mechanisms are all thought to be
induced by the ion charges of the amino acid sequences of the CPP interacting with
the charged species present on the phospholipid bilayer of the cell membrane. In
short, the proposed destabilization of the plasma membrane allows for the CPP to

internalise within the cell

Passive Transport Active Transport

smooth and

Carpet model
rough ER

Figure 1.13: Mechanisms proposed for CPP cellular uptake. Adapted from &
Bl 2016, T (11).%

The active transport of CPPs is most often associated with endocytosis, the
mechanism responsible for uptake of particulates and macromolecules. This highly
regulated and complex process occurs for all cells ® the formation of new vesicles

in the plasma membrane of the lipid bilayer engulfing the molecule in question and
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transporting it within the cell. The three main mechanisms are phagocytosis,

pinocytosis and receptor-mediated endocytosis™®’®® (Figure 1.13).

Given the effectiveness of CPPs, there has been a rapid growth in their conjugation
to drug molecules. A number of studies have demonstrated that CPPs may be used to
transport various cargos e.g. other proteins, active small molecules and siRNA (small
interfering RNA), through the cell membrane, and essentially act as delivery
moieties.’®**™ In turn, the use of CPPs has been investigated as a means to improve

anticancer activity of drugs.

Octaarginine, for example, has been used to improve the delivery of paclitaxel
(taxol) to ovarian cancer cells to improve the drug response in taxol-resistant tumour

models.**®

pPVEC has been used to deliver chlorambucil to breast cancer with
increased cellular uptake in tumours leading to increased cytotoxicity while reducing

uptake in non-tumorous tissues.**

Peptides with anticancer activity have been bound to CPPs demonstrating a positive
anticancer effect. In one study, TATp and low molecular weight protamine (LMWP)
were used with gelonin to target colorectal cancer where it induced complete
inhibition of tumour growth.'”? Penetratin has been used in the delivery of pro-
apoptotic peptide KLA (acetyl-(KLAKLAK),-NH,) in a panel of 7 human cancer
and 3 non-tumour cell lines and a selective increase in the cytotoxic activity b

against cancer cell lines over non-tumour was observed. This included improved
activity against resistant cells.”™®” The use of the tripeptide motif RGD (arginine-
glycine-aspartic acid) is growing in popularity due to the simplicity of the structure.
RGD targets an B and an b integrin receptors, which are found to be essential in
tumour angiogenesis and metastasis, in addition to being upregulated in the tumour

endothelium.*®®

Interestingly, the research group of Schatzschneider has reported a number of metal-
peptide complexes which have displayed improved targeting @ CPPs and activities

as a result of conjugation to metal complexes."**"*

The few examples of CPP associated strategies described above have proved to be
very effective in the studies described and clearly hold much promise clinically. In

the majority of cases, the CPP targets a specific protein or enzyme that is either
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upregulated or essential to the function of tumour cells and which make them distinct
and effective targets.”™ ™! One such target, and the protein family of interest in this
thesis, is heat-shock protein-70 (HSP70).

Heat Shock Proteins and HSP70

HSPs were first identified by Rittosa in @n fruit fly through
the identification of a gene that leads to the expression of proteins under heat
stress.™® As the HSP family of proteins was further investigated, it became clear that
other cellular stresses result in HSP protein expression, such as elevated pH, hypoxia
and ischemia.”® Irrespective of the stress, HSPs aid in homeostasis by stabilising
proteins and preventing denaturation that would normally occur during cellular
stress. The major groups of the HSP family interact with one another, primarily

functioning together to maintain cellular homeostasis.'"®

The six main classes are categorised with reference to their molecular mass in
kilodaltons (kDa); HSP110, HSP90, HSP70, HSP60, HSP40 and small HSPs of 16-
30 kDa.'”” These proteins interact and signal with one another in order to maintain,
chaperone and correctly fold and unfold proteins during and following cellular stress.
By behaving as a buffer system for proteins, they prevent damage and misfolding
which often occurs during stress induced stimuli.’’® The HSP family function
together and are highly dependent on many co-chaperone proteins, which are crucial

to the heat shock response.*’

There are thirteen members of the HSP70 family which are expressed on a basal
level outside of cellular stress and perform cellular house-keeping roles. Not all
HSP70 members are stress induced,'” but their primary function is to maintain
homeostasis in addition to a number of protein transportation roles through the cell

and endoplasmic reticulum (ER).*%%8!

Of significance here are HSP70-1A and HSP70-1B, which have responsibility for
major stress survival roles. These proteins are stress inducible and widely found in
the cytosol, nucleus and lysosome.!™ The structures of HSP70-1A and B (generally
referred to collectively as HSP70-1) only differ in sequence by two amino acids.®
There are three major functional domains on the HSP70-1 structure; an N-terminal
ATPase binding domain (ABD), a substrate binding domain (SBD) and a C-terminal

domain which acts a “lid” for the SBD and mediates co-chaperone binding (Figure
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1.14).2818% The SBD binds to neutral and hydrophobic aa residues on misfolded

proteins.

ATP binding site

C-terminal lid

polypeptide binding site
{ | | J

ABD: nucleotide SBD: substrate
binding domain binding domain
Figure 1.14: The solution structure of B HSP70 homolog (DnaK) (PDB

2KHO), with the ABD, SBD and C-terminal helical domains indicated.® %

The expression of HSP70-1 is mediated by heat shock factors, a class of transcription
factors, resulting in gene transcription of these proteins.’®% One of the major ways
HSP70-1 accomplishes this is by preventing proteotoxicity, which is impaired
cellular function as a result of incorrect protein folding. This irreversibly occurs
when exposed hydrophobic stretches of misfolded proteins accumulate. As HSP70-1
shows high binding affinity for hydrophobic aa regions, they are capable of
complexation to these misfolding proteins during cellular stress and retaining protein
folding viability under conditions that would have otherwise been lethal.t®¢%
Following the passing of the stress, HSP70-1 has a low binding affinity, due to
ATP/ADP cellular levels, and the HSP70-1 protein dissociates from the complex. %

In 2013, Murphy reviewed the HSP70 family and how they play an essential role in
cancer progress and prognosis.®® Regulation of HSP70 within many cancer cells
gives cancer a distinct survival advantage by interfering with apoptotic signalling

pathways through various means.®® A number of examples are described below.

HSP70 prevents intrinsic apoptosis by interfering with the translocation of the pro-
apoptotic protein Bax, which is involved in the release and activation of caspases
responsible for apoptosis.*® HSP70 also prevents extrinsic apoptosis by binding and

preventing recruitment of death receptors (DR), DR4 and DRS5, which signal with
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9

cell death inducing complexes.’® In addition, HSP70 stabilises lysosomes,

preventing cellular degradation.*®

As mentioned, HSP70 is upregulated in numerous tumour cells which aid in their
survival under cellular stress and is associated with cancer progression and poor
prognosis,®® however this upregulation also makes them molecules of interest as
targets. A number of selective small molecule inhibitors of HSP70, such as Pifithrin-
i, VER-155008 and apoptozole™®**® have been identified and show good inhibition
of HSP70 and cytotoxicity towards cancer cells. Aoife McKeon, a former member of
our research group, previously reported the essential role HSP70 plays in Pt drug
resistant cell lines, and how inhibition of HSP70 with Pifithrin-p improves the
anticancer activity of Pt drugs.'®* Furthermore, she described in a separate study how
conjugation of tumour penetrating peptide (TPP) to a Pt(1V) oxaliplatin type complex
enhanced its cytotoxicity compared to oxaliplatin.'®®> Of interest in this thesis is

HSP70 as a target for delivery of an anticancer chemotherapeutic agent.

The 14-mer CPP known as TPP was derived from HSP70, and is capable of cellular
penetration @ membrane bound HSP70 (memHSP70).%***® Given the importance
of HSP70 in cellular homeostasis during stress, its over-expression in cancer cells

represents an ideal target protein in anticancer research.

Steroids and hormones in medicine

As previously mentioned, hormone therapy is used in a number of human illnesses
including treatment for cancer.” ?2*® Hormones are a class of signalling biomolecules
which help in the regulation of many behavioural and physiological processes e.g.
metabolism, mood, growth and sexual characteristics.****% Steroids are one of the

major classes of hormones.

The steroid structural core consists of 4 fused rings, three 6-membered (A, B and C
rings) and one 5-membered (D ring), with the variant types distinguished by their
side chain functional groups (Figure 1.15). Examples include estrogen, progesterone,
testosterone and cholesterol.*” Estradiol, progesterone and testosterone all belong to
the class of sex hormones. Steroidal hormones are either endogenous (made within

the body/cell) or exogenous (made outside of the body/cell).*#*%%°
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HO

Figure 1.15: General ring labelling, structure and carbon number of steroid

compounds (left) and the structures of the steroids estradiol (middle) and testosterone
(right).

There have been a number of examples of transition metal steroid ligand complexes
and dual functioning metal steroid complexes as potential chemotherapeutics.?%*%%
Barrett @ demonstrated the effectiveness of Cu-steroid (Figure 1.16) conjugates
as antimicrobial complexes it and . They complexed Cu with a novel
steroid conjugated phenanthroline bidentate ligand and a second bidentate ligand
such as dipyrido[3,2-f:2”,3’-h]quinoxaline (DPQ), dipyrido[3,2-a:2’,3’-c]phenazine
(DPPZ) or benzo[l]dipyrido[3,2-a:2°,3’-c]phenazine (DPPN), which also possessed
antimicrobial properties. Although the exact mode of action was not determined, the
Cu complexes described demonstrate the potential benefits of employing steroid-

based ligands to improve potency and targeted delivery of metal centres.?*

— o4

Figure 1.16: Structures of Cu-steroid antimicrobial complexes.”*

Estradiol (of the estrogen class) and testosterone (of the androgen class) (Figure
1.15) are of particular interest to this thesis given their association with cancer.

Estradiol and testosterone readily cross cell membranes due to their high
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lipophilicity?®2% but also their interactions with the steroid hormone receptors
(SHRs), ER and AR respectively, which are upregulated in certain cancers. 242" 2%
Therefore, steroid drug conjugates can potentially deliver a therapeutic payload &

the natural steroid receptors present on the cell membrane. 2%

Drug conjugates of estradiol and testosterone are likely to possess improved cell
permeability and targeting potential. Interestingly, the Lippard research group
previously reported that tumour cells that are ER(+) become more sensitive to
cisplatin and carboplatin therapy when treated with estrogens.”® Recently, Johnstone
B reviewed the topic of Pt-steroid complexes comprehensively used in anticancer
research. Although the area was first investigated in the 1980s, there have been very
few major advances on the methods, techniques and results described and only a

limited number of Pt steroid complexes have better activity than the Pt drugs alone.®

Click Chemistry

Triazole Chemistry

A triazole is a five-membered heterocyclic ring of two carbons and three nitrogen
atoms. It is typically formed following conjugation of two separate chemical
moieties and is an extremely useful building block in the construction of ligands and

210-214

coordination complexes, which gives it a diverse range of applications

including drug development, catalysis, metal ion sensing and imaging.?!%%* #4
There are two isomers of the triazole ring; 1,2,3-triazoles and 1,2,4-triazoles, each of
which has two tautomers (Figure 1.16a-d). Substituted triazoles also exist giving rise
to a number of regioisomers (Figure 1.16e-f) which further varies the chemical and

physical properties of this unique moiety.

The 1H-1,2,3-triazole has a pKa of 9.3 making it weakly acidic. The N2 and N3
pyridine-type nitrogens are basic in property with proton affinities (PA) of 915 and
839 kJ mol™ respectively.?! This trend is also observed for standard 1,4-
disubstituted 1,2,3-triazoles.?™® N3 is more basic in nature by virtue of N2 having two

adjacent nitrogen atoms, making N3 more prone to metal coordination.***
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1,2,3-triazoles 1,2,4-triazoles
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Disubstituted 1,2,3-triazoles
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Figure 1.16: Structure of the four unsubstituted tautomers of the two possible
triazole structures. (a) 1H-and (b) 2H- 1,2,3-triazole; and (c) 1H- and (d) 4H- 1,2,4-
triazoles. Regioisomers of substituted 1,2,3-triazoles (e) 1,4 and (f) 1,5-disubstituted.

This work focuses specifically on 1,4-disubstituted 1,2,3-triazoles and their

applications in medicinal and coordination chemistry.

There are two prominent synthetic methods used to generate substituted 1,2,3-
triazoles, the earliest of which described is 1,3-dipolar cycloaddition, known as
Huisgen cycloaddition (Scheme 1.3A). The reaction is a ring forming reaction
between a terminal alkyne and an azide, and occurs spontaneously upon heating,
forming a mixture of the 1,4- and 1,5-disubstituted regioisomers. As regioisomeric
control is strongly desired in synthetic chemistry, the second and preferred synthetic
method employed is the copper (Cu) promoted alkyne-azide cycloaddition (CUAAC),
a prominent reaction in the field of “click” chemistry, which affords the 1,4

regioisomer only (Scheme 1.3B).

R2 A - B R2
N N Huisgen =R Z/"}{
/ ,\N + Rz/(N’N cycloaddtion + CuAAC N,N
+ - |
R, R, N=N=N R,
R . .
1,4-disubstituted  1,5-disubstituted 1 1 ,4-d|sub|st|tuted
only

Scheme 1.3: Schematic model of the products of the 1,3-dipolar cycloadditions (A)
Huisgen cycloaddition and (B) CUAAC.
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CuAAC

The term “click” chemistry was first introduced by Sharpless in 2001, describing a
set of reactions which may be adapted from nature and which are rapid, high yielding
and easy to isolate.”*® The most significant and common application of click
chemistry reactions is the conjugation of two separate moieties into a single
molecule, for example an active drug molecule and a targeting moiety forming a

multifunctional agent.?"’

Copper catalysed alkyne-azide cycloaddition, or CUAAC,*® is perhaps the most
common of all the click reactions used in research today since its introduction, first
published independently by Sharpless and Mendal in 2002.29??° |t is a Huisgen
cycloaddition reaction, which regioselectively generates 1,4-disubstituted 1,2,3-
triazoles, with the respective R groups of the azide and alkyne moieties being
retained in the N1 and C4 positions (Scheme 1.4).%% 219

— [Cu]
N R H | [Cu]
2 -R' |
N“ N [Cu =———————— R—H .
—{ H
R H
Wt (Cu]
Cu promoted R———Cu
' alkyne-azide cycloaddition
N’/ \N/R
_ N;—R'
R [Cu]
$l
N—NlR‘ CI[T]I/N_\—V[QU]
[Cu] 2N %
N Sen ——— VL,

RO (o)
Scheme 1.4: Mechanism of Cu promoted alkyne-azide cycloaddition.?*

As a catalyst, the use of Cu(l) not only selectively generates 1,4-disubstituted
triazoles, but also greatly increases the rate of the reaction at room temperature.’?
One of the earliest practical examples of CUAAC was in solid phase peptide
conjugation, where Cu(l) coordinated to an acetylide peptide derivative of bombesin
on a resin was conjugated to an azide containing functional group (e.g. azido-sugar

and aryl azides), giving high conversion and pure click products.??
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The robust nature of the reaction, and the ease of conjugation of two separate
functional units, ensured that the popularity of CUAAC grew during the mid-2000s

with a wide range of applications including polymer chemistry,?? supramolecular

211, 218, 223 210, 225-

chemistry, metal sensing,??* catalysis and, significantly, drug design.

226

CUAAC is extremely useful for the formation of many organic compounds and in
many cases the desired product can be isolated and purified with relative ease.
However, there are a number of drawbacks and limitations associated with CuAAC.
Synthetically, the removal of Cu following a reaction may be difficult and Cu may
also coordinate with a reactive group present on the alkyne or azide reactants during
the reaction, both removing the catalyst and leading to undesirable inorganic by-

products.??"%%

From a biological stand point there is significant interest in performing click
reactions on a cellular level, however the Cu catalysts employed are often toxic to

Ce||5,229 S.23O-231

causing oxidative stress as they catalyse the formation of RO
Interestingly, Hong ta showed that it was possible to use CUAAC for cellular
surface labelling while maintaining cell viability using
tris(hydroxypropyltriazolyl)methylamine (THPTA) to stabilise Cu(l) during the
reaction and prevent the formation of ROS.%*? Other approaches and Cu stabilising
ligands have been used, and although Cu(l) toxicity is somewhat reduced the
methods are tedious and not compatible with studies. Therefore there is a

demand for better designed Cu catalysts for cellular CUAAC. %%

To overcome these limitations, the Bertozzi group established two interlinked fields

of click chemistry; (i) bioorthogonal chemistry®®® and (ii) Cu-free click.*’

Bioorthogonal Chemistry

Within the realm of click chemistry a subclass of reactions have emerged that are
biocompatible and therefore may take place within a biological system without
interfering with native biological processes.?**%* This family of reactions have been
classified as bioorthogonal chemistry. A few examples of bioorthogonal click
reactions employed include strain-promoted alkyne-azide cycloaddition (SPAAC),

inverse electron-demand Diels-Alder (iEDDA) and Staudinger ligation.?*®
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CUAAC has been at the forefront of bioorthogonal chemistry since the emergence of
click chemistry but the necessity for a catalyst in a biological system is undesirable
and impractical as previously discussed. This has given rise to what is known as Cu-
free click chemistry; a group of truly bioorthogonal reactions which are biologically

safe and require no catalyst or additional reagents to facilitate a click reaction.?®

A number of criteria must be met for a compound or reaction to be considered
bioorthogonal. Given that the reaction takes place in a cellular environment, the
reaction must be stable to reduction in the cytosolic environment and inert to non-
targeted cellular interference. The reagents cannot be water sensitive and should be
stable to interactions with thiols, amines and other cellular nucleophiles. The
compounds should also react readily, efficiently and rapidly at cellular

temperatures.32%

A major advantage of bioorthogonal chemistry in a living system is the fact that
specific cellular sites, processes and biomolecules can be distinctly tracked and
identified e.g. using a click capable probe.?*®%*® A great number of compounds
containing bioorthogonal handles (e.g. azides, cyclooctynes, cyclooctenes and
tetrazines) have been synthesised and can now be modified to suit a practical need
with relative ease, whether by attachment of a probe, tag or a protein.?*® Minor
chemical modifications to the aforementioned handles facilitate control of reactivity

and stability, 125 239 241-244

Medicinally, azides were traditionally avoided for a long time as they were
considered highly toxic®® and are explosives when bound to heavy metals e.g. Pb
(lead) and if not treated with care. However, they are now used prominently in the
medicinal click chemistry field. The azide moiety is perhaps the most significant
functional group in bioorthogonal chemistry due to the large number of click

reactions in can take part in, and its relative biological inertness.?*’
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Scheme 1.5: Mechanism of Staudinger ligation.?*

The first example of bioorthogonal chemistry is the Staudinger ligation reaction

(Scheme 1.5), a modified version of the Staudinger reaction®*®

reported by the
Bertozzi group. The reaction bioconjugates materials through amide bond linkage?*’
and is the first example of bioorthogonal chemistry used in a living system.?*
However the reaction was limited by slow reaction rates and cellular oxidation of

phosphines,?** %*® leading to the development of alternative Cu-free approaches.

This section covers the Cu-free click reactions and products of prominent interest in
this thesis.

SPAAC

The most popular Cu-free click reaction is the SPAAC, whereby an azide undergoes
1,3-dipolar cycloaddition with a strained alkyne functional group, most commonly a
cyclooctyne; the smallest stable cyclic alkyne.?® This was first developed and
reported by the Bertozzi group.”®” A wide range of cyclooctyne precursors were
developed, such as bicyclo[6.1.0]nonyne (BCN), dibenzocyclooctyne (DIBO) and
biarylazacyclooctynone (BARAC) (Figure 1.17). The 160° bond angle of the

238-239

cyclooctyne ring is key, given alkynes should typically have bond angles of

180°, as it increases the reactivity of the alkyne as a result of ring strain and therefore

reacts readily with an azide without a catalyst (Scheme 1.6).%%
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(a) (b) (c)
Figure 1.17: Structures of commonly employed strained cyclooctyne precursors
(@) BCN, (b) DIBO and (c) BARAC.

There are a number of reasons why SPAAC is more desirable to CUAAC. A major
driving factor outlined by McKay & s the toxicity of CUAAC, notably due to the

Cu(l) ions ability to generate ROS.?** SPAAC only requires two reagents for the

9

reaction to occur, reducing the complexity of the reaction®*® and in turn high yields

and single products tend to be produced.?®
Ri N
N—N=N
o7 Ri~n "oy
R2 RZ

Scheme 1.6: SPAAC mechanism between a strained alkyne (as a cyclooctyne) and

azide functional group as 1,3-dipolar cycloaddition.

There have been mixed results however, regarding improving the rate of SPAAC
reactions®*® as compared to CUAAC reactions.” SPAAC, as with all alkyne-azide
1,3-dipolar reactions, follow 2" order reaction rates.?® The choice of strained alkyne
used and modifications to respective R groups have been shown to modulate the rate
of reaction.?”® ®! For example, BARAC (Figure 1.17c) derivatives are generally

considered to be the fastest cyclooctynes to react with azides.?*

IEDDA

Another form of Cu-free click chemistry that is currently gaining popularity is
IEDDA. Similar to SPAAC, the reaction occurs between a 3,6-disubsituted tetrazine-
based heterocyclic ring and a dienophile such as a strained alkyne or a cyclic
dienophile functional group (Figure 1.18a-c).**>*% Like the previously mentioned
cyclooctynes, a strained cyclic alkene moiety reacts rapidly with tetrazines due to the

high level of ring strain, thus lowering the activation energy.?*
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(f) (@)
Figure 1.18: Examples of dienophile compounds used in iIEDDA (a) & -
bicyclo[6.1.0]nonene, (b) &  -cycloocene (TCO) and (c) 1-Methylcyclopropene (1-
MCP). Commonly employed tetrazine compounds (d) diphenyltetrazine,?*? (e) 3,6-
di(pyridin-2-yl)-1,2,4,5-tetrazine derivatives where R=functional moiety** and (f-g)

3-(benzylamino)-tetrazine derivatives.**

There are three predominant tetrazine ring isomers: 1,2,3,4-tetrazines, 1,2,3,5-
tetrazines, and 1,24 5-tetrazines; also known as v-tetrazines, a -tetrazines and s

4 where only 1,2,45-tetrazines react under IEDDA

tetrazines respectively,?
conditions (Figure 1.18d-g). IEDDA follows a traditional inverse Diels-Alder type
[4+2] cycloaddition ring forming reaction, where the tetrazine ring rearranges to
form a new 6-membered ring with the loss of N, in a retro Diels-Alder reaction®*®
(Scheme 1.7).24% %0

R4 R4

N
\'}l R3 N&N\\\ R3 \ ’ R1 R3
_N + | N /’\Il I > N//

Y R, 7_/_____ R, R4

N
Ul

N

Ry Ro Ra \;Nz
R4 R4 R4 R4
R R
N7 5 ox N7 S OHNTYY T N7 3
N HN._ N TN
J
N R4 R4 N R4 R4
2 Rz R2 2
1,4-dihydropyridazine isomers 4,5-dihydropyridazine

Scheme 1.7: Mechanism of iEDDA [4+2] inverse Diels-Alder cycloaddition

between a tetrazine and dieneophile followed by retro Diels-Alder with the loss of
Nz 243, 250
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As both alkyne (Figure 1.17a-c) and alkene (Figure 1.18a-c) groups behave as
dienophiles and may be used for iEDDA, the diversity of potential products is greater
than that of SPAAC. Although the iEDDA reaction with tetrazines was described as

early as 1959 by Carboni and Lindsey,**

it was not until the late 2000s, following
the realisation of bioorthogonal click chemistry, that iEDDA was used primarily in
the synthesis of pyridazine type compounds.?>?*® The significance of this reaction
did not garner much interest until 2008, when its rapid rate of reaction in a biological
system with a reactive dieneophile and its application when conjugated to a
monoclonal antibody and clicked with a fluorescent probe containing a & -

cyclooctene was reported.’ 8

The 2017 review by Oliveira and coworkers summarised the standard 2" order
reaction rates of the major click reactions in the field, showing a trend with reaction
rate increasing such that: SPAAC<CUAAC<iEDDA.? It is noted that the iEDDA
rate of reaction is fastest, but a number of modified SPAAC reactants did exhibit
improved reaction rates relative to the CUAAC methods investigated.’®: 125 239 243, 250,
29 similarly fine tuning of reaction rates are reported for alkyne-tetrazine reaction
rates.**?* Knall & also estimate that cyclooctene derivatives were more reactive

than cyclooctyne derivatives for iEDDA.243' 20

N=N
8 ) |EDDA
N-N

0@%2%2

Scheme 1.8: Scheme demonstrating iEDDA reaction between a tetrazine derivative
and a strained cyclooctyne (A) or cyclooctene (B) derivative.
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SPAAC vs iEDDA
Much of the limiting factors for the SPAAC and iIEDDA reactions are the stability

and reactivity of the tetrazine and strained cyclooct-yne and -ene functional groups.

Karver @ found the stability of tetrazine compounds in 37 °C FBS and PBS over
10 h varied from <5% to >60% decomposition and determined that tetrazines
containing electron donating groups (EDG) are most stable.?** Another report found
20% decomposition of di-2-pyridyltetrazine after 2 h in H,0.%" Regardless, these
cases reported excellent iIEDDA reaction rates. McKay and coworkers reported on
many of the limitations of the cyclooctyne class of compounds.”” BARAC
compounds were found to have a limiting t;, of 24 h in PBS where they undergo

260

hydrolysis and are subject to molecular rearrangement,” while BCN showed poor

stability in solution with only 6% of the starting compound remaining after 24 h.**
Nucleophilic addition reactions in cells are observed, where for example
nucleophiles such as glutathione and the sulphenic acid of cysteine residues react

with the strained alkyne.?%*%

One report demonstrated a practical limitation, showing that a high concentration of
BCN and DBCO derivatised fluorophores were required for cellular labelling and the
high background fluorescent labelling observed limited the use of SPAAC & of
iEDDA.'® Murrey & also reported a drawback associated with iEDDA, due to
potential products formed in the reaction due to specific organelle stability of TCO

groups in addition to the poor shelf life of the TCO groups.

Conjugation of Bioactive molecules

This thesis focuses on utilising click chemistry for A) bioconjugation of a click
capable Pt drug to a moiety with a secondary functionality and B) development of
novel ligand scaffolds to expand on the interesting coordination chemistry of triazole

complexes.

Regarding A, the topics that will be further discussed and investigated throughout
this work are the use of click chemistry to conjugate a Pt drug containing a reactive

handle to (i) a fluorescent probe to track its movement and localisation and (ii), a
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targeting peptide/steroid to enhance its selectivity for and uptake by cancer cells,
(Scheme 1.9A).

Regarding B, novel 1,4-disubstituted 1,2,3 triazole based polydentate ligands will be
designed and synthesised and their reactivity with Pt(Il) and Au(lll) centres
investigated, (Scheme 1.9B).
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Scheme 1.9: Click conjugation reactions between metals and ligands.

A: Conjugation of functional molecules to Pt drugs. B: Polydentate ligand synthesis

and coordination to Pt or Au.

Clicked Pt-fluorophore compounds

Fluorescent probes are frequently used in research to identify key biomolecules
associated with diseases such as cancer, and determine cellular transportation
mechanisms to better understand how drugs interact with diseased cells. In addition,
fluorophores are some of the most frequently used functional units in bioorthogonal
click chemistry, due in part to the simplicity by which they can be modified as
probes.®® 12 The 2014 review of McKay & describes the vast use of CUAAC and
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Cu-free methods which employ fluorophores to prepare bifunctional therapeutic and
diagnostic agents. Within the current literature, there is a niche for fluorescent

tagging of metals, with Pt being of major interest in this work.

The deRose research group have been one of the key players in this area, reviewing
the click Pt fluorophore topic in 2015%** and reporting a number of post-treatment
CUuAAC click reactions of Pt complexes with fluorophores.®®%® These Pt-
fluorophores (Figure 1.19a-b) have been used to detect the formation of Pt-DNA

adducts as well as for imaging of HeLa cells post-treatment.

Zhang ta reported a Pt(IV) complex prepared from a mono substituted azide
handle in the axial ligand position capable of undergoing a CuAAC click reaction
with a secondary component (Figure 1.19c); in this instance an alkyne-
anthraquinone fluorophore,?’ but interestingly, no cellular study, fluorescent testing

or imaging was undertaken, and the work remains a proof of concept.

(c) (d)
Figure 1.19: Examples of clicked Pt-fluorophore complexes generated from (a) 6 -
[Pt(2-azidobutyl)amido-1,3-propanediamine)Cl,]  with  rhodamine or dansyl

265 () picazoplatin with dansyl fluorophore,?®® (c) [Pt(azidoacetic

fluorophores,
acid)(acetato)(DACH)(ox)] ~ with  anthraquinone  fluorophore®’ and  (d)

[PtCl,(NH3),(valeric-ABIDO-cy5.5)], Platin-cy5.5 reporter.?!’
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Pathak and coworkers went a step further and synthesised the Pt(IVV) complex Platin-
Az, with a five carbon spacer (azido-valeric acid) axial ligand.”*” The addition of a
spacer group is a common approach if the secondary handle is believed to interfere
with or be interfered by the Pt drug. In this instance, given Pt can act as a fluorescent
quencher, a spacer was added.?® They utilised a cy5.5 functionalised ABIDO
(azadibenzocyclooctyne) derivative to synthesise their fluorescent derivative &

SPAAC and report a theranostic agent, Platin-cy5.5 (Figure 1.19d). The complex
was visualised by live cell imaging in PC3 cells.?!” Although it was possible to track
the live uptake and transport of the Platin-cy5.5, the 1Cso values of the ABIDO
clicked Pt complex (without the fluorophore attached) was found to be lower
compared to cisplatin and the unconjugated Platin-Az, and therefore the cytotoxicity
of Platin-cy5.5 was not investigated.”*” Furthermore, the Platin-cy5.5 retained the

strong NIR fluorescent properties of the free cy5.5 with an absorbance of 685 nm.

All of these particular examples are highly functional, but due to choice of
fluorophores many fall outside of the desirable NIR range of interest for i

work.

Targeted Pt Drug Delivery

The bifunctionalization of Pt drugs has been explored extensively since the turn of
the millennium. As previously discussed, the limitations and side effects of the
currently available Pt based anticancer therapies have driven the development of
novel bifunctional drug candidates. A number of strategies have been developed in
relation to this, many of which explore the conjugation of a bioactive moiety to Pt
drugs to improve their anticancer properties. For improved targeting purposes

examples include monoclonal antibodies,?*%2% 80, 270

80, 271 195, 272-273

sugars and carbohydrate units,

hormones and peptide residues.

Cancer cells have a number of specific cellular distinctions to healthy ones, cancer
type depending, which give cancer a distinct survival advantage. Upregulation or
over-expression of metal ion receptors, homeostatic proteins and enzymes and
hormone receptors to name a few may be exploited®”* and targeted to more
effectively deliver a therapeutic payload.
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For instance, colorectal cancers may have increased level of proteins such as

HSP70.% It is also well known that hormones play a major role in cancer progression

274 80, 276-277

in prostate,?’* ovarian®”® and breast cancers, and in turn these cells have an

increased level of steroid hormone receptors i.e. ER and AR.*®

In this thesis, | investigated Pt-peptide and Pt-steroid derivatives with the aim of

enhancing targeting and localisation of Pt drugs towards cancer cells.

Pt-peptide conjugates

Pt-peptide conjugates have become a prominent topic in anticancer research with a
number of new active complexes being reported for their ability to target cancer cells
and improve anticancer activity.'®> 2> In many instances, the mechanism of
conjugation is through cross-coupling ® amide bond formation and also through
click chemistry. It is also possible for Pt to form complexes directly with amino acid
residues, predominantly through the amino groups but also through R group side

chains which contain carboxylic acids or thiols for example.?’®*"

The first example of Pt-peptide conjugates developed for the purpose of tumour
targeting was reported by the Lippard research group where tripeptide (RGD
(Figurel.20a) and NGR (asparagine-glycine-arginine) (Figurel.20b)) targeting
motifs were conjugated to a Pt(IV) cisplatin analogue through the axial ligands. The
Pt(1V) peptide conjugates exhibited cytotoxicity against cancer cell lines, although to

a lesser extent than cisplatin, the control.?%°

Subsequently, there have been a number of successful reports of targeting Pt(IV)-
peptide conjugates. Gaviglio & synthesised two sets of mono- and di-conjugated
Pt(IV)-peptide targeting complexes using two peptides; pseudo-neurotensin (pNT)
(Figure 1.20c) as a targeting group for the NTR1 and NTR3 neurotensin receptors
and the cyclic peptide octreotate, an analogue of somatostatin, the receptors (SSTRs)
(Figure 1.20d) for which are upregulated in a number of cancers.?® The cytotoxicity
testing also demonstrated extremely positive improvements on cytotoxicity in most
instances compared with the parent Pt(IV) complex in MCF-7, Pancl, HepG2 and
PT45 cell lines. There was also inconsistency as to whether the mono- or di-

conjugated Pt-peptide exhibited improved ICsq values.”®*
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Figure 1.20: Recent Pt-peptide conjugates with dual functionality. Pt(IV) di-
conjugates (a-d) [PtClo(NHs)a(succ-R1),],22%28 (e-f) [Pt(DACH)(Ox)(succRy),]**
and (g) Pt(11) & -[Pt(NHs)2(malBuf-5)].2%? In the instances of a to f a mono- and di-

conjugated Pt-peptide may occur.

In addition the Keppler research group developed the first oxaliplatin tumour
targeting Pt(IV)-peptide conjugate by conjugating the eleven amino acid TAT to an
axial succinic acid ligand. This resulted in much improved cytotoxicity (up to 39
times more cytotoxic) of the Pt-peptide conjugate (Figure 1.20e) compared to the
unconjugated precursor in the CH1, A549, SW480 and SK-OV-3 cell lines.?"

Within our research group Aoife McKeon has already progressed the applications of

the oxaliplatin based Pt(IV) conjugates’®

using the recently reported TPP (Figure
1.20f), which was developed to target the over expression of memHSP70 in
colorectal cancer cells."® This demonstrated an enhanced anticancer effect and
improved tumour selectivity of Pt-peptide conjugates in Pt resistant colorectal cancer

cell lines, with respect to the clinical standard oxaliplatin.'*

Pt(1)-peptides have also been synthesised, for example the Pt(Il) conjugate of the
cell penetrating and anti-proliferation peptide buforin Ilb malonate derivative
(malBuf) (Figure 1.20g) reported by Parkerb %%
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In a separate instance Parker t had previously attempted a CuUAAC click Pt-
peptide conjugation reaction between a Pt(Il) malonate-alkyne derivative and an
azide functionalised peptide. The reaction was unsuccessful likely due to
unfavourable interactions between the ligand, Pt source and Cu catalyst.”?® This
shows the current limitations of Pt-peptide click strategies. However, other metal
complexes have shown the ability to undergo click reactions to coordinate a peptide
moiety directly, although yields varied and not all instances were successful.®®® It is
also noteworthy that one of the earliest reports (2002) of click chemistry was to
derivatise the cancer biomarker peptide, bombesin, & CuAAC with other
functional units (as previously mentioned).?® It is clear from the limited progression
of clicked Pt-peptide conjugates in the 16 years since their first use in peptide
chemistry that click chemistry may not represent an ideal strategy for conjugating Pt

moieties to peptides directly.

Despite the limitations of these direct Pt click approaches, it is still possible to utilise
click chemistry to generate a ligand or conjugation platform for a peptide of interest,
in addition to peptide structural mimics.”® For example a RAFT (regioselectively
addressable functionalized template)-RGD targeting peptide ligand was successfully
clicked to a Pt moiety using CuAAC by Massaguer th The RAFT was
functionalised with four alkyne moieties and was clicked with an azide derivatised
RGD peptide before conjugating to Pt, forming Pt(IV)-RAFT-[c(RGDfK)]4, which
gave enhanced anticancer activity as compared to cisplatin and the single peptide
derivative, Pt(IV)-[c(RGDfK)], in a number of instances.?”®

Pt-steroid conjugates

The use of hormones and steroid drug conjugates is not a new strategy in anticancer
treatments, with hormone therapy being prominent in the treatment of thyroid, breast
and prostate cancer for instance.” As mentioned, many of the cancers in these organs
have a high demand for endogenous steroids such as estradiol and testosterone and
their exogenous derivatives.?? As such these receptors are a strong target®® for Pt
based steroid conjugates. Different strategies of targeting and dual therapy that have

been explored previously are described below.?®
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As early as the 1980s and 90s, Pt(Il)-steroid complexes were being investigated for
anticancer activity.?®*?®" Many of the approaches undertaken investigate hormone

receptor binding (e.g. AR and ER) and cellular cytotoxicity (Figure 1.21).
o
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Figure 1.21: Examples of Pt-steroid complexes. (a-b) Pt(11) estrogen derivatives,?®

(c) Pt(11) malonate-testosterone derivative?®” and (d) Pt(IV) estrogen derivative.?”

Previous studies demonstrate that co-administration and pre-treatment of cancer cells
with estradiol improves Pt sensitivity,”®® but many of these Pt conjugates do not
improve on overall activity when compared with cisplatin alone or co-administration
treatments. In addition, at low Pt-steroid concentrations, cell growth increased in a

number of instances, given the function of steroids in tumour growth.®% 2%

Figure 1.21d shows a Pt(1V)-estrogen model which gave enhanced cytotoxic activity
against breast cancer cell lines MCF-7 (ER(+)) as compared to HCC-1937(ER(-)).
All derivatives tested gave ICss <5.5 puM and also led to an upregulation of the
high-mobility group (HMG) HMGBL1, which is indicative of DNA damage and
reduction of the Pt(IV) complex to Pt(11) within the cell.?"*

There has been extensive research carried out on estrogen derivatives for conjugation
to Pt complexes, however there has been limited research and synthesis of non-
estrogen derivatives e.g. testosterone, as evident in the reviews of Gust ta . and

Johnstone &
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Although a number of steroids with modified click handles have previously been
investigated,”®*?* no click chemistry based approach has been explored, to the best

of our knowledge, to generate a Pt-steroid complex.

Metal Chelating systems

As previously mentioned, metal triazole complexes have a wide range of applications
in this field such as catalysis, sensing, imaging and therapy.?*? ?*! Triazoles can be
modified easily to form multidentate ligands and in turn on reaction with selected
metals the corresponding coordination complexes. The 1,2,3-triazole heterocyclic
ring readily coordinates metal centres through a variety of modes; N2, N3 and C5
coordination for instance (Figure 1.22). Furthermore, selective alkylation (e.g.
methylation) of 1,2,3-triazoles generates the corresponding 1,2,3-triazolylidenes,
which can be metalated to give the corresponding 1,2,3-triazolylidene coordination

complexes (Figure 1.22).
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R1_N\/§|/ R1_N/§|/ R»I_N\/?Nr
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N""m N N™"
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Figure 1.22: Metal coordination modes associated with 1,4-disubstituted 1,2,3-

triazole ligands.

Schibli coined the phrase ‘“click to chelate” and the Schibli group for example
developed a technetium (**"Tc) triazole complex tethered to folic acid (Figure
1.23a). ¥™Tc is a metastable nuclear isomer of Technetium-99, which is used for
SPECT, while folic acid is a targeting group. An azide derivative of folic acid was
clicked with a terminal alkyne derivative of L-propargyl glycine to generate a 1,4-
disubstituted 1,2,3-triazole as a tridendate ligand. This triazole essentially substituted
a histidine group present in an established ™ Tc tridentate ligand, Figure 1.23a. h
©  testing showed that the triazole-containing *™Tc complex gave equivalent

imaging results to the histidine derivative, however the clicked triazole ligand was
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synthesised in higher yield and fewer synthetic steps than the corresponding histidine

ligand.*®
OHO\:&O .
o) X= N, H2N
j/\ Lo -Ir 99m
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Figure 1.23: Metal functionalised triazole complexes (a) folic acid tagged *™Tc,”
(b) triazole containing ligand, TBTA, which chelates catalytic Cu(l) 2 and (c)

293

polymer supported triazole containing Cu(l) catalyst™ and (d) Zn ion detecting

polydentate ligand, where R=anthracene or p-anisoyl.?**

Triazole based ligands were discovered serendipitously on attempting to improve the
catalytic properties of Cu(l) in CUAAC reactions.”®* The tetradentate ligand & -
(benzyltriazolylmethyl)amine (TBTA) for example is believed to act by increasing
the electron density of Cu(l) & the amine which further facilitates the formation of
the Cu-acetylide complex, essential to the mechanism of CuUAAC (Figure 1.23b).2**
292 Catalytic incorporation of Cu(l) into a triazole linked polymer resin has been

employed in a similar manner (Figure 1.23c).**

A number of potential transition
metal catalysts of Pd, Ru, Rh and Ir have also been stabilised through triazole ligand

complexation.?*

Complexation of metals with a number of triazole containing ligands has been shown
to display distinct fluorescent properties, leading to their use in metal ion
detection.?? Zhut  developed a number of polydentate triazole containing ligands
used as Zn(Il) sensors (Figure 1.23d). The ligands bind to a number of divalent
metals e.g. Fe(ll), Mg(ll), but demonstrate selectivity for Zn(ll) over other divalent
ions in solution. Fluorescence increases significantly upon complexation with Zn(ll)

224

in addition to a shift in the emission maxima wavenumber.““* A multitude of metal
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ions including Mg**, Fe?*, Co®*, Cu®*, Ni**, Ag®, Pb®*" and Hg®* may also be detected
through triazole based metal responsive complex fluorescence. Interestingly, some of
the metal ions are inversely detected by the reduction in fluorescence following
coordination.”>?® |t is believed that the metal ions alter the fluorescence through
these coordination interactions, leading to fluorescent quenching or enhancement.**2

2-pyridyl-1,2,3-triazoles and 2,6-pyridyl-bis(1,2,3-triazole)s are of particular interest
in coordination chemistry as they behave and bind with metals in a similar manner to
the 2,2’-bipyridine (bipy) and 2,2°:6°,2°’-terpyridine (terpy) ligands. Second and
third row transition metal complexes of these substituted triazole ligands exhibit

similar photophysical properties to their parent bipy or terpy complexes.?* 2%

The Crowley and Elliot research groups have investigated a humber of interesting
triazole complexes for sensing and light-emitting purposes, as potential antibacterial

and anticancer agents.
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Figure 1.24: Metal triazole-based light-emitting and therapeutic complexes. (a)

[Ru(phen),(pyridine-triazole-4-fluorophenyl

[Os(bipy)(btz)2](PFe)2,

(©)

[Os(bipy)2(btz)](PFs)2, ™

urea)](PFg)2,>%
(d)

triazole)s]X,,%% and (e) [Pt(DACH)(2-pyridyl-triazole-R)]Cl,.3%
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Ghosh & developed a Ru(ll) triazole-phenanthroline photochemical sensor
(Figure 1.24a). The complex was also capable of ion extraction from solutions of
oxyanions, including phosphates and carboxylates; however only the phosphate
anion could be selectively sensed.®

In 2017, Elliot and coworkers®®® reviewed the various recent Rh, Ir, Os and Ru
triazole complexes and their diverse selection of photophysical properties. They also
developed two light-emitting electrochemical cells made from Os complexes
containing bipy and di-(benzyl-triazole) (btz) ligands, which possessed NIR emission
wavelengths of 713 and 724 nm, Figures 1.24b and c respectively. The two
performed as extremely efficient fluorophores when compared to their Ru
derivatives; however they suffered from poor stability, limiting their practical

application.®™

The complex [Ru(R-pytri)s]X. (Figure 1.24d) was found to have antibacterial
activity against a number of strains, including against Methicillin-Resistant
B (MRSA).**?

Pages th have also synthesised a number of Pt(ll) triazole based derivatives
(Figure 1.24e) which displayed positive results against a series of different cancer
cell lines and gave similar 1Csy values to the three Pt drugs: cisplatin, carboplatin

and oxaliplatin.*®

Conclusion

The formation of novel multifunctional metal complexes is of avid interest in many
fields of chemistry. It is now easier than ever to combine separate functional units
such as peptides, fluorophores and steroids, together into a single molecule. The
reviewed work described shows the numerous attempts and strategies which have
been explored to generate these complexes, with particular focus on Pt based
anticancer agents. Click chemistry is an extremely versatile method which can be

employed to generate these novel complexes, with relative ease.
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Materials and Methods



Instrumentation

Infrared spectroscopy

Infrared spectroscopy (IR) measurements were obtained using a Nicolet iS10 FT-IR

(Fourier-transform-IR) (G ).
The infrared spectra were recorded from 400-4000 wavenumbers (cm™) and analysed
using OMNIC™ software (# ).

'H, B°C, *F and Pt Nuclear magnetic resonance spectroscopy

'H, BC and °F Nuclear magnetic resonance (NMR) experiments were performed
using a Bruker DX-400 spectrometer (HB 48 ) at
room temperature. ***Pt NMR was performed by Dr. Diego Montagner in the School
of Chemistry, Maynooth University, or by Dr. John O’Brien in the School of
Chemistry, Trinity College Dublin. The spectra were analysed using MestReNova
software (& -GiB ). Chemical
shifts (8) are given in parts per million (ppm) using the residual proton signals in the
indicated solvents as internal standards, and coupling constants (J) are quoted in
hertz (Hz). Proton multiplicities are assigned using the following abbreviations;
broad (b), singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m).* J values

were calculated using multiplet analysis reporting with MestReNova.

Mass spectrometry

Electron spray ionisation (ESI) mass spectrometry (MS) experiments were performed
using an Advion Expression CMS instrument (i ) at the
Department of Chemistry, The Royal College of Surgeons in Ireland or on a Quattro
Mi c r bglid chromatography instrument (Mg

[ ) at the School of Chemistry and Chemical Biology, University
College Dublin. High resolution (accurate) mass spectrometry (HRMS) experiments
were performed by Dr. Jimmy Muldoon on a liquid chromatography time-of-flight
(LCT) Classic instrument with ESI (WME\GM

] ) at the School of Chemistry and Chemical Biology, University
College Dublin or by Dr. Gary Hessman on a Bruker Compact™ HRMS with ESI at
the School of Chemistry, Trinity College Dublin.
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Single Crystal X-ray diffraction methods

All X-ray crystallographic measurements were performed by Dr. Brendan Twamley
at the School of Chemistry, Trinity College Dublin. X-ray structural analyses for all
samples were performed on a Bruker D8 Quest ECO at 100(2) K with an Oxford
Cryostream cryostat(iigl ), with samples mounted
on a MiTeGen microloop (@ ) using Mo Ka radiation
(A = 0.71073). Bruker APEX software was used to collect and reduce data and
determine the space group. Absorption corrections were applied using SADABS.
Structures were solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation in Olex2. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were assigned to calculated positions using a riding model with

appropriately fixed isotropic thermal parameters.

Elemental analysis

Elemental analysis (C, H, N, S, ClI) was performed by Ms. Ann Connolly using an
Exeter Analytical CE 440 elemental analyser (i

g ) in the Micro-analytical
laboratory at the School of Chemistry and Chemical Biology, University College
Dublin.

Ultraviolet-Visible Spectroscopy

UV-vis experiments were recorded using a Varian Cary 50 Scan UV-visible
spectrophotometer (B B ) using 1 cm
path length quartz cuvettes. The UV-Vis spectra were analysed using Cary WinUV
software (@ B ).

Fluorescence Spectroscopy

Fluorescence emission measurements were conducted with a Varian Cary Eclipse
Fluorescence spectrophotometer (4R

B ) using an excited and emissive slit of 5 nm. The emission spectra were analysed
using Cary Eclipse software (8 B [

B )
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HPLC

Chromatographic analysis and purification was performed on a Shimadzu
Prominence LC system equipped with a Shimadzu SPD-20AV prominence UV/is
Detector (@ ). YMC 5 pm columns
used for analytical HPLC were triart phenyl (150 A, 4.6 mm, 4.6 x 250 mm I.D.) and
triart C18 (110 A, 4.6 mm, 4.6 x 250 mm 1.D.) and for preparative HPLC were triart
phenyl (150 A, 10 mm, 4.6 x 250 mm 1.D.) and triart C18 (110 A, 4.6 mm, 10 x 250
mm [.D) (W8 ). Flow rates of 0.7-1
mL/min (analytical) or 3-4 mL/min (semi-preparative) were used. Wavelength
detections at 210, 280, 600 nm and 650 nm were used. Retention times (tR) for

analytical RP-HPLC are reported in minutes.
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Organic Syntheses

General considerations and materials

All commercially available reagents and solvents were purchased from Sigma
Aldrich (EkiiRy/ ). Sodium azide was
sourced from TCI chemicals (& [ 4] and
K,PtCl, was sourced from Alfa Chemicals (I

K ). All reagents were used as supplied without further purification unless otherwise
stated. All reactions which are described as ‘anhydrous’ were conducted in oven-
dried glassware (>120 °C) using syringe cap-septum technique, in anhydrous

solvents under an inert N, or argon atmosphere.

NIR fluorophores mono-alkyne mono-phenol (MAMP) NIR BF;-azadipyrromethene
(NIR-AZA) and bicyclo[6.1.0]non-4-yne (BCN) NIR-AZA were synthesised in
house by Dr. Dan Wu.??

Cage ligand precursor 3,5-bis(pyridin-3-ylethynyl)aniline was synthesised and
provided by the research group of Prof. Angela Casini, School of Chemistry, Cardiff
University.

Estradiol and testosterone ligand starting materials ethinylestradiol and ethisterone
were provided by Dr. Diego Montagner, School of Chemistry, Maynooth University.

Analytical thin layer chromatography (TLC) was carried out using pre-coated silica
(] [} ) plates which were visualised under ultraviolet light

(254 nm). Flash column chromatography was carried out using silica gel 60 (40 — 63

pum).
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Di-e -butyl (2-hydroxypropane-1,3-diyl)dicarbamate* (1)
OH

OYNH HNYO
Yr

1,3-Diaminopropan-2-ol (DAP) (5.915 g, 65.6 mmol) was dissolved in a 1:1 mixture
of THF (tetrahydrofuran) and deionised water (70 mL) and stirred at 0 °C. Di-e -
butyl dicarbonate (BOC,0) (25 g, 114.56 mmol) dissolved in THF (10 mL) was
added dropwise and the solution stirred at room temperature (rt) overnight, giving an

1

opaque yellow mixture. The THF was removed under reduced pressure and the
residue was extracted with Et,O (3 x 60 mL) and washed with brine (2 x 50 mL).
The organic layers were dried over Na,SO,, filtered and concentrated under reduced
pressure to give a viscous oil which was air dried overnight to yield 1 as a white solid
(18.945 g, 99.5 %).

'H NMR (400 MHz, CDCls) 8: 5.11 (s, 2H, NH), 3.73 (m, J = 10.1, 5.1 Hz, 1H, CH),
3.64 (bs, 1H, OH), 3.32-3.05 (m, 4H, CH,), 1.44 (s, 18H, C(CHs)s) ppm.
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Di-e -butyl ((propan-2-yl methanesulfonate)-1,3-diyl)dicarbamate” (2)

Triethylamine (TEA) (5 mL, 35.87 mmol) was added to a solution of 1 (5.309 g,
18.28 mmol) dissolved in dichloromethane (DCM) (100 mL) and purged with argon
for 10 min. Methane sulfonyl chloride (MS-CI) (3.39 mL, 43.87 mmol) was added
drop-wise over 30 mins at 0 °C, giving a yellow solution and subsequently stirred at
rt overnight. The unreacted MS-Cl was quenched with water (20 mL) and the
solution was washed with brine (150 mL) and 10% aqueous NaHCOg3 (100 mL). The
organic layer was dried over MgSQ,, filtered and concentrated under reduced
pressure to yield 2 as light yellow solid (6.597 g, 88 %).

'H NMR (400 MHz, CDCls) 8: 5.18 (s, 2H, NH), 4.66 (d, J = 4.2 Hz, 1H, CH), 3.39
(tdd, J = 20.4, 9.6, 4.9 Hz, 4H, CH,), 3.09 (s, 3H, CHs), 1.43 (s, 18H, C(CHa)s) ppm.
3C NMR (101 MHz, CDCl3) &: 156.34, 80.1, 79.1, 52.6, 40.8, 38.1, 28.3 ppm.
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Di-e -butyl (2-azidopropane-1,3-diyl)dicarbamate* (3)
N3

OYNH HNYO
Y,

NaN; (0.95 g, 14.613 mmol) and 2 (1.282 g, 3.4794 mmol) were dissolved in
anhydrous N -dimethylformamide (DMF) (12 mL) and purged with N, for 15 min

3

and stirred at 80 °C overnight under N,. The solution was cooled and washed with
water (20 mL) and extracted into EtOAc (3 x 25 mL), followed by subsequent
washes with water (2 x 25 mL) and brine (30 mL). The organic layer was dried over
MgSQ,, filtered and concentrated under reduced pressure to give a dark yellow oil.

This was recrystallized in hexane to yield 3 as a white solid (1.036 g, 94 %).

'H NMR (400 MHz, CDCls) &: 5.06 (s, 2H, NH), 3.64 (dd, J = 6.5, 3.9 Hz, 1H, CH),
3.48 — 3.06 (m, 4H, CHy), 1.44 (s, 18H, C(CHs)3) ppm. **C NMR (101 MHz, CDCls)
8:155.2,78.9,59.9, 39.8, 27.3 ppm.
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2-azidopropane-1,3-diamine dihydrochloride® (DAP-N3.2HCI) (4)
N3

CINH3 NHCI
4
6M HCI (8 mL) was added to 3 (2.682 g, 8.504 mmol) dissolved in EtOAc (8 mL),
stirred for at rt for 4 h and chilled at 4 °C overnight. The white crystals were vacuum
filtered and washed with cold EtOAc (2 mL) to yield 4 (1.224 g, 77 %).

'H NMR (400 MHz, DMSO-dg) &: 8.55 (s, 6H, NH3), 4.29 (tt, J = 8.5, 4.1 Hz, 1H,
CH), 3.16 (dd, J = 13.4, 4.1 Hz, 2H, CH,), 2.91 (dd, J = 13.4, 8.7 Hz, 2H, CH,) ppm.
13C NMR (101 MHz, DMSO-dg) &: 57.0 (s, CH), 39.8 (s, CH) ppm. *H NMR (400
MHz, D,0) &: 4.24 (dd, J = 10.4, 7.0 Hz, 1H, CH), 3.34 (dd, J = 13.6, 3.7 Hz, 2H,
CH,), 3.11 (dd, J= 13.6, 9.2 Hz, 2H, CH,) ppm. EA calc. % for C3H1;CI;Ns requires
C, 19.16; H, 5.90; N, 37.24; ClI, 37.70, found: C, 19.38, H, 5.96, N, 35.71, ClI
37.90%. FT-IR 3max (cm™): 3061, 2954, 2848, 2538, 2135, 2078, 1979, 1591, 1573,
1510, 1471, 1406, 1361, 1324, 1279, 1203, 1144, 1081.
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Azidobenzene® (5)

To a mixture of aniline (1.096 mL, 12 mmol) and 6M HCI (12 mL) was added
NaNO; (1.242 g, 18 mmol) dissolved in water (25 mL) slowly and stirred for 30 min
at 0 °C. NaN3 (2.34 g 36 mmol) in water (50 mL) was added dropwise stirred for 2 h.
The product was extracted into EtOAc (3 x 75 mL) and washed with water. The
organic layers were dried with Na,SQO,, filtered and concentrated under reduced
pressure to yield 5 as a pale yellow oil in quantitative yield (1.415 g, 99 %)

'H NMR (400 MHz, CDCls) &: 7.42 — 7.34 (m, 2H, ArH), 7.20 — 7.14 (m, 1H, ArH),
7.06 (dt, J = 8.7, 1.7 Hz, 2H, ArH) ppm. *C NMR (101 MHz, CDCls) &: 140.1,
129.9, 125.0, 119.2 ppm.
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2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine’ (PTP) (6)
IN:N N
o0
\
6

2-ethylene-pyridine (1.211 mL, 12 mmol) and 5 (1.499 mL 12 mmol) were dissolved
in 3:2 MeOH:H,O (100 mL). CuSQ4.5H,0 (157 mg, 0.629 mmol) and sodium
ascorbate (3.784 g, 19.1 mmol) in water was added and the reaction was stirred at rt
for 1 h. The reaction was quenched with saturated ammonium chloride (50 mL) and
extracted into DCM (2 x 75 mL). The organic layer was washed with brine (60 mL),
dried over Na,SO,, filtered and concentrated under reduced pressure. The crude
product was subject to column chromatography on silica using 10:1 DCM:EtOAc to
yield 7 as a pale yellow crystalline solid (1.346 g, 50 %).

'H NMR (400 MHz, CDCls) &: 8.61 (m, J = 6.5 Hz, 2H, TrzH and PyrH), 8.26 (d, J
= 7.9 Hz, 1H, PyH), 7.85 — 7.78 (m, 3H, 1 PyrH and 2 ArH), 7.54 (dt, J = 10.3, 1.9
Hz, 2H, ArH), 7.49 — 7.43 (m, 1H, PyH), 7.30 — 7.23 (m, 1H, ArH) ppm. *C NMR
(101 MHz, CDCl) &: 150.1, 149.6, 149.1, 137.2, 130.0, 129.0, 123.2, 120.6, 120.6,
120.1, 29.8 ppm. FT-IR 3max (cm™): 3111, 3051, 2981, 2889, 1592, 1568, 1502, 1472,
1463, 1435, 1405, 1355, 1275, 1254, 1148, 1091, 1074, 843, 793, 757, 723, 708, 688.
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Di-e -butyl (2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-
diyl)dicarbamate (BOC,-PTPD) (7)

7\
\ —N
N, )
XOTH\J\/HYO\K
@) O
7

2-ethynylpyridine (392 pL, 3.879 mmol) and 3 (1.223 g, 3.879 mmol) were
dissolved in 3:2 MeOH:H,O (100 mL). CuSO4.5H,0 (48 mg, 0.192 mmol) and
sodium ascorbate (1.1 g, 5.552 mmol) in water (10 mL) was added, and the reaction
was stirred at rt for 2 h. The reaction was quenched with saturated ammonium
chloride (50 mL) and extracted into DCM (2 x 75 mL). The organic layer was
washed with brine (60 mL), dried over Na,SO,, filtered and concentrated under
reduced pressure. The crude product was subjected to column chromatography on
silica using 10:1 DCM:EtOAC, to yield 7 as a green yellow crystalline solid (1.597 g,
98 %).

'H NMR (400 MHz, CDCl3) &: 8.60 (s, 1H, TrzH), 8.24 — 8.11 (m, 2H, PyrH), 7.78
(t, J = 7.6 Hz, 1H, PyrH), 7.25 — 7.22 (m, 1H, PyrH), 5.29 (d, J = 6.7 Hz, 2H, NH),
4.78 — 471 (m, 1H, CH), 3.86 — 3.54 (m, 4H, CH,), 1.43 (d, J = 6.4 Hz, 18H,
C(CHa)3) ppm. *C NMR (101 MHz, CDCl3) &: 156.5, 147.8, 130.4, 129.1, 128.5,
125.8, 120.3, 80.3, 60.5, 41.4, 28.5 ppm. ESI-MS: ;0 ([M+H]") 419.3. FT-IR 3max
(cm™): 3265, 2979, 2920, 1698, 1609, 1534, 1477, 1424, 1395, 1366, 1338, 1282,
1253, 1175, 1145, 1086, 1020, 782.
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2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-diamine trihydrochloride
(PTPD.3HCI) (8)

6M HCI (8 mL) was added to 7 (550 mg, 1.314 mmol) dissolved in EtOAc (8 mL) of
giving a dark green/black solution which was stirred at rt for 3 h. The white solid

formed was filtered under vacuum to yield 8 (402 mg, 93 %).

'H NMR (400 MHz, D,0) &: 9.12 (s, 1H, PyrH), 8.78 (d, J = 5.7 Hz, 1H, TrzH), 8.64
(t, J = 7.9 Hz, 1H, PyrH), 8.42 (d, J = 8.1 Hz, 1H, PyrH), 8.01 (t, J = 6.7 Hz, 1H,
PyrH), 5.55 (td, J = 9.6, 4.7 Hz, 1H, CH), 3.81 (ddd, J = 17.8, 14.1, 6.8 Hz, 4H, CH,)
ppm. 2C NMR (101 MHz, D,0) §: 147.3, 142.0, 141.7, 140.6, 127.3, 126.3, 124.7,
57.5, 40.8 ppm. ESI-MS: m  ([M-3HCI]) 219.1. EA calc. % for CyoH17Cl3Ng
requires C, 36.66; H, 5.23; N, 25.65% found C, 36.68; H, 5.20; N, 25.62 %. FT-IR
3max (cm™): 3066, 2854, 2009, 1610, 1496, 1219, 1093, 957, 921, 865, 790.
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Di-e -butyl (2-(4-(phenyl)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)dicarbamate
— (BOC,-PhTPD) (9)

N'"'fN\
o N_L_KN_o
T 9 TR

Phenylacetylene (348 pL, 3.171 mmol) and 3 (1 g, 3.171 mmol) were dissolved in
3:2 MeOH:H,0 (80 mL). CuSO4.5H,0 (46 mg, 0.184 mmol) and sodium ascorbate
(1.274 g, 6.34 mmol) in water (10 mL) was added and the reaction was stirred at rt
for 2 h. The reaction was quenched with saturated ammonium chloride (50 mL) and
extracted into DCM (2 x 75 mL). The organic layer was washed with brine (60 mL),
dried over Na,SO,, filtered and concentrated under reduced pressure. The crude
product was subject to column chromatography on silica using 9:1 DCM:MeOH to

yield 9 as a white crystalline solid (744 mg, 56 %).

'H NMR (400 MHz, CDCls) &: 7.87 (s, 1H, TrzH), 7.81 (d, J = 7.3 Hz, 2H, ArH),
7.43 (t, J = 7.6 Hz, 2H, ArH), 7.34 (t, J = 7.4 Hz, 1H, ArH), 5.46 — 4.91 (m, 2H,
NH), 4.70 (p, J = 5.7 Hz, 1H, CH), 3.87 — 3.51 (dm, 4H CH,), 1.43 (s, 18H,
C(CHs)s) ppm. *C NMR (101 MHz, CDCls) &: 156.5, 147.8, 130.4, 129.1, 128.5,
125.8, 120.3, 80.3, 60.5, 41.4, 28.5 ppm. FT-IR 3max (cm™): 3372, 3237, 3111, 3057,
2981, 2937, 1698, 1532, 1484, 1458, 1437, 1391, 1366, 1335, 1270, 1253, 1158,
1110, 1090, 1050, 1003, 851, 768, 721, 696.
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Di-e -butyl (2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-

diyl)dicarbamate (10)
0 }L
-0
NH

_N
N=
HO |-/ NH
W W"‘O
o} >T
HO
10

Ethinylestradiol (400 mg, 1.349 mmol) and 3 (425 mg, 1.349 mmol) were dissolved
in 1:4 MeOH:H,O (50 mL). CuSO4.5H,0 (34 mg, 0.135 mmol) and sodium
ascorbate (534 mg, 2.698 mmol) in water (10 mL) was added and the reaction was
stirred for 2 days at 40 °C. The reaction was quenched with saturated ammonium
chloride (40 mL) and extracted into EtOAC (3 x 70 mL). The organic layer was
washed with brine (70 mL), dried over Na,SO,, filtered and concentrated under
reduced pressure. The crude product was subject to column chromatography on silica
using 9:1 DCM:MeOH to yield 10 as a yellow crystalline solid (800 mg, 97 %).

'H NMR (400 MHz, CDCls) &: 7.65 (bs, 1H), 6.98 (bs, 1H), 6.56 (m, 2H), 5.58 (m,
2H), 4.65 (m, 1H), 3.78 (m, 2H), 3.54 (m, 2H), 3.17 (m, 1H), 2.74 (m, 2H), 2.35 (m,
J = 18.3 Hz, 1H), 2.09 (m, 1H), 1.88 (m, J = 12.6 Hz, 3H), 1.55 (m, J = 28.2 Hz,
3H), 1.42 (bs, J = 4.2 Hz, 23H), 1.02 (s, 3H), 0.60 (m, 1H) ppm. **C NMR (101
MHz, CDCls) &: 207.5, 171.44, 156.7, 153.9, 138.2, 132.1, 126.4, 115.5, 113.0, 80.3,
60.6, 53.6, 48.6, 43.3, 41.3, 41.1, 39.5, 33.1, 31.1, 29.8, 28.4, 27.4, 26.3, 23.6, 21.2,
14.3 ppm. ESI-MS: n  ([M+H]") 612.5, ((M+Na]") 634.5.
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(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl) dihydrochloride (11)

+

N NH,CI
N - \N + -
HO = NH,CI

HO

11

10 (800 mg, 1.308 mmol) was dissolved in EtOAc (5 mL) and 6M HCI (5 mL) was
added. The solution was stirred at rt for 2 h and stored at -18 °C for 4 h. The resultant
white precipitate was vacuum filtered, washing with EtOAc to yield 11 as an off-
white solid (604 mg, 95 %).

'H NMR (400 MHz, D,0) 8: 8.06 (s, 1H), 7.12 (d, J = 8.2 Hz, 1H), 6.61 (d, J = 8.2
Hz, 2H), 5.29 (td, J = 9.1, 4.4 Hz, 1H), 3.72 (ddd, J = 13.2, 9.3, 3.6 Hz, 2H), 3.63
(dd, J = 13.5, 3.7 Hz, 2H), 2.74 (d, J = 5.6 Hz, 2H), 2.43 — 2.32 (m, 1H), 2.17 — 2.05
(m, 2H), 1.95 — 1.81 (m, 3H), 1.66 — 1.48 (m, 3H), 1.47 — 1.32 (m, 2H), 1.32 — 1.11
(m, 2H), 0.97 (s, 3H), 0.78 (t, J = 12.7, 9.0 Hz, 1H) ppm. **C NMR (101 MHz, D,0)
8: 154.4, 153.2, 138.9, 132.6, 126.7, 124.0, 115.3, 112.9, 82.7, 56.6, 47.9, 46.9, 42.7,
40.7, 40.6, 38.9, 36.7, 32.2, 28.9, 26.8, 25.6, 22.9, 13.7 ppm. ESI-MS: ;n  ([M-
2CI*") 412.4, ([M-CI]") 446.5. FT-IR 3pax (cm™): 2930, 1608, 1581, 1498, 1453,
1354, 1284, 1247, 1138, 1018, 915, 872, 818, 785.
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Di-e -butyl (2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-1,3-

diyl)dicarbamate (12)
o V-
D
NH

Ethisterone (400 mg, 1.280 mmol) and 3 (404 mg, 1.280 mmol) were dissolved in
1:4 MeOH:H,0 (50 mL). CuSQO,4.5H,0 (32 mg, 0.128 mmol) and sodium ascorbate
(507 mg, 2.560 mmol) in water (10 mL) were added and the reaction was stirred for
2 days at 40 °C. The reaction was quenched with saturated ammonium chloride (30
mL) and extracted into EtOAC (3 x 70 mL). The organic layer was washed with
brine (70 mL), dried over Na,SO, filtered and concentrated under reduced pressure.
The crude product was subject to column chromatography on silica using 9:1
DCM:MeOH to yield 12 as an yellow crystalline solid (757 mg, 94 %).

'H NMR (400 MHz, CDCl3) &: 7.58 (s, 1H), 5.67 (s, 1H), 5.52 (d, J = 4.9 Hz, 2H),
4.59 (s, 1H), 3.85 — 3.66 (m, 2H), 3.48 (m, J = 11.9 Hz, 2H), 3.22 (bs, 1H), 2.33 (dt,
J=35.7,9.1 Hz, 5H), 2.08 (t, J = 11.7 Hz, 1H), 1.96 — 1.79 (m, 3H), 1.67 — 1.54 (m,
2H), 1.42 (d, J = 18.7 Hz, 20H), 1.16 (d, J = 9.2 Hz, 3H), 1.07 — 0.98 (m, 4H), 0.73
(td, J = 11.4, 3.7 Hz, 1H), 0.42 (t, J = 10.5 Hz, 1H) ppm. *C NMR (101 MHz,
CDCls) &: 199.6, 171.4, 156.5, 153.6, 123.9, 122.1, 82.3, 80.1, 60.0), 53.1, 48.9,
46.9, 41.2, 38.6, 37.9, 36.3, 35.6, 34.0, 32.9, 32.7, 31.5, 28.4, 23.8, 20.6, 17.5, 14.4
ppm. ESI-MS: in  ([M+H]") 628.5, ([M+Na]") 650.5.
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(2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl) dihydrochloride (13)

+ —

NH;CI
,Q -
NH;CI

12 (220 mg, 0.3504 mmol) was dissolved in EtOAc (1.5 mL) and 6M HCI (1.2 mL)
was added. The solution was stirred at rt for 4 h and stored at -18 °C overnight. The
resultant white precipitate was vacuum filtered, washing with EtOAc to yield 13 as
an off-white solid (38 mg, 22 %).

'H NMR (400 MHz, MeOD-dy) &: 5.72 (s, 1H), 3.35 (s, 1H,), 2.89 (s, 1H), 2.56 —
2.44 (m, 2H), 2.35 — 2.26 (m, 2H), 2.25 — 2.18 (m, 1H), 2.11 (d, J = 12.8 Hz, 1H),
2.03 — 1.86 (m, 2H), 1.81 — 1.60 (m, 6H), 1.59 — 1.34 (m, 4H), 1.29 (s, 1H), 1.25 (s,
3H), 1.01 (m, J = 26.4, 18.6, 8.5 Hz, 3H), 0.89 (s, 3H) ppm. **C NMR (101 MHz,
MeOD-d,) &: 202.4, 175.1, 124.2, 80.3, 74.9, 55.3, 51.2, 47.8, 40.0, 39.8, 37.5, 36.8,
34.7,33.9,33.7, 32.9, 23.9, 21.9, 17.7, 13.2 ppm. ESI-MS: In  ([M-2CI]**) 428.5.
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3,3'-((5-azido-1,3-phenylene)bis(ethyne-2,1-diyl))dipyridine (CagelL-N3) (14)

To a solution of 3,5-bis(pyridin-3-ylethnyl)aniline (125 mg, 0.423 mmol) in 6M HCI
(3 mL) was added NaNO; (35 mg, 0.508 mmol) dissolved in water (3 mL) slowly
and stirred for 30 min at 0 °C. NaN3 (55 mg 0.847 mmol) in water (3 mL) was added
dropwise and stirred at rt for 2 h. The solution was brought to pH 8.5 with a 2 M
solution of NaOH to give a pale brown precipitate which was vacuum filtered and
washed with H,O and Et,0 to yield 14 as a pale brown solid (134 mg, 98 %).

'H NMR (400 MHz, CDCls) 8: 8.77 (d, J = 1.2 Hz, 2H), 8.59 (dd, J = 4.8, 1.3 Hz,
2H), 7.82 (dt, 3 = 7.9, 1.7 Hz, 2H), 7.51 (s, 1H), 7.32 (dd, J = 7.7, 4.9 Hz, 2H), 7.19
(d, 3= 1.1 Hz, 2H) ppm. *C NMR (101 MHz, CDCls) &: 152.5, 149.2, 141.0, 138.7,
131.3, 124.7, 123.3, 122.3, 119.9, 90.7, 87.7 ppm. ESI-MS: m  ([M+H]") 322.4,
(IM-N3]") 294.3, (IM-N3]") 279.2. FT-IR 3max (cm™): 3415, 3072, 2981, 2362, 2219,
2107, 1665, 1578, 1560, 1475, 1442, 1407, 1360, 1275, 1248, 1187, 1171, 1119.
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3,3"-((5-(4-phenyl-1H-1,2,3-triazol-4-yl)-1,3-phenylene)bis(ethyne-2,1-
diyl))dipyridine (Cage-T-Ph) (15)

To a solution of 14 (20 mg, 0.0622 mmol) dissolved in DCM (0.5 mL) and diluted
with 3:1 MeOH:H,O (6 mL) was added phenylacetylene (6.83 pL, 0.0622 mmol).
CuS0O4.5H,0 (2 mg, 0.006 mmol) and sodium ascorbate (16.4 mg, 0.083 mmol) in
water (2 mL) was added and the reaction was stirred at rt for 5 h. The reaction was
quenched with saturated ammonium chloride (20 mL) and extracted into DCM (3 x
20 mL). The organic layer was washed with brine (30 mL), dried over Na;SOs,
filtered and concentrated under reduced pressure. The crude product was subject to
column chromatography on silica using 9:1 DCM:MeOH to yield 15 as a white solid
(25.2 mg, 96 %).

'H NMR (400 MHz, CDCls) 5: 8.80 (s, 2H), 8.60 (s, 2H), 8.27 (s, 1H), 7.98 (d, J =
1.3 Hz, 2H), 7.91 (d, J = 7.2 Hz, 2H), 7.84 (dt, J = 7.9, 1.7 Hz, 2H), 7.78 (s, 1H),
7.47 (t, J=7.5Hz, 2H), 7.38 (t, J = 7.4 Hz, 1H), 7.33 (dd, J = 7.7, 5.0 Hz, 2H) ppm.
3C NMR (101 MHz, CDCls) &: 152.5, 149.4, 148.9, 138.8, 137.4, 134.5, 130.0,
129.1, 128.8, 126.0, 125.0, 123.3, 123.3, 119.7, 117.4, 90.3, 88.5 ppm. ESI-MS:
([M+H]") 424.2. FT-IR 3max (cm™): 3125, 3095, 3032, 2920, 1590, 1583, 1560, 1472,
1438, 1411, 1228, 1187, 1072, 1053, 1016, 861, 805, 701, 678.
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3,3"-((5-(4-(MAMP-NIR-AZA)-1H-1,2,3-triazol-4-yl)-1,3-phenylene)bis(ethyne-
2,1-diyl))dipyridine (Cage-T-MAMP) (16)

16

16 was synthesised following preparation adapted from Murtagh &b °

Fluorescent analysis was performed in conjuction with Dr. Dan Wu, RCSI.

To a solution of fluorophore MAMP-NIR-AZA (18.2 mg, 0.032 mmol) dissolved in
THF (4 mL) was added 14 (9.9 mg, 0.031 mmol) in H,O (2 mL) and THF (2 mL).
CuS0O4.5H,0 (2 mg, 40% mole eqg.) and sodium ascorbate (1.6 mg, 40% mol eq.) in
water (1 mL) was added and the reaction was stirred at rt for 1 h. The THF was
removed under reduced pressure and the residue diluted with H,O (10 mL) extracted
into EtOAc (2 x 25 mL). The organic layer was washed with brine (20 mL), H,O (20
mL), dried over Na,SOy, filtered and concentrated under reduced pressure. The crude
product was subject to column chromatography on silica using 85:15 DCM:EtOAc
gradually increasing to 1:1 to yield 16 as a brown-green solid (11.9 mg, 43 %).

'H NMR (400 MHz, DMSO-dg) 8: 10.61 (s, 1H), 10.39 (s, 1H), 9.21 (s, 1H), 8.86 (s,
2H), 8.66 (s, 2H), 8.29 (m, 1H), 8.17 (m, 5H), 8.08 (m, 2H), 7.95 (s, 1H), 7.66 (s,
1H), 7.52 (m, 8H), 7.31 (m, 2H), 7.17 (m, 3H), 6.95 (m, 2H), 5.43 (s, 1H), 3.92 (d, J
= 5.7 Hz, 2H) ppm. **F NMR (376 MHz, DMSO-ds) &: -130.40 (g, J = 33.5 Hz, 2F)
ppm. ESI-MS: m  ([M-H]’) 887.4. Amax abs (CHCl3): 680 nm, Amax em (CHCIs): 716

nm.
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Inorganic syntheses

B -[Pt(11)1,(DAP-N)® (17)

KI (2.7 g, 16.262 mmol) dissolved in water (4 mL) was added drop-wise to a
solution of K[PtCl,] (1.5 g, 3.614 mmol) in water (11 mL) forming [Ptl,]*. A
solution of 4 (680 mg, 3.614 mmol) and NaOH (292 mg, 7.3 mmol) in water (5 mL)
was added drop-wise to the Pt solution and stirred at 60 °C for 5 min and chilled
overnight at 4 °C yielding a brown solid which was vacuum filtered and washed with
cold MeOH and Et,0. This yielded 17 as a light brown solid (1.957 g, 94 %).

'H NMR (400 MHz, DMSO-d) &: 5.85 — 5.32 (m, 4H, NH,), 4.26 — 4.15 (m, 1H,
CH), 2.92 (qd, J = 13.3, 5.8 Hz, 2H, CHy), 2.71 — 2.54 (m, 2H, CH,) ppm. FT-IR
3max (CM™): 3192, 2933, 2108, 1593, 1494, 1445, 1352, 1199, 1053.
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[Pt(11)(CBDCA)(DAP-N2)]° (18)

(@) H,
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18

A solution of AgNO3 (241 mg, 1.418 mmol) dissolved in water (3 mL) was added to
a solution of 17 (410 mg, 0.727 mmol) in water (10 mL) and stirred overnight in
darkness at rt. The reaction was filtered over celite to remove the resultant insoluble
Agl. Cyclobutane 1,1-dicarboxylic acid (CBDCAH,) (105 mg, 0.727 mmol) and
NaOH (58 mg, 1.454 mmol) dissolved in water (3 mL) were added to the filtrate and
stirred in darkness at rt for 24 h. The reaction was concentrated under reduced
pressure and the resulting precipitate was collected by vacuum filtration, washed
with cold water, EtOH and Et,0, and dried over P,Os to yield 18 as a white solid
(140 mg, 43 %).

'H NMR (400 MHz, DMSO-dg) &: 5.54 — 5.28 (dm, 4H, NH,), 3.92 (t, J = 6.3 Hz,
1H, CH), 2.65 (dt, J = 11.8, 7.9 Hz, 4H, CH,), 2.55 — 2.45 (m, 4H, CHy) (overlap
DMSO-dg, 1.70 — 1.58 (m, 2H, CH,) ppm. *H NMR (400 MHz, MeOD-d,) & 4.10
(dt, J= 7.1, 3.4 Hz, 1H), 2.89 — 2.80 (m, 4H), 2.78 (d, J = 3.7 Hz, 4H), 1.91 — 1.77
(m, 2H) ppm. *C NMR (101 MHz, DMSO-dg) 8: 177.5, 58.6, 55.6, 45.3, 30.5, 34.9
ppm. Pt NMR (108 MHz, DMSO-dg) &: -1938.33 ppm. ESI-MS: m  ([M-H])
452.4, (IM+H]") 453.3, ([M+Na])* 474.8. EA calc. % for CyH1sN504Pt.0.5H,0
requires C, 23.43; H, 3.50; N, 15.18 %, found C, 23.69; H, 3.21; N, 14.77 %. FT-IR
3max (cm™): 3534, 3287, 3172, 3094, 2951, 2100, 1597, 1542, 1438,

Single crystals suitable for X-ray diffraction analysis were obtained on standing the

filtrate at 4 °C for two weeks.®
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[Pt(11)Cl(DAP-N3)] (19)
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19 was synthesised by the following preparation modified from Urankar &

A solution of AgNO3 (250 mg, 1.472 mmol) dissolved in water (3 mL) was added to
a solution of 17 (425 mg, 0.754 mmol) in water (7 mL) with 1 mL of DMF and
stirred overnight in darkness at rt. The reaction was filtered over celite to remove the
resultant insoluble Agl. KCI (141 mg, 1.885 mmol) in water (3 mL) was added to the
filtrate and stirred in darkness at rt for 24 h. The reaction was left to stand at 4 °C for
3 days and the resultant yellow solid formed was collected by vacuum filtration,
concentrated and washed with cold water, EtOH and Et,O, and dried over P,Os to
yield 19 as a yellow solid (123 mg, 43 %).

'H NMR (400 MHz, DMSO-dg) & 5.88 — 5.40 (bm, 4H, NHy), 4.17 (s, 1H, CH), 2.88
—2.57 (m, 4H, CH,) ppm. *C NMR (101 MHz, DMSO-ds) &: 58.0, 44.2, 42.7 ppm.
EA calc. % for C3HgNsCI,Pt.H,0 requires C, 9.03; H, 2.78; N, 17.55; Cl, 17.76 %,
found C, 9.25; H, 2.80; N, 17.34; Cl, 18.12 %. FT-IR 3ma (cm™): 3222, 3179, 31186,
2935, 2110, 1587, 1258.
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[Pt(11)(CBDCA)(DAP-BCN-NIR-AZA)] fluorophore conjugate - Pt-Flu® (20)

18 (6.24 mg, 0.0138 mmol) was dissolved in 1:1 water:MeOH (5 mL) and added to
fluorophore BCN-NIR-AZA (10 mg, 0.0115 mmol) in 1:1 MeOH:H,0 (3 mL) and
the solution was stirred for 200 min at rt. Reaction progress was monitored by
analytical RP-HPLC in 70:30 MeCN:H,0 and ESI-MS. The reaction mixture was
purified by sephadex size exclusion chromatography and preparative RP-HPLC with
70:30 MeCN:H,0 as eluent. The pure fractions were combined and concentrated
under reduced pressure, frozen in liquid nitrogen and lyophilized to give conjugate

20 as a fine green solid (6.2 mg, 41 %).

'H NMR (400 MHz, 60% CD;CN + 40% D,0) &: 8.00 (bs, 6H), 7.84 (d, J = 24.4
Hz, 2H), 7.41-7.28 (m, 6H), 7.19 (bs, 2H), 7.00 (bs, 4H), 4.28-4.08 (m, 5H), 3.44 (bs,
1H), 2.91 (bs, 7H), 2.73 (bs, 7H), 2.21-2.01 (m, 5H), 1.77 (bs, 3H), 1.50 (bs, 1H),
1.22-1.10 (m, 3H), 0.92 (bs, 2H) ppm (NH, are not classified as overlaid with water
peak). °F NMR (376 MHz, 60% CDsCN + 40% D,0) &: -130.96 (q, J = 32.0 Hz,
2F) ppm. **Pt NMR (500 MHz, MeOD-d,) &: -1957.96 ppm.

Amax abs (H20/1% SDS): 699 nm, Amax em (H20/1% SDS): 721 nm. HR-MS (ESI):
m ([M-H]): Cs7HssBF2NgO41PtS, requires: 1321.3769, found: 1320.3612. RP-
HPLC: Triart Phenyl 5 mm HPLC column (150 x 4.6 mm 1.D), isocratic 60:40
MeCN:H,0 as an eluent, tR: 1.19 min. Purity > 98%.
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B -[Pt(I1)1,(NH3).] —iodoplatin (21)

KI (3 g, 18.07 mmol) in water (7 mL) was added drop-wise to a solution of K,[PtCl,]
(1 g, 2.109 mmol) in water (10 mL) and was heated to 50 °C for 30 min forming a
brown/black solution Kj[Ptls]. Concentrated ammonium hydroxide was added
dropwise with stirring until the brown colour was replaced by a yellow solution with
a yellow precipitate which was vacuum filtered at once, washing with warm water,
cold EtOH and Et,0. This yielded 21 as a yellow crystalline solid (967 mg, 83%).

FT-IR 3max (cm™): 3255, 2009, 2981, 1520, 1380.
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[Pt(11)(CBDCA)(NH;),] — carboplatin® (22)
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A solution of AgNO3 (549 mg, 3.231 mmol) dissolved in water (10 mL) was added
to a suspension of 21 (800 mg, 1.657 mmol) in water (30 mL) and stirred overnight
in darkness at rt. The reaction was filtered over celite to remove the resultant
insoluble Agl. CBDCAH, (227 mg, 1.574 mmol) and NaOH (126 mg, 3.148 mmol)
dissolved in water (5 mL) were added to the filtrate and stirred in darkness at rt for
24 h. The reaction was concentrated under reduced pressure and the resulting
precipitate was collected by vacuum filtration, washed with cold water, EtOH and
Et,0, and dried over P,Os to yield 22 as a white solid (345 mg, 59 %).

IH NMR (400 MHz, D,0) &: 2.84 (t, J = 7.9 Hz, 4H, CH,), 1.86 (t, J = 7.9 Hz, 2H,
CH_) ppm. *C NMR (101 MHz, D,0) &: 181.9, 56.2, 31.0, 15.3 ppm. ESI-MS: i
([M+H]") 372, ([2M+Na]") 764.7. EA calc. % for CgH1oN2O4Pt requires C, 19.41; H,
3.26; N, 7.55, found C, 19.35; H, 3.11; N, 7.17 %. FT-IR 3max (cm™): 3659, 3255,
2981, 2971, 2889, 1599, 1473, 1376, 1344.
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[Pt(11,(DACH)]® (23)

Kz[PtCl4] (2.07 g, 4.97 mmol) was dissolved in water (50 mL) and KI (3.2g, 18.9
mmol) in water (10 mL) was added and the solution stirred for 30 min. (1R,2R)-(-)-
1,2-Diaminocyclohexane (DACH) (0.591 g, 4.97 mmol) in water (10 mL) was added
dropwise and stirred at rt for 18 h in darkness. The pale yellow/brown solid was
vacuum filtered to yield 23 as a brown solid (2.629 g, 94 %).

'H NMR (400 MHz, DMSO-ds) &: 6.26 — 5.65 (m, 4H, NH,), 2.33 (s, 2H, CH,), 1.96
(dd, J = 40.5, 11.3 Hz, 2H, CH;), 1.51 (s, 2H, CH,), 1.30 (d, J = 8.7 Hz, 2H, CH,),
1.10 — 0.98 (m, 2H, CH) ppm. *C NMR (101 MHz, DMSO-ds) &: 63.7, 60.4, 30.8,
23.8 ppm. FT-IR 3max (cm™): 3655, 3252, 3180, 3108, 2981, 2971, 2938, 2865, 1557,
1394,
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[Pt(11)(DACH)(Ox)] — oxaliplatin®* (24)
H
N 0P
24

A solution of AgNO3 (632mg, 3.72 mmol) dissolved in water (10 mL) was added to
a solution of 23 (1.100 g, 1.908 mmol) in water (40 mL) and stirred overnight in
darkness at rt. The reaction was filtered over celite to remove the resultant insoluble
Agl. Sodium oxalate (NaOx) (243 mg, 1.81 mmol) in water (3 mL) was added to the
filtrate which was filtered immediately to remove any Ag,(Ox) precipitate and then
stirred in darkness at rt for 24 h.. The filtrate was concentrated under reduced
pressure and the resulting precipitate was collected by vacuum filtration, washed
with cold water, EtOH and Et,0, and dried over P,Os to yield 24 as a white solid
(590 mg, 82 %).

'H NMR (400 MHz, DMSO-dg) &: 6.10 (d, J = 8.5 Hz, 2H, NH,), 5.37 (t, J = 9.4 Hz,
2H, NH,), 2.01 (s, 2H, CH,), 1.82 (d, J = 12.3 Hz, 2H, CH,), 1.45 (d, J = 8.3 Hz, 2H,
CH,), 1.20 (d, J = 9.9 Hz, 2H, CH,), 1.01 (t, J = 9.8 Hz, 2H, CH,) ppm. *C NMR
(101 MHz, DMSO-ds) 5: 166.4, 62.3, 32.0, 24.5 ppm. ESI-MS: tn  ([M+H]") 398,
(IM+Na]") 420.2. EA calc. % for CgH1N,04Pt.0.5H,0 requires C, 23.65; H, 3.72;
N, 6.89, found C, 23.75; H, 3.43; N, 6.69 %. FT-IR amax (cm™): 3657, 3367, 3181,
2981, 2971, 2889, 1630, 1380, 1318.
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[Pt(1V)(DACH)(OEt)(OH)(OX)] (25)
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25 was synthesised by the following preparation modified from Feazella  *°

A solution of 24 (382 mg, 0.962 mmol) suspended in EtOH (400 mL) and 1 mL of
50 % wt/v H,O, in water was heated to 70 °C with stirring for 5 h, giving rise to a
pale white solution. The solvent was removed under reduced pressure giving rise to a
yellow oily residue. The addition of Et,O (20 mL) gave a precipitate which was
collected by vacuum filtration, washing with cold EtOH and Et,O to yield 25 as a
yellow solid (405 mg, 92 %).

'"H NMR (400 MHz, DMSO-ds) &: 10.23 (s, 1H, OH), 7.89 (s, 1H, NH), 7.37 (s, 1H,
NH), 7.03 (s, 1H, NH), 6.42 (s, 1H, NH), 3.20 (dt, J = 6.7, 5.6 Hz, 2H, CH,), 2.14 —
1.86 (m, 3H, CHs), 1.57 — 1.33 (m, 5H, DACH), 1.14 — 0.99 (m, 5H, DACH)
ppm.2*C NMR (101 MHz, DMSO-ds) &: 164.9, 164.9, 62.8, 61.1, 60.9, 60.4, 56.5,
30.9, 24.2, 18.9 ppm. ***Pt NMR (86 MHz, DMSO-dg) &: 1296.79 ppm. ESI-MS:
([IM+H]") no signal. EA calc. % for CyoH19N>OgPt requires C, 19.41; H, 3.26; N,
7.55, found C, 19.35; H, 3.11; N, 7.17 %. FT-IR 3max (cm™): 3436, 3177, 2981, 2971,
1705, 1663, 1585, 1359.
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[Pt(IV)(DACH)(OEt)(Ox)(succinato)] (26)
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26 was synthesised by the following preparation modified from Feazelle 2

A solution of 25 (245 mg, 0.533 mmol) dissolved in DMF (3 mL) was heated to 75
°C. To this was added succinic anhydride (80 mg, 0.80 mmol) in DMF (1 mL) and
stirred for 18 h, giving a dark brown solution. This was reduced under vacuum
giving an oil. The addition of acetone precipitated a white solid, which was vacuum
filtered and washed with acetone and Et,0O to yield 26 as a brown solid (210 mg, 70
%).

'"H NMR (400 MHz, DMF-d;) &: 12.42 (s, 1H), 8.93 (s, 1H), 8.75 — 8.18 (m, 1H),
7.84 (s, 1H), 7.04 (s, 1H), 3.10 (q, J = 6.8 Hz, 1H), 2.92 (m, J = 3.7, 1.8 Hz, 2H),
2.84 (s, 1H), 2.75 (m, J = 3.8, 1.9 Hz, 2H), 2.49 (dd, J = 23.8, 18.3 Hz, 5H), 2.26
(dd, J = 21.6, 11.2 Hz, 1.5H), 1.57 (s, 3.5H), 1.26 (d, J = 10.7 Hz, 2H), 1.08 (dt, J =
22.1, 6.9 Hz, 2H) ppm. *C NMR (101 MHz, DMF-d;) &: 174.19, 173.9, 65.5, 64.2,
62.3, 60.2, 24.2, 15.9, 15.1 ppm. *H NMR (400 MHz, DMSO-dg) &: 12.09 (s, 1H), 8.62
— 6.88 (bm, 4H, NH,), 3.03 (q, J = 13.6, 6.7 Hz, 4H), 2.38 (m, 4H), 1.50 (m, 5H), 1.20 —
0.96 (m, 8H). **Pt NMR (86 MHz, DMSO-ds) &: 1366.95 ppm. ESI-MS:
([M+Na]") 582.3 EA calc. % for C14H24N,OgPt requires C, 30.06; H, 4.32; N, 5.01,
found C, 30.15; H, 4.37; N, 4.81 %. FT-IR 3max (cm™): 3656, 3178, 2981, 2971, 2889,
1714, 1652, 1462, 1380.
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[Au(lIDCI3(PTP)] (27)
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The following reaction was carried out under my supervision by Mr. Zehao Zhou, a

visiting exchange student from Soochow University, China.

Na[AuCl4].2H,0 (90 mg, 0.23 mmol) and 6 (50 mg, 0.23 mmol) were dissolved in
MeOH (10 mL) and stirred at rt for 18 h. The solid precipitate was collected by
vacuum filtration, washed with cold MeOH and dried to yield 27 as a yellow solid
(100 mg, 83 %).

'H NMR (400 MHz, Acetone-dg) &: 9.63 (s, 1H, TrzH), 9.31 (d, 3J = 5.8 Hz, 1H,
ArH), 8.49 (d, J = 3.8 Hz, 2H, ArH), 8.05 (dd, *J = 5.8 Hz, “J = 3.8 Hz, 2H, ArH),
7.96 (dd, *J = 9.4, “J = 5.8 Hz, 1H, ArH), 7.74 — 7.67 (m, 2H, ArH), 7.62 (dd, %J =
10.6, “J = 4.3 Hz, 1H, ArH) ppm. ESI-MS: fn  [(PTP+H)"] 223.1, [(AuCls+H)"]
303.2. EA calc. % for Cy3H10AUCI3N,4.0.5CH30H requires C, 29.94; H, 2.23; N,
10.35; Cl, 19.69, found C, 29.84 H, 1.81 N, 10.35 Cl, 19.31 %. FT-IR 3ma (cm™):
3101, 1604, 1593, 1571, 1556, 1503, 1474, 1468, 1447, 1424, 1238, 1170, 1107,
1040, 774, 757.

Single crystals suitable for X-ray diffraction analysis were obtained by slow

evaporation of a solution of 27 in acetone at rt.
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[Au(111)Cl3(BOC,-PTPD)] (28)

28

The following reaction was carried out under my supervision by Mr. Zehao Zhou, a

visiting exchange student from Soochow University, China.

Na[AuCl4].2H,0 (95 mg, 0.24 mmol) and 7 (100 mg, 0.24 mmol) were dissolved in
MeOH (10 mL) and stirred at rt for 18 h. The addition of water (10 mL) induced
precipitation of a yellow solid, which was collected by vacuum filtration, washed
with cold water and dried to yield 28 (158 mg, 91%).

'H NMR (400 MHz, Acetone-dg) &: 8.98 (s, 1H, TrzH), 8.94 (d, 3J = 5.3 Hz, 1H,
ArH), 8.58 (t, J = 7.7 Hz, 1H, ArH), 8.47 (d, J = 8.0 Hz, 1H, ArH), 7.93 (t, J= 6.3
Hz, 1H, ArH), 5.10 — 5.00 (m, 1H, CH), 3.77 — 3.63 (m, 4H, CHy), 1.34 (s, 18H,
C(CH3)3) ppm. ESI-MS: m  [(M-CI)'] 685.1. EA calc. % for
C20H30AUCI3NgO4.1.25CH30H requires C, 33.50; H, 4.63; N, 11.03; Cl, 13.96, found
C, 33.34 H, 4.02 N, 10.91 Cl, 13.64 %. FT-IR 3ma (cm™): 3333, 3133, 1667, 1606,
1568, 1515, 1428, 1366, 1315, 1250, 1161, 1113, 981, 781.
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Nao s[Au(111)ClL(PTPD)[AU()CL][AU(INClios (29)
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Na[AuCl,].2H,0 (200 mg, 0.502 mmol) dissolved in water (8 mL) was added to a
solution of 8 (82 mg, 0.251 mmol) and NaOH (30 mg, 0.75 mmol) in water (3 mL)
and stirred at rt for 24 h. The solid, which precipitated instantly, was collected by
vacuum filtration, washed with water and Et,O to yield 29 as a pale yellow-brown
solid (108 mg, 46%).

ESI-MS: in  [AuCI,(PTPD)"] 485.1. EA calc. % for C1oH14AU,5ClsNgNag s requires
C, 12.85; H, 1.51; N, 8.99; Cl, 22.75, found C, 13.25; H, 1.44; N, 8.99; ClI, 22.64 %.
FT-IR 3max (cm™): 3095, 2948, 2354, 1605, 1569, 1471, 1446, 1346, 1231, 1031, 910,
777.

Single crystals suitable for X-ray diffraction analysis were obtained by slow

evaporation from the filtrate at rt.
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[Pt(INCIy(PTP)] (30)

Novel synthetic procedure of the previously reported compound 30.**

K2[PtCl,] (373 mg, 0.899 mmol) dissolved in water (10 mL) was added to a solution
of 6 (200 mg, 0.899 mmol) MeOH (10 mL) and stirred at rt for 4 days. The solid
precipitate was collected by vacuum filtration washing with cold MeOH and dried to
yield 30 as a yellow solid (166 mg, 35 %).

'H NMR (400 MHz, DMF-dy) 8: 9.96 (s, 1H, TrzH), 9.53 (d, J = 5.9 Hz, 1H, ArH),
8.48 (td, *J = 7.8 Hz and “J = 1.2 Hz, 1H, ArH), 8.35 (d, 3J = 7.4 Hz, 1H, ArH), 8.06
(d, 3)=7.4 Hz, 2H, ArH), 7.89 — 7.83 (m, 3H, ArH), 7.81-7.68 (m, 3H, ArH) ppm.
3C NMR (101 MHz, DMF-dy) &: 149.6, 148.8, 141.0, 136.6, 130.7, 130.4, 126.3,
124.8, 122.5, 121.3 ppm. ESI-MS: I [(M+H)"] 489. EA calc. % for
C13H10CI,N4Pt.0.5CH30H requires C, 32.16; H, 2.40; N, 11.11; Cl, 14.06, found C,
31.81; H, 1.95; N, 10.99; Cl, 13.68 %. FT-IR 3. (cm™): 3146, 2981, 2889, 1628,
1594, 1500, 1463, 1285, 1150, 1106, 1074, 968, 766.

100



[Pt(lI)CIZ(PTPDHZ)][PtCI4] (31)
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K;[PtCl,] (104 mg, 0.251mmol) and 8 (82 mg, 0.251 mmol) were dissolved in acetic
acid (6.5 mL) and refluxed at 115 °C for 4 days. The solution was cooled to rt and
the solid precipitate was vacuum filtered, washing with water, MeOH, EtOH and
Et,0 to yield 31 as a pale brown solid (50 mg, 24 %).

'H NMR (400 MHz, D;0) &: 8.88 (s, 1H), 8.66 (s, 1H), 8.40 (d, J = 47.6 Hz, 6H),
8.11 (d, J = 7.8 Hz, 1H), 7.99 (t, J = 7.5 Hz, 1H), 7.43 (s, 1H), 5.40 (s, 1H), 3.55 —
3.42 (m, 4H) ppm. ESI-MS: tn  [(PtCI,PTPD*+H)"] 484.6, [(PtCI,PTPD+2Na)’]
532.4. EA calc. % C1oH1sClsNgPt,.0.5CHsCOOH requires C, 15.49; H, 2.13; N, 9.85;
found C, 15.52; H, 1.87; N, 9.69 %. FT-IR 3max (cm™): 3093, 2981, 2360, 1587, 1493,
1466, 1382, 1281, 1250, 1131, 1099, 953, 778.

Single crystals suitable for X-ray diffraction analysis were obtained by slow

evaporation from the filtrate and washings at rt.
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[Pt(11)sCl{(PTPD),ICl, (32)
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K2[PtCl,] (300 mg, 0.72 mmol) dissolved in water (5 mL) was added to a solution of
8 (118 mg, 0.36 mmol) and KOH (43 mg, 0.11 mmol) in water (5 mL). The solution
was stirred at rt for 3 days and a pale yellow solid was collected by vacuum filtration,
washed with water, EtOH and Et,O and dried to yield 32 (193 mg, 65 %).

HR-MS (ESI): m  ([M-CI]"): CxoH2sClsNioPts, requires: 1198.9897, found:
1198.9928; ([Pt(PTPD)Cl,+H]"): CioHisCloNgPt, requires: 485.2560, found:
485.0369. (2[Pt(PTPD)Cly+H]"): 2[C1oH15CloNgPt], requires: 969.5040, found:
969.0676. EA calc. % CyoH2sClgN12Pts requires C, 19.46; H, 2.29; N, 13.62; Cl,
17.23, found C, 19.37; H, 2.30; N, 13.36; Cl, 16.98 %. FT-IR 3ma (cm™): 3516,
3194, 3105, 2980, 2889, 2360, 1614, 1602, 1578, 1470, 1410, 1382, 1225, 1141,
1031, 966, 789, 742.
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B -[Pt(I1)Cl,(DMSO),]* (33)
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DMSO (0.77 mL, 10.8 mmol) was added to a solution of K,[PtCl4] (1.5 g, 3.6 mmol)
in water (15 mL) and the mixture stirred at rt in the dark for 18 h. The resulting
precipitate was collected by vacuum filtration, washed with cold water, EtOH and
Et,0, and dried over P,Os to yield 33 as a light yellow solid (1.398 g, 92 %).

EA calc. % for C4H1,Cl,0,S,Pt requires C, 11.38; H, 2.86; Cl, 16.79; S, 15.19, found C,
11.30; H, 2.79; Cl, 16.96; S, 14.79 %. FT-IR 3max (cm™): 3037, 2981, 2916, 1473, 1462,
1383, 1299, 1251, 1152, 1131, 1016.
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8 -[Pt(1)Cl(DMSO)(n-propylamine)] (34)

34 was synthesised by the following preparation modified from Bithat  *°

A suspension of 33 (100 mg, 0.237 mmol) in water (4 mL) was heated to 40°C and
n-propylamine (23 pL, 0.237mmol) and stirred for 2 h resulting in a pale yellow
solution. The solution was concentrated to approx. 1 mL and cooled at 4 °C
overnight. The resultant pale yellow solid was vacuum filtered, washing with cold
MeOH and Et,0 to yield 34 (63 mg, 66 %).

'H NMR (400 MHz, D;0) 8: 3.54 — 3.40 (bd, 6H), 2.83 — 2.70 (m, 2H), 1.67 (dt, J =
14.8, 7.4 Hz, 2H), 0.91 (td, J = 7.4, 1.2 Hz, 3H) ppm. ESI-MS: in  ([M+Na]") 426.3.
EA calc. % for CsH;5sCI,NOSPt requires C, 14.89; H, 3.75; Cl, 17.58; S, 7.95, found C,
14.86; H, 3.58; CI, 17.80; S, 8.23 %. FT-IR 3max (Cm'l): 3248, 3202, 3120, 3009, 2970,
2929, 1572, 1470, 1453, 1446, 1409, 1381, 1120, 1098.

Single crystals suitable for X-ray diffraction analysis were obtained by slow
evaporation of the filtrate.
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[Ag:(CBDCA)]" (35)
Q - +
OAg
(_) Ag+
(@)
35

CBDCAH; (500 mg, 3.469 mmol) was dissolved in water (10 mL) with NaOH (277
mg, 6.938 mmol). To this was added AgNO3 (1.178 g, 6.938 mmol) in water (6 mL)
and the reaction was stirred in darkness at rt for 2 h. A white precipitate was
collected by vacuum filtration and washed with water and Et,0 to yield 35 as a white
solid (1.162 g, 94 %).

FT-IR 3max (cm™): 2980, 2941, 1542, 1495, 1453, 1435, 1396, 1344, 1253, 1228, 1155,
1124,
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[Pt(11)(CBDCA)(DMSO),]* (36)

35 (212 mg, 0.592 mmol) in water (10 mL) was added to a suspension of 33 (250
mg, 0.592 mmol) in water (15 mL) and stirred at rt in darkness for 18 h. The AgCl
precipitate was removed by filtration over celite and the filtrate reduced under
pressure to yield a colourless solid precipitate. The solution was let stand at 4 °C for
4 h and vacuum filtered, washing with acetone and Et,O to yield 36 as a white
crystalline solid (145 mg, 50 %).

'H NMR (400 MHz, D,0) §&: 3.50 (s, 12H), 2.73 (t, J = 7.9 Hz, 4H), 1.92 — 1.81 (m,
2H) ppm. *C NMR (101 MHz, D,0) &: 179.4, 55.6, 42.2, 30.6, 15.2 ppm. ESI-MS:
m ([M+Na]") 516.2, ([2M+Na]") 1009.5. EA calc. % for C1oH1306SPt requires C,
24.34; H, 3.68; S, 12.99, found C, 24.19; H, 3.45; S, 12.56 %. FT-IR 3max (cm™):
3650, 3509, 2981, 2971, 1660, 1602, 1544, 1352, 1320, 1160, 1117.
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[Pt(11)(CBDCA)(DMSO)(n-propylamine)]*® (37)

Oo.
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A suspension of 36 (82 mg, 0.166 mmol) in water (5 mL) was heated to 40°C and n-
propylamine (13.67 pL, 0.166 mmol) and stirred for 2 h resulting in a pale yellow
solution. The solution was concentrated to approx. 1 mL and cooled at 4 °C
overnight. The resultant white crystalline solid was vacuum filtered and washed with
cold MeOH and Et,0 to yield 37 (48 mg, 61 %).

'H NMR (400 MHz, D,0) &: 3.44 (s, 6H), 2.82 — 2.68 (m, 4H), 2.66 — 2.58 (m, 2H),
1.90 — 1.80 (m, 2H), 1.72 — 1.60 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H) ppm. *C NMR
(101 MHz, D,0) 3: 180.4, 55.9, 48.0, 42.7, 30.8, 23.3, 15.2, 10.1 ppm. ESI-MS: I
([M+H]") 475.2, ((M+Na]") 497.1, ([2M+H]") 949.3, ([2M+Na]") 971.4. EA calc. %
for C11H,1NOsSPt.Na requires C, 26.56; H, 4.26; N, 2.82, found C, 26.86; H, 4.13; N,
2.69 %. FT-IR 3max (cm™): 3252, 3203, 3095, 2990, 2967, 2909, 1655, 1615, 1360,
1136, 1109, 1086, 1030.

Single crystals suitable for X-ray diffraction analysis were obtained by cooling of the

concentrated mother liquor at 4 °C.
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[Pt(11)(CBDCA)(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)] (38)

36 (114 mg, 0.240 mmol) was dissolved in water (10 mL) at 100 °C. A solution of 11
(116 mg, 0.240 mmol) and NaOH (19.2 mg, 0.480 mmol) in water (5 mL) and DMF
(0.5 mL) was heated, and added drop-wise to the solution of 36 and stirred at 100 °C
for 6 h, producing an off-white solid which was vacuum filtered and washed with
water, EtOH and Et,0. This yielded 38 as an off white solid (133.3 mg, 74%).

'"H NMR (400 MHz, DMF-d;) § 9.34 (s, 1H), 8.29 (s, 1H), 7.21 (d, J = 8.6 Hz, 1H),
6.76 (d, J = 8.4 Hz, 1H), 6.72 (s, 1H), 5.84 — 5.11 (m, 4H), 3.50 (m, J = 19.9, 10.1
Hz, 2H), 3.32 — 3.21 (m, 1H), 2.66 — 2.52 (m, 2H), 2.27 (m, J = 28.0, 15.5, 8.2 Hz,
3H), 2.13 — 1.87 (m, 4H), 1.79 — 1.39 (m, 7H), 1.21 (s, 2H), 1.14 — 1.04 (m, 1H),
0.87 (m, J=14.9, 8.4 Hz, 1H) ppm.

'H NMR (400 MHz, DMSO-dg) &: 9.00 (s, 1H), 7.96 (d, J = 7.2 Hz, 1H), 6.95 (d, J =
8.6 Hz, 1H), 6.50 — 6.39 (m, 2H), 5.56 — 5.09 (bm, 4H), 4.61 (m, 1H), 2.94 (m, J =
9.7 Hz, 1H), 2.68 (m, J = 5.6 Hz, 2H), 2.59 (m, J = 11.9 Hz, 1H), 2.27 (m, J = 23.0,
13.6 Hz, 2H), 2.12 — 2.03 (m, 1H), 1.99 — 1.57 (m, 6H), 1.50 — 1.13 (m, 6H), 0.91 (s,
3H), 0.56 — 0.45 (m, 1H) ppm. **Pt NMR (86 MHz, DMSO-ds) &: -3245.61 ppm.

EA calc. % for Cy9H3906NsPt.1.5H,0 requires C, 44.90; H, 5.46; N, 9.03, found C,
44.75; H, 5.46; N, 9.12 %. FT-IR 3max (cm™): 3384, 3195, 3116, 2932, 2870, 1648,
1609, 1585, 1500, 1448, 1378, 1356, 1289, 1235, 1153, 1053, 1022, 913, 870, 847,
787.
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[Pt(I11)Cl,(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)] (39)

33 (100 mg, 0.237 mmol) was dissolved in DMF (1 mL) at rt. To a solution of 11
(114 mg, 0.237 mmol) in DMF (1 mL) was added DBU (70.9 pL, 0.474 mmol)
giving a solution which was added drop-wise to the solution of 33 and stirred at rt for
2 days. Water (3 mL) was added to the flask giving an off white precipitate. which
was cooled to 4 °C for 4 h. The off-white solid was vacuum filtered and washed with
water and Et,O and dried over P,0s. This yielded 39 as a brown-orange crystalline
solid (92.9 mg, 58%).

'H NMR (400 MHz, DMF-dy) &: 9.12 (s, 1H), 8.08 (s, 1H), 6.99 (d, J = 8.4 Hz, 1H),
6.55 (d, J = 8.4 Hz, 1H), 6.51 (s, 1H), 5.51 (d, J = 33.7 Hz, 3H), 5.12 (s, 1H), 5.05 (t,
J=10.1 Hz, 1H), 3.47 (s, 4H), 3.30 (d, J = 12.2 Hz, 2H), 3.10 — 3.02 (m, 1H), 2.46 —
2.34 (m, 1H), 2.14 — 1.99 (m, 2H), 1.93 — 1.64 (m, 5H), 1.56 — 1.44 (m, 2H), 1.41 —
1.17 (m, 3H), 1.00 (s, 3H), 0.65 (td, J = 12.6, 3.5 Hz, 1H) ppm. ***Pt NMR (86 MHz,
DMSO-dg) &: -2277.74 ppm. EA calc. % for C,3H33CI,NsO,Pt.0.25H,0 requires C,
40.50; H, 4.95; N, 10.27, found C, 40.71; H, 5.32; N, 10.41 %. FT-IR 3max (cm™):
3189, 3120, 2925, 2871, 1652, 1609, 1498, 1436, 1386, 1288, 1251, 1224, 1131,
1098, 1060, 1024, 913, 871, 819, 787, 661.
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Attempted synthesis of [Pt(11)(2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-
1,3-diyl)] (40)

36 (32.2 mg, 0.0679 mmol) was dissolved in water (3 mL) at 100 °C. A solution of
13 (34 mg, 0.0679 mmol) and NaOH (5.5 mg, 0.136 mmol) in water (2 mL) and
DMF (0.5 mL) was heated to form a solution which was added drop-wise to the
solution of 36 and stirred at 100 °C for 6 h giving an off-white solid which was
vacuum filtered and washed with water, EtOH and Et,O. This yielded an off white

solid of 33 mg, which did not correlate with the theoretical values of 40.

Attempted product analysis: *H NMR (400 MHz, DMF-d;) &: 5.66 (s, 1H), 5.38 (s,
1H), 3.50 (m, 3H), 3.36 (s, 1H), 2.53 — 2.41 (m, 2H), 2.33 — 2.13 (m, 3H), 2.06 (m,
1H), 2.02 — 1.93 (m, 1H), 1.90 — 1.82 (m, 1H), 1.77 — 1.59 (m, 6H), 1.45 (m, 3H),
1.24 (s, 3H), 1.05 — 0.91 (m, 2H), 0.89 (s, 3H) ppm. ESI-MS: mm (unassigned)
570.3. EA calc. % C3oH43Ns06Pt requires C, 47.12; H, 5.67; N, 9.16, found C, 71.29;
H, 5.95; N, 2.10 %. FT-IR 3max (cm™): 3400, 3259, 2934, 2920, 1656, 1645, 1612,
1429, 1381, 1329, 1232, 1191, 1152, 1125, 1069, 1060, 992, 949, 922, 689, 784, 724,
698, 680.
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Attempted synthesis of 8 -[Pt(11)Cl,(n-propylamine)(tetrazine-amine] (41)

Hy
CI\Pt/N\/\
SN
Cl NH,
N\
7N
M N\

The synthesis of 41 was attempted following a preparation modified from Bitha &
a 16

34 (18 mg, 0.045 mmol) was dissolved in water (2.5 mL) at 100 °C. A solution of
tetrazine-amine.HCI (10 mg, 0.045 mmol) and NaOH (1.8 mg, 0.045 mmol) in water
(2 mL) and DMF (0.5 mL) was added to the solution of 34 and heated for 4 h. The
solution was concentrated under vacuum to approx. 1 mL and cooled at 4 °C
overnight. The resultant brown solid was vacuum filtered, washing with cold MeOH
and Et,0 to yield 16 mg, which did not correlate with the theoretical values of 41.

Analysis of the solid was not possible by NMR or MS and IR and elemental analysis

could not conclusively identify the product formed.
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Attempted synthesis of 8 -[Pt(11)(CBDCA)(n-propylamine)(tetrazine-amine]
(42)
O H,
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The synthesis of 42 was attempted following a preparation modified from Bitha &
a 16

37 (21.2 mg, 0.0447 mmol) was dissolved in water (2.5 mL) at 100 °C. A solution of
tetrazine-amine.HCI (10 mg, 0.0447 mmol) and NaOH (1.8 mg, 0.0447 mmol) in
water (2.2 mL) and DMF (0.3 mL) was added to the solution of 37 and heated for 4
h. The solution was concentrated under vacuum to approx. 1 mL and cooled at 4 °C
overnight. The resultant orange-brown solid was vacuum filtered, washing with cold
MeOH and Et,0 to yield 18 mg, which did not correlate with the theoretical values
of 42.

Analysis of the solid was not possible by NMR or MS and IR and elemental analysis

could not conclusively identify the product formed.
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X-ray Crystallography

[Pt(11)(CBDCA)(DAP-N3)] (18)
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A clear colourless needle fragment-like specimen of CgH,3NsOgPt, approximate
dimensions 0.050 mm x 0.110 mm x 0.160 mm, was used for the X-ray
crystallographic analysis. The X-ray intensity data were measured at 100(2)K using
an Oxford Cryosystems low temperature device using a MiTeGen micromount.
Bruker APEX software was used to correct for Lorentz and polarization effects.

A total of 755 frames were collected. The total exposure time was 3.24 hours. The
frames were integrated with the Bruker SAINT software package using a wide-frame
algorithm. The integration of the data using a triclinic unit cell yielded a total of
35734 reflections to a maximum 0 angle of 35.14° (0.62 A resolution), of which
7321 were independent (average redundancy 4.881, completeness = 99.6%, Ry =
9.75%, Rsig = 5.23%) and 6540 (89.33%) were greater than 26(F?).The final cell
constants of a = 8.1972(2) A, b = 10.0512(3) A, ¢ = 11.2870(3) A, o = 64.3846(12)°,
B = 80.5246(14)°, y = 82.4160(14)°, volume = 825.18(4) A3 are based upon the
refinement of the XY Z-centroids of 9977 reflections above 20 o(I) with 6.229° < 26
< 68.65°.Data were corrected for absorption effects using the Multi-Scan method
(SADABS). The ratio of minimum to maximum apparent transmission was 0.686.
The calculated minimum and maximum transmission coefficients (based on crystal
size) are 0.1995 and 0.2910.

The structure was solved and refined using the Bruker SHELXTL Software Package,
using the space group Pi, with Z = 2 for the formula unit, CgH,3NsOgPt. The final

anisotropic full-matrix least-squares refinement on F? with 239 variables converged
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at R1 = 3.25%, for the observed data and wR2 = 8.19% for all data. The goodness-
of-fit was 1.071. The largest peak in the final difference electron density synthesis
was 3.699 e/A® and the largest hole was -3.814 e/A® with an RMS deviation of
0.260 e7A%. On the basis of the final model, the calculated density was 2.111 g/cm®
and F(000), 508 e".

Refinement Note: Residual Densities (e.g. 0.68A from Ptl1) of ca. -3.81 eA™ are
absorption artefacts and could not be modelled or eliminated. Amino donor N-H and

O3s hydrogen atoms were refined with restraints (DF1X).
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[Au(lIDCI3(PTP)] (27)

N\ R

/ \ﬂ b/
EANIV A ,/\\ \
7 A\ /\\/\

A specimen of Ci3H10AUCI3N,, approximate dimensions 0.160 mm x 0.240 mm
x 0.280 mm, was used for the X-ray crystallographic analysis. The X-ray intensity
data were measured at 100(2)K using an Oxford Cryosystems low temperature
device using a MiTeGen micromount. Bruker APEX software was used to correct for
Lorentz and polarization effects.

A total of 513 frames were collected. The total exposure time was 0.23 hours. The
integration of the data using a triclinic unit cell yielded a total of 11304 reflections to
a maximum 0 angle of 28.41° (0.75 A resolution), of which 3795 were independent
(average redundancy 2.979, completeness =99.2%, Rin=4.62%, Rsig=4.95%)
and 3415(89.99%) were greater than 2o(F°). The final cell constants
of a=16.960(3) A, b =9.060(4) A, c = 12.468(6) A, o = 88.87(3)°, p = 76.044(16)°, v
= 86.372(11)°, volume =761.5(6) A%, are based upon the refinement of the XYZ-
centroids of reflections above 20 o(I). Data were corrected for absorption effects
using the Multi-Scan method (SADABS). The ratio of minimum to maximum
apparent transmission was 0.467. The calculated minimum and maximum
transmission coefficients (based on crystal size) are 0.3481 and 0.7457.

The structure was solved using the Bruker APEX Software Package and refined with
XL in Olex2, using the space groupPi, with Z =2for the formula
unit, C13H10AUCI3N4. The final anisotropic full-matrix least-squares refinement on
F2 with 190 variables converged at R1 =2.60%, for the observed data and wR2
=5.79% for all data. The goodness-of-fit was 1.067. The largest peak in the final
difference electron density synthesis was 1.195 e/A%and the largest hole was -
2.065 /A3 with an RMS deviation of 0.202 e/A%. On the basis of the final model,
the calculated density was 2.292 g/cm?® and F(000), 492 €.
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[Au(111)Cl(PTPD)][Au(1)Cl][OH]{[NaAuCl;.2H20]}n (29)

A specimen of CyoHss60AU3.80Ci19.21N12Nagg004.40, approximate dimensions 0.080
mm X 0.080 mm x 0.180 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 100(2)K using an Oxford Cryosystems low
temperature device using a MiTeGen micromount. Bruker APEX software was used

to correct for Lorentz and polarization effects.

A total of 1504 frames were collected. The total exposure time was 4.66 hours. The
frames were integrated with the Bruker SAINT software package using a wide-frame
algorithm. The integration of the data using a monoclinic unit cell yielded a total of
40737 reflections to a maximum 0 angle of 26.47° (0.80 A resolution), of which
4212 were independent (average redundancy 9.672, completeness = 99.9%, Rjy =
2.93%, Rsig = 1.36%) and 3849 (91.38%) were greater than 26(F?). The final cell
constants of a = 15.2675(6) A, b = 18.9896(7) A, ¢ = 7.1416(3) A, B = 99.1035(11)°,
volume = 2044.44(14) A®, are based upon the refinement of the XYZ-centroids of
9939 reflections above 20 o(I) with 5.815° < 20 < 52.93°. Data were corrected for
absorption effects using the Multi-Scan method (SADABS). The ratio of minimum
to maximum apparent transmission was 0.290. The calculated minimum and

maximum transmission coefficients (based on crystal size) are 0.0080 and 0.0276.

The structure was solved using the Bruker APEX Software Package and refined with
XL in Olex2, using the space group P2i/c, with Z = 2 for the formula unit,
CooH30.80AU3.80Clo 20N12Nas 600320. The final anisotropic full-matrix least-squares
refinement on F? with 224 variables converged at R1 = 2.73%, for the observed data

and wR2 = 7.25% for all data. The goodness-of-fit was 1.101. The largest peak in the
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final difference electron density synthesis was 1.221 e7A3 and the largest hole was -
0.872 e/A3 with an RMS deviation of 0.158 e/A*. On the basis of the final model,
the calculated density was 2.602 g/cm?® and F(000), 1469 e".

Refinement Note: the asymmetric unit the counter ions AuCl, and OH™ are only
50% occupied. The OH" occupies the same space as the Na (40% occupied) in the
charge neutral [Na(H20),AuCl,], which is only partially occupied. This moiety was
modelled with restraints (DFIX, SADI, SIMU, ISOR) and constraints (EADP 02, O3
and Cl4;CI5; CI6;ClI7; CI8; CI9) with the Cl atoms in three separate locations (43, 32
and 5% occupancy, refined to a total of 80% using SUMP). The hydroxide is
coordinated to a water molecule at 50% occupancy and the Na is also coordinated to
two water molecules at 40% and 80% occupancy. Hydrogen atoms were added to the

water molecules to align as best as possible to hydrogen bonding receptors.
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[Pt(11)Cl(PTPDH,)][PtCl,] (31)

A specimen of Cjg25H17ClgNgO0 25Pt,, approximate dimensions 0.030 mm x 0.030
mm x 0.130 mm, was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured at 100(2)K on a Bruker D8 Quest ECO with an Oxford
Cryosystems low temperature device using a MiTeGen micromount. Bruker APEX
software was used to correct for Lorentz and polarization effects.

A total of 1030 frames were collected. The total exposure time was 12.31 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a triclinic unit cell yielded a total
of 36729 reflections to a maximum 0 angle of 26.56° (0.79 A resolution), of which
9231 were independent (average redundancy 3.979, completeness = 97.5%, Ry =
8.91%, Rsig = 8.35%) and 6034 (65.37%) were greater than 26(F?). The final cell
constants of a = 12.4400(6) A, b = 13.3881(6) A, ¢ = 15.1617(7) A, o =
76.6984(17)°, B = 68.0193(18)°, y = 89.2239(19)°, volume = 2271.40(19) A3, are
based upon the refinement of the XYZ-centroids of 9864 reflections above 20 o(1)
with 5.665° < 20 < 53.00°. Data were corrected for absorption effects using the
Multi-Scan method (SADABS). The ratio of minimum to maximum apparent
transmission was 0.604. The calculated minimum and maximum transmission

coefficients (based on crystal size) are 0.4504 and 0.7454.

The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group P1, with Z = 4 for the formula unit,

C10.25H17ClgNsOg 25Pt. The final anisotropic full-matrix least-squares refinement on

118



F? with 648 variables converged at R1 = 4.95%, for the observed data and wR2 =
11.31% for all data. The goodness-of-fit was 1.030. The largest peak in the final
difference electron density synthesis was 1.977 e/A® and the largest hole was -2.523
e/A® with an RMS deviation of 0.262 e/A>. On the basis of the final model, the
calculated density was 2.431 g/cm?® and F(000), 1522 €.

Refinement Note: One ligand was disordered in two locations ca. 50% and modelled
with restraints (SADI, SIMU, ISOR). One PtCl,; moiety also modelled in two
positions at 50% occupancy with one restraint (SMIU). Half occupied methanol
molecule modelled with restraints (ISOR). The remaining solvent in the void
(H,O/MeOH) was removed from the data using the subroutine SQUEEZE™® (155
electrons in a 330 cubic Angstrom solvent accessible void, approx. 5MeOH, 6H,0

per unit cell).
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8 -[Pt(1)Cl(DMSO)(n-propylamine)] (34)

A specimen of CsH;5CI,NOPLtS, approximate dimensions 0.080 mm x 0.220 mm x
0.260 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data
were measured at 100(2)K on a Bruker B8 Quest Eco with an Oxford Cryostream
low temperature device using a MiTeGen micromount. Bruker APEX software was

used to correct for Lorentz and polarization effects.

A total of 756 frames were collected. The total exposure time was 1.68 hours. The
integration of the data using a monoclinic unit cell yielded a total of 19325
reflections to a maximum 0 angle of 30.64° (0.70 A resolution), of which 3431 were
independent (average redundancy 5.632, completeness = 99.7%, Rin = 2.76%, Rsig =
1.99%) and 3200 (93.27%) were greater than 20(F?). The final cell constants of a =
20.9490(8)A, b = 7.3231(3) A, ¢ = 16.9429(7) A, p = 121.1433(12)°, volume =
2224.63(16) A% are based upon the refinement of the XYZ-centroids of reflections
above 20 o(I). The calculated minimum and maximum transmission coefficients

(based on crystal size) are 0.4115 and 0.7461.

The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group C2/c, with Z = 8 for the formula
unit, CsH15CI,NOPtS. The final anisotropic full-matrix least-squares refinement on
F2 with 111 variables converged at R1 = 1.57%, for the observed data and wR2 =
3.49% for all data. The goodness-of-fit was 1.105. The largest peak in the final
difference electron density synthesis was 0.763 e /A and the largest hole was -1.594
e/A® with an RMS deviation of 0.152 e/A>. On the basis of the final model, the
calculated density was 2.408 g/cm?® and F(000), 1504 .

Refinement Note: Donor N-H atoms located on the difference map and refined with
restraints (DFIX).
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[Pt(11)(CBDCA)(DMSO)(n-propylamine)] (37)

A specimen of C;;H,;NOsPtS, approximate dimensions 0.040 mm x 0.140 mm x
0.290 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data
were measured at 100(2)K on a Bruker B8 Quest Eco with an Oxford Cryostream
low temperature device using a MiTeGen micromount. Bruker APEX software was

used to correct for Lorentz and polarization effects.

A total of 1272 frames were collected. The total exposure time was 4.71 hours. The
integration of the data using a monoclinic unit cell yielded a total of 44917
reflections to a maximum 0 angle of 33.34° (0.65 A resolution), of which 5646 were
independent (average redundancy 7.956, completeness = 99.7%, Rin = 3.69%, Rsig =
2.08%) and 5240 (92.81%) were greater than 20(F?). The final cell constants of a =
8.2289(3) A, b = 9.9801(3) A, ¢ = 17.8668(6) A, B = 94.9380(10)°, volume =
1461.87(8) A®, are based upon the refinement of the XYZ-centroids of reflections
above 20 o(I). The calculated minimum and maximum transmission coefficients

(based on crystal size) are 0.1640 and 0.6960.

The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group P2:/n, with Z = 4 for the formula
unit, C11H21NOsPtS. The final anisotropic full-matrix least-squares refinement on F?
with 247 variables converged at R1 = 1.95%, for the observed data and wR2 = 4.31%
for all data. The goodness-of-fit was 1.117. The largest peak in the final difference

electron density synthesis was 1.738 e/A® and the largest hole was -1.961 e/A? with
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an RMS deviation of 0.146 e/A3. On the basis of the final model, the calculated
density was 2.156 g/cm® and F(000), 912 ¢".

Refinement Note: DMSO, propylamine and cyclobutane groups all disordered in
two locations with occupancies of 67:33; 57:43 and 57:43% respectively. Restraints
(SADI, SIMU for propyl amine and cyclobutane and SADI for S-O distances) and

constraints (EADP in DMSO) were used in the model for convergence.
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Peptide and peptide conjugate synthesis

General considerations and materials

All chemicals and solvents were used as received from commercial suppliers. 9-
Fluorenylmethyloxy carbonyl (Fmoc) protected amino acids; Fmoc-Lys(Boc)-OH,
Fmoc-Asp(OiBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Leu-OH, Fmoc-Gly-OH, Fmoc-
Phe-OH, and Fmoc-Glu(OB u)-OH were purchased from Merck (sl

7} ). Fmoc-Thr(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Ser(tBu)-OH, Rink
amide 4-methylbenzhydrylamine (MBHA) resin, N -diisopropylcarbodiimide
(DIC), oxyma pure, piperidine, N-methyl-2-pyrrolidone, N,N'-carbonyldiimidazole
(CDI), piperidine, phenol, trifluoroacetic acid (TFA), succinic anhydride, anhydrous
DMF and anhydrous DCM were purchased from Sigma Aldrich (8

H 7 , H ). Syringe reactors were purchased from MultiSynTech
GmbH (W ).

Solid phase synthesis

Peptide sequences were assembled by automated solid phase peptide synthesis on a
CEM Liberty Blue™ Microwave Peptide Synthesizer (!

)] ) using L-amino acids protected with Fmoc.*® The synthesis was
carried out in accordance to the Fmoc/tBu strategy where the peptide chain is
assembled sequentially from a rink MBHA resin (& | ] )
using DIC and oxyma pure coupling chemistry. Single coupling cycles using a 10-
fold excess of Fmoc-amino acids were employed. The Fmoc/tBu strategy utilises a
relatively mild de-protection scheme where removal of Fmoc was carried out using
20% (v/v) piperidine in N-methyl pyrrolidone (NMP).?® The reaction was monitored
by the UV absorbance of the dibenzofulvene side product at 301 nm.

Peptide conjugation

Attachment of the [Pt(IV)(DACH)(OELt)(Ox)(Succ)] 26 to the Rink Amide MBHA
resin-bound peptide was performed manually in a 5 mL syringe (0.05 mmol scale)
fitted with a Teflon frit and stopcock. Following completion of the peptide sequence
and final Fmoc deprotection on the N-terminal, the resin was agitated in DMF (2
mL) for 30 min to facilitate swelling, after which the DMF was drained. Quantities

of the reagents were calculated relative to 0.05 mmol of the original peptide on resin.
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To [Pt(IV)(DACH)(OEt)(Ox)(Succ)], 26, (112 mg, 0.2 mmol) in anhydrous DMF (1
mL) at 60 °C was added a solution of CDI (68 mg, 0.42 mmol) in anhydrous DMF (1
mL), and the mixture stirred at 60 °C for a further 10 min. The reaction was cooled
to rt and transferred into a reactor containing the pre-swelled polymer-bound peptide,
and stirred for 48 h. Following conjugation, the resin was washed with DMF in order
to remove any excess unreacted activated Pt precursor before washing with DCM

and drying under vacuum.?

Peptide cleavage

Following Pt-peptide conjugation the resulting Pt-peptide conjugates were cleaved
from the resin and side-chain protecting groups removed using a mixture of TFA
95%, phenol 2.5% and water 2.5% (total 3 mL). The peptide cleavage cocktail was
prepared fresh each time, added to the resin and stirred at rt for 2 h. Upon reaction
completion the resin was filtered and the crude Pt-peptide conjugate mixture was
precipitated using a minimal amount of Et,0O, and collected by centrifugation for 4
min at 2,500 rpm. The resulting supernatant was disposed of and the resulting
precipitated peptide re-suspended in Et,O (10 mL). The suspension was centrifuged
and this process was repeated three times. The final Pt-peptide conjugate pellet was
left to air dry before being dissolved in distilled water, frozen in liquid nitrogen, and

lyophilized to give a white powder.

Peptide purification

Chromatographic analysis and peptide purification was performed using analytical
and preparative RP-HPLC: Triart C18 5 mm columns. Crude products were
dissolved in a H,0:MeOH (95:5) mixture. Mobile phase A: 0.1% TFA/H,O and
mobile phase B: 0.1% TFA/MeOH were used with a gradient of 5-85-5% B over 65
min with a flow rate of 1 mL/min (analytical) or 4 mL/min (semi-preparative).

Double wavelength detection at 214 and 254 nm was used.
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PY(IV)-TPP

e

O

H,
ON TKDNNLLGRFELSG—NH,

Pt(IV)-ScP
(7 | I

N
N _LNLETRLGFGDNKS—NH,

Pt-TPP; (4 mg, 3.8%), *H NMR (400 MHz, D,0) &: 7.34 (dd, J = 13.6, 7.2 Hz, 3H),
7.28 (d, J = 7.3 Hz, 2H), 4.65 (dd, J = 15.7, 6.8 Hz, 5H), 4.45 (s, 2H), 4.39 — 4.30
(m, 5H), 4.30 — 4.17 (m, 4H), 3.94 (d, J = 3.8 Hz, 2H), 3.92 — 3.88 (m, 3H), 3.36 (s,
2H), 3.25 — 3.11 (m, 5H), 3.06 — 2.98 (m, 3H), 2.91 — 2.75 (m, 7H), 2.71 — 2.58 (m,
5H), 2.36 (s, 2H), 2.28 (d, J = 14.6 Hz, 2H), 2.24 (s, 3H), 2.07 (s, 3H), 1.67 (dd, J =
22.5, 8.8 Hz, 15H), 1.50 — 1.41 (m, 4H), 1.22 (d, J = 6.3 Hz, 5H), 1.16 (t, J = 6.9 Hz,
3H), 0.92 (ddd, J = 18.6, 12.6, 6.5 Hz, 15H) ppm. ***Pt NMR (86 MHz, D,0) &:
1379.14 ppm. HRMS (ESI+) m/z: 1054.4160 (M+2H+)?*, tR: 38.96 min, purity
100%.

Pt-ScP; (3.2 mg, 1.9%) 'H NMR (400 MHz, D;0) &: 7.41 — 7.31 (m, 3H), 7.27 (d, J
= 6.9 Hz, 2H), 4.67 (dt, J=27.7, 7.3 Hz, 4H), 4.41 (t, J= 5.1 Hz, 1H), 4.30 (dd, J =
34.2, 11.9 Hz, 8H), 4.00 — 3.82 (m, 7H), 3.36 (s, 2H), 3.18 (d, J = 3.7 Hz, 5H), 3.02
(dd, J = 19.6, 12.4 Hz, 3H), 2.94 — 2.76 (m, 7H), 2.67 (s, 2H), 2.59 (s, 1H), 2.55 —
2.42 (m, 4H), 2.30 (s, 2H), 2.24 (s, 1H), 2.14 (s, 1H), 2.06 (s, 1H), 1.85 (d, J = 36.9
Hz, 5H), 1.65 (s, 15H), 1.45 (s, 3H), 1.22 (d, J = 5.8 Hz, 4H), 1.16 (t, J = 6.9 Hz,
2H), 0.98 — 0.83 (m, 17H) ppm. HRMS (ESI+) m/z: 1054.3705 (M+2H+)**, tR
38.56 min, purity 100%.

The free peptides TPP and ScP were cleaved and purified using the above methods
on a 0.1 mmol scale stirring at rt for 90 min.
TPP; (30.8 mg, 20%), HRMS (ESI+) m/z: 1561.71 (M+H)", tR: 38.79 min, purity
>95.73%. ScP; (59.3 mg, 38 %), HRMS (ESI+) m/z: 1561.55 (M+H)", tR: 35.90
min, purity >97.08%.
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1Y) cell culture

Cell lines

A2780P and A2780cis human ovarian carcinoma cells were obtained from the
European Collection of Authenticated Cell Cultures (ECACC, a part of Public Health
England) through Sigma Aldrich (Il ).

Table 2.1: Appropriate seeding densities for ovarian and colorectal cancer cell lines.

Name Source Morphology Comment
A2780P human' ovarian epithelial, wild type
carcinoma adherent

A2780cis human_ ovarian epithelial, cisplatin resistant

carcinoma adherent

HCT116 wt humarl colon epithelial, wild type
carcinoma adherent

human colon epithelial .

HT29 :

adenocarcinoma adherent wild type

Cell Culture

All commercially available materials were purchased from Sigma Aldrich unless
otherwise stated, and were used as supplied within 6 months of the purchase date. All

culture materials were stored below 5 °C and heated to 37 °C before use.

A2780P, A2780cis and HCT116 wt were cultured in cultured in RPMI 1640 with L-

glutamine (2 mM) (/ ) supplemented with 10% Fetal Bovine
Serum (FBS) (iR and 100 U/mL penicillin and 100 pg/mL
streptomycin (Bl ). HT29 cell lines were cultures in

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, 1% L-

glutamine and 1% penicillin-streptomycin.

In this work, media refers to complete medium with all supplements. In order to
retain resistance, solutions of 1 uM cisplatin in media was added to the A2780cis

cells every third passage.

All cells were kept in an incubator set to 5% CO, at 37 °C. All cells were cultured in

a sterile mycoplasma-free facility and were tested regularly for the presence of
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mycoplasma contamination with MycoAlertTM Mycoplasma Detection Kit (&

B & ).

Phosphate-buffered saline (PBS)

PBS is an isotonic solution with a pH of 7.4 used for washing cells in culture. PBS
contains sodium chloride, potassium chloride and phosphate buffer dissolved in
deionised water, with a concentration of 137 mM sodium chloride, 10 mM phosphate
buffer and 2.7 mM potassium chloride per 200 mL of deionised water. PBS was

dispensed in 20 mL aliquots and stored at 4 °C until required for washing.

FBS

FBS is the supernatant fraction remaining after the natural coagulation of fetal calf
blood. FBS is commonly used as a serum supplement for & cell culture as it
provides cells with nutrients for differentiation and proliferation, as well as a number
of hormones and growth factors. FBS was heat inactivated at 55 °C in a water bath
for 30 min, before being dispensed in 50 mL aliquots and stored at -20 °C until
required for addition to medium. It was then defrosted, heated to 37 °C in a water
bath and added to medium in a 1:10 dilution.

Penicillin-Streptomycin solution

Penicillin-Streptomycin is an antibiotic solution stabilised with 10,000 units
penicillin and 10 mg streptomycin/mL in 0.9% NaCl. Penicillin interferes with the
cell wall synthesis of Gram-positive bacteria, while streptomycin disrupts protein
synthesis, particularly in Gram-negative bacteria. This solution was dispensed as 10
mL aliquots and stored at -20 °C until required for addition to medium. It was then
defrosted, heated to 37 °C in a water bath for 30 min and added in a 1:100 dilution.

Cell passaging

Once cells in culture had reached approximately 70% confluency, the old media was
removed and the cells washed with PBS solution to remove any remaining residual
media. This step is necessary as culture media contains Mg?* and Ca* cations which
inhibit the activity of trypsin. Trypsin-EDTA (0.25%) was then added and the cells
left to detach in an incubator for approx. 5 min (Table 2.2). Trypsin acts by cleaving
adhesion proteins involved in cell-cell and cell-matrix interactions. These adhesion
proteins in turn rely on the presence of calcium and so trypsin is supplemented with

EDTA as it is a divalent cation chelator and functions to reduce the number of
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cations and adhesion proteins present that may inhibit trypsin. This combination of
trypsin-EDTA breaks up the extra cellular matrix of cells and causes adherent cell
detachment from the flask surface. Once detached, medium was added (at least three
times the amount) to inactivate the trypsin-EDTA, and the cell suspension was
transferred to a centrifuge tube. Cell pellets were formed by centrifugation at 1,000
rpm for 3 min. The resulting pellet was re-suspended in fresh media and cells were
counted, and seeded in new culture flasks at appropriate seeding densities with
reference to Table 2.3.

Table 2.2: Appropriate trypsin amounts relative to cell culture dish size.

Dish | Area mm? | Media mL
T-25 2500 1

T-75 7500 3

Cell Counting
Cell pellets were re-suspended in appropriate culture media (5 mL) and the
concentrated cell suspension (10 uL) was then mixed with 0.4% trypan blue stain (10

pL). 10 pL of this mixture was pipetted into a Countess™ Cell Counting Chamber

Slide (i [ Wi ). Each
slide has 2 x 10 pL chambers which may each be inserted into the Countess™
Automated Cell Counter (BEEB Whn

1| ). The cells in the chamber were visualised and analysed to

determine the number of living, dead and total cells present, as well as the cell
viability %. Using the calculator function the volume of the cell suspension could be
determined to create a stock solution of known concentration e.g. the required
concentration of A2780 cells was 1 x 10° cells/mL to give a seeding density 1 x 10*

cells/100 pL in each well of a 96 well plate.

The required volume was then taken from the thoroughly mixed cell suspension and
added to each well/plate. The number of cells seeded was based on several factors
including the nature of the cell line, the dimensions of a single cell and the duration
of an experiment. The seeding densities used are outlined in Table 2.3.
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Table 2.3: Appropriate seeding densities for ovarian and colorectal cancer cell lines.

Seeding

Cell Line Dish Area mm? density Media mL
A2780P 8-well 93 1x 10 0.2
96-well 50 1x 10 0.1
T-25 2500 5x 10° 5
T-75 7500 1.5 x 10° 15
A2780cis 8-well 93 1x 10 0.2
96-well 50 1x 10* 0.1
T-25 2500 5x 10° 5
T-75 7500 1.5 x 10° 15
HCT116 wt 96-well 50 6 x 10° 0.1
T-25 2500 6 x 10° 5
T-75 7500 2 x 10° 15
HT29 96-well 50 6 x 10° 0.1
T-25 2500 5x 10° 5
T-75 7500 1.5x 10° 15
Cell Freezing

For long-term storage cells require to be kept in temperatures below -80 °C. Cells
were cultured as normal and once they had reached approximately 70% confluency
cells were harvested and centrifuged. The resulting pellet was re-dissolved in
freezing media (1 mL) which contains 85% of the appropriate culture medium with
15% DMSO. DMSO plays a cyroprotective role as it increases the solubility of the
cell membrane, preventing the formation of large ice crystals in the cell cytoplasm
which can occur as a result of rapid temperature drop. To avoid this process the
cryotube vials were initially placed in a CoolCell™ LX Freezing Container which
slows down the rate of freezing to -1 °C/1 min, preventing cell rupture. The
cryotubes were then transferred to a -80 °C freezer, and for long term storage to a -

178 1C liquid nitrogen tank until further use.

Cell thawing
The cryotube vial was removed from liquid nitrogen and slowly defrosted in a water

bath at 37 °C. The thawed cell solution was added to appropriate culture media (5
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mL) and the cell suspension spun for 3 min at 1000 rpm, and the supernatant
removed. The remaining pellet was re-suspended in media and the cell suspension re-
spun to ensure no DMSO remained. The final cell pellet in fresh media (1 mL) was
transferred to the appropriate cell culture flask, and total volume adjusted as
necessary (Table 2.3).

MTS Cell Proliferation Assay

ia cytotoxicity evaluation

Cells were cultivated in 96-well culture plates and seeded at densities outlined in
Table 2.3 in appropriate culture media. The media was removed 24 h after seeding
and cells were treated with a particular test compound solution (100 pL) at various
working concentrations. After 72 h of treatment [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo  phenyl)-2H-tetrazolium, inner salt, (MTYS)
(W ) (20 puL) was added to each well, and the plates were
incubated for 2 h at 37 °C. Following incubation, the absorbance was measured at
490 nm for 1 second using a Wallac 1420 Victor 3V plate reader (R -

5 &8 ). The percentage of surviving cells relative to untreated
controls was evaluated. The I1Csy value, defined as the drug concentration required to
inhibit cell proliferation by 50%, was determined for each test compound graphically
from dose-response plots using GraphPad Prism (& N

B ).

Statistical analysis
Statistical analysis for all experiments was carried out using GraphPad Prism.
Difference between two values were analysed using an unpaired Student’s t-test with

the significance level set to p < 0.05.
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Cellular Fluorescence Imaging

Fixing of cells to microscope slide

Cells were cultivated onto an ibidi 8-well removable chamber slide (¥

B ) and seeded at densities outlined in Table 2.3 in appropriate
media. The media was removed 14 h after seeding and the cells were treated with 5
uM test compound solution (200 pL) for a variety of time points. Following
exposure, cells were washed with PBS (200 pL) in triplicate to remove excess test
compound and media and the cells were fixed to the slide with 4 % para-
formaldehyde (PFA) in PBS by incubation at 37 °C for 10 min. The excess PFA was
removed and the wells were washed with PBS (200 pL) in triplicate and 100 pL of

PBS was added to each well to prevent fixed cell degradation.

Coverslip adherence

The coverslip was attached to the 8-well chamber slide by first removing the PBS
from the wells. The 8-well detachable divider was removed leaving behind the slide.
Excess PBS was carefully dried from the slide and Vectashield® containing DAPI
() B & B )05
uL) to counterstain the nuclei was added and the coverslip was mounted, removing
all air bubbles. The coverslip was secured in place using nail polish to prevent the

slide drying out. The prepared slide was stored in darkness at 4 °C in darkness.

Widefield imaging

Imaging was performed on an Olympus 1X73 epi-fluorescent widefield microscope
(% i ) equipped with a Lumencor Spectra X
("2 ) solid state diode illumination source

containing LEDs capable of excitation at 405 and 640 nm. Images were acquired

with an Olympus 60X/ 14.5 oil DIC objective (& i
a ). The camera we an iXon 88 EMCCD (¥
& ) controlled by MetaMorph (&l ). Camera

settings for fluorescence were 100 ms exposure and 1000X EM gain. Camera
settings for the Hoechst 33342 fluorescence were 20 ms exposure and 1000X EM
gain. Images were processed using ImageJ software (&/ Bl

B
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DNA binding studies

Preparation of DNA

pUC19 DNA plasmid was sourced from Brennan & Co. (H@

;) ), prepared from cultures of B . The double-stranded circular
plasmid DNA is 2686 base pairs in length. For each experiment DNA (200 ng) was
prepared from a working solution of source pUC19 DNA (50 pg/mL) to give a final
concentration of 60 uM diluted with 10 mM NaClO4 buffer.

DNA separation using agarose gel electrophoresis

DNA fragments were separated based on their size and length using agarose gel
electrophoresis. A 1% w/v agarose gel was first prepared in Tris acetate-EDTA
(TAE) buffer (40 mM Tris-acetate, 1 mM EDTA) (1.5 g in 150 mL), and a 20-well
comb inserted as a space holder for sample loading. The percentage of agarose gel
used was determined based on the size of DNA fragments with respect to kilobases
(kb).

Test compound solutions (5 puL) at various working concentrations were aliquoted in
eppendorfs and DNA (5 uL) was added. The samples were then incubated in the dark
for 48 h at 37 °C. Following incubation, loading buffer (40% sucrose, 0.1M EDTA
(pH 8), 0.5% SDS, 0.05% bromophenol blue) was added to each sample (2 uL). The
DNA samples containing loading buffer (12 pL) were loaded onto each lane of the
agarose gel where lane 1 contains a DNA molecular marker ladder (6 pL) in TAE

buffer (4 uL) with loading gel (2 uL).

The gels were placed in TAE running buffer and an electric current was applied
across the gel. As DNA constitutes a negatively charged sugar-phosphate backbone
an electric current causes the negatively charged nucleic acids to migrate through the
gel towards the positively charged electrode. Samples were initially run at 150 V,
increasing to 200 V. On completion (~ 60 min) the current was stopped and the gel
stained by placing it in an ethidium bromide (EtBr) solution (0.5 uM/mL) for 40 min.
The gels were washed with deionised water to remove any remaining excess EtBr
and visualized using an Amersham™ Imager 600 transilluminator (B

E B 7] ). The gels were excited with midrange UV (312

nm) which is the fluorescence excitation maximum of EtBr.
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Chapter 3

Novel platinum(Il)-fluorophore conjugation @ SPAAC. Synthesis,
characterisation, DNA binding, nt cytotoxicity and NIR
cytoplasmic imaging of ovarian cancer cells
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Chapter 3

Abstract

The successful design and pre-clicked synthesis of a non-toxic and cytosol trackable
carboplatin-like near infrared fluorophore conjugate & strain-promoted azide alkyne
cycloaddition (SPAAC) is reported. Reaction of & -[Pt(2-azidopropane-1,3-
diamine)(CBDCA)] and a bicyclo[6.1.0]non-4-yne NIR-AZA fluorophore gave the
corresponding clicked Pt-Fluorophore conjugate. The X-ray crystal structure of & -
[Pt(CBDCA)(DAP-N3)] was determined featuring the azide on the bidentate 1,3-
diaminopropane ligand. The Pt-fluorophore conjugate is the first example of a Pt
conjugate clicked @ SPAAC where the reactive azide handle is on the ammine
carrier ligand. Them b cytotoxicity and widefield fluorescence imaging of the Pt-
Fluorophore conjugate in A2780P and A2780cis cells and the Pt DNA binding

experiments by gel electrophoresis are described.

N, Azide NIR emission
click handle
+
H
o | Strained alkyne

Fluorophore click handle
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H
* 00
H N

( a NIR emission NIR emission

Platinum Fluorophore conjugate

Figure 3.1: Graphical hypothesis of the aims of this work. Synthesis of a clicked Pt-

Flu conjugate, followed by treatment b
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Chapter 3

Introduction

Metal-based drugs have a wide range of medicinal applications and are routinely
used as therapeutics and diagnostics in a clinical setting. In particular, platinum
(Pt) drugs such as cisplatin, carboplatin and oxaliplatin (Figure 3.2) have played a
very important and well documented role in treating cancer and are employed in

nearly 50% of anticancer regimens.’

0 H, 0
H3N Cl H3N 0 N 0
e e P sa(
H3N Cl HsN @) "IN 0
0 Ha

(a) (b) (c)

Figure 3.2: Structures of (a) cisplatin (8 -[PtCl,(NHs),]), (b) carboplatin

([Pt(CBDCA)(NH3),], CBDCA = cyclobutane dicarboxylato) and (c) oxaliplatin
([Pt(DACH)(Ox)] DACH=R  -cyclohexane-1,2-diamine and Ox = oxalate).

The cytotoxicity of Pt drugs, which hydrolyse (loss of chlorido or carboxylato
ligands) inside cells, has traditionally been primarily attributed to their ability to
covalently bind DNA, forming DNA adducts, leading to DNA damage responses and

ultimately programmed cell death, apoptosis.®*

However, given that only 1% of intracellular cisplatin forms adducts with nuclear
DNA and that Pt drugs exert noteworthy cytotoxic effects in enucleated cells it is
apparent that the effects of Pt drugs are likely both nuclear and cytoplasmic.’
Intracellularly activated electrophilic Pt centres for example can interact with
cytoplasmic nucleophiles, including mitochondrial DNA (mtDNA), RNA as well as
multiple mitochondrial and extramitochondrial proteins which may for instance
induce oxidative and reticular stress.>® Significantly, it is becoming increasingly
clear that the exact biomolecular mechanisms of action of Pt drugs are not implicit.®
Lippard 8 for example have recently demonstrated that oxaliplatin, in contrast to
cisplatin and carboplatin, does not kill cells v a the DNA-damage response but by
inducing ribosome biogenesis stress.” Therefore it is clear that the exact biomolecular
mechanisms of action of Pt drugs and in particular the extranuclear or cytoplasmic

effects of Pt drugs are not fully understood.’
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Trackable metal-based drugs which incorporate an organic fluorophore offer the
prospect of real-time imaging of important biological processes and
providing vital information concerning the biodistribution, cellular transport,
subcellular localization, and mechanisms of action and resistance to

metallotherapeutics.®*

The near-infrared (NIR) spectral region (700-900 nm) provides ideal imaging
spectral wavelengths, reduced light toxicity and does not interfere with competing
endogenous chromophore absorbance.®™® Significantly, NIR probes have been
successfully employed to image tumours ta and @ and as sensors for ROS,

RNS, thiols, ions, pH and enzyme activities.®

The BF,-azadipyrromethene (NIR-AZA) fluorophore class, which have absorptions

11-12

of c. 690 nm with emission at ¢. 725 nm in formulated aqueous solution, offer

excellent photophysical and stability properties and have attracted the attention of

10, 13

many research teams, including those interested in tracking metal-based drugs.**

The previously reported, BCN-NIR-AZA (Figure 3.3) possesses a strain-promoting
bicyclo[6.1.0]non-4-yne (BCN) conjugation group, an aqueous solubilizing alkyl-
sulfonate group and excellent NIR photophysical properties; Agps = 690 nm (&=
72,000 M cm™) and Agy = 722 nm (Pp = 0.18) in aqueous buffer. It was recently
for example successfully employed as conjugate to a tumour targeting cyclic RGD

peptide for real-time cellular imaging and @ tumour visualization.™
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Figure 3.3: Structure of strained alkyne bearing BCN-NIR-AZA fluorophore.

Specifically, a number of Pt(ll) anticancer type compounds have been reported
where boron-fluorescent dipyrromethene (BODIPY) moieties have been tethered to
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Pt centres & prior direct covalent modification of the ammine carrier ligands,
Figure 3.4a-c . For instance, Miller e developed BODIPY tethered Pt complexes
for high resolution imaging of cancer ,'® Hall and coworkers to monitor the
fate of cisplatin analogues,'” and Mitraf . for mitochondria targeted phototoxicity,
Figure 3.4.1

(a) (b)

Figure 3.4: (a-c) Structures of previously reported Pt-BODIPY conjugates generated
17-18

through direct covalent modification of the ammine carrier ligands.

Furthermore, a number of Pt complexes which offer a general synthetic approach to
the functionalization of Pt centres have been developed, including those that possess
reactive azide handles that facilitate click reactions, Figure 3.5a-c.® 1*% Dhar &
for example developed the Pt(1V) precursor, Platin-Az, Figure 3.5¢c which enables
installation of new functionalities ® strain-promoted azide alkyne cycloadditions
(SPAACs). The azides, which are found on a labile Pt(IV) axial ligand, and which
are lost on reduction to Pt(Il) i , were clicked with azadibenzocyclooctyne
(ADIBO) derivatives including the near-infrared fluorescent reporter, Cy5.5, which
was used to visualize the cellular uptake of Pt in prostate cancer cells.?!

O

NS\)J\
{ i§<> Q 11 X

L7 e, O
(0]
(a) (b) (c) (d)

Figure 3.5: (a-c) Structures of previously reported Pt azide complexes and (d)
structure of azadibenzocyclooctyne (ADIBO) derivative where X could be a

targeting ligand, antibody, fluorescent reporter or therapeutic.
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SPAAC reactions offer a number of synthetic advantages in a biological system. The
alkyne and azide functional groups are biorthogonal and do not interfere with
endogenous biomolecules within a biological system.?” The use of a strained
cyclooctyne moiety instead of a traditional terminal alkyne also removes the need for
a Cu(l) catalyst, which is toxic in many cellular environments, limiting the scope for
live cell imaging.?® Furthermore, the absence of a catalyst and other coupling
reagents also aids purification of clicked product. Finally, as the SPAAC is
biorthogonal, it provides the ideal template for reactions both ta and @

B8 -[Pt(2-azidopropane-1,3-diamine)(CBDCA)] possesses a reactive azide handle on
the stable ammine carrier ligand, in contrast for example to Platin-Az, Figure 3.5c,
offering better biocompatibility. Previously, [Pt(II)(CBDCA)(DAP-N3)] and its
cisplatin derivative have been investigated for their Cu(l) promoted click reactions to
conjugate them to organic scaffolds with potential biological relevance, with the

cisplatin complex being further investigated i for its DNA binding potential
by Whited .°
Rationale

The imaging and tracking of anticancer drugs such as carboplatin is of considerable
interest to the scientific community. Given there are still question marks over the
exact mechanisms of action of Pt drugs and on average only 1% of Pt drugs which
enter cancer cells bind with DNA, we sought to develop a biorthogonal platform that
would help (i) investigate the cellular uptake, efflux and/or the cytoplasmic
distribution in cancer cells of Pt drugs (ii) identify novel extranuclear cellular targets
associated with Pt drugs and (iii) provide valuable information on the biodistribution
of Pt drugs @

Fluorescent probes are routinely conjugated to bioactive molecules to probe cellular
and physiological processes. SPAAC was selected as the preferred conjugation
strategy as it facilitates both the & synthesis and the b synthesis of Pt
fluorophore conjugates and removes the requirement for potentially toxic Cu(l).

[Pt(CBDCA)(DAP-N3)] was selected as it serves as a carboplatin mimic, which

possesses the required reactive azide handle on the ammine carrier ligand.
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BODIPY was selected as the fluorophore of choice given its well-recognised
favourable photophysical properties but also because it is known to be relatively non-
toxic and not to accumulate in the nucleus of cells, thereby facilitating investigations

in the cytoplasm.

To this end, cytotoxicity and DNA binding studies of the Pt-Flu conjugate were

carried out as well as cellular imaging studies in two ovarian cancer cell lines.

Chapter Aims

1 To synthesise and characterize a novel Pt-Flu conjugate & strain promoted
alkyne-azide cycloaddition (SPAAC).

1 To investigate the i cytotoxicity of the Pt-Flu conjugate against

cisplatin sensitive and cisplatin resistant ovarian cancer cell lines.

1 To examine the DNA binding ability of the Pt-Flu conjugate.

1 To investigate the fluorescent and imaging properties of the Pt-Flu conjugate

ta in cisplatin sensitive and cisplatin resistant ovarian cancer cell lines
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Synthesis of the Pt click template [Pt(CBDCA)(DAP-N;)] and

corresponding Pt-Fluorophore click conjugate

2-azidopropane-1,3-diamine dihydrochloride (DAP-N3.2HCI)

The synthesis of DAP-N3.2HCI 4 was carried out in 4 steps (Scheme 3.1) using the
previously reported method of Karim& . by the conversion of 1,3-diamine-propan-
2-0l to 4.

A\ //O
OH O\\S//O O/ \
OH BOC clr’N
anhydride
Y (@) NH HN (@) TEA (@) NH HN (0]
NH, NH, THF:H,O 1:1 Y . DoM Y
i) 0 °C, 10 min (0] (@) i) 0 °C, 30 min (0] (@]
ii)yrt, 18 h ii)rt, 18 h, N,
99 % 1 88 % )
N3
N3
6 M HCI OYNH HNYO NaN3
CINH; NH4Cl EtOAc ) 5 DME
ot i)yrt,4h \{/ \{/ 80 °C, 18 h, N,
ii)-18 °C, 18 h 94 %
4 77 % 3

Scheme 3.1: Synthetic route to DAP-N3; 4.

The synthetic route involved BOC protection of the amines, generation of a mesylate
(MeS) leaving group from the alcohol, azide substitution of the MeS group and final
acid deprotection (6 M HCI) of the amines to give 4 as a hydrochloride salt in 77%
yield.

1 was formed by the protection of two amine groups on DAP-OH (1, 3-
diaminopropan-2-ol) with BOC,0 by slow addition at 0 °C. This is an example of
nucleophilic acyl substitution. The mechanism of this reaction occurs in two steps; i)
the addition of the primary amine through the carbonyl group of BOC,O, followed
by ii) elimination of the £ -butanoic anion. The £ -butanoic anion acts as a base
which picks up the proton from the ammonium cation formed, resulting in the
carbamate. The € -butanoic acid formed may further decompose to € -butanol and

carbon dioxide (Scheme 3.2).
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Scheme 3.2: Scheme demonstrating BOC protection of a primary amine.

The BOC protection reduces reactivity of the nucleophilic amine groups in
downstream reactions. The viscous oil formed solidifies upon extended air exposure
as a pale yellow sticky solid. The BOC protected product 1 was characterised by *H
NMR (CDCl3) spectroscopy where a single, large peak at 1.44 ppm correlates for the
eighteen protons of the two symmetrical BOC groups attached, serving as the

diagnostic signal.

Alcohols become good leaving groups if they are converted to the corresponding
mesylates, tosylates and triflates. For example, alkyl mesylates can perform all of the
substitution reactions of the corresponding alkyl halides. Compound 2 was
synthesised on reaction of 1 with methanesulfonyl chloride in the presence of the
non-nucleophilic base TEA (Scheme 3.3), & nucleophilic substitution. The alcohol
first becomes deprotonated and reacts with the sulfonyl group which acts as an
electrophile. A chloride anion is lost as a result, later generating HCI with the proton
in solution from the alcohol. The reaction afforded the mesylate and BOC protected
derivative of DAP, 2.

O\\ U
~
}2:)8//0 R—S o 0O
7/ &7
R-O > R-O
H ..
L)N/\

Scheme 3.3: Reaction scheme demonstrating nucleophilic substitution of
methanesulfonyl chloride.

Compound 2 was characterised by *H NMR (CDCIs) spectroscopy and a single
diagnostic peak at 3.09 ppm correlating to the three methyl protons of the MeS group
was evident in the spectrum. Likewise, in the *C NMR spectrum, a resonance

observed at 38.16 ppm is associated with the methyl of the MeS group carbon.
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The third step of the reaction was the heating of 2 with sodium azide to yield BOC
protected DAP-N3, 3, by substitution of the MeS group with an N3 & Sp2
substitution (Scheme 3.4.). The product 3 was characterised by *H NMR (CDCl3)
spectroscopy with the loss of the single diagnostic peak which correlated to the
methyl group of MeS, along with a shift in the single proton of carbon number 2 of
the propane chain from 4.66 to 3.64 ppm. In the *C NMR spectrum, the loss of the
methyl carbon associated with MeS was also observed.

o)
~ + ~ A(EO——%:O - CH3802+ _<N3
N=N=N\ R — .~ R
& R A R

Scheme 3.4: Reaction scheme demonstrating nucleophilic substitution of

methanesulfonate with an azide.

The final step in the synthesis of DAP-N3; was the acid deprotection of the amines
and concomitant formation of the dihydrochloride salt (Scheme 3.5), giving
compound 4. The BOC deprotection was performed using 6 M HCI (excess) ina 1:1
mixture with EtOAc, There are a number of steps to this reaction. First, the & -butyl
carbamate is protonated by HCI and the loss of the & -butyl cation results in
carbamic acid formation. The chloride ion deprotonates the carbamic acid, resulting
in decarboxylation of the carbamic acid and forms the free amine. The amine
interacts with the excess HCI in solution to form a hydrochloride salt, DAP-N3.2HCI,

which precipitates from solution upon cooling in EtOAc.

R/HYO/\L%', R/H *gﬂ Clr\HQTH\R g NH2 —— o NHSCI
o) \K jo( \K ﬁ’; 0> _’*AT: HD:E:l

Scheme 3.5: Scheme demonstrating acid deprotection of BOC protected amines.

The product 4 was characterised by *H NMR (DMSO-ds) spectroscopy by a single,
broad resonance peak at 8.55 ppm integrating for the six protons of the two NHj
groups along with the loss of the large broad singlet of the 18 BOC & -butyl
protons. The protons of propane are observed and integrate for 1:2:2 as one methine
and four methylene protons across two signals at 4.29, 3.16 and 2.91 ppm
respectively; akin to compounds 1-3 and matching previously reported data.?* The
compound was additionally analysed using D,0O as a solvent. Elemental analysis

data is consistent with the proposed structure of compound 4. FT-IR analysis of 4
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demonstrated the presence of the azide stretch within the characteristic region at
2135 cm™.

[Pt(11)(CBDCA)(DAP-N3)]

[Pt(11)(CBDCA)(DAP-N3)], 18 was synthesised in two steps following the previous
published method of Urankur #a . using standard Pt synthetic methodology and
procedures.? [Pt1,]* was first formed in solution by the stirring of K,[PtCl] with
excess Kl in water. To this was added DAP-N3; which was generated by reacting two
equivalents of NaOH with DAP-N3.2HCI, in water. DAP-N3 readily coordinates to Pt
forming the intermediate [Pt(I1)I2(DAP-N3)], which was subsequently stirred with
AgNO; overnight, in darkness. The Agl precipitate was removed by celite filtration.
Na,CBDCA was added to the filtrate and stirred overnight. The solution was

concentrated under vacuum and the resultant precipitate collected as 18.

N3 O H2
A O\Pt/N}N
CBDCA TN 3
CINHz NH4Cl | Hz or 4 o ”2
4
Ko[PtCl,] - > ey N __Ka 18
2 4. PAIRN 3
H,O | N H,O . Hz
i) K1, rt, 30 min Ha i) AQNO3, rt, 18 h N
ii) NaOH, rt, 18 h 17 ii) NaOH (18 only), rt, 18 h PR N3
94% 18:43% 19:43% Cl ”2
19

Scheme 3.6: Scheme demonstrating the two step synthesis of [Pt(11)(CBDCA)(DAP-
N3)] and [Pt(11)Cl,(DAP-N3)].

The characterisation was informed by *H, **C and **Pt (MeOD-d, and DMSO-ds)
NMR spectroscopy, ESI-mass spectroscopy (MS) and FT-IR, which correlated with
the previously reported structure of Urankur &8 . Elemental analysis also correlated
with the theoretical values demonstrating the formation of the desired complex. In
addition the previously unreported crystal structure of the complex was solved as

seen in Figure 3.6.

X-ray crystal analysis of [Pt(11)(CBDCA)(DAP-N3)]

The ORTEP structure is reported in Figure 3.7, while the data relating to the crystal
and refinement patterns is reported in Table 3.1. Crystal data and structure
refinement for [Pt(11)(CBDCA)(DAP-N3)] are shown in Table 3.2.
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M N18
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Figure 3.6: ORTEP diagram of [Pt(I1)(CBDCA)(DAP-N3)], with 4 H,O included,
and atomic displacement parameters shown at 50% probability.

Figure 3.7: ORTEP diagram of the [Pt(I1)(CBDCA)(DAP-N3)] dimer over inversion
centre with atomic displacement parameters shown at 50% probability.
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Table 3.1: Selected bond lengths [A] and angles [°] determined for
[Pt(11)(CBDCA)(DAP-N3)].

Bond Length A Bond Angles °
C(4)-C(5) 1.550(5) C(5)-C(4)-C(7) 88.8(3)
C(4)-C(7) 1.582(5) C(6)-C(5)-C(4) 90.2(3)
C(5)-C(6) 1.546(6) C(7)-C(6)-C(5) 90.4(3)
C(6)-C(7) 1.542(6) C(6)-C(7)-C(4) 89.2(3)

N(11)-Pt(1) 2.028(3) O(10)-Pt(1)-N(11) 87.22(11)
N(14)-N(15) 1.241(4) N(18)-Pt(1)-O(1) 88.35(11)
N(15)-N(16) 1.126(5) O(1)-Pt(1)-N(11) 176.34(11)
N(18)-Pt(1) 2.025(3) O(10)-Pt(1)-N(18) 179.00(10)
O(1)-Pt(1) 2.026(2) N(18)-Pt(1)-N(11) 93.77(12)
O(10)-Pt(1) 2.011(3) 0(10)-Pt(1)-O(1) 90.65(10)

Pt(1)-Pt(1)#1 3.1201(2) N(16)-N(15)-N(14) 172.3(4)

N(11)-Pt(1)-Pt(1)#1 92.49(9)

N(18)-Pt(1)-Pt(1)#1 90.77(9)

O(1)-Pt(1)-Pt(1)#1 84.49(7)

O(10)-Pt(1)-Pt(1)#1 89.11(8)

Table 3.2: Crystal data and structure refinement for [Pt(11)(CBDCA)(DAP-N3)]

Empirical formula CoH23N504Pt
Formula weight 524 .41
Temperature 99.99 K
Wavelength 0.71073 A
Crystal system Triclinic
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Space group P1
Unit cell dimensions a=8.1972(2) A, a= 64.3846(12)°.

b =10.0512(3) A, b= 80.5246(14)°.
¢ =11.2870(3) A, g= 82.4160(14)°.

Volume 825.18(4) A3

Z 2

Density (calculated) 2.111 Mg/m3

Absorption coefficient 8.550 mm-1

F(000) 508

Crystal size 0.16 x 0.11 x 0.05 mm3

Theta range for data collection | 3.036 to 35.139°.

Index ranges -13<h<13, -16<k<16, -18<I<18
Reflections collected 35734

Independent reflections 7321 [R(int) = 0.0975]
Completeness to theta = 26.000° | 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.2910 and 0.1995

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7321 /41239

Goodness-of-fit on F2 1.071

Final R indices [[>20(I)] R1=0.0325, wR2 = 0.0789
R indices (all data) R1=0.0394, wR2 = 0.0819
Largest diff. peak and hole 3.699 and -3.814 e.A-3

The molecular structure of & -[Pt(I1)(CBDCA)(DAP-N3)] in Figure 3.7 clearly
shows the typical Pt(Il) square planar geometry. The bond angles of the central Pt
substituents for example, O(1)-Pt(1)-N(11), O(10)-Pt(1)-N(18), N(18)-Pt(1)-N(11)
and O(10)-Pt(1)-O(1) are 176.34(11), 179.00(10), 93.77(12), 90.65(10)°

respectively.

With regard to the azido group, recorded bond lengths and angles have been
compared to previously reported azide structures. The N(14)=N(15) and
N(15)=N(16) bond lengths of 1.241(4) and 1.126(5) A respectively corresponded to
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the reported N=N lengths of 1.25 and 1.13 A, as did the distorted linear bond angle
of N(16)-N(15)-N(14) being 172.3(4)° compared to 173.6°.

Each ligand surrounding the Pt centre forms a 6 membered chelate ring. The DAP-N3
group adopts a distorted chair conformation with an axial azido substituent. The
cyclobutane dicarboxylate group displays a distorted boat conformation. The dimer
complex forms hydrogen bonded dimers with 4 N-H...O interactions. The molecules
lie parallel over an inversion centre with a Pt...Pt distance of 3.1201(2) A. This type

of close Pt-Pt interaction has been noted previously.”*%

[Pt(11)Cl,(DAP-N3)]

[Pt(INCI,(DAP-N3)], 19 was synthesised as per the method above (Figure 3.6),
previously reported by Urankur & . The characterisation was informed by 'H, **C
(DMSO-ds) NMR spectroscopy, Elemental analysis and FT-IR, which correlated

with the previously reported structure.*

Pt-Flu Conjugation

MeOH:H,O
37°C,2h
1%

Scheme 3.7: Synthetic route for synthesis of Pt-Flua SPAAC

The conjugation of Pt complex 18 with the BCN-NIR-AZA fluorophore (Flu) was
performed in a single step by stirring at rt for 2 h generating compound 20 (Pt-Flu)
as proposed in Scheme 3.7. Pt-Flu was purified by RP-preparative HPLC using 7:3
MeCN:H,O as the eluent. The pure fractions were combined and dried by
lyophilisation. It was characterised by *H, *°F (60% CDsCN + 40% D,0) and %Pt
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(MeOD-ds;) NMR spectroscopy, HR MS, analytical trace RP-HPLC and UV-vis

absorption and emission spectroscopy.

The HR ESI-MS spectrum of Pt-Flu in the negative mode featured the required
molecular ion for Cs;Hs9BF;NgO11PtS (calc.: 1320.3769) at 1320.3612 a.m.u and the
expected Pt isotopic pattern. The °F spectrum of Pt-Flu exhibits a standard quartet
signal at -130.96 ppm, which is typical of BODIPY compounds® and the **Pt NMR
spectrum gives a signal at -1957.96 ppm, a region which correlates with Pt(Il)

diamino dicarboxylato complexes.?

The *H NMR spectrum is poorly resolved given the difficulty in recording 'H NMR
spectra of BODIPY derivatives and particularly those that possess an alkyl sulfonate
group. Regardless, signals associated with the 20 protons of the four benzene rings
(8xH and 10xH) and the boron-dipyrromethene (2xH) moiety are found from 7 to 8
ppm, integrating for 20. The amines of the DAP group and the amide proton are not
observed in CD3CN/D,O. The carbon 2 proton associated with the DAP ligand is
found at 3.44 ppm and integrates for one proton. The remaining 33 protons are the
methylene protons associated with the alkyl sulfonate chain (6xH), the phenoxyethyl
carbamate group (4xH), the DAP ligand (4xH), cyclobutanedicarboxylato ligand
(6xH) and the protons associated with the bicyclo[6.1.0]non-4-ene group (13xH).

The reaction is a form of click chemistry known as strain-promoted alkyne-azide
cycloaddition (SPAAC). Unlike traditional alkyne-azide click chemistry this reaction
does not require the generation of a Cu(l) catalyst. Instead, the reaction is driven by
the reactivity of the strained alkyne, cyclooctyne, as shown in Scheme 3.8. Although
there are a number of examples of Pt(Il) and Pt(IVV) complexes with incorporated
azide handles utilizing both SPACC and BODIBY fluorophores, this is the first
reported example of SPAAC of a Pt(ll) complex with the bicyclo[6.1.0]non-4-ene
group and where the reactive azide on a stable ammine carrier ligand is conjugated to
a BODIPY fluorophore.® "%
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Scheme 3.8: Scheme demonstrating the reaction mechanism of the copper-free
SPAAC click reaction.
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Figure 3.8: Plot of the conversion of Flu to Pt-Flu react 1:1 in MeOH:H,0 with 1.2

eq. of [Pt(CBDCA)(DAP-N3)] 18. Reactions performed at rt (®) and 37 °C (4).

Reaction progress was monitored using analytical trace HPLC in 70 % acetonitrile
and 30 % 25 mM NH4HCO; buffer in water, where samples were taken directly from
the reaction solution at the required time points. 100 % conversion was normalised
and taken to be the time at which the free fluorophore peak no longer reduced. At 37
°C, the conversion rate reaches its max after 60 min. At rt, the conversion is
noticeably slower than at the higher temperature, taking 200 min to reach its
maximum (Figure 3.8).

Significantly, the conversion plots demonstrate that the formation of Pt-Flu is
completed more rapidly at 37 °C than at rt. This demonstrates the potential
applicability for this reaction within a cellular or o model due to the increased

reactivity at a biologically relevant temperature.
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Biological analysis of Pt-Flu complex

ta cytotoxicity evaluation

7] cytotoxicity experiments were undertaken (n = 3) to establish how the
cisplatin sensitive and cisplatin resistant ovarian cancer cell lines, A2780P and
A2780cis respectively, responded to treatment with cisplatin, carboplatin,
[Pt(11)(CBDCA)(DAP-N3)] 18, 8 -[Pt(I)(Cl),(DAP-N3)] 19, strained alkyne bearing
NIR-AZA fluorophore(Flu) and the Pt-Flu conjugate 20. Stock solutions of these
test compounds were prepared fresh in culture medium and diluted to various

working concentrations as per Table 3.3.

Table 3.3: The range of drug concentration used per cell line.

A2780P A2780cis
Carboplatin 12.5 - 200 uM 12.5-200 uM
[Pt(CBDCA)(DAP-N3)] 18 | 12.5-200 uM 12.5- 200 uM
Flu 50 - 200 pM 50 - 200 pM
Pt-Flu 20 50 - 200 uM 50 - 200 uM
Cisplatin 0.39 - 50 uM 0.39 - 50 uM
[PtCI(DAP-N3)] 19 0.39- 50 uM 0.39-50 uM
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Scheme 3.9: Scheme demonstrating the conversion of MTS into aqueous, soluble

formazan by dehydrogenase enzymes found in the metabolically active cells.

All test compounds were synthesised following literary procedures, and Flu kindly
provided by Dr. Dan Wu.™ Cell growth was determined by an MTS inner salt assay,
a colourimetric test based on the ability of viable cells to reduce a yellow tetrazolium

salt to blue formazan (Scheme 3.9).%° Dose-response plots based on 72 h treatment (n

152



Chapter 3

= 3) were generated using GraphPad Prism and ICso values, defined as the drug

concentration required to inhibit cell growth by 50 %, were determined (Table 3.4).

Table 3.4. ICsq values calculated for ovarian cancer cell lines treated for 72 h. Error

shown as + SEM.

Compound A2780P (UM) | A2780cis (uM) Eiiij:ance
Carboplatin 71.9+2.02 149.8 + 2.39 2.08
[Pt(CBDCA)(DAP-N3)] 18 | 61.4 +3.35 134.3 +3.38 2.19

Flu >200 >200 i

Pt-Flu 20 >200 >200 -
Cisplatin 4.5+ 0.425 15.8 + 1.62 3.51
[PtCI,(DAP-N3)] 19 12.0 +0.57 36.2 +3.13 3.02

Cisplatin, which is the Pt drug of choice in a large variety of cancers and solid
tumours, ' exhibited superior cytotoxicity to all other compounds in both the Pt
sensitive and resistant ovarian cancer cell lines, A2780P and A2780cis respectively.
However, with reference to the w D cytotoxicity data, there is a noteworthy
difference between the Pt drug concentration required to inhibit cell growth for the Pt
dichlorido complexes (cisplatin and 19) and Pt dicarboxylato complexes (carboplatin
and 18) tested. Therefore each complex will be discussed independently.

In the A2780P cell line, the cisplatin type complexes required a concentration of 4.5
- 12.0 uM to inhibit cell growth, whereas the carboplatin type derivatives required a
higher concentration with a range of 61.4 - 71.9 uM to exhibit the same cytotoxic
effect. With respect to the A2780cis cell line, the Pt drugs followed a similar pattern
with a range of 15.8 - 36.2 uM for cisplatin and 134.3 - 149.8 uM for carboplatin. As
expected and outlined, there is a noticeable reduction in the cytotoxicity of the Pt
drugs in the Pt resistant A2780cis cell line with resistance factors of the carboplatin
type derivatives being circa 2.1 and the cisplatin type being >3 when compared
against A2780P cells. This observation was in agreement with previously published

reports of cisplatin and carboplatin cytotoxicity. 3

The carboplatin derivative [Pt(CBDCA)DAP-N3] was found to be marginally more
cytotoxic than carboplatin with lower 1Csos against both cell lines, with the resistance

observed for carboplatin against A2780cis also retained. Although this compound
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and its copper catalysed click reaction has been previously reported, this is the first
instance of its i cytotoxicity being determined.®* Interestingly, Dhar and
coworkers also observed that incorporation of the azide moiety in Platin-Az
conferred slightly higher cytotoxicity than the non azide analogue, & -
[Pt(NH3),Cl,[OOC(CH,),-CHs)].], butyroplatin.®® Significantly, the cytotoxicity of
18 was retained when compared to carboplatin meaning that it represents an ideal Pt-
based click template which can participate in post treatment bioconjugation reactions

given it possesses an azide on the stable ammine carrier ligand.

In contrast to 18 and carboplatin, 19, the cisplatin like DAP-N3 derivative, was found
to possess ICsy values three times higher than cisplatin (12.0 vs 4.5 uM against
A2780P and 36.2 vs 15.8 UM against A2780cis respectively). Therefore, 19 was not
brought forward for conjugation with Flu as it was not an ideal model when
compared with 18.

As predicted, Flu was found to be non-cytotoxic against both cell lines with no
appreciable reduction in cell proliferation observed at the upper concentration of this
study, 200 uM. This agrees with literature precedent where most examples of
BODIBY fluorophores used b exhibited little or no cytotoxicity.>*® In a 2015

review by Kowada th ¥

on the topic of BODIPY fluorescence for cellular
imaging, only one fluorophore reported nuclear accumulation, that of a fluorophore-
trimethoprim (TMP) conjugate, where the antibiotic TMP acts as a protein tag which

facilitates the nuclear uptake.3*

Pt-Flu was also found to be non-cytotoxic with an ICsp >200 UM and no noteworthy
activity exhibited i . This observation is likely due to decreased nuclear
accumulation of Pt-Flu as compared to both carboplatin and [Pt(CBDCA)(DAP-
N3)], and is likely due to the relatively bulky size and lipophilicity of the
fluorophore. This observation is of significance as such properties may prevent
permeation into the nucleus (the traditional target site of Pt drugs), a frequent
observation for BODIBY compounds.** For example, Jagodinsky &  found that
their cisplatin BODIPY fluorophore conjugates were relatively non-cytotoxic against
KB 3-1, KB-CP.5 and KB CP20 cell lines. The I1Cs values were considerably larger
for the Pt-BOBIPY complexes when compared to their relevant cisplatin compounds
alone.'” They also reported that nuclear localisation occurred at concentrations of 50-
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100 uM. It is therefore reasonable to suggest that the conjugation of Flu eliminates

the anti-proliferation activity in this instance.

In turn, BODIPY based fluorophores are ideal candidates to act as cytoplasmic
reporters to investigate and examine the movements and targets of Pt complexes. The
identification of new non-DNA targets is a growing area of interest*® and the
development of Pt-Flu conjugates as cytoplasmic trackable probes may have
important roles to play in investigating the uptake and non-nuclear effect of Pt-based

anticancer complexes.
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Figure 3.9: Cell proliferation (n = 3) after 72 h treatment with compounds against
A2780P cells with 1Cs, values; for carboplatin 71.9 uM, [Pt(CBDCA)(DAP-N3)] 4
UM, Flu and Pt-Flu >200 pM, cisplatin 4.5 uM and [PtCI; DAP-N3)] 12.0 uM.
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Figure 3.10: Cell proliferation (n = 3) after 72 h treatment with compounds against
A2780cis cells with 1Csy values; carboplatin 149.8 puM, [Pt(CBDCA)(DAP-N3)]
134.3 uM, Flu and Pt-Flu >200 uM, cisplatin 15.8 uM and [PtCIl,(DAP-N3)] 36.2
UM,
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DNA Binding

A well-established electrophoretic technique was used to investigate the effect of the
Pt-Flu conjugate on pUC19 plasmid DNA supercoiling, where changes in DNA
mobility are taken as evidence of a direct metal-DNA interaction leading to DNA
unwinding.>**! The experiments were conducted on circular plasmid bacterial DNA,
isolated from E b , which can exist in 3 forms: (I) supercoiled (SC), (Il) open-
circular (OC) and (II1) linear/nicked. In normal circumstances, the DNA plasmid
exists in the SC form, in which it is tightly wound so it can fit within bacterial cells.
However, when SC DNA is exposed to a DNA binding agent, the supercoils unwind
as a result of rotation around the phosphodiester backbone, generating the OC
form.3 42 |t is noteworthy that particular DNA damaging agents may also give rise
to nicks in the plasmid, resulting in a long chain or multiple small fragments of
DNA.*

Significantly, different forms of DNA travel at different rates through an agarose gel
matrix and in turn separate. The matrix may be considered like a mesh or net. As
such, the SC DNA runs through the gel faster as it is tightly packed and experiences
less resistance as compared to the less tightly packed OC form. Linear DNA is
slower again as it may spread out to the DNAs full length. Nicked fragments may

vary in size and result in multiple bands appearing on the gel.

Gel electrophoresis was employed against test compounds Pt-Flu and Flu to
investigate their DNA binding activities and compared against [Pt(CBDCA)(DAP-
Ns)], and carboplatin as a control and known DNA binder.** These tests determined
that as expected all Pt containing complexes were capable of causing DNA band

migration. In direct contrast, the free Flu did not cause band migration.

Figure 3.11 shows an agarose gel in which increasing amounts of Pt-Flu have bound
to negatively SC, closed circular pUC19 plasmid DNA. The rate of migration of the
SC band decreases until it co-migrates with the OC relaxed band as seen between
200 and 275 pM. This DNA mobility shift confirms Pt Flu conjugate can bind to
nucleotides and cause unwinding of the DNA. Similar effects are shown for
carboplatin and [Pt(CBDCA)(DAP-N3)]. In contrast, increasing the concentration of
BCN-NIR-AZA fluorophore does not induce a migratory shift of supercoiled DNA
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to its open circular form suggesting little or no direct interaction with DNA, Figure
3.11.

The cytotoxicity of Pt-based complexes is typically associated with DNA binding in
the nucleus of cells. The Pt-Flu conjugate can bind DNA even though it was found
to be non-cytotoxic; therefore it is highly likely that the Pt-Flu does not effectively

enter the nucleus, bind to nuclear DNA and exact a DNA induced cytotoxic effect.

Interestingly, 18 required a lower concentration to induce a band shift from the SC to
the OC form as compared to carboplatin (Figure 3.11A-B). 18 was found to be the
most potent DNA binder investigated, with complete conversion to OC observed at
100 puM compared to the 175 and 250 uM observed for carboplatin and Pt-Flu
respectively (Figure 3.11),.%
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Figure 3.11: Gels of carboplatin, [Pt(CBDCA)(DAP-N3)] (18), Flu and Pt-Flu (20)
demonstrating the interaction with circular pUC19 plasmid DNA after 48 h of
incubation at 37 °C. 200 ng of DNA at a concentration of 60 UM was used in each

sample against a concentration range from 0 to 300 uM.

In Figure 3.11, it is noteworthy that at the higher concentrations of the Pt complexes
the appearance of the nicked/linear DNA band is observed. This band begins to form

where the OC form dominates the SC band and is indicative of DNA damage.

The free fluorophore did not exhibit any DNA binding activity. The large aromatic
BODIPY moiety in the fluorophore could potentially = stack with DNA bases and act
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as a minor groove binder or DNA intercalator as has been previously reported for
phenanthroline type derivatives, especially their metal complexes.***" As predicted,
this did not occur. The 2015 work by Jagodinsky & demonstrated and concluded
that a cisplatin BODIPY conjugate could not induce DNA damage independent of
the Pt containing portion of the complex*®, corroborating the results observed in this

study.

In summary, the three Pt containing complexes demonstrated the ability to bind to
DNA and induce DNA band migration in a gel electrophoretic experiment.
[Pt(CBDCA)(DAP-N3)] gave the best activity against pUC19 DNA at a
concentration of 100 uM, followed by clinically used standard carboplatin (175 uM)
and the Pt-Flu conjugate (250 uM). Although the three Pt drugs were structurally
similar, Pt-Flu gave the lowest level of activity which may be due to the bulky
fluorophore group sterically hindering its binding to the DNA plasmid. The free Flu
did not exhibit any DNA binding activity as predicted.
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Fluorescent applications and analysis of Pt-Flu

Fluorescent properties

Ph Ph Ph Ph
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Figure 3.12: Structures of Flu and Pt-Flu.
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Figure 3.13: UV-vis and fluorescence properties of BCN-NIR-AZA and Pt BCN-
NIR-AZA fluorophore conjugate. Graph displaying the absorbance (blue) and

fluorescent emission (red) of the Pt-Flu conjugate.
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The BF,-Azadipyrromethene compounds are valued for their photostability as well
as their excellent NIR spectral properties. However, as the photophysical properties
of the molecule are sensitive to structural modification, the absorbance and
fluorescence spectra were obtained before and after conjugation of Flu to Pt. The
results for the Pt-Flu conjugate in H,O/1% SDS (Amaxabs = 695 nm, Amaxem = 720
nm) were found to maintain the excellent NIR spectral properties of the free
fluorophore, with only minor differences in the Apaxabs and Amax€m in aqueous
solution observed (Figure 3.13.). On conjugation to Pt, the extinction coefficient
dropped from 72,000 to 64,000 and quantum yield from 0.18 to 0.11.%

Widefield cellular imaging

To visualize the cellular uptake and distribution of the fluorophore and Pt-Flu
conjugate, ovarian cancer cells A2780P and A2780cis were seeded on a chamber
slide and incubated with 5 uM of the test compounds for 15, 30, 60 or 120 minutes,
with a control of 120 min with no compound, followed by fixation using 4%
paraformaldehyde and nuclear co-staining with DAPI (4',6-diamidino-2-

phenylindole), before being imaged using widefield microscopy.

The widefield images showed that an effective internalization of Flu and Pt-Flu
conjugate had occurred with a cumulative localization throughout the cytosol over
120 minutes in both A2780P and A2780cis cell lines as can be seen in Figure 3.14.
There was no discernible difference in the level of fluorescence that was detected in
the A2780P and the A2780cis cell lines.

Figures 3.15 and 3.16 demonstrate the accumulation of Pt-Flu and Flu in both cell
lines from 30 to 120 min and show a steady uptake of the complexes over time. No
noteworthy difference in the rate of uptake or distribution patterns of Flu as
compared to Pt-Flu were observed in either cell line at the time points studied. The
rapid uptake and distribution make the practical applications of this compound viable

fori use.
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A2780P A2780cis

Pt-Flu Flu Pt-Flu Flu

DIC

NIR DAPI

Merge

Figure 3.14: Widefield fluorescent images of fixed A2780P and A2780cis ovarian
cancer cells following 120 min incubation at 37 °C with Flu and Pt-Flu at 5 puM.
DIC; white light, DAPI; nucleus stain, NIR; fluorescence of test compounds and
composite merged image showing localisation of test compounds within the

cytoplasm. Scale bars 20 um.

As already discussed, the compounds demonstrated good distribution throughout the
cytosol, but significantly Flu and Pt-Flu do not visibly localize in the nucleus of
either cell line, but predominate in the cytoplasm. This further supports the findings
from the b cytotoxicity and DNA binding studies, suggesting that the lack of
cytotoxicity observed for the Pt-Flu is likely, in part, due to its inability to access and
bind to nuclear DNA, despite DNA binding potential as evidenced through the gel

electrophoresis experiments.
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Control 30 min 60 min 120 min

Flu

Figure 3.15: NIR widefield images of fixed A2780P cells following 30 min, 60 min
and 120 min incubation at 37 °C with Flu and Pt-Flu at 5 uM, where control was
120 min with no complex. Increased time shows the rise in cellular uptake. Scale

bars 20 pm.

Control 30 min 60 min 120 min

Figure 3.16: NIR widefield images of fixed A2780cis cells following 30 min, 60
min and 120 min incubation at 37 °C with Flu and Pt-Flu at 5 uM, where control
was 120 min with no complex. Increased time shows the rise in cellular uptake. Scale

bars 20 pm.

It is apparent that the properties associated with the Pt-fluorophore conjugate are

strongly influenced by the physical properties of the bulky organic fluorophore and
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as anticipated its distribution in cellular environments is exclusively in the

cytoplasm. 3%

DIC DAPI NIR ___ Merge _—

30 min 15 min Control

60 min

120 min |

Figure 3.17: Widfield images of fixed A2780P cells following 15, 30, 60 and 120
min incubation at 37 °C with Pt-Flu at 5 pM, where control was 120 min with no
complex. Increased time shows the rise in cellular uptake by the NIR images. Scale
bars 20 um.

However at 120 min Pt-Flu shows a high level of emission from specific regions

which may be a result of Pt being incorporated into vesicles or localising within or at
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other cellular target sites. These regions present themselves as small spherical

regions which give a higher intensity of fluorescence (Figure 3.18).

Figure 3.18: Widefield images of fixed A2780P cells following 120 min incubation
at 37 °C with Pt-Flu at 5 uM using 640 nm NIR light. (A) shows the full image and
(B) shows the zoomed view (white box) which displays regions of higher Pt-Flu

accumulation. Scale bars 20 um.

Recent work by Lippard and coworkers has highlighted that oxaliplatin exhibits its
cytotoxic activity not by nuclear DNA binding but by inducing ribosome biogenesis
stress.” Recently, the cisplatin derivative azidoplatin was found to induce
endoplasmic reticulum stress as a part of its Pt drug activity and potential new targets
were identified using post fluorescent labelling of a bacterial protein with Pt bound
following incubation.®® This study was limited though to highlighting that Pt-Flu was
distributed throughout the cytoplasm and could not with certainty establish which
organelles or specific region(s) within the cell were associated with higher
distribution.

It was possible to visualise the cells exposed to Pt-Flu in 3D using z-stack imaging
techniques. The 3D environment of the cell could be visualised and it was possible to
detect specific regions of localisation. The composite z-stack images of the DAPI
and NIR wavelength images therefore have the potential to provide valuable
information absent from 2-D images (Figure 3.19 and Figure 3.20-22 animated gifs
in digital appendix).
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Figure 3.19: Widefield z-stack slice images of fixed A2780P cells following 120
min incubation at 37 °C with Pt-Flu at 5 uM using 640 nm NIR light. Individual
image slices show distribution throughout the cell including specific regions of
localisation. Top image shows red filter applied and the bottom image displaying no

filter. Scale bars 20 um.
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Conclusion

A novel non-toxic carboplatin-like Pt BODIPY fluorophore conjugate was
successfully synthesised @ SPAAC on reaction of [Pt(I1)(CBDCA)(DAP-N3)] and a
strained alkyne bearing the BCN-NIR-AZA fluorophore. This is the first example of
a copper free click reaction where the azide was on the stable ammine carrier ligand
of a Pt(1l) complex with conjugation to a fluorophore of the BODIPY class. The X-
ray crystal structure of the previously synthesised [Pt(I11)(CBDCA)(DAP-N3)] was
determined, along with the first 1Cso values for this complex to be reported. b

cytotoxicity, DNA binding and i fluorescent imaging properties of the non-
toxic Pt-Flu conjugate were also reported. The Pt-Flu effectively binds to
recombinant DNA, is readily taken up by ovarian cancer cells and disperses
uniformly throughout the cytoplasm. Significantly, this conjugate was found to be

non-toxic as expected and likely due to the predicted poor nuclear accumulation.

The first b cytotoxicity data for [Pt(11)(CBDCA)(DAP-N3)] has been reported,
highlighting that it retains the cytotoxicity associated with carboplatin and can serve
as a good carboplatin click template.

Ultimately, the conjugation strategy described is the first example using SPACC
where the azide handle resides on the Pt stable ammine carrier ligand, and in turn

should serve as an important precedent for future studies.
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Future work

The bioorthogonal click reaction described should be investigated in cells pre-treated
with cytotoxic [Pt(11)(CBDCA)(DAP-N3)] with a view to investigating the cellular
transport and cytoplasmic localization of [Pt(I11)(CBDCA)(DAP-N3)] as a surrogate
for carboplatin, over time. Such a study may have an important role to play in the

ongoing investigation of the non-nuclear effects of Pt-based drugs.

In addition to identifying additional targets, the b SPAAC click reaction must
be further studied in order to identify and qualify a means by which the successful
conjugation reaction may be confirmed e.g. ICP-MS.

DeRose #a  for example in recent years have investigated DNA hairpin strand
interactions with click capable Pt(ll) derivatives and analysed after incubation by

post click incorporation of a fluorescent agent using a copper catalysed click.***°

The widefield imaging gave valuable insights into the potential applications of the
Pt-Flu conjugate as a cytoplasmic trackable Pt drug. Further work is still needed in
order to specifically determine non-DNA targets and binding sites. This may be
investigated by screening against other cellular dyes in addition to DAPI and through

live imaging for real time Pt-Flu uptake.

167



Chapter 3

References
1. Gaynor, D.; Griffith, D. M., The prevalence of metal-based drugs as therapeutic or
diagnostic agents: beyond platinum. @ 2012,4 (43), 13239-13257.
2. Keogan, D.; Griffith, D., Current and Potential Applications of Bismuth-Based
Drugs. M 2014, 2 (9), 15258-15297.
3. Wheate, N. J.; Walker, S.; Craig, G. E.; Oun, R., The status of platinum anticancer
drugs in the clinic and in clinical trials @ 2010, 9 , 8113-8127.
4, Kelland, L., The resurgence of platinum-based cancer chemotherapy. R
2007, 7 (8), 573-584.
5. Galluzzi, L.; Vitale, I.; Michels, J.; Brenner, C.; Szabadkai, G.; Harel-Bellan, A.;

Castedo, M.; Kroemer, G., Systems biology of cisplatin resistance: past, present and future.
8 2014, 5, e1257.

6. White, J. D.; Haley, M. M.; DeRose, V. J., Multifunctional Pt(Il) Reagents: Covalent
Modifications of Pt Complexes Enable Diverse Structural Variation and In-Cell Detection.
B 2016, 9 (1), 56-66.

7. Bruno, P. M.; Liu, Y.; Park, G. Y.; Murali, J.; Koch, C. E.; Eisen, T. J.; Pritchard, J.
R.; Pommier, Y.; Lippard, S. J.; Hemann, M. T., A subset of platinum-containing
chemotherapeutic agents Kills cells by inducing ribosome biogenesis stress. 8l 2017,
3 (4),461-471.

8. Guo, Z.; Park, S.; Yoon, J.; Shin, I., Recent progress in the development of near-
infrared fluorescent probes for bioimaging applications. & 2014,38 (1), 16-29.
9. Yuan, L.; Lin, W.; Zheng, K.; He, L.; Huang, W., Far-red to near infrared analyte-
responsive fluorescent probes based on organic fluorophore platforms for fluorescence
imaging. & 2013,2 (2), 622-661.

10. Ge, Y.; O'Shea, D. F., Azadipyrromethenes: from traditional dye chemistry to
leading edge applications. & 2016, 8 (14), 3846-3864.

11. Wu, D.; Cheung, S.; Devocelle, M.; Zhang, L.-J.; Chen, Z.-L.; O'Shea, D. F.,
Synthesis and assessment of a maleimide functionalized BF2 azadipyrromethene near-
infrared fluorochrome. B 2015, % (93), 16667-16670.

12. Grossi, M.; Morgunova, M.; Cheung, S.; Scholz, D.; Conroy, E.; Terrile, M.;
Panarella, A.; Simpson, J. C.; Gallagher, W. M.; O’Shea, D. F., Lysosome triggered near-
infrared fluorescence imaging of cellular trafficking processes in real time. &

2016, 7, 10855.

13. Wu, D.; Sedgwick, A. C.; Gunnlaugsson, T.; Akkaya, E. U.; Yoon, J.; James, T. D.,
Fluorescent chemosensors: the past, present and future. Ci 2017.

14. Bertrand, B.; Doulain, P. E.; Goze, C.; Bodio, E., Development of trackable metal-
based drugs: new generation of therapeutic agents. ® 2016, 8 (33), 13005-11.
15. Wu, D.; Cheung, S.; O'Sullivan, C. J.; Gao, Y.; Chen, Z.-l.; O'Shea, D. F., Strained
alkyne substituted near infrared BF, azadipyrromethene fluorochrome. B 2016, 6
(90), 87373-87379.

16. Miller, M. A.; Askevold, B.; Yang, K. S.; Kohler, R. H.; Weissleder, R., Platinum
Compounds for High-Resolution In Vivo Cancer Imaging. 8 2014, 9 (6),
1131-1135.

17. Jagodinsky, J. C.; Sulima, A.; Cao, Y.; Poprawski, J. E.; Blackman, B. N.; Lloyd, J.
R.; Swenson, R. E.; Gottesman, M. M.; Hall, M. D., Evaluation of fluorophore-tethered
platinum complexes to monitor the fate of cisplatin analogs. B
iy 2015, @
(7), 1081-95.

18. Mitra, K.; Gautam, S.; Kondaiah, P.; Chakravarty, A. R., BODIPY-Appended 2-(2-
Pyridyl)benzimidazole Platinum(ll) Catecholates for Mitochondria-Targeted
Photocytotoxicity. 2016,1 (17), 1956-1967.

168



Chapter 3

19. Reithofer, M. R.; Chan, K.-H.; Lakshmanan, A.; Lam, D. H.; Mishra, A.; Gopalan,
B.; Joshi, M.; Wang, S.; Hauser, C. A. E., Ligation of anti-cancer drugs to self-assembling

ultrashort peptides by click chemistry for localized therapy. B 2014, 5 (2), 625-630.
20. Pathak, R. K.; McNitt, C. D.; Popik, V. V.; Dhar, S., Copper-Free Click-Chemistry
Platform to Functionalize Cisplatin Prodrugs. & 2014, 2 (23), 6861-6865.

21. Zhang, J. Z.; Bonnitcha, P.; Wexselblatt, E.; Klein, A. V.; Najajreh, Y.; Gibson, D.;
Hambley, T. W., Facile Preparation of Mono-, Di- and Mixed-Carboxylato Platinum(IV)

Complexes for Versatile Anticancer Prodrug Design. B 2013,2 (5), 1672-1676.
22. Best, M. D., Click Chemistry and Bioorthogonal Reactions: Unprecedented
Selectivity in the Labeling of Biological Molecules. 8 2009, 8 (28), 6571-6584.
23. Jewett, J. C.; Bertozzi, C. R., Cu-free click cycloaddition reactions in chemical
biology. @& 2010,9 (4), 1272-1279.

24, Urankar, D.; Kosmrlj, J., Preparation of diazenecarboxamide—carboplatin conjugates
by click chemistry. B 2010,8 (14),3817-3822.

25. Chen, F.-F.; Wang, F., Electronic Structure of the Azide Group in 3¢-Azido-3¢-
deoxythymidine (AZT) Compared to Small Azide Compounds. 2009, 2 (7),
2656.

26. Anderson, B. M.; Hurst, S. K., Platinum Stacking Interactions in Homoleptic
Platinum Polymers. B 2009,8  (21), 3041-3054.

27. Newman, C. P.; Cave, G. W. V.; Wong, M.; Errington, W.; Alcock, N. W.; Rourke,
J. P., Di-metallated platinum carbonyl complexes: platinum-platinum interactions in the solid
state. @ 2001, (18), 2678-2682.

28. Constable, E. C.; Henney, R. P. G.; Leese, T. A.; Tocher, D. A., Cyclopalladated and
cycloplatinated complexes of 6-phenyl-2,2[prime or minute]-bipyridine: platinum-platinum
interactions in the solid state. B 1990, (6), 513-515.

29. Rochon, F. D.; Massarweh, G., Synthesis, multinuclear magnetic resonance and
crystal structures of Pt(Il) complexes containing amines and bidentate carboxylate ligands.
B 2006,9 (12), 4095-4104.

30. Stockert, J. C.; Blazquez-Castro, A.; Cafiete, M.; Horobin, R. W.; Villanueva, A.,
MTT assay for cell viability: Intracellular localization of the formazan product is in lipid

droplets. @ 2012,4 (8), 785-796.
31. Dasari, S.; Tchounwou, P. B., Cisplatin in cancer therapy: molecular mechanisms of
action. 2014, 0, 364-378.

32. Bose, R. N.; Maurmann, L.; Mishur, R. J.; Yasui, L.; Gupta, S.; Grayburn, W. S.;
Hofstetter, H.; Salley, T., Non-DNA-binding platinum anticancer agents: Cytotoxic activities
of platinum—phosphato complexes towards human ovarian cancer cells. &

2008, @ (47), 18314-18319.

33. Mohell, N.; Alfredsson, J.; Fransson, A.; Uustalu, M.; Bystrém, S.; Gullbo, J.;
Hallberg, A.; Bykov, V. J. N.; Bjorklund, U.; Wiman, K. G., APR-246 overcomes resistance

to cisplatin and doxorubicin in ovarian cancer cells. @ 2015, 6,
el794.

34. Miller, L. W.; Cai, Y.; Sheetz, M. P.; Cornish, V. W., In vivo protein labeling with
trimethoprim conjugates: a flexible chemical tag. 2005, 2, 255.

35. Jiang, X.-D.; Gao, R.; Yue, Y.; Sun, G.-T.; Zhao, W., A NIR BODIPY dye bearing
3,4,4a-trihydroxanthene moieties. # 2012, @ (34), 6861-
6865.

36. Zhang, H.-X.; Chen, J.-B.; Guo, X.-F.; Wang, H.; Zhang, H.-S., Highly Sensitive
Low-Background Fluorescent Probes for Imaging of Nitric Oxide in Cells and Tissues.

[ 2014,8 (6), 3115-3123.

37. Kowada, T.; Maeda, H.; Kikuchi, K., BODIPY-based probes for the fluorescence
imaging of biomolecules in living cells. R 2015, 4 (14), 4953-
4972.

38. Cunningham, R. M.; DeRose, V. J., Platinum Binds Proteins in the Endoplasmic
Reticulum of S. cerevisiae and Induces Endoplasmic Reticulum Stress. &
B 2017, 2 (11), 2737-2745.

169



Chapter 3

39. Onoa, G. B.; Cervantes, G.; Moreno, V.; Prieto, M. J., Study of the interaction of
DNA with cisplatin and other Pd(Il) and Pt(Il) complexes by atomic force microscopy.

B 1998, 8 (6), 1473-1480.
40. Jamieson, E. R.; Lippard, S. J., Structure, Recognition, and Processing of
Cisplatin—DNA Adducts. & 1999, 9 (9), 2467-2498.

41. Malina, J.; Hannon, M. J.; Brabec, V., DNA binding of dinuclear iron(ll)
metallosupramolecular cylinders. DNA unwinding and sequence preference. i

B 2008, 8 (11), 3630-3638.

42. Rezaee, M.; Alizadeh, E.; Hunting, D.; Sanche, L., DNA-Platinum Thin Films for
Use in Chemoradiation Therapy Studies. i\ 2012,
@ 923914,

43, Prisecaru, A.; Molphy, Z.; Kipping, R. G.; Peterson, E. J.; Qu, Y.; Kellett, A,;
Farrell, N. P., The phosphate clamp: sequence selective nucleic acid binding profiles and
conformational induction of endonuclease inhibition by cationic Triplatin complexes.

B 2014, 2 (22), 13474-13487.

44, Sorokanich, R. S.; DiPasqua, A. J.; Geier, M.; Dabrowiak, J. C., Influence of
Carbonate on the Binding of Carboplatin to DNA. & B 2008, 5 (8),
1540-1544.

45, Shahabadi, N.; Mohammadi, S.; Alizadeh, R., DNA Interaction Studies of a New
Platinum(Il) Complex Containing Different Aromatic Dinitrogen Ligands. B

B 2011, @ .

46. Molphy, Z.; Prisecaru, A.; Slator, C.; Barron, N.; McCann, M.; Colleran, J.;
Chandran, D.; Gathergood, N.; Kellett, A., Copper Phenanthrene Oxidative Chemical
Nucleases. B 2014, 8 (10), 5392-5404.

47, McGivern, T. J. P.; Afsharpour, S.; Marmion, C. J., Copper complexes as artificial
DNA metallonucleases: From Sigman’s reagent to next generation anti-cancer agent?
B 2018,2 , 12-39.

48. Jagodinsky, J. C.; Sulima, A.; Cao, Y.; Poprawski, J. E.; Blackman, B. N.; Lloyd, J.
R.; Swenson, R. E.; Gottesman, M. M.; Hall, M. D., Evaluation of fluorophore-tethered
platinum complexes to monitor the fate of cisplatin analogs. B

i y 2015, @
(7), 1081-1095.

49, Wirth, R.; White, J. D.; Moghaddam, A. D.; Ginzburg, A. L.; Zakharov, L. N.;
Haley, M. M.; DeRose, V. J., Azide vs Alkyne Functionalization in Pt(Il) Complexes for
Post-treatment Click Modification: Solid-State Structure, Fluorescent Labeling, and Cellular
Fate. | 2015, (48), 15169-15175.

50. White, J. D.; Osborn, M. F.; Moghaddam, A. D.; Guzman, L. E.; Haley, M. M;
DeRose, V. J., Picazoplatin, an Azide-Containing Platinum(ll) Derivative for Target
Analysis by Click Chemistry. il 2013, 8 (32),
11680-11683.

170



Chapter 4

Novel platinum(lV) oxaliplatin-peptide mono-conjugates for
targeting of colorectal cancer cells



Chapter 4

Abstract

A selectively mono-functionalized novel Pt(IV) tumour targeting peptide (TPP)
conjugate [Pt(DACH)(OEt)(Ox)(succTPP)] (Pt-TPP) has been synthesised. TPP has
the potential to target membrane bound heat shock protein 70 (memHSP70), which is

upregulated in many cancers and in turn potentially bestows selective targeting on

conjugation to Pt anticancer drugs. The synthesis and t» cytotoxicity of the Pt-

TPP conjugate, the novel unsymmetrical Pt(1V) precursor

[Pt(DACH)(OEt)(Ox)(succ)], oxaliplatin and control compounds are described. Pt-
TPP exhibits similar cytotoxic effects as compared to oxaliplatin, and enhanced
activity compared to the [Pt(DACH)(OEt)(Ox)(succ)] precursor, against colorectal

cancer cells lines HCT116 and HT29.

i T

* o
% X

e
T3

Cancer Cell
Membrane

Figure 4.1: Graphical hypothesis of the aims of this work. Synthesis of a cancer cell

targeting Pt-peptide conjugate followed by treatment fa
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Introduction

The three platinum (Pt)-based drugs, cisplatin, carboplatin and oxaliplatin are
marketed worldwide and are found in over 50% of all chemotherapeutic regimens.*
There are multiple modes of actions associated with these drugs. Upon hydrolysis of
their labile chlorido or dicarboxylato ligands inside cells, they are believed to induce
oxidative and reticular stress, mitochondrial DNA damage but most importantly,
nuclear DNA damage. Irreparable DNA damage through the formation of DNA

adducts ultimately triggers cell death, apoptosis.’®

Cisplatin and carboplatin have very similar cytotoxic profiles given they share the
same ammine carrier ligands. Notably, oxaliplatin, which has a
diamminocyclohexane carrier ligand, is administered as a critical component of late
stage colorectal cancer (CRC) treatment regimens, partially due to the inherent
resistance of CRC to cisplatin and carboplatin.* Recent important work by Lippard
and co-workers has also shown that oxaliplatin does not primarily Kill cancer cells
B DNA-damage mediated processes, as is the case with cisplatin and carboplatin,
but instead by inducing ribosome biogenesis stress, which triggers cell death.”

Although Pt drugs are used clinically to great effect, there are a number of drawbacks
and limitations to their use, including poor bio-selectivity for cancerous cells over
healthy tissues resulting in severe negative side effects including neurotoxicity,
nephrotoxicity, nausea and vomiting amongst others.® Significantly, a number of

cancers are also intrinsically resistant or over time develop resistance to Pt drugs.® °

For these reasons, enhancing tumour selectivity of Pt drugs is a major objective in
the development of innovative Pt anticancer agents. One such approach is the
synthesis of Pt drugs which facilitate conjugation to a selective targeting molecule.
Pt(IV) prodrugs are often used in order to increase the pharmacological properties

and diversity of Pt complexes through the functionalisation of their axial ligands.’

Pt(1V) complexes have an octahedral geometry and are generally considered to be
activated following reduction in the hypoxic and reducing cellular environment of
cancer cells to form the corresponding active Pt(Il1) complex on release of the two
axial ligands.” Satraplatin (Figure 4.2a) is one such Pt(I\/) complex and is currently

being investigated in stage 111 clinical trials.®*
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In recent years, there have been increasing numbers of reports describing the
conjugation of bioactive molecules which may endow secondary functionality to
Pt(IV) complexes & their axial ligands. In these so-called bifunctional Pt(IV)
prodrugs, a biomolecule is often coordinated to a Pt(IV) centre ® a carboxylate
functionality. The biomolecules generally (i) play a role in drug targeting and
delivery or (ii) possess inherent anticancer properties or (iii) act as reporters.
Bioactive molecules include peptides, antibodies, fluorescent probes and small

molecule inhibitors (Figure 4.2).

For instance, Brabec and co-workers have synthesised an oxaliplatin Pt(1V) prodrug
containing the histone deacetylase inhibitor valproic acid (VPA) (Figure 4.2b).%°
Similarly, Ang and co-workers have synthesised the Pt(IV) conjugate ethacraplatin
(Figure 4.2c), based on cisplatin with two ethacrynic acid (EA) axial ligands, where
EA is an active inhibitor of glutathione-S-transferase (GST)."**> McKeon & and
Abramkin t have developed Pt-peptide conjugates capable of targeted cell

penetration, Figure 4.2d-e.* 3

Much research has been undertaken into peptides in recent years due to their inherent
biocompatibility, increasing ease of synthesis and their ability to recognise and
inhibit key cellular pathways. The role of cell penetrating peptides (CPP) has been of
particular interest in rational drug design, due to the ability of CPPs to recognise
particular cellular components and in turn potentially facilitate targeted drug delivery
and selective uptake. By exploiting a protein specific to tumour cells, it may be
possible to selectively target cancerous tissues through a “Trojan horse” .21pproach.4'13
As such, identification and structural characterisation of cellular components is being
widely investigated to determine their significance in cancer progression and whether

they may be exploited for active targeting.* **
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Figure 4.2: Structures of satraplatin (a),° [PtCl,(DACH)(VPA),] (b),'° ethacraplatin
(c)** and the cell penetrating peptide conjugates [Pt(DACH)(Ox)(succTPP),] (d)™
and [Pt(DACH)(Ox)(succTAT),] (e).*

Heat-shock protein 70 (HSP70) is a biomolecule of interest as a bio-target in
anticancer treatment. There are thirteen HSP70 family members, whose primary
function is to maintain homeostasis following a cellular stress response to stimuli, for
example hypoxia, temperature fluctuations and exposure to heavy metals (e.g. Pt
drugs). They function by forming an intermediate structure with neutral and
hydrophobic amino acid (aa) residues found on client proteins. Stabilisation is
enhanced through the action of other co-chaperones such as HSP40, which improves
protein binding affinity, ensuring that the protein shape and viability is maintained
until the stress has passed.”>*" Significantly, in many cancers including CRC, the
level of HSP70 is found to be upregulated, thus giving cancer cells a distinct survival

advantage over healthy tissues and cells. HSP70 is therefore associated with cancer
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progression and poor prognosis.’® It is also significant that inhibition of HSP70 is

associated with an anti-cancer effect.'®

Significantly, the selective expression of HSP70 on the plasma membrane
(memHSP70) of cultured cancer cells including colorectal cancer cells has been
reported. In addition, memHSP70 was found to be present on 50% of tumours in a
1,000 patient cohort but not expressed in healthy non-cancerous cells. memHSP70
therefore represents an excellent candidate for the selective targeting of cancer
cells.* Gehrmann & previously described the tumour penetrating peptide (TPP,
TKDNNLLGRFELSG), a 14-mer peptide derived from HSP70 which matches an
epitope within the oligomerization domain of the HSP70 molecule (aa 450-463). The
specific binding and rapid internalisation of TPP in membrane HSP70 positive
(memHSP70+) tumour cells was reported.'* Therefore, TPP offers significant

potential as a targeting moiety for cancer cells which over express memHSP70.

Aoife McKeon, a PhD student in Dr. Darren Griffith’s research group at RCSI,
successfully synthesised and characterised novel platinum TPP conjugates upon
activation of the two free succinato carboxylic acid groups on the previously reported
2] -dichlorido(  -(1R,2R)diaminocyclohexane)oxalatodisuccinato
platinum(1V) complex (& -[Pt(1R,2R-DACH)(Ox)(succ),])*® with CDI, and
subsequent coupling with the deprotected N-terminal threonine of the resin bound
TPP sequence.

McKeon ta determined that Pt(IV) conjugates possessing mono and di-TPP
peptide sequences [Pt(1R2R-DACH)(Ox)(succ)(succTPP)] and [Pt(1R2R-
DACH)(Ox)(succTPP),] could induce cell apoptosis to a greater extent than
oxaliplatin alone in Pt resistant HT29 colorectal cancer cells with relatively high
memHSP70+ expression. Substitution of TPP with scrambled peptide (ScP)
essentially abolished the observed cytotoxicity in the Pt(IV) peptide conjugates. This
report suggests that TPP does endow a Pt(IV) oxaliplatin type complex, with the
potential for the targeting of cancer cells through the specific binding and

internalization by memHSP70+ tumour cells ® endosomal pathways.

Although the Pt(IV) TPP conjugates were successful in improving Pt drug activity
against CRC, there were a number of synthetic drawbacks including low yields and
challenges in relation to the separation and purification of the Pt(I\VV) mono and di-
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peptide conjugates. Specifically, the production of a Pt(I\VV) mono peptide conjugate
naturally reduces the yield of the preferred Pt(IV) di peptide conjugate product and in
addition the Pt(IV) mono and di peptide conjugates have similar HPLC retention
times, which further reduces the yield post purification.*®

To overcome these drawbacks, the use of an unsymmetrical Pt(I\V) complex, i.e. one
which possesses two unique axial ligands, could reduce the number of side-products
formed in the coupling reaction and in turn simplify purification. A number of
unsymmetrical Pt(IV) complexes have been previously reported, such as the Pt(1V)
cisplatin and oxaliplatin derivatives which possess a single succinato ligand (Figure
4.3).20-21
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Figure 4.3: Structures of h -[Pt(NHs),Cl,(OEt)(succ)] (a),° (OC-6-44)-
Acetato(3-carboxypropanoato)(1R,2R-cyclohexanediamine)oxalatoplatinum(IV)

(b).21
Novel unsymmetrical Pt(IV) mono peptide conjugates have been synthesised and
characterised. The i cytotoxicity of the complexes against colorectal cancer

cells was investigated.

Rationale

Conjugation of TPP and ScP to an unsymmetrical Pt(IV) conjugate,
[Pt(DACH)(OELt)(Ox)(succ)], which possesses only one reactive succinato group
should generate the corresponding Pt(IV) mono peptide conjugates in increased yield
and subsequently isolate the complexes with less complications relative to the

strategy of McKeon &
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Chapter Aims

To synthesise novel unsymmetrical Pt(I\V) conjugates with two unique axial

ligands attached.

To synthesise the 14-mer TPP derived from HSP70, and the corresponding

scrambled peptide sequence, ScP.

To synthesise Pt(IV) mono TPP conjugate and Pt(IVV) mono ScP conjugate

B amide bond formation.

To investigate the b cytotoxicity of the Pt-peptide conjugates against a
panel of colorectal cancer cell lines which contain differential levels of
memHSP70 expression.
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Synthesis of Pt-peptide conjugates

Solid phase peptide synthesis (SPPS)
Peptide sequences were prepared from L-a-amino acids that comprise the general
structure in Figure 4.4. For clarity, for the remainder of this work peptides are
consistently written from the N to the C terminus in standard peptide nomenclature
using one letter codes for the individual amino acids (Table 4.1).

H, ,R

;{H/OH
H,N

O

Figure 4.4: General chemical structure of L-a-amino acids.

Table 4.1. Amino acids with one letter codes ad side chains indicated./®

Amino Acid Letter Code -R Group -R-Properties!™
glycine G -H
lysine K -(CH2)4sNH, positively charged
arginine R -(CNHI—ZI;’:ES(- positively charged
aspartic acid D -CH,COOH negatively charged
glutamic acid E -(CH,),COCH negatively charged
threonine T -CH(CH3)OH polar uncharged
serine S -CH,0OH polar uncharged
asparagine N -CH,CONH, polar uncharged
leucine L -CH,(CH)(CHg), hydrophobic
phenylalanine F -CH,Ph hydrophobic

[a] amino acids listed refer to those that were used in SPPS, not all amino acid [b]

side chains are charged at physiological pH 7.4.

Peptide sequences TPP (TKDNNLLGRFELSG) and ScP (LLETRLGFGDNKYS)
were assembled using microwave assisted SPPS from a rink amide MBHA resin.?
Rink amide MBHA resin consists of a crosslinked polystyrene support which
provides moderately high loading and produces the completed peptide as a peptide-
amide, as opposed to a peptide-acid. The peptide syntheses were carried out in
accordance with the well-established Fmoc/tBu protection strategy, a process which
involves incrementally synthesising the peptide in a defined direction from the C- to

the N- terminus.?® All of the amino acids employed in the syntheses possess an Fmoc
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protected Na-amino group and a free C-terminal carboxylic acid. Fmoc is employed
as a temporary protecting group and is base sensitive.”® In contrast, any side-chain
functional groups present on the amino acids are semi-permanently protected with an
acid labile protecting group (Figure 4.5, Table 4.2). This model is known as
orthogonal protection and facilitates the separate removal of multiple protecting

groups using a dedicated set of reaction conditions.

Figure 4.5. Fmoc-Asn(trt)-OH. The amine is protected by a base sensitive Fmoc
group, while the side chain is protected by an acid labile trt group. The C-terminal

carboxylic acid is left free.

Table 4.2. Amino acids with one letter codes ad side chains indicated.™

Amino Acid U-Amino -R Side Chain
glycine Fmoc
lysine Fmoc Boc
arginine Fmoc Pdf
aspartic acid Fmoc OtBu
glutamic acid Fmoc OtBu
threonine Fmoc tBu
serine Fmoc tBu
asparagine Fmoc trt
leucine Fmoc
phenylalanine Fmoc

The coupling of amino acids linked & amide bonds is the most crucial step in
peptide synthesis. Amide bond formation in general is a condensation reaction,
however equilibrium favours an acid-base reaction on mixing an acid with an amine,
which results in the formation of a stable salt product.** In order to promote the
amide condensation reaction a good leaving group is first attached to the carbonyl
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carbon of the acid in the form of an activating agent. As such, amino acid coupling is
typically described in two consecutive steps; i) activation of an acyl moiety followed
by ii) nucleophilic acyl substitution with an amino group (Scheme 4.1).%
(@] activating agent (@) R>-NH, (0]
Ry~ ~OH Ry~ ~O-X R1)J\O/R2
i) activation ii) substitution
Scheme 4.1: Reaction scheme demonstrating amide bond formation produced by the
activation of a carboxylic acid group on amino acid R; by incorporating a leaving

group X, in order to facilitate attack by the amino group of a second amino acid R.

In order to facilitate rapid amino acid coupling in high yield, a number of activating
agents are available, each with associated advantages and disadvantages. As no one
coupling reagent is suited for all amino acid substrates, it is therefore necessary to
consider the reaction itself when selecting the reagent. Phosphonium and aminium
type reagents such as 1-[bis(dimethylamino)methylene]-1H-1,2,3,-triazolo[4,5,-
b]pyridinium3-oxidhexafluoro phosphate (HATU) and N -diisopropylethyl amine
(DIEA) for example together with a base are frequently used and these compounds
have been shown to demonstrate high coupling rates (Figure 4.6).> However, due to
potential racemization of amino acids in the presence of a base, the use of
carbodiimide compounds is often favoured. Base is not necessary in this scenario and
the reaction occurs & addition of a carboxy group to the carbodiimide functionality
to generate an O-acyl isourea species, which are excellent acylating agents.?

PFs +/

N N/
A\
N\
- Y N o
| N ~_N N=C=N N)LN
N7 SN Y H H
-0

(@) (b) (©) (d)
Figure 4.6: Chemical structures of activating agent HATU (a), DIEA (b) DCC (c)
and DCU (d).
Dicyclohexylcarbodiimide (DCC) has been employed as one of the most popular
carbodiimide coupling reagents, but is restricted by the generation of the unwanted
side product dicyclohexylurea (DCU), which displays limited solubility in most

organic solvents (Figure 4.6). Issues with the removal of this reaction by-product has
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led to the use of other reagents such as N -diisopropylcarbodiimide (DIC). DIC acts
in a similar manner to DCC, however its corresponding urea is soluble in solvents

typically employed in SPPS, and thus may be easily eliminated as a result.

As carbodiimide compounds are associated with the formation of a highly reactive
O-acyl isourea, their use is not always preferred. This species has the ability to
undergo intracellular acyl transfer resulting in the corresponding N-acyl urea which
consequently reduces yield and presents a difficulty during purification (Scheme
4.2). Additionally, the O-acyl isourea has the potential to undergo extensive

racemization with any susceptible carboxy species.?

)\NH 0O intracellular )\NH 0

rearrangement
N)\OJ\ R )\ NJ\ R

O

O-acyl isourea N-acyl urea

Scheme 4.2: Reaction scheme demonstrating the O-acyl isourea product formed in
DIC coupling and the subsequent rearrangement to an N-acyl urea.

To overcome this drawback, DIC in conjunction with a suitable a-nucleophile is
commonly employed. The selection of an appropriate nucleophile that will readily
react with the O-acyl isourea prevents any side reactions, subsequently forming a less
potent acylation agent. This product is still capable of amide bond formation, but
racemization is less favoured. Oxyma pure (ethyl cyano(hydroxyimino)acetate) is the
preferred reagent in this reaction, as it is a non-explosive alternative to 1-
hydroxybenzotriazole (HOBt), which is highly explosive under anhydrous

conditions.?’

The DIC/oxyma pure coupling mechanism shown in Scheme 4.3 depicts one amino
acid bound to the resin (AALl), with a second amino acid to be added (AA2). The
carboxylate anion of AA2 reacts with DIC (Scheme 4.3a) and the reaction generates
an O-acyl species (Scheme 4.3b). This reaction product reacts readily with
nucleophilic oxyma pure to form an active ester, while diisopropyl urea is eliminated
(Scheme 4.3c). Acylation of the newly formed active ester occurs by the addition of
the nucleophilic amine of AAL. Following amide bond formation, oxyma pure is

eliminated resulting in a dipeptide coupled to the resin (Scheme 4.3d).
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Scheme 4.3: Reaction scheme demonstrating the addition of AA2 to resin bound

AAL using DIC/oxyma pure coupling chemistry.
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Scheme 4.4: Reaction scheme demonstrating the incremental steps of amino acid
DIC/oxyma pure coupling onto an insoluble rink amide MBHA resin, followed by
Fmoc deprotection with piperidine in NMP where R = amino acid side chain and n =

the number of amino acids.

Single coupling cycles using a 10-fold excess of Fmoc-amino acids and DIC/oxyma
pure coupling chemistry were employed. An excess of the reagents relative to the

immobilised peptide at each stage of the synthesis is vital to ensure high levels of
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conversion. Subsequent to each amino acid coupling, intermittent steps of Fmoc
deprotection were performed (Scheme 4.4). As shown above, Fmoc is base sensitive

and was removed by the application of 20% (v/v) piperidine in NMP.

Completion of the 14 amino acid sequences and final Fmoc deprotection on the N-
terminal afforded the desired TPP and ScP peptides as indicated in Figures 4.7 and
4.8 respectively.

O=?=O

Ph \‘/
F’h—|—F’h
J< HN 050
(@) NH
HO. O
O (o] (6] (e} (o] (o] (6] (o] (e}
H H H H H H I] H
N N N N N N Co N
HyN N N N N N N N—O
H H H H H H H
O (e] O O o] H o (e} (6] H
NH
Ph—'—Ph
(o) NH
>‘/ \n/ Ph

Figure 4.7: Chemical structure of 14-mer TPP (TKDNNLLGRFELSG) bound to a
rink amide MBHA resin following SPPS and final Fmoc deprotection with semi-
permanent side chain protecting groups (highlighted in red) still intact.

o

0=S=0
\ Ph

Y

Wﬁ%éiﬁi¢w§gﬁ§ﬁﬁm

Figure 4.8: Chemical structure of 14-mer ScP (LNLETRLGRGDNKS) bound to a
rink amide MBHA resin following SPPS and final Fmoc deprotection with semi-

permanent side chain protecting groups (highlighted in red) still intact.
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Synthesis of [Pt(1V)(DACH)(OEt)(OH)(Ox)]

[Pt(IV)(DACH)(OEt)(Ox)(succ)] was synthesised in two steps starting from
oxaliplatin as per Scheme 4.5. The synthesis was developed through modification of
the methods reported by Feazell &

Oxaliplatin (24) was first oxidised by heating at 70 °C with 50% wt/vol H,0, in
EtOH to form [Pt(IV)(DACH)(OEt)(OH)(Ox)] complex 25. Subsequently, the
complex was dissolved at 70 °C in anhydrous DMF, followed by the addition of
succinic anhydride in anhydrous DMF to form [Pt(IV)(DACH)(OEt)(Ox)(succ)]
complex 26 as a light brown solid with a 70% vyield.

NH, O ONa
y, H2 : g\ H2 (@)
NH» N\ /| NaO (@] N\ /O
KAPICI,] O’ p O’ “pi i
HZO //,N \I HZO //,H O O
2
24

i) KI, rt, 30 min Ha i) AgNO3, rt, 18 h
i) DACH, rt, 18 h 23 iyrt, 18 h
94% 82%
H O/\ H O/\
:\i 50% H,0,
DMF EtOH
70°C, 18 h 20H 70°C,5h
OH 70% 92%
o 25
26 (@]

Scheme 4.5: Synthetic route to [Pt(IV)(DACH)(OEt)(Ox)(succ)].

[Pt(1V)(DACH)(OEt)(OH)(Ox)], 25 was characterised by elemental analysis, and
NMR and IR spectroscopy. Elemental analysis for 25 is consistent with the expected
values for [Pt(IV)(DACH)(OEt)(OH)(Ox)]. The IR spectrum shows a broad peak at
3436 cm™ which is indicative of the OH ligand. In the *H NMR spectrum (DMSO-
ds) diagnostic resonances associated with the ethoxide protons were evident as a
quartet integrating for two protons at 3.20 ppm and a multiplet integrating for three
protons at 1.86 ppm. In the *C NMR spectrum two peaks at 18.94 and 56.49 ppm
appear in the predicted region for ethoxide CH, and CHs carbons. The **Pt NMR
spectrum displayed a peak at 1296.79 ppm, which is consistent with
Pt(IV)complexes.”®

[Pt(IV)(Ox)(DACH)(OEt)(Ox)(succ)], 26 was characterised by elemental analysis

NMR and IR spectroscopy and mass spectrometry. Elemental analysis for 26
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correlated with the required values for one oxalate, one DACH, one ethoxide and one
succinate group per Pt centre. In the IR spectrum, the broad peak of the OH ligand at
3436 cm™ was no longer present, indicating that the hydroxo ligand had been
substituted and two 3(C=0) peaks were evident at 1714 and 1652 cm™. In the 'H
NMR spectrum (DMF-d;), two multiplets observed at 2.75 and 2.92 ppm, both
integrating for two protons, are characteristic of the two CH, moieties on the
succinato ligand along with the diagnostic resonance corresponding to the carboxylic
acid proton, evident as a broad singlet at 12.42 ppm. The *C NMR spectrum
revealed two diagnostics peaks at 174.19 and 173.89 ppm, which confirm the
presence of the coordinated and terminal succinic acid functional group carbons
generated on reaction of the Pt(IV) precursor with succinic anhydride. The Pt
NMR (DMSO-ds) spectrum of 26 displayed a single peak at 1366.95 ppm,
demonstrating a distinct shift in position in comparison to complex 25. ESI-MS in

positive mode aided the identification of the M+Na with a mass peak of 582.3 a.m.u.

Hy O 1)

X
y | o)

Figure 4.9: Chemical structure of Pt(IV) complex 26 and the protons which serve as

diagnostic peaks in *H NMR spectrum, indicated in red for succinato and blue for

ethoxide.

Pt(1V) peptide conjugation

Pt(1V) peptide conjugation was performed manually using the resin-bound peptide
with side chain protecting groups & in order to avoid any undesired reactions
between the carboxylic acid of the platinum complex and free amino groups on the
lysine, arginine and asparagine. The structure of 26 comprises a bidentate & -
(1R,2R) DACH ligand and an oxalato ligand in the equatorial positions. In addition
to the axial ethoxide ligand, a second axial ligand, the succinato group which
possesses a free carboxylic acid group, was activated on reaction with CDI (Scheme
4.6a) to form an acyl carboxy imidazole (Scheme 4.6b) which readily rearranges

with loss of CO; to yield an acyl imidazole species (Scheme 4.6c¢). The activated Pt
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complex was subsequently treated with TPP or ScP in a 4:1 ratio to afford the
corresponding Pt-TPP or Pt-ScP conjugates through amide bond formation (Scheme
4.6d).

o
M
o~ A
T @ 0
R” “OH @\1 N\:\\/N+ (_))J\R
i Sl
xS e
2 () ®)
14mer—N"~ "R RTANT Ry + HNTX
Qi : G14mer—NQ/ S VA co,

(d) (c)
Scheme 4.6: Reaction scheme demonstrating Pt-peptide coupling using CDI where R
= [Pt(IV)(DACH)(oxalato)(ethoxido)(succinato)] and 14-mer = resin bound TPP or
ScP.

Peptide cleavage and purification

Following Pt-peptide conjugation, the resin was thoroughly washed with DMF to
remove any excess unreacted active precursor 26, and the corresponding conjugates
were subsequently cleaved from the resin and the side-chain protecting groups
removed. This was achieved under acidic conditions as the semi-permanent side
chain protecting groups are acid labile. A cleavage cocktail consisting 95% TFA
sufficiently removed the various protecting groups employed by different amino
acids; OtBu, tBu, Trt, Pbf and Boc. In addition, electrophilic species are formed
during the acidolytic deprotection, and for this reason the cleavage cocktail
comprised 2.5% water and 2.5% phenol. These reagents possess nucleophilic
scavenger activity and consequently prevent reactive side products from recombining

with liberated nucleophilic amino acid side chain functional groups.

The reaction mechanism of TFA deprotection is demonstrated in Scheme 4.7, where
an amino acid is protected with BOC. The & -butyl carbamate becomes protonated
in the presence of TFA (Scheme 4.7), and the loss of the & -butyl cation results in
carbamic acid formation (Scheme 4.7). The & -butyl cation is quenched by a
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suitable scavenger agent in order to prevent nucleophilic substrates from being
alkylated. Decarboxylation of the carbamic acid generates the free amine (Scheme
4.7).

o]

H /\‘H—QJ\CF3 oM or\v (\‘H OJ\

/Nm;O‘Q’< 40! R-NH,
Co,

Scheme 4.7: Scheme demonstrating TFA deprotectlon of BOC where R = an amino

acid.

Subsequent to cleavage, the final Pt-peptide conjugate crude mixture was
lyophilised.

The Pt-peptide conjugates, Pt-TPP and Pt-ScP, were subsequently isolated by
reverse phase HPLC and the retention times are listed in Table 4.3. Purification
afforded both Pt-peptide conjugates in typical low yield where Pt-TPP was obtained
as 4 mg for 3.8% and Pt-ScP was obtained as 3.2 mg for 1.9% with respect to the
resin loading.* ** #° It is apparent that using an unsymmetrical Pt(I\V) precursor such
as [Pt(IV)(Ox)(DACH)(OEt)(Ox)(succ)] did not offer an advantage in terms of
increased yield as compared to the use of the symmetrical precursor,
[Pt(IV)(Ox)(DACH)(Ox)(succ),] used by McKeon €h , which afforded the
corresponding Pt monoTPP conjugate in 3.7% vyield and the Pt diTPP conjugate in
2% yield."

1%pt NMR spectroscopy of Pt-TPP was used to demonstrate successful conjugation
and Pt in the +IV oxidation state. A single peak was observed at 1379.14 ppm which
is indicative of a Pt(IV) centre (Figure 4.10).

188



Chapter 4

4E+07

1379.14

4E+07

4E+07

r 3E+07

r2E+07

r2E+07

r 2E+07

r1E+07

 5E+06

[ -5E+06

r-1E+07

-2E+07

[ -2E+07

T T T T T T T T T T T T T T T T T T
1850 1800 1750 1700 1650 1600 1550 1500 145'9 ( 14)00 1350 1300 1250 1200 1150 1100 1050 1000
1 (ppm

Figure 4.10: Pt NMR spectrum (D,O) of Pt-TPP following conjugation of
[Pt(IV)(DACH)(oxalate)(ethoxide)(succinate)] and TPP.
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Figure 4.11: Chemical structures of Pt-TPP and Pt-ScP.
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Table 4.3. HPLC data for peptide and Pt-peptide compounds.™

Compound tR (min) Purity %
Pt-TPP 38.96 100
TPP 38.79 95.73
Pt-ScP 38.56 100
ScP 35.90 97.08

[a] Mobile phase A: 0.1% TFA/ H,O and mobile phase B: 0.1% TFA/ MeOH were
used with a gradient of 5 — 85 — 5% B over 65 min with a flow rate of 1 mL/min; A:
214/254 nm.

The analytical HPLC traces of TPP, ScP and their respective Pt-TPP and Pt-ScP
conjugates all showed purities > 95%, with the Pt-peptide conjugates found to be
100% pure (Table 4.3 and Figure 4.12). McKeon ea  reported >97% and >90%
purity for their Pt mono- and Pt di-conjugates respectively. With regards to the >90
% value associated with the Pt di-conjugate, an additional 8.01 % of this was
attributed to the corresponding Pt mono-conjugate. The Pt peptide conjugates
therefore were easier to isolate and purify relative to the strategy employed by
McKeon ta , given only one Pt-peptide conjugate could be generated in their

individual reactions.

4 PDA 1PDAM

00
38.561/100.000
4

=2

8.798
35.899/ /97.083

/3.216
0.50.

(a) (b) (c) (d)
Figure 4.12: Expanded region between 30 and 40 min of analytical HPLC traces for
(@) TPP, (b) Pt-TPP, (c) ScP, (d) Pt-ScP. HPLC conditions; (mobile phase A: 0.1%
TFA/ H,0 and mobile phase B: 0.1% TFA/ MeOH were used with a gradient of 5 —
85 — 5% B over 65 min with a flow rate of 1 mL/min; A: 214/254 nm).
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Subsequent to semi-preparative HPLC, the purity of the conjugates was determined
and the chemical identities were confirmed by HRMS (Table 4.4).

Table 4.4. ESI-HRMS data for peptide and Pt-peptide compounds.

Compound Exact Masseaca | [M+H]" | [M+2H]"" | [M+3H]*
Pt-TPP 2104.1700 [ 1054.4160% L
TPP 1561.82 156171001 | 782 11 521.91
Pt-ScP 2104.1700 [ 1054.37051 L)
ScP 1561.82 156155101 | 782 2l 522l

[a] highest intensity peak observed, HRMS [b], LRMS [c], no such peak observed
[d]

Regarding the MS data, the experimental mass spectral data observed are in good
agreement with the predicted values. The [M+H]" peaks for the Pt-peptide
conjugates were not evident but the chemical identities were unambiguously
characterised by examining the 2* and/or 3* mass distribution patterns (Table 4.4.).

The peptides TPP and ScP were also identified in a similar manner.

These findings correlate with previously reported Pt-peptide conjugates of McKeon
ta  and Abramkin &2 * '3 In these instances, the [M+H]" peaks were not
observed in the spectra of both ESI and MALDI-TOF techniques and the conjugates
were identified through the 2% and/or 3" molecular ions, as is the approach for

characterising high molecular mass peptides.* 3
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Figure 4.13: HRMS ESI MS of Pt-TPP (a) and Pt-ScP (b) with m/z values of
1054.4160 and 1054.3705 a.m.u. respectively.
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i analysis of Pt-peptide conjugates
ta cytotoxicity
HT29 and HCT116 wt colorectal cancer cells were selected for b cytotoxicity

experiments as (i) HT29 represents a relatively resistant cell line and HCT116 a
relatively sensitive cell line to oxaliplatin treatment as per the it MTS
cytotoxicity data, (ii) HT29 exhibited the highest expression of memHSP70 and
HCT116 the lowest and (iii) McKeon & . selected the same cell lines to investigate
the ability of their Pt TPP conjugates to induce cell death using the Annexin V/
Propidium lodide (PI) assay. It is noteworthy that McKeon and co-workers did not

determine ICs, values for their Pt TPP conjugates.’® ™

Therefore, r b cytotoxicity experiments were undertaken (n = 3) to investigate
the response of HCT116 wt and HT29 cells to treatment with oxaliplatin, Pt(IV)
complex 26 (herein referred to as Pt(1V)), peptides TPP and ScP, and the Pt-peptide
mono-conjugates Pt-TPP and Pt-ScP. Stock solutions of these test compounds were
prepared fresh in culture medium and diluted to various working concentrations as
per Table 4.5.

Table 4.5: The range of drug concentration used per cell line.

Compound HCT116 wt HT29
Oxaliplatin 0.078 - 10 pM 0.39 - 100 pM
Oxaliplatin and TPP 0.078 - 10 pM 0.39 - 100 pM
Pt(1V) 0.625 - 100 uM 0.39 - 250 uM
Pt-TPP 0.078 - 10 uM 0.78 - 100 uM
Pt-ScP 0.078 - 10 uM 0.78 - 100 uM
TPP 0.078 - 200 uM 0.39 - 200 uM
ScP 0.078 - 200 uM 0.39 - 200 uM
All test compounds were synthesised as outlined in Chapter 2. b cytotoxicity

was determined by an MTS inner salt assay, as outlined in Chapter 3. Dose-response
plots based on 72 h treatment (n = 3) were generated using GraphPad Prism and 1Cs
values, defined as the drug concentration required to inhibit cell growth by 50 %,
were generated (Table 4.6).
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Table 4.6: 1Cxq values calculated for colorectal cancer cell lines.[

Compound HC('E\}S wt HT29 (M) Refﬂz’:i?ce
Oxaliplatin 0.893 + 0.04 26.66 + 2.96 29.85
Oxaliplatin + TPP 0.714 +0.03 16.45 +2.76 23.04
Pt(1V) 39.22 + 1.66 162.3 £ 10.08 4.14
Pt-TPP 2.539+0.22 78.15+15.88 30.78
Pt-ScP 8.175+0.69 >100 >10
TPP >200 >200 -
ScP >200 >200 -

[a] after 72 treatment. Error shown as + SEM.

Both peptides TPP and ScP were found to be non-toxic against both cell lines, with
little or no activity at the highest concentration investigated, 200 uM. Oxaliplatin, the
drug of choice for late stage colorectal cancer treatments, exhibited the best
cytotoxicity, with ICs values of 0.893 and 26.66 UM in the HCT116wt and HT29

cell lines respectively, correlating with previous literature reports. ** %%

Pt(1V) was found to be significantly less cytotoxic compared to the other Pt
containing complexes, with 1Csos of 39.22 and 162.3 uM against the HCT116 wt and
HT29 cell lines. Although Pt(IV) exhibited lower activity when compared to its
Pt(11) core analogue oxaliplatin, this lower activity is frequently observed for Pt(IV)
complexes when compared against their Pt(Il) analogues.?®?" 3! 3 For example, the
Pt(1V) oxaliplatin analogues [Pt(DACH)(Ox)(OH).] and [Pt(DACH)(ox)(succ),]
were found to have I1Csgs of 54 and 69 uM respectively as compared to oxaliplatins’
ICso of 0.55 pM against HCT116 wt cells.®

Pt(1V) complexes are widely considered to internalise in cells solely through passive

34-36

diffusion in most instances, whereas Pt(Il) may utilise both passive diffusion and

cationic transport proteins®® amongst other influx/efflux transporter systems.*’ %
Other recent studies have found that Pt(IV) complexes with a cisplatin-like core may

also be subject to active transport mechanisms in addition to passive diffusion.*

The reduction of Pt(IV) to Pt(ll) is universally considered an essential step in the
activity of so called Pt(IV) prodrugs. It is important therefore to note that the (i)
identity of axial ligands, (ii) reduction potential of the Pt(I\VV) complex and (iii), rate
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of reduction of the Pt(IVV) complex are important contributory factors to cytotoxicity

amongst many others.

For example, recent investigations of the b cytotoxicities of Pt(IVV) complexes
possessing mono- and di- carboxy axial ligands such as acetates and succinates, have

shed some light on the importance of these factors, 33 2021 40-41

For example, hydroxy (OH) ligands have shown lower reduction potential when
compared to groups such as acetates (OAc) and succinate (succ).*** OH is
considered to have the slowest rate of reduction of axial ligands of Pt(IV), with one
study reporting the trend as OH<OACc<CI<OCOCEFs;. Interestingly, this trend also
correlated with the cytotoxicity value of the Pt(IV) complexes tested.*® The rate of
reduction of Pt(IV) is likely a major factor in its low cytotoxicity, given the low

reduction potential of Pt(IV) complexes bearing OEt ligands.

Interestingly, Pt(IV) complexes have been demonstrated to undergo reduction at a
slower rate in the HT29 cell line as compared to the A2780cis and A2780P cell lines,
highlighting that cell lines also influence the reducing behaviour of these

complexes.*

Another interesting discovery has been that there is no trend between the rate of

reduction and reduction potential of an axial ligand.’

As active Pt(Il) drugs often fail to reach cells as a result of deactivation during
distribution there is still a desire clinically for slower reacting Pt(Il) drugs and Pt(1V)

prodrugs to allow them sufficient time to reach their target site by remaining

biologically inert. Therefore, b cytotoxicity of Pt(IV) drugs is not necessarily
representative of their potential @ activity and/or application. In addition, longer
experimental ity cytotoxicity study times (96-120 h) are required to reveal a

more accurate picture of the potential activity of these complexes as has previously

been reported.***

Pt-TPP showed good activity against the HCT116 wt cell line with an ICs, value of
2.55 pM. Although the cytotoxicity is lower (c. 3 fold) when compared against
oxaliplatin (0.893 puM) it is a significant improvement on Pt(1V) (39.22 uM) which
Pt-TPP was derived from.
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Pt-TPP exhibits an ICso of 78.15 UM against the HT29 which was unexpected and
significantly larger compared to oxaliplatin (26.66 pM) given the previously
reported over expression of memHSP70+ in this cell line and favourable reports on
the ability of Pt-TPP conjugates to induce cell death in HT29 cells.*® These previous
reports would suggest that TPP containing Pt(IV) conjugates would demonstrate
greater cytotoxicity,'® but as with the HCT116 wt cell line the ICsq value is three
times that of oxaliplatin. Once more, Pt-TPP displays significantly greater
cytotoxicity compared to Pt(1V) (162.3 uM), although it is by a smaller margin
compared to the HCT116 wt cell line.

Pt-ScP functioned as a negative control, as the ScP scrambled peptide sequence does
not exhibit the targeting function of TPP. However, the level of activity of Pt-ScP
against the HCT116 wt cells (8.175 uM) was larger than expected given the nature of
ScP and as such was predicted to give a comparable I1Csy value to Pt(1V)’s 39.22
UM. A number of factors can be put forward to explain this, for example the
biocompatible nature of a peptide could improve its natural cellular uptake®® or the
peptide could improve the Pt(IV) reduction rate of Pt-ScP compared to Pt(IV).
However given Pt-TPP gave a significant response three times greater than Pt-ScP
in the HCT116 wt cell line the superior targeting potential of TPP has been clearly

demonstrated.

In the HT29 cell line, the upper limit of this study for Pt-ScP was 100 uM, which did
not reach the 50% cell viability threshold.

In an additional control experiment, oxaliplatin and TPP were co-administered in 1:1
concentrations against both cell lines. Similar 1Csps compared to oxaliplatin alone
were recorded of 0.714 and 16.45 puM in the HCT116 wt and HT29 cell lines
respectively, which were found to be non-significant using an unpaired Student’s t-

test, compared to oxaliplatin alone.

The Pt-ScP activity was greater than predicted, given the previous investigation by
McKeon and co-workers*® found substitution of TPP in the Pt(IV) peptide conjugates
with ScP essentially abolished the induction of cell death. As it is well known that
Pt(1VV) complexes generally act as prodrugs and must first be reduced in the cell to
the Pt(11) form, it is possible that the cytotoxic effect of these complexes is delayed

by the time taken for reduction to occur. Similar observations are predicted for the
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Pt-TPP complex or indeed other future Pt(IV) mono/di TPP conjugates. Recent
publications in this field show similar findings in most instances.* * In future work a

longer time period e.g. 96 h testing may address these issues.

One possibility is the seeding cell population has multiplied by the time activity
occurs thus reducing the drug to cell ratio. Another possibility is the effects of these
drugs are less apparent in it cytotoxicity experiments as compared to flow
cytometry experiments measuring cell death. Finally, 72 h may not be enough time
for this delayed activity to be efficiently observed. Keppler 8 typically determine
ICsos for Pt(IV) complexes at 96 h and not 72 h as was the case in this study.*"
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Figure 4.13: Statistical significance was determined using an unpaired Student’s t-
test, where ** p value < 0.01, *** p value < 0.001 indicates the difference in activity
where * is significance compared to oxaliplatin, ° is significance compared to Pt(1V)

and + is significance compared to Pt-TPP.
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Figure 4.14: Statistical significance was determined using an unpaired Student’s t-
test, where * p value < 0.05, *** p value < 0.001 indicates the difference in activity
where * is significance compared to oxaliplatin and ° is significance compared to
Pt(1V). # ICsq of Pt-ScP was >100 pM, thus was excluded from graph for clarity.
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Conclusion

A novel unsymmetrical Pt(IV) complex, derived from oxaliplatin, with two unique
axial ligands was synthesised and characterised to assess its suitability for
conjugation with a cell penetrating peptide by amide bond formation. The complex,
26, was brought forward for conjugation with the peptides TPP and ScP to form the
corresponding Pt-mono peptide conjugates.

[ cytotoxicity data was determined for oxaliplatin, Pt(I\VV) complex 26, Pt-
TPP, Pt-ScP, TPP and ScP against colorectal cancer cell lines HT29 and HCT116
wt. In addition, the co administration of oxaliplatin and TPP in equal concentrations

was investigated.

Although cytotoxicity values were not as low as expected following the results of
McKeon ta , the cells may still be apoptotic making the Pt-TPP conjugate

valuable.

“Free” peptide TPP does not improve the cytotoxicity of Pt when co-administered.
This is a clear indication that TPP behaves only as a cell penetrating peptide, as

expected.

Despite implementing a strategy designed to increase the yield by semi-prep HPLC
purification, the yield remained low for the Pt-peptide conjugates Pt-TPP and Pt-
ScP. However, the purification process was greatly sped up as only the mono-peptide
conjugate was present and the purification of the complex was higher than previous

reported examples.
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Future Work

Flow cytometry i experiments could be used to determine an alternative
cytotoxic activity, apoptosis, of these drugs compared to the performed MTS assay,
which determines cell proliferation. In conjunction with MTS assays run over longer
time periods (i.e. 96 h) to account for Pt(IV) reduction, it may be possible to identify
the feasibility of these complexes as potential next generation functional
chemotherapeutic agents. Thus far, the apoptosis and cell proliferation patterns
observed do not correlate meaning the mode and mechanism of action must be

further investigated.

As such, cellular accumulation by ICP-MS to determine % Pt uptake is proposed to
identify the extent of cellular uptake of Pt-TPP compared to the other Pt(ll) and
Pt(1V) derivatives, and if the level of cytotoxicity may be correlated. The rate of
reduction can also be monitored and determined through time dependent HPLC

studies. These two methods are proposed for the next stage of investigation.

Gel electrophoresis may also be used to show the level of DNA damage of Pt(1V)
complexes when exposed to DNA with ascorbic acid. This has already been

employed in Pt(IVV) DNA binding studies to determine reduction rates and times.

Alternate novel or unexploited unsymmetrical Pt(IV) complex ‘“carrier” mono
ligands (e.g. OAc, COO(CxHy.+2) should be synthesised in other to improve upon the
model produced here. For example, Pt(IV) drugs with lipophilic axial ligands have
been found to induce greater levels of toxicity, which has largely been attributed to
greater cellular accumulation through passive diffusion.*® Additionally, this
unsymmetrical Pt(IV) model has potential to be used to conjugate an tertiary

functional group i.e. an inhibitor molecule i.e. a tri-active complex.
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Abstract

A novel 1,4-disubstituted 1,2,3-triazole-based ligand, 2-(4-(pyridin-2-yl)-1H-1,2,3-
triazol-1-yl)propane-1,3-diamine (PTPD), which possesses pyridyl and diamino
secondary and tertiary coordinating groups was synthesised in excellent yield. The
reactivity of 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (PTP), di-e -butyl (2-
azidopropane-1,3-diyl)dicarbamate (BOC,-PTPD) and PTPD.3HCI were investigated
with Au(lll) and Pt(1l) precursors. Analysis, including X-ray crystal structures of
[Au(lINCI3(PTP)],  [Au(HIDCI(PTPD)][Au(D)CI2][OH]{[NaAuCl4.2H,O]}n  and
[Pt(I1)Cl,(PTPDH,)][PtCl,] revealed that PTPD (i) may serve as a monodentate
ligand for Au(lll), coordinating to the metal centre & the pyridine nitrogen only, (ii)
preferentially coordinates Au(lll) & the bidentate diamino group over the
monodentate pyridine group, (iii) can coordinate Pt(ll) in a bidentate fashion & the
pyridyl nitrogen and the triazole N3 and (iv) can bridge two Pt(ll) centres through
bidentate chelation at the diamino group and bidentate chelation & the pyridyl
nitrogen and the triazole N3. PTPD represents a versatile ligand template for the
development of mixed metal complexes. The synthesis and analysis of six complexes
is described herein, demonstrating the versatility of substituted triazoles as an
interesting class of polydentate ligands.

Na \\ NN Metal-Ligand /Nér ",“ﬂ/\
+ fk\l/:} b N

CuAAC coordination

I —_— g
Gt - R f"@
e +

@or Au

Figure 5.1: Graphical abstract. Crystal structures solved utilising click 1,2,3-triazole
ligands PTP and PTPD coordinated to Pt(1) and Au(lll).
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Introduction

Recently there has been much interest in the development of novel triazole based
ligands, to construct for example a diverse range of fascinating coordination

8-10 and

complexes,”® including supramolecular cage structures®’, cylinders
polymers.'* Triazoles represent unique building blocks and in turn, triazole
coordination chemistry is strongly associated with a variety of applications including

drug development, catalysis, metal ion sensing and imaging.*%°

1,4-disubstituted 1,2,3-triazole based ligands are largely synthesized by the well-
known copper catalysed 1,3-dipolar cycloaddition, the Cu alkyne-azide cycloaddition

(CUAAC) reaction between an azide and terminal alkyne, Figure 5.2A.2

The 1,2,3-triazole heterocyclic ring readily coordinates metal centres through a
variety of modes; N2, N3 and C5 coordination for instance, Figure 5.2Ba-d.
Furthermore, selective alkylation (e.g. methylation) of 1,2,3-triazoles generates the
corresponding 1,2,3-triazolylidenes, which can be metalated to give the

corresponding 1,2,3-triazolylidene coordination complexes, Figure 5.2Be.*

R cu(l) 1/%('?2
+ - —
A “NE=N=N + =R, —————= R—N N
N3
2
B R R Ra
~I ~I ~I
RAI_N/\r RAI_N/\r R1_N/\|/
INELN N=N INELN
M / I M
M M
a b c
M M
)\'/RZ )\'/RZ
~I ~I
R»]_N\ _ R»]_N\ _
N/N N/N<
d e

Figure 5.2: Copper catalysed alkyne-azide cycloaddition (A) and coordination
modes associated with 1,4-disubstituted 1,2,3-triazole ligands (B).

Triazoles are ideally suited to build countless multidentate ligand systems, given the
high synthetic flexibility associated with click chemistry.'? Secondary coordination
groups can be introduced at the 1 and/or 4-positions to supplement the inherent

coordinating ability of the triazole group. For example, 1,2,3-triazoles have been
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tethered to nitrogen containing heterocycles such as pyridine, pyrimidine and
pyrazine rings, and coordination complexes of numerous metal centres have been

reported, as demonstrated for pyridyl substituted triazoles in Figure 5.3. > 141

— — Cl
Q (BF4) Q 2
\

(PFs)2 N=

Figure 5.3: Representative examples of 2-pyridyl 1,2,3-triazoles Pd(Il), Pt(I1) Ru(Il)

and Re(l) coordination complexes.® 314 12

In addition to the “regular” coordination ® the N3 of 1,4-disubstituted 1,2,3-
triazoles, N2 coordination is observed in the case of “inverse” triazoles, which are
essentially generated by switching the R groups associated with the original alkyne

and azide (Figure 5.4).

Inverse 1,2,3-triazole ligands such as 2-(4-phenyl-1H-1,2,3-triazole-1-yl)pyridine
have also been developed and their palladium(Il), platinum(ll), rhenium(l) and
ruthenium(11) complexes synthesized, Figure 5.4.%"
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Figure 5.4: Structure of inverse 1,4-disubstituted 2-pyridyl 1,2,3 triazole ligands and

their palladium(11), platinum(11), rhenium(l) and ruthenium(11) complexes.*’

Rationale

Novel ligand design and synthesis is fundamental to coordination chemistry and the
development of coordination complexes with applications in drug development,*® 8
catalysis,®> and photophysics for example.®®?* A novel 1,4-disubstituted 1,2,3-
triazole based ligand, 2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-diamine
(PTPD) was developed, and its corresponding Au(lll) and Pt(I1) complexes
synthesised to demonstrate that this original ligand is both flexible and versatile and

could serve as a polydentate ligand for the synthesis of mixed metal complexes.
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Chapter Aims

To synthesise and characterise a novel polydentate 1,4-disubstituted 1,2,3-
triazole ligand @ CuAAC.

To synthesise and characterise Pt(Il) and Au(lll) complexes of the novel

ligand.

To establish the coordination modes associated with the novel ligand.
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Synthesis of click ligand complexes

PTP synthesis

The synthesis of 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (PTP) 6 was carried out
in 2 steps, (Scheme 5.1). Firstly azidobenzene (5) was synthesised from aniline® a
diazonium salt intermediate and secondly, PTP was generated from azidobenzene &

CUuAAC with 2-ethynylpyridine as previously reported.*?

®
NH, N3 = NG NN
. 2:1 H,O:HCI (6M) . 3:2 MeOH:H,0 :: =
)NaNOz, 0°C, 30 min = 59,mo| CuS0,.5H,0 6
ii) NaN3, rt, 4 h
3 1.8mol eq. Na Ascorbate
quantitative 1h rt

50%
Scheme 5.1: Synthetic route to PTP 6.
The mechanism for the synthesis of 5 is outlined below in Scheme 5.2 and 5.3,

which describe formation of the diazonium salt and the nucleophilic aromatic

substitution of the diazonium salt by N3 to give azidobenzene.

Scheme 5.2: Reaction scheme demonstrating diazonium salt formation.

II
+

@@@

Scheme 5.3: Reaction scheme demonstrating the formation of azidobenzene by Sy1

nucleophilic aromatic substitution.
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5 was characterised by *H NMR and *C (CDCls) spectroscopy, fully agreeing with
previously reported values. In the *H NMR spectrum for example, the notable loss of

the single diagnostic peak of the amino protons found in aniline was observed.

Compound 5 undergoes CUAAC with 2-ethynylpyridine to form PTP (6). The
mechanism of CuUAAC is outlined in Scheme 1.4. (Chapter 1), showing how Cu
assists in the regioselective formation of triazole rings with 1,4-disubstituted R

groups.

6 was characterised by *H and *C NMR (CDCls) spectroscopy and the data is in full

agreement with the previously reported synthesis.*?

PTPD synthesis

The synthesis of 2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-diamine
(PTPD) 8 was carried out in 2 steps starting with reaction of 3 (Scheme 5.4) with 2-
ethynylpyridine using standard CuUAAC methods followed by BOC deprotection

using HCI in a similar manner to a method outlined in Chapter 3.

7\
® N &
N3 = N N. N N
N ,\j’ \ HCI
_NH HN. 3:2 MeOH:H20 1:1 EtOAC:HCI (GM) \N
BOC BOC  594mol Cus04.5H,0 _NH HN. 3h.rt ClHN. A _NHCl
3 BOC BOC 93% - T+ + -
1.8mol eq. Na Ascorbate 8
2h, rt 7

98%
Scheme 5.4: Synthetic route to PTPD.3HCI 8.

7 was characterised by *H NMR (CDCls) spectroscopy, where a single peak at 8.60
ppm correlates for the one proton of the newly formed triazole ring, serving as the
diagnostic signal. ESI-MS in positive mode aided the identification of the M+H with

a mass peak of 419.3 a.m.u.

8 was characterised by *H and *C NMR (D,0) spectroscopy, where the absence of
the broad single peak at 1.43 ppm in the *H NMR spectrum and the large signal at
28.5 ppm in the **C NMR spectrum of 7 demonstrated successful BOC deprotection.
The triazole proton serves as an important diagnostic signal and is found as a singlet
downfield at 9.12 ppm. Three signals associated with the pyridyl protons are

observed between 8.01 and 8.78 ppm and integrated for four in total as required. The
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1,3-diaminopropane (DAP) methine proton and methylene protons are found at 5.55
and 3.81 ppm respectively. The *C NMR spectrum exhibited the required nine
signals including the triazole C5 carbon found at 127.3 ppm, as determined by C-H
COSY (Figure 5.5). ESI-MS in positive mode aided the identification of PTPD+H
and PTPD+Na with mass peaks of 219.1 and 241.1 a.m.u. Elemental analysis (EA)
for 8 is consistent with the theoretical value. Furthermore, 8 features as a ligand in

the X-ray crystal structure described below.

EK-5-255 L3o
{40.70,3.7Q$ r3.s
r4.0

r4.5

. i
r5.0
{57.44,5.5
%r F5.5
r6.0
r6.5
r7.0
r7.5
{126.31,8. uo
r8.0
{124.71,8. 4
147 26,8.64} r8.5
(141 46,8.78} ’/‘127 31912 F9.0
r9.5
T T T T T T T T T

120 110 100 90 80 70 60 50 40
f2 (ppm)

Figure 5.5: CH correlation NMR of 8 identifying the C4 carbon of the triazole ring

f1 (ppm)

at 127.3 ppm, correlating to the proton at 9.12 ppm.

BOC,-PhTPD synthesis

The synthesis of di-e -butyl (2-(4-(phenyl)-1H-1,2,3-triazol-1-yl)propane-1,3-
diyl)dicarbamate (BOC,-PhTPD) 9 was carried out in a single step, starting with 3
(Scheme 5.5) using standard CUAAC methods.
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Pe s
Lz S _ ¢

N N
. l\i/ \
_NH HN. 3:2 MeOH:H,0 1:1 EtOACc:HCI (6M) °N
BOC BOC  5%mol CuS0,.5H,0 _NH HN. CIHN___NHcCl
3 BOC BOC - % + o
1.8mol eq. Na Ascorbate
2h,rt 9

56%
Scheme 5.5: Synthetic route to BOC,-PhTPD 9, displaying the unsuccessful BOC

deprotection reaction.

9 was characterised by *H NMR (CDCls) spectroscopy, where a single peak at 7.83
ppm correlates for the one proton of the newly formed triazole ring, serving as the
diagnostic signal. The five protons of the phenyl group were identified by the three
resonances found at 7.81, 7.43 and 7.34, integrating in the ratio 2:2:1. In addition, the
BOC peak which integrates for 18 protons was found at 1.43 ppm. The *C NMR

spectrum also displays the desired number of carbon peaks.

The BOC deprotection method previously used to generate the hydrochloride salts of
compounds 4 and 8 was unsuccessful in this instance and the synthesis was
abandoned. Alternate BOC deprotection reactions using varied reaction times, higher
and lower HCI concentrations and using TFA deprotection methods were also

unsuccessful.
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Synthesis of Metal PTP and PTPD complexes

Using click ligands PTP and PTPD (6 and 8), a number of Pt(Il) and Au(lll)

complexes were generated in single step reactions with a metal precursor complex.

Synthesis of Au complexes

[AuCl3(PTP)] synthesis
[AuCI;(PTP)] was synthesised by Mr. Zehao Zhou, a visiting exchange student from
Soochow University, China, during a research placement with the Griffith group and

a student | was tasked with supervising.

6 was synthesized to serve as a model ligand to investigate the reactivity of
Na[Au(l1)Cl4] with the 2-pyridyl-1,2,3-triazole moiety (8), which also possesses the
additional DAP group.

[AuCI3(PTP)], 27 was synthesised in a single step (Scheme 5.6) by reacting
Na[AuCls] with PTP in MeOH at rt for 18 h. The complex readily forms as a
precipitate which was collected by vacuum filtration in good yield (80 %).

N;N —
7N

|
N \ X
6 N= —
N N\
Na[AuCl,] c N
MeOH AU
cl

rt, 18 h

27

Scheme 5.6: Synthetic route to [AuCl3(PTP)].

The characterisation was informed by *H NMR (Acetone-ds) spectroscopy, ESI-MS,
EA, X-ray crystallography and FT-IR. In the *H NMR spectrum, the triazole proton
is the most downfield signal as a singlet at 9.63 ppm. Six signals associated with the
pyridyl and phenyl protons are observed between 9.31 and 7.62 ppm and integrated
for nine in total as required. ESI-MS in positive mode demonstrated ion fragments
associated with PTP+H and AuCls+H with mass peaks of 223.1 and 303.2 a.m.u.
respectively. EA for 27 is consistent with values required for
[AuCI3(PTP)].0.5MeOH. In addition, the X-ray crystal structure of the complex was

solved as seen in Figure 5.6.
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X-ray crystal analysis of [Au(l11)(PTP)Cls] (27)

The ORTEP structure of 27 is shown in Figures 5.6 and 5.7, while the data relating
to the crystal and refinement patterns is reported in Table 5.4. The square planar
Au(lll) is coordinated to the pyridine nitrogen with Au-N = 2.072(3) A, Figure 5.6.
A long-range interaction with the triazole nitrogen (N8) is observed, N...Au =
2.853(4) A (Figure 5.7), similar to that seen in [Au(ll)CIsRbipy] (R = (1-
phenyl)ethyl, N...Au = 2.758 A).* There is also a twist between the pyridine and
triazole rings of 23.427(12) A to accommodate this interaction, slightly shallower
than that of ca. 28.4 A in [Au(111)CI3Rbipy]. The coordination sphere of the Au(ll1)
centre is completed as a symmetry generated dimer with long Au-ClI intermolecular
contacts of 3.6911(17) A and the dimer is stabilized by a weak bifurcated C-H...Cl
interaction (dc..c; = 2.73A, 2.77A), Figure 5.7. This type of dimerization has been
seen previously in the literature?®>? with a median Au...Cl distance of 3.65A. The

coordination geometry around the Au(l1l) centre is a distorted octahedron.

The molecular structure of [Au(l11)(PTP)CI;3] shown in Figure 5.6 shows Au(lll) in a
square planar configuration. The bond angles of the Au substituents N(1)-Au(1)-
CI(1), N(1)-Au(1)-CI(3), CI(2)-Au(1)-CI(1) and CI(2)-Au(1)-CI(3) are approximately
90 ° respectively, as expected (Table 5.1).

Figure 5.6: Molecular structure of [Au(lI)CI3(PTP)], (27) with selected atom

labelling. Atomic displacement shown at 50% probability.
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Figure 5.7: Symmetry generated dimer of [Au(lIDCI3(PTP)] (27) (symmetry

generation = 1-x, 1-y, 2-z). Au-Cl intermolecular contacts are 3.6911(17) A and the

dimer is stabilized by a weak bifurcated C-H...Cl interaction (dc. . = 2.73A,

2.77A). Octahedral coordination geometry for Au(lIl). Selected atoms labelled and

displacement shown at 50% probability.

Table 5.1. Selected bond lengths [A] and angles [°] determined for 27.

Bond Length A Bond Angles °
Au(1)-N(1) 2.072(3) N(1)-Au(1)-CI(1)  90.29(10)
Au(1)-Cl(1) 2.2923(13) N(1)-Au(1)-CI(3)  90.22(10)
Au(1)-Cl(2) 2.2673(13) CI(2)-Au(1)-CI(1) 89.32(5)
Au(1)-CI(3) 2.2897(13) CI(2)-Au(1)-CI(3) 90.10(5)
Au(1)-N(8) 2.853(4) N(1)-Au(1)-Cl(2)  176.62(10)

CI(3)-Au(1)#1 3.6911(17) CI3)-Au(1)-Cl(1)  178.72(4)
Au(1)-CI(3)- 100.34(5)
Au(1)#1
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Figure 5.8: Polyhedral representation of coordination geometry around the Au(lll)
centre in 27 showing edge sharing. Atomic displacement shown at 50% probability.

While there are multiple reports in the literature of Au(l) 1,2,3-triazoylidene

complexes,***

to the best of our knowledge there is only one report in the literature
describing Au(lll) coordination to a triazole N2 or N3. Yang ta reported the
synthesis of an Au(lll) complex of 1-(pyridin-2-yl)-1H-benzo[d][1,2,3]triazole
(PBT), Scheme 5.7, as a catalyst for the synthesis of E-a-haloenones.*® The
complex, which features an inverse triazole with respect to the pyridine, was
formulated as [AuCI,(PBT)]CI as per elemental analysis and in turn the PBT ligand
is proposed to act as a bidentate chelating ligand & the pyridine nitrogen and
triazole N2 as per Figure 5.6. It is possible, given the crystal structure described here
within, that the Au(lll) centre in the proposed [AuCly(PBT)]CI is coordinated to
three chlorido ligands and not two, and if so, should be reformulated as

[AuCI;(PBT)].

= KIAUC,] e
N N KOH, EtOH Ve
L ca’ o

Scheme 5.7: Synthesis of [AuCl,(PBT)]CI featuring the reported bidentate pyridyl

triazole coordination.®
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[AuCl3(BOC,-PTPD)] synthesis

Having established that Au(lll) readily coordinates to 6 & the 2-pyridyl group only,
we investigated the reactivity of Au(lll) with 7, where the DAP group is not free to
coordinate to Au(lll). [AuCl3(BOC,-PTPD)], 28 was synthesised in a single step
(Scheme 5.8) by mixing Na[AuCl,] with 7 in MeOH at rt for 18 h. The complex
readily forms as a precipitate which was collected by vacuum filtration as 28 in
excellent yield (91%).

BOC, 7 \
HN} ~ >N
N
HN N=N BOC, 7 \
BOC 7 HN ~ \N
Na[AuCly] :>7N\ ) \ ¢
MeOH HN N=N - Au~
rt, 18 h BOC cl

28
Scheme 5.8: Synthetic route to [AuCl3(BOC,-PTPD)].

The characterisation was informed by *H and *C NMR (acetone-dg) spectroscopy,
ESI-MS, EA, and FT-IR. The resonances observed in the *H and **C NMR spectrum
correlate with predicted values. ESI-MS in positive mode aided the identification of
product ion fragments relating to AuCIl,(BOC,-PTPD) (685.1 a.m.u.), AuCI,(BOC,-
PTPD)-tBu (629.1 amu.) and AuCl;(BOC,-PTPD)-2tBu (573.1 a.m.u.). In the IR
spectrum, the carbamate n(C=0) is evident at 1667 cm™. EA for 28 is consistent with
values for one ligand (7) and three chlorido ligands per Au(lll) centre and the
formula, [AuCl3(BOC,-PTPD)].1.25CH30H. The X-ray crystal structure previously
described for 27, fully supports the proposition that 7 serves as a monodentate ligand
in 28, binding Au(lll) by the pyridine nitrogen only and in turn Au(lll) bound by
three mono dentate chlorido ligands.

Nags[Au(I11Cl(PTPD)J[Au(DCI][Au(111)Cly]os synthesis

Having established that Au(lll) readily reacts with both 6 and 7, the reactivity of
Au(lll) with 8 was investigated as a fully deprotected multidentate ligand, PTPD,
which possesses a pyridyl and a DAP group in addition to the 1,2,3-triazole.
Na[AuCl,] was reacted in water with PTPD, post neutralisation of PTPD.3HCI (8)
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with base, to rapidly give a yellow solid (29, Scheme 5.9), which is essentially

insoluble in laboratory solvents, deuterated or not.

z
— + ~ \
N Z

CHNT o NN N /\(Ej
R Cl N N
2eq.Na[AuCl] —————= Naps| Af }N = [Au()CI,] [Au(IIlClylo s
cl” N
Ho

Hzo \N;N
NaOH, rt, 24 h

29
Scheme 5.9: Synthetic route to 29.

The characterisation was informed by ESI-MS, X-ray crystallography and FT-IR.
ESI-MS in positive mode aided the identification of the AuCl,(PTPD)* with a mass
peak of 485.1 a.m.u. Following determination of the X-ray crystal structure for 29,
examination of the EA revealed for the bulk solid that the analysis was consistent
with the formula, Nags[Au(I1)Cl,(PTPD)][Au(DCI2J[Au(lCls]os. In addition, the

crystal structure of the complex was solved as seen in Figure 5.9.

Given the poor solubility, it was fortunate that single crystals suitable for X-ray
diffraction analysis were obtained by slow evaporation from the filtrate at rt. As
expected, 8 preferentially coordinates Au(lll) & the bidentate DAP group over the
monodentate pyridine group (Figure 5.9).

X-ray crystal analysis of [Au(l11)CIl,(PTPD)][Au(D)CI;][OH]{[NaAuCl4.2H,0]}n
The ORTEP structure is reported in Figure 5.9, while the data relating to the crystal

and refinement patterns is reported in Table 5.4.

Cl3

Figure 5.9: Hydrogen bonded hydroxide/AuCl, (50% occupied each) charge
balanced complex in 29. The [Au(lIINCIy(PTPD)][Au(l)CI;][OH] complex also has
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{[NaAuCl,.2H,O]}n site sharing with the hydroxide at a lower occupancy (Figure
5.15b). Selected labelling and atomic displacement shown at 50% probability.

Table 5.2. Selected bond lengths [A] and angles [°] determined for 29.

Bond Length A Bond Angles °
Au(1)-CI(1) 2.2786(14) CI(2)-Au(1)-CI(1) 90.63(5)
Au(1)-CI(2) 2.2750(15) N(14)-Au(1)-CI(2) 88.69(14)
Au(1)-N(14) 2.037(5) N(14)-Au(1)-N(16) 90.7(2)
Au(1)-N(16) 2.056(5) N(16)-Au(1)-CI(1) 89.89(14)

N(14)-Au(1)-CI(1) 178.11(15)

N(16)-Au(1)-CI(2) 178.18(15)

There are relatively few examples of [Au(l11)Cl,]* coordinated by diamine groups in
the literature. Three ethane diamine coordinated examples have been reported with
chloride and nitrate counter ions.®® Several cyclohexane diamine chloride
complexes are also known.”>*! In these complexes, Au-N distances are ca. 2.02 —
2.038 A. The structure of 29, Figure 5.9, features the ligand 8 with an Au(I11)Cl,"
group coordinated by the bidentate DAP group. The Au-N distances, (2.037(5) and
2.053(5) A) are slightly longer than in previous examples, but shorter than that seen
in 27. The Au(I1)CI;N, moiety is planar. The counter ions are the linear [Au(1)Cl,]
anion and hydroxide (O1), which are half occupied. The coordination sphere of the
Au(lll) centre is completed by a chloride from the linear [Au(l)Cl;]" anion
(CI3...Aul = 3.238 A) and a chloride from the neighbouring [Au(III)Cl,(PTPD)]"
cation (CI1, symmetry generation = X, %-y, -1/2+z; Cl1...Aul = 3.524 A) forming a
distorted elongated octahedron, as seen in 27 for the Au(lll) centre, Figure 5.6.
These cations pack tail to tail (pyridyl to pyridyl) and form a © stacked assembly
(Figure 5.10-5.12). In the extended structure, the hydroxide anion is hydrogen bound
to a water molecule and this forms a hydrogen bonded scaffold tying the
[Au(lIDCIL(PTPD)][Au()CI;] chains together along the bc plane (Figure 5.10). The
partially occupied [NaAuCl,.2H,O]n (with disordered chlorides in three locations)
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also form chains which run parallel to the b-axis and separate pairs of anion bridged
cations of 29 (Figure 5.11).

The molecular structure of 29
([Au(lINCI(PTPD)[Au(DCIZ][OH]{[NaAuCl4.2H,0]}n) (Figure 5.10) shows all
Au(ll) molecules coordinated to the PTPD ligand in a square planar configuration.
In contrast to complex 27, there was no coordination of Au(lll) with the nitrogen of
the 2-pyridinyl group. This is clear evidence for the stronger affinity of gold for the
DAP amines over the pyridine nitrogen. The bond angles of the Au substituents
CI(2)-Au(2)-CI(1), N(14)-Au(1)-CI(2), N(14)-Au(1)-N(16), and N(16)-Au(1)-CI(1)

are approx. 90 ° respectively, demonstrating this geometry (Table 5.2.).

Figure 5.10: Extended structure of 29 showing the channel occupied in this instance
with the water hydrogen bonded hydroxide ion. Polyhedra represent the coordination
geometry around the Au(lll) centres in [AuCly(PTPD)]" completed by bridging
[Au(D)CI;] cations. These Au(lll) anions pack tail to tail (pyridyl to pyridyl) and
form a 7 stacked assembly (N1-C6-C4-C4-C3-C2) to symmetry generated pyridyl (X,
Y-y, -1/2+z) with a centroid to centroid distance = 3.588 A (shift distance = 1.196 A)
and also to another symmetry generated pyridyl (x, ¥%2-y, ¥%+z) with a centroid to
centroid distance = 3.588 A (shift distance = 1.163 A). Distorted octahedra and n
stacking as well as hydrogen bonding combine to form 2 sheets linked by the

[Au(D)CI;] anion which extend parallel to the bc plane.
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MIPMJ’

Figure 5.11: Extended structure of 29 showing the channel occupied in this instance
with the partially occupied [Na(AuCl,).2H,O]n charge neutral species. Polyhedra
represent the coordination geometry around the Au(lll) centres in [AuCl,(PTPD)]"
completed by bridging [Au(l)Cl,] ions as well as the [AuCl4]" centres.

Figure 5.12: Polyhedral representation of 29 of the anion bridged Au(I11)Cl; units in
forming vertex shared distorted octahedral viewed normal to the (A) a-axis and (B) b
—axis. Hydrogen bonded hydroxide and [NaAuCl4.2H,0]n chains omitted for clarity.

There are many reports in the literature in relation to the reduction of Au(lll) centres

4244 including pyridine.*

on reaction with nucleophiles in aqueous solution,
Specifically Burovi¢ @ reported that reaction of [AuCl,]” with equimolar amounts
of pyridine gave the substitution product whereas in the presence of excess pyridine a

second step involved reduction of Au(l11) to Au(l).*®
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Synthesis of Pt complexes

[PtCIy(PTP)] synthesis

As highlighted above, 6 was synthesized to serve as a model ligand to investigate the
reactivity of the 2-pyridyl 1,2,3-triazole moiety of 8, which additionally possesses
the DAP group. A [PtCI,(PTP)] complex and its X-ray crystal structure was
previously reported by Schweinfurth &8 (compound 30).** The structure clearly
highlights the propensity of the 2-pyridyl 1,2,3-triazole moiety to act as a bidentate
ligand for Pt(Il) centres (30, Scheme 5.10). Below are details of a novel synthetic

route to the two previously reported methods.*®’

[PtCI(PTP)], 30 was synthesised in a single step (Scheme 5.10) by mixing an
aqueous solution of K,[PtCls] with a methanolic solution of 6 for 4 days at rt. The
complex readily forms as a precipitate which was collected by vacuum filtration as
30. The previously reported synthesis described a 1 h stir of the ligand with
[PtCI,(COD)] in DCM* and a 24 h reflux of [PtCl,(DMSO),] with the ligand in
MeOH ¥/

F O
Ko[PtCly] 6 - ‘ N

1:1 MeOH:H,O
rt, 4 days 30

Scheme 5.10: Synthetic route to [PtCI,(PTP)], 30.

The characterisation was informed by 'H and *C (DMF-d;) NMR spectroscopy,
ESI-MS, EA and FT-IR. EA for 30 is consistent with values for
[PtCI>(PTP)].0.5CH30OH.  All other analysis correlated with those previously

reported. “*

[PtCI,(PTPDH,)][PtCl,] synthesis

To demonstrate that the 2-pyridyl 1,2,3-triazole moiety in our novel multidentate
ligand PTPD could also effectively bind to Pt(1l) centres, K,[PtCl,] was reacted with
8 in AcOH under reflux for 4 days to give a precipitate upon cooling, as
[Pt(INCI,(PTPDHy)][PtCl,] (31, Scheme 5.11) in excellent yield (91%). In selecting
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acetic acid as a solvent the DAP group was “protected” and less likely to coordinate

Pt(11) as the amines are protonated in an acidic solvent.

%
o, )
}N\ =N
ClHN— o N ! [PCl,]
Ko[PtCI,] — H3N N’ Pt‘C'
c ¢
115 °C, 4 days - 31 -

Scheme 5.11: Synthetic route to [PtCl,(PTPDH,)][PtCl,], 31.

The characterisation was informed by *H NMR (D,0) spectroscopy, ESI-MS, X-ray
crystallography and FT-IR. Of the resonances observed in the *H NMR spectrum the
triazole is the furthest downfield signal as a singlet at 8.98 ppm. Four poorly resolved
signals associated with the pyridyl protons are observed between 8.66, 8.11, 7.99 and
7.43 ppm and integrate for four in total as required. The six ammonium protons are
observed as a multiplet at 8.40 ppm. The methine and methylene protons are found at
5.40 and 3.42 ppm respectively. ESI-MS in positive mode aided the identification of
the product ion fragments PtCI,PTPD+H and PtCI,PTPD+2Na with mass peaks of
484.6 and 532.4 a.m.u. respectively. EA for 31 is consistent with values for
[PtCI,(PTPDH,)][PtCl4].0.5CH3COOH. In addition, crystals were obtained by slow

filtration at rt and the structure was solved as seen in Figure 5.13.

X-ray crystal analysis of [Pt(11)Cl,(PTPD)][PtCl,]

The ORTEP structure of the major conformation of 31 is shown in Figure 5.13,
while the data relating to the crystal and refinement patterns is reported in Table 5.4.
In 31, the metal chloride is coordinated to the pyridyl and triazole nitrogen atoms
with Pt-N distances of 2.001(10), 2.16(3) and 1.994(10), 1.84(2) A respectively. Pt-
Cl distances are 2.284(3) and 2.290(3) A for both complexes. The metal ligand
moiety is essentially planar in both unique molecules in the structure. There are few
congeners with substituents on the triazole (pyridyl,*® phenyl,™* hexyl*®) reported in
the literature. In these few examples, pyridyl N-Pt distances range from 2.028 - 2.047
A, triazole N-Pt 1.986-1.994 A and Pt-Cl 2.283-2.292 A. Also in these complexes,
the metal ligand moiety is essentially planar. In 31 however, the
[Pt(1)Cl(PTPDH,)]** groups stack parallel to the b-axis in an ABCDA motif with a
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separation of ca. 3.4 A. The Pt atoms do not line directly over each other but are

offset with a dp,_p; Of 3.308 and 3.588 A. The anions [PtCI4]2' surround the stacks
along the (001) plane.

cl9 c112

Pt

Cl11

Figure 5.13: Disordered asymmetric unit of 31 showing the fully disordered ligand
coordinated to Pt2, and the fully disordered anion [PtCls]*. MeOH is only partially

occupied. Unresolved disordered solvent was also removed using SQUEEZE

(approx. 5SMeOH, 6H,0 per unit cell).

Table 5.3. Selected bond lengths [A] and angles [°] determined for 31.

Bond Length A Bond Angles °
Pt(1)-N(1) 2.001(10) N(1)-Pt(1)-CI(1) 94.7(3)
Pt(1)-N(11) 1.994(10) CI(2)-Pt(1)-CI(1) 90.14(14)
Pt(1)-CI(1) 2.290(3) N(11)-Pt(1)-N() 80.0(4)
Pt(1)-CI(2) 2.284(4) N(11)-Pt(1)-CI(2) 95.2(3)

N(1)-Pt(1)-CI(2) 175.1(3)
N(11)-Pt(1)-CI(1) 174.6(3)
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A B C
Figure 5.14: Packing diagrams of 31 viewed (A) normal to the a-axis showing the
Pt(I1)CI(PTPDH,) stacks with the PtCl, anion filler along the (001) plane (B)

normal to the a-axis showing the links between Pt centres and (C) normal to the b-

axis, down the Pt axis.

[Pt3Cl4(PTPD),]Cl; synthesis

Given that Pt(ll) readily reacts with both 6 and PTPDH3; 8, the reactivity of Pt(Il)
with the deprotonated ligand 8, PTPD, was also investigated. The novel and fully
deprotected multidentate ligand, PTPD, possesses a pyridyl and a DAP group in
addition to the 1,2,3-triazole. 32 was synthesised in a single step by mixing
K,[PtCl,] with PTPD in a 2:1 ratio in H,O for 3 days at rt to give the proposed
[Pt(11)sCl4(PTPD),]CI; (32, Scheme 5.12).

~ \

CIHN

oo v w

=N — /

CIHaN N Cl Pt N Pt ol
/N~Pt— 2

2 eq. Ky[PtCl)] ———— 2 N cl

H,O \
KOH, rt, 3 days VY

32

Scheme 5.12: Synthetic route to [PtzCl4(PTPD),]Cl..

The characterisation was informed by HR ESI-MS, EA and FT-IR. EA for 32 is
consistent with two PTPD ligands and six chlorine atoms per three Pt(ll) centres,
C20H28C|6N12Pt3.
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Given 32 is essentially insoluble in common laboratory solvents, NMR spectroscopic
characterisation was not successfully undertaken. HRMS helped identify the product
ion fragment associated with PtCI(PTPD) (449.027) and PtCl,(PTPD)+H (485.034)
and significantly Pt,(PTPD).Cl; (933.100) Pty(PTPD).Cls+H (969.065) and
Pt3(PTPD),Cls (1198.993), Figure 5.15.

EK-5-227 ¢
90000 +

485.0341
80000

70000

60000

449.0270
50000 o

40000 4 969.0648

|
5581300

30000

20000 -

1198.9415

8422858

10000 4

300 600 900 1200

miz

Figure 5.15: HR ESI-MS of 32.

Though bis(diammino) complexes are more closely associated with Pd(ll) centres,

Pt(Il) bis(diammino) complexes are well represented in the literature,®*

including
Pt complexes of 1,3-diaminopropane.®? In addition, bis(ethylenediamino)platinum(l1)
chloride is commercially available. In turn we suggest that our novel ligand PTPD in
32 bridges two Pt(Il) centres and that the two PTPD ligands coordinate three Pt(l1)

centres as per the proposed coordination compound for 32 (Scheme 5.11).
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The x-ray crystal structures in this chapter were determined by Dr. Brendan
Twamley at the School of Chemistry, Trinity College Dublin.

Table 5.4. Crystallographic details for all structures 27, 29 and 31.

Compound 27 29 31
Empirical formula C13H10AUCI3N, CaoansoAUasoCioaliz | CroasHrCleNeOozs
Nag.5004.40 Pt,
Formula weight 525.57 1608.97 831.18
Temperature (K) 100(2) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073 0.71073
Instrument ECO ECO ECO
Crystal system Triclinic Monoclinic Triclinic
Space group Pp P2,/c Pp
a(A) 6.960(3) 15.2675(6) 12.4400(6)
b (A) 9.060(4) 18.9896(7) 13.3881(6)
c(A) 12.468(6) 7.1416(3) 15.1617(7)
U(°) 88.87(3) 90 76.6984(17)
b (°) 76.044(16) 99.1035(11) 68.0193(18)
() 86.372(11) 90 89.2239(19)
Volume (A% 761.5(6) 2044.44(14) 2271.40(19)
Z 2 2 4
} (calc. Mg/m®) 1.472 2.614 2.431
e (mm?) 2.292 14.250 13.018
F(000) 492 1483 1522

Crystal size (mm°)

0.28x0.24x0.16

0.18 x 0.08 x 0.08

0.13x0.03x0.03

Theta range for

i 2.806 to 28.414 2.908 to 26.468 2.269 to 26.560
data collection (°)
Reflections
11304 40737 36729
collected
Independent 3795 [R(int) = ) 9231 [R(int) =
] 4212 [R(int) = 0.0293]
reflections 0.0462] 0.0891]
Max. and min.
o 0.7457 and 0.3481 0.0276 and 0.0080 0.7454 and 0.4504
transmission
Data / restraints / 3795/0/190 4212 / 965/ 232 9231 /604 / 648
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parameters
Goodness-of-fit on
1.067 1.106 1.030
F2

Final R indices R1 =0.0260, R1 =0.0258, R1 =0.0495,
[1>26(1)] wR2 = 0.0550 wR2 = 0.0657 wR2 =0.0980
o R1 =0.0337, 0.0297, R1 =0.0928,

R indices (all data)
wR2 = 0.0579 wR2 =0.0673 wR2 =0.1131

Largest diff. peak
and hole (e.A®)

1.195 and -2.065

1.233 and -0.853

1.977 and -2.523
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Conclusion

The synthesis and characterisation of a novel polydentate 1,4-disubstituted 1,2,3-
triazole based ligand, 2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-diamine
(PTPD) is described. X-ray structural characterisation of [Au(lICI3(PTP)] (27),
[Au(lINCI(PTPD)][Au(DCI;][OH]{[NaAuCl4.2H,0]}n (29) and
[Pt(I1)CI,(PTPDH,)][PtCl;] (31) and characterisation of [Au(lI1)Cl3(BOC,-PTPD)]
(28) and [Pt(I)3Cl4(PTPD)2]Cl, (32) support the proposition that PTPD is an
interesting multidentate ligand that can bind metal centres through a variety of
coordination modes including bidentate coordination through the DAP group,
bidentate through the triazole N3 and pyridyl nitrogen and monodentate through the
pyridyl nitrogen. Ultimately PTPD is a versatile and ideal ligand template for the
development of mixed metal complexes of Pt and Au and Pt/Au and other transition

metals.

Future Work

Although the complexes were well characterised, the poor solubility of many of the
polydentate metal complexes described potentially limit their application. For
example, if [Pt(11)sCl4(PTPD),]Cl, possessed superior water solubility, it could be
investigated as a triplatinum type anticancer agent, which were designed to clamp
DNA & formation of DNA adducts.

Future investigations could be undertaken to improve the solubility of these
complexes. Ultimately, PTPD should be employed as a multidentate ligand to
generate mixed metal complexes of Pt, Au and other transition metals. Reactions

could be undertaken stepwise, where metals are reacted sequentially or in one pot.

In addition, it would be worthwhile to synthesise the “inverse” PTPD ligand and its
Au(lll) and Pt(ll) complexes for comparison with the complexes described here

within.
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Abstract

Click Chemistry has a very important role to play in the functionalisation of Pt-based
drugs. This chapter builds on the research carried out in Chapters 3 and 5 and
comprises three mini chapter sections. Specifically, novel strategies (i) to conjugate a
previously reported cage ligand to a fluorophore conjugate & click chemistry, (ii) to
synthesise novel Pt steroid conjugates & click chemistry and (iii) to develop novel

Pt(Il) tetrazine iIEDDA click capable complexes/templates are described.

Introduction

Metal chelating ligands are frequently used in the design of self-assembled structures
in supramolecular coordination chemistry. Metal cage structures for example have
biological applications for the encapsulation of (counter)ions and metallodrug
complexes (e.g. cisplatin) as drug delivery systems (Figure 6.1).1 The Kiihn and
Casini research groups for instance developed metal (Pt and Pd) cage structures
using rigid bis(monodentate) pyridyl ligands as scaffolds and Casini demonstrated
that their Pd cage could be used as a system to deliver the anticancer drug cisplatin.

R = NH2, OH, CHon

X=CH,N

Figure 6.1: Pd metallocage complexes previously synthesised which encapsulated

two cisplatin molecules.’

Casini and coworkers wish to improve upon the functionality of their metallocages
and to track the metallocages in cells. Dr. Griffith and Prof. Casini (Cardiff

University) initiated a collaboration, where it was agreed that the Griffith group
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would functionalise the cage ligands with an azide group, establish a protocol for the
click reaction and click the cage ligand with a NIR-AZA fluorophore provided by
Prof. Donal O’Shea..”? This work was a natural fit with the theme of this thesis and
therefore the synthesis of a novel click chemistry cage ligand with an azide handle

and its potential for functionalisation was investigated.

Anticancer hormone therapy utilising steroids and their derivatives is one of the
oldest clinical techniques for treatment of cancer.® It has been demonstrated that
hormone sensitive cancer cell lines e.g. breast,*® prostate” and ovarian,® are
sensitised to Pt drugs when administered with steroid compounds. For example,
estrogen and progesterone have been shown to improve the anticancer effect of
cisplatin and improve its activity against Pt resistant cancer cell lines.® This is due to
the increased demand by cancer cells for steroids in their growth and as such the
upregulated number of steroid hormone receptors (SHRs) they exhibit.™

To date, a number of Pt-steroid derivatives have been successfully synthesised and
exhibit cytotoxicity but they are not more cytotoxic than the parent Pt drug alone in
most instances.® * However, it is feasible that conjugation of steroids to Pt drugs
may help with the goal of overcoming Pt resistance either by inhibition of an
essential pathway or through an alternate Pt cellular uptake mechanism. In this
chapter, a series of novel bidentate steroid derived ligands and their corresponding

Pt(11) complexes were developed.

0]

(0]
ON /NH3 O, NHj3
OH HN Pt. OH HN Pt.
...\}@ o NHs ..‘.15—§ o NHs
[O}N©) [O}Ne)
HO 0o
(a

(b)
Figure 6.2: Examples of Pt-steroid complexes (a) Pt(Il) benzamide-malonate

12
|

estradiol'® and (b) Pt(11) malonate testosterone.*®

IEDDA is rapidly becoming one of the most promising bioorthogonal click
approaches employed due to the rapid rate at which it occurs and the diversity of
templates commercially available for use. Functionalisation of a Pt complex with a
tetrazine moiety would allow for rapid conjugation i and n with a

corresponding cyclooctyne or & -cyclooctene group. These cyclooct-yne and -ene
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groups may be attached to a myriad of compounds such as fluorescent probes,
targeting moieties and secondary drug molecules.**** To the best of our knowledge,

this strategy has not yet been employed with a Pt complex.

Rationale

This chapter comprises novel strategies in the fields of Pt and click chemistry, which
do not tie directly with topics covered in chapters 3, 4 or 5 and/or merit a stand-alone
chapter. It will serve to increase our understanding of and further demonstrate the

importance of click chemistry to Pt conjugation strategies.

Chapter Aims

1 To develop a strategy to conjugate a previously reported cage ligand to a

fluorophore conjugate & click chemistry.
1 To synthesise novel Pt steroid conjugates & click chemistry.

1 To develop novel Pt(l1) tetrazine iEDDA click capable complexes/templates.
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Synthesis of azide cage ligands

3,3'-((5-azido-1,3-phenylene)bis(ethyne-2,1-diyl))dipyridine (CageL-Ns3)
synthesis

As discussed, rigid bis(mondentate) pyridyl ligands (CagelL, Scheme 6.1) were
employed by Casini and coworkers to develop Pd and Pt cage complexes of formula
M,L,4 (Figure 6.6). The introduction of an azide handle on to the benzene ring of
these ligands would facilitate click reactions and easy functionalisation of the cage

ligands.

CageL-Ng3, 14, was synthesised from its corresponding amino precursor in a single
step in high yield (98%), following the previously described method for the synthesis
of 5 and as shown below in Scheme 6.1.

NH, NE
N Z X 2:1 H,0:HCI (6M) N Z X N
| | i) NaNO, 0 °C, 30 min || |
P P " P P
N N ||) NaN3, rt, 2h
Cagel iii) ~pH 8.5 N 14 N
98%

Scheme 6.1: Synthetic route to compound 14.

14 was characterised by *H and *C NMR (CDCls) spectroscopy, where the absence
of the broad single peak at 3.91 ppm in the proton spectrum indicated the loss of the
NH; group (Figure 6.3). The aromatic protons were observed as six signals at 8.77,
8.59, 7.82, 7.51, 7.32 and 7.19 ppm and integrating in total for eleven as required.
ESI-MS in positive mode aided the identification of the M+H with a mass peak of
322.4 a.m.u. In addition, the M-N, and M-N3 fragmentation peaks were observed at
294.3 and 279.2 a.m.u. respectively. A sharp peak was observed in the FT-IR
spectrum at 2107 cm™, which is indicative of the newly formed azide functional

group.
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AC-Cage-NH,

95 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25
f1 (ppm)

Figure 6.3: '"H NMR overlap of CagelL-Ns, 14 (top) and the starting compound
CageL-NH; (bottom). The circle highlights the loss of the amino group.

Click reactions of CageL-N3;

Two click reactions were performed on 14 @ CuAAC (Scheme 6.2). In the first
instance, 3,3'-((5-(4-phenyl-1H-1,2,3-triazol-4-yl)-1,3-phenylene)bis(ethyne-2,1-
diyl))dipyridine (15) was synthesised on reaction of CageL-N3; with phenacetylene as
a proof of concept for the click reaction and to ensure that potential interactions
between the Cu(l) catalyst and the pyridyl group N atoms did not adversely affect
reaction progression. 15 was characterised by 'H and *C NMR (CDCls)
spectroscopy. In the *H NMR spectrum, the three aromatic signals at 7.91, 7.84 and
7.78 ppm which integrate in the ratio of 2:2:1 are attributed to the phenyl group
protons. Additionally, the single proton resonance at 8.27 ppm represents the newly
formed triazole proton. ESI-MS in positive mode aided the identification of the M+H
with a mass peak of 424.2 a.m.u. The previously observed azide peak was absent
from the FT-IR spectrum indicating a complete click reaction and formation of 15.

Subsequent to the successful synthesis of 15, CageL-N3 was reacted with the MAMP
NIR-AZA fluorophore to give 3,3-((5-(4-(MAMP-NIR-AZA)-1H-1,2,3-triazol-4-
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yl)-1,3-phenylene)bis(ethyne-2,1-diyl))dipyridine (Cage-T-MAMP), 16, the desired

cage ligand fluorophore conjugate.

N3
——MAMP-NIR-AZA

1:4 DCM:H,0 = AN 1:1 THF:H,0
5%mol CuSO,.5H,0 | ~ | ~ 40%mol CuSO,.5H,0
1.3mol eq. Na Ascorbate = = 40%mol Na Ascorbate

5h,rt
96%

N
N \£
N
= A
X X
W P
N 15 N

Scheme 6.2: Synthetic route to compound 15 and 16 @ CuAAC.

1h,rt
43%

16 was characterised by *H and *°F NMR (DMSO-ds) spectroscopy and ESI-MS. In
the 'H NMR spectrum of 16, the signal at 3.92 ppm corresponds to the methylene of
the ether bridge between the triazole and aromatic ring of the MAMP fluorophore.
Four aromatic signals at 8.17-7.95, 7.52, 7.31 and 6.95 ppm, which integrate in the
ratio of 8:8:2:2 and are associated with the MAMP fluorophore aromatic rings are
observed. The remaining aromatic signals correspond to the three aryl and pyridyl
groups of the cage ligand moiety. The *°F spectrum of 16 exhibits a standard quartet
signal at -130.40 ppm, which is standard for BODIPY compounds.’**” ESI-MS in

negative mode aided the identification of the M-H with a mass peak of 887.4 a.m.u.
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Fluorescent properties and analysis of Cage-T-MAMP

— N=N N
0]
ud b |
\\\ | Q
_N
MAMP Cage-T-MAMP

Figure 6.4: Structures of MAMP and Cage-T-MAMP (16).

As discussed in chapter 3, NIR-AZA compounds are known for having good
photostability and NIR properties. In this instance the click conjugate 16 in CHCI;
(Amax@bs = 680 nm, Anaxem = 716 nm) was found to maintain the excellent NIR
spectral properties of the free fluorophore (MAMP) with only minor differences in
the Amaxem observed while the Anaxabs was unchanged (Figure 6.5).

These spectral properties correlate with other clicked derivatives of MAMP reported
by Murtagh ta for example, which also demonstrated minor changes in the

Amaxabs and Amax€m on conjugation using click chemistry.

1000

05 |
Z 800
0.4 - 2
g g
g 0.3 | E 600 |
8 &
3 02 g 400
[=]
0.1 - 2 200 |
0.0 - , ‘ ‘ : 0 , , , :
400 500 600 700 800 900 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
Compound (solvent) Amax abs (nm) Amax €m (nm)
MAMP (CHCl3) 680 708
16 (CHCly) 680 716

Figure 6.5: UV-vis and fluorescence properties of MAMP and 16. Graph displaying

absorbance (blue) and fluorescent emission (red) of 16.
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14 and 16 were synthesised successfully in good yields. Notably the 2 step reactions
were very rapid and produced clean products. 14 and 16 will be supplied to Casini
and coworkers, where reaction with Pt and Pd precursors will generate the
corresponding M,L, cage complexes by self-assembly (Figure 6.6). The cage
complexes of 14 could potentially be modified h b using SPAAC or iEDDA
click chemistry, for example, and the uptake, transport and localisation of the cage

complex of 16 which features a fluorophore will be tracked.

_ e _ e
\ N=MTN \ N MN
y \/M W\ \ ) \/M W \
4 A\
QO QU
N, // N; R // R
3 R
N\ O Ly N\ O N4
—\ )= —\ )=
N\ /N \ M
@/ @/

Figure 6.6: Potential M,L, metal cage structures of 14 and 16, where M = Pt or Pd
and R = MAMP fluorophore or another potential clicked structure derived from 14.

Encapsulated ion or drug indicated by purple sphere.
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Synthesis of Pt steroid complexes

The same synthetic strategy was developed to synthesise a Pt-estradiol complex and

a Pt-testosterone complex as described below.

In the first step, | employed CUAAC to click 3 with the terminal alkyne steroid
derivative as per Scheme 5.4 (chapter 5) to generate 10 and 12. In the second step,
BOC deprotection of the amines using acid was used to form the hydrochloride salts
of 11 and 13, as per Chapter 5, Scheme 5.4. In the third step, reaction of 11 or 13
with two equivalents of base (NaOH or DBU) in a water:DMF mixture and
subsequent reaction with the Pt precursors 33 or 36 gave corresponding Pt-steroid

complexes 38-40 (Scheme 6.3, Figure 6.7).

From here on in, the neutralised steroid ligands of the estradiol derivative 11 and the
testosterone derivative 13 will be referred to as DAP-estradiol and as DAP-

testosterone respectively.

Pt-Steroid complexes

N3

R,
7—N .
( N N NH;CI
_NH HN. g = 3
BOC™ ;" BOC N N N{+ _
= =
R"™ ')\ y NH;CI
1:4 MeOH:H,0 NH HN 1:1 EtOAC:HCI (6M)
10%mol CuSO,.5H,0  BOC BOC )2 h, rt 1113
2mol eq. Na Ascorbate 10/12 ii)18 h,-18 °C

95/22%

2 days 40 °C DMF
97/94% DBU,
2 days, rt
33
0,
i) NaOH, rt 58%
ii) 36, 100 °C, 6 h
H, 0 74/-% H, o
n=N N, O N=N N
N /Pt\ N /Pt
R N} R N cl
H, o) H,
38/40 39
(o] o) e)
./ SV
O\ /S\ CI\ /S\
Pt /Pt\ e
of s o s
o o o
36 33

Scheme 6.3: Planned synthetic route to [Pt(l1I)(CBDCA)(DAP-estradiol)] 38,
[Pt(INCIl,(DAP-estradiol)] 39 and [Pt(I1)(CBDCA)(DAP-testosterone)] 40.
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Figure 6.7: Structures of proposed Pt-steroid complexes 38 [Pt(11)(CBDCA)(DAP-
Estradiol)], 39 [Pt(I)Cly(DAP-Estradiol)] and 40 [Pt(1l)(CBDCA)(DAP-
Testosterone)].

The characterisation for each compound was informed using a variety of *H, *C and
%pt NMR spectroscopy, ESI-MS, EA and FT-IR, which correlated with the
theoretical values demonstrating the formation of the desired complex, with the

exception of complex 40, which was not successfully synthesised.

DAP-Estradiol synthesis

The BOC protected product 10 was characterised by *H NMR (CDCl3) spectroscopy,
where a single, large peak at 1.42 ppm correlates to the two symmetrical BOC
groups attached. The triazole peak was found as a singlet at 7.65 ppm (Figure 6.8).
The remaining 30 protons are accounted for by the remaining 14 signals, with 5
protons overlapping with the large BOC peak integrating for 49 protons in total. The
3C NMR spectrum displayed 26 signals accounting for the 26 unique carbons of the
33 carbon structure of 10. ESI-MS in positive mode aided the identification of the
M+H and M+Na mass peaks of 612.5 and 634.5 a.m.u. respectively.
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f1 (ppm)

Figure 6.8: Overlap *H NMR of estradiol starting material, ethynyl estradiol and 10.
The emergence of the new signal for the triazole proton at 7.65 ppm is circled in
green, and the appearance of the large signal of 18 protons of the two BOC groups is
shown in purple at 1.42 ppm.

The dihydrochloride salt product 11 was characterised by *H NMR (D,O)
spectroscopy where the absence of a single, large upfield signal that correlates to the
two BOC groups demonstrated the successful deprotection of the compound. In
addition, the *H NMR spectra exhibited 28 protons across 15 signals, compared to
the predicted 35 protons of 11, which correlated with the predicted structure given
that NH3 and OH protons typically aren’t observed due to the broadening of the
signal associated with NH3 due to H-bonding and exchange of and OH in D,0. The
13C NMR spectrum displayed the predicted 23 carbon signals and the absence of the
relatively large BOC carbon signals. ESI-MS in positive mode aided the
identification of the M-2Cl and M-Cl mass peaks of 412.4 and 446.5 a.m.u.

respectively.
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Platinum DAP-estradiol synthesis

Two unique Pt-estradiol complexes, 38 and 39 were successfully synthesised by two
variant Pt complexation methods, where 38, the dicarboxylato complex serves as a
carboplatin analogue and 39, the dichlorido complex serves as a cisplatin analogue.

The characterisation of 38 was informed by *H NMR (DMF-d; and DMSO-dg), **°Pt
NMR (DMSO-ds) spectroscopy, EA and FT-IR. The resonances observed in the
DMF-d; *H NMR spectrum correlate with predicted values. 32 protons were
accounted for of the expected 39. Outstanding proton signals are found within the
DMF and water residual solvent peaks, in line with the number observed for the free
ligand 11. Likewise, 32 protons were accounted for in a similar manner in the
DMSO-ds 'H NMR. The **Pt NMR spectrum of 39 displayed a single peak at -
3245.61 ppm, which falls into the predicted range of Pt(II)(O,0’)N; type
complexes.”>% Elemental analysis for 38 is consistent with the theoretical values of
[Pt(11)(CBDCA)(DAP-Estradiol)].1.5H,0. FT-IR shows the carbonyl nC=0 peak of
the bidentate CBDCA at 1648 cm™,

The characterisation of 39 was informed by *H NMR (DMF-d;), ***Pt NMR (DMSO-
ds) spectroscopy, EA and FT-IR. The resonances observed in the DMF-d; *H NMR
spectrum integrate for 34 protons, which correlate with predicted values for 39 and
with the free ligand 11. The **Pt NMR spectrum of 39 displayed a single peak at
-2277.74 ppm, which falls into the predicted range of Pt(11)N,Cl, type complexes.”®”
21

Elemental analysis for 39 is consistent with the theoretical values of
[Pt(I1)CI,(DAP-Estradiol)].0.25H,0.

Unlike previously reported Pt-steroid complexes connected &  N,N-bidentate
ligands (Figure 6.9), the novel complexes 38 and 39 are coordinated to the Pt(ll)
metal centre from the steroid over a shorter distance, and utilise a click triazole
spacer moiety (Figure 6.7). In addition, the previously reported examples of Pt-
estrogen complexes have used a variety of modifications to the steroid frame to form
a ligand, through C17 on the D ring (Figure 6.9a),*? as reported with complexes 38
and 39, through C15 of the D ring (Figure 6.9b), which utilises a PEG spacer
group®® and by C7 of the B ring (Figure 6.9¢).%
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Figure 6.9: Examples of Pt(ll) estrogen complexes which use N,N-bidentate

linkers, 2 2122

DAP-Testosterone synthesis

The BOC protected product 12 was characterised by *H NMR (CDCls) spectroscopy
where a single, large peak at 1.42 ppm correlates to the two symmetrical BOC
groups attached. The triazole peak serving as the diagnostic signal was found as a
singlet at 7.58 ppm, integrating for one proton (Figure 6.10). The predicted 53
protons were identified in the *H NMR spectrum across 16 signals. Furthermore, the
3C NMR spectrum displayed the expected 26 unique peaks for the 34 carbon
structure of 12. ESI-MS in positive mode aided the identification of the M+H and
M+Na mass peaks of 628.5 and 650.5 a.m.u. respectively.
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Ethisterone

12

85 80 235 0 63 6.0 35 S0 0.0

Figure 6.10: Overlap *H NMR of testosterone starting material, ethisterone and 12.
The emergence of the new triazole proton at 7.58 ppm is circled in green, and the
appearance of the 18 protons of the two BOC groups is shown in purple at 1.42 ppm

are evidence of 12’s formation.

The dihydrochloride salt product 13 was characterised by *H NMR (MeOD-dj)
spectroscopy where the absence of the single, large upfield signal that correlates to
the two BOC groups demonstrated the successful deprotection of the compound. In
addition, the *H NMR spectra exhibited 31 protons across 14 signals, compared to
the predicted 39 protons of 13, which correlated with the predicted structure given
that the outstanding protons are accounted for due to (i) the broadening of the signal
associated with NH3 H-bonding in MeOD-d,, (ii) exchange of OH protons with
MeOD-d, and (iii) the final proton predicted to be masked by the residual water
solvent peak. The *C NMR spectrum was as expected, also showing the absence of
the large BOC carbon peaks. ESI-MS in positive mode aided the identification of the
M-2Cl mass peak of 428.5 a.m.u.
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Platinum DAP-testosterone attempted synthesis

The carboplatin-like testosterone derivate was not successfully synthesised. There is
evidence in the 'H NMR (DMF-d;) and ESI-MS spectra that the ligand scaffold (13)
decomposes under the reaction conditions. In the *"H NMR, 31 protons are observed
across 14 signals compared to the predicted 43 protons. ESI-MS in positive mode
gave an unidentified signal at 570.3 a.m.u. which displays a Pt(Il) mass pattern.
Furthermore the EA of attempted reaction 40 also did not agree with the required

values.

Within the literature and reviews on this topic there are relatively few examples of
Pt-testosterone complexes reported when compared with the number of Pt estrogen
type complexes, as evident in the reviews of Gust ta ., La Bideau th and
Johnstone #& % ™ 2 This may be due in part to the relatively poorer aqueous
solubility and solubility in aqueous miscible solvents of testosterone in comparison

24-25
l,

to estradio making it more challenging to successfully complex with Pt(I1).

Although a Pt-testosterone derivative could not be synthesised, the two novel Pt-
estradiol complexes, 38 and 39, as carboplatin and cisplatin analogues were
successfully generated in good with yield and analysis. These Pt-steroid conjugates,
which may be endowed with improved targeting and cancer selectivity relative to
cisplatin and carboplatin, represent interesting novel candidates for i

cytotoxicity testing.
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Synthesis of Pt DMSO n-propylamine complexes

Pt DMSO n-propylamine (n-pa) [PtCI,(DMSO)(n-pa)]

[Pt(CBDCA)(DMSO)(n-pa)] were selected as ideal precursors for the synthesis of Pt

complexes, and

mixed amine dichlorido complexes and CBDCA complexes featuring a tetrazine

handle and as cisplatin and carboplatin analogues respectively.

o -4
OAg
-+
OAg
Oy, o A~ O
L] 3 eq. DMSO C'\Pt/s\ 35 o_ s
PICle Pt
H20 c’ >s7 H,0 o s{
18 h, rt, dark o 18 h, rt, dark o) o
92% 33 50% 36
H,0 H.0
H,N">" | 18h 40°C H,N" " | 18h 40°C
66% 61%
O, Q Oy
\pt /S\ O\Pt/s\
N~ o W
H, 3 Ha
34 37

Scheme 6.4: Synthetic route for the synthesis of Pt dichlorido and Pt CBDCA
complexes containing DMSO and n-pa ligands 34 and 37.

Table 6.1. Overview of the peaks observed by IR spectroscopy.

Complex v (-MN)stretch | v (-N)bend | v ( C=0) s| v( S=0) s
33 1016 cm™
34 3248, 3202 cm™ 1572 cm™ 1039 cm™
35 1495 cm™
CBDCAH; 1687 cm™
36 1602 cm™ 1660 cm™ 1025 cm™
37 3252,3203cm™ | 1615cm™ 1655 cm™ 1030 cm™
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8 -[Pt(1)CIly(DMSO),] synthesis

8 -[Pt(INCI(DMSO0),], 33 was synthesised in a single step following the previous
published method of Shahabadi @~ *® K,[PtCl,] was dissolved in H,O with 3 eq. of
DMSO and stirred at rt for 18 h in the dark to yield 33 (Scheme 6.4). The
characterisation was informed by FT-IR and EA, which correlated with the

previously reported analysis.*®

8 -[Pt(11)Cl(DMSO)(n-pa)] synthesis
8 -[Pt(ICI(DMSO)(n-pa)], 34 was synthesised in a single step by stirring a
suspension of 33 in H,O with n-pa at 40 °C for 2 h to yield 34 (Scheme 6.4).

The characterisation was informed by *H and **C NMR (D0) spectroscopy, ESI-MS
and FT-IR. The resonances observed in the *H NMR spectrum correlate with
predicted values and splitting pattern of n-pa, giving three diagnostic peaks; at 2.83-
2.70 ppm the most down field CH, due to the amine groups deshielding effect, at
1.67 ppm the central CH, group and at 0.91 ppm, the terminal CH; of n-pa.
Combined with the presence of the 6 protons of the DMSO ligand from 3.54-3.40
ppm, this confirms a successful synthesis. ESI-MS in positive mode aided the
identification of the M+Na with a mass peak of 426.3 a.m.u. Elemental analysis for
34 is consistent with theoretical values. In addition, the crystal structure of the
complex was solved as seen in the ORTEP structure, in Figure 6.11. The novel
unpublished structure was identified, with a polymeric ladder formation running
parallel to the b-axis formed by long Pt-Cl interactions (Figure 6.12). The data
relating to the crystal and refinement patterns is reported in Table 6.2.

Figure 6.10: ORTEP diagram of 34 with atomic displacement parameters shown at
50% probability. Non-carbon atoms labelled and hydrogen atoms omitted for clarity.
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=k

Figure 6.11: Polymeric ladder formation of 34 running parallel to the b-axis formed
by long Pt...Cl interactions (CI2...Pt$1 = 3.8031(5)A, Pt1...CI2_$1 = 3.7283(5) A;
symmetry transformation $1 = 1.5-X,-0.5+Y,0.5-2,).

Table 6.2. Selected bond lengths [A] and angles [°] determined for 34.

Bond Length A Bond Angles °
Pt(1)-CI(1) 2.3211(5) CI(1)-Pt(1)-CI(2) 91.170(19)
Pt(1)-CI(2) 2.3192(5) S(1)-Pt(1)-CI(1) 91.170(19)
Pt(1)-S(1) 2.1850(5) N(5)-Pt(1)-S(1) 89.08(5)
Pt(1)-N(5) 2.0474(17) N(5)-Pt(1)-CI(2) 88.59(5)

Pt(1)-CI(2)#1 3.7283(5) S(1)-Pt(1)-CI(2) 177. 343(18)
N(5)-Pt(1)-CI(1) 179.59(5)

The molecular structure of 8 -[Pt(I1)Cl,(DMSO)(n-pa)] (34) in Figure 6.10 clearly
shows the typical Pt(Il) square planar geometry. The bond angles of the central Pt
substituents CI(1)-Pt(1)-CI(2), S(1)-Pt(1)-CI(1), N(5)-Pt(1)-S(1) and N(5)-Pt(1)-CI(1)
are at approximately 90° and the S(1)-Pt(1)-Cl(2) and N(5)-Pt(1)-CI(1) are
approximately 180°, (Table 6.2). The Pt-Cl bond lengths are 2.32 A, the Pt-S 2.19 A
and Pt-N 2.05 A.
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[Pt(11)(CBDCA)(DMSO),] synthesis

[Pt(I1)(CBDCA)(DMSO);], 36 was synthesised in a single step following the
previous published method of Bithata  ** Ag,CBDCA (35) and 33 were suspended
in H,O and stirred at rt for 18 h in the dark to yield 36 (Scheme 6.4).

The characterisation was informed by *H and **C NMR (D,0) spectroscopy, ESI-MS
and FT-IR. Elemental analysis for 36 is consistent with theoretical values and all

other analysis correlated with those previously reported.™

[Pt(11)(CBDCA)(DMSO)(n-pa)] synthesis
[Pt(11)(CBDCA)(DMSO)(n-pa)], 37 was synthesised in a single step by stirring a
suspension of 36 in H,O with n-pa at 40 °C for 2 h to yield 37 (Scheme 6.4), as

previously reported.*®

The characterisation was informed by *H and **C NMR (D0) spectroscopy, ESI-MS
and FT-IR. The resonances observed in the *H NMR spectrum correlate with
predicted values, with the n-pa protons giving three diagnostic peaks at 2.66-2.58
ppm as the most down field CH, due to the amine groups deshielding effect , 1.72-
1.60 ppm; the central CH; group (CH,) and 0.89 ppm as the terminal CH3 of n-pa.
The remaining signals integrate for the CBDCA and DMSO ligands confirming the
successful synthesis. ESI-MS in positive mode aided the identification of the M+H,
M+Na, 2M+H and 2M+Na with mass peaks of 475.2, 497.1, 949.3 and 971.4 a.m.u.
respectively. Elemental analysis for 37 is consistent with theoretical values. In
addition, the previously unreported crystal structure of the complex was solved as
seen in the ORTEP structure in Figure 6.12. The data relating to the crystal and

refinement patterns is reported in Table 6.3.
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Figure 6.12: ORTEP diagram of 37 with atomic displacement parameters shown at
50% probability. Non-carbon atoms labelled and hydrogen atoms omitted for clarity.
Individual images of each disordered moiety (A) DMSO, propylamine and
cyclobutane groups disordered with occupancies of 67, 57 and 57 % and (B) 33, 43
and 43% respectively.

Table 6.3. Selected bond lengths [A] and angles [°] determined for 37-A.

Bond Length A Bond Angles °
Pt(1)-S(1) 2.180(8) O(0AA)-Pt(1)-5(1) 90.04(18)
Pt(1)-O(0AA) 2.0232(15)  O(0AA)-Pt(1)-0(12) 90.77(6)
Pt(1)-0(12) 2.0276(16) 0(12)-Pt(1)-N(13) 87.12(7)
Pt(1)-N(13) 2.0375(17) N(L3)-Pt(1)-S(1) 91.97(18)
O(0AA)-Pt(1)-N(13) 177.20(7)

0(12)-Pt(1)-S(1) 177.0(2)

The molecular structure of [Pt(11)(CBDCA)(DMSO)(n-pa)] (37) in Figure 6.12
clearly shows the typical Pt(Il) square planar geometry. The bond angles of the
central Pt substituents O(0AA)-Pt(1)-S(1), O(0AA)-Pt(1)-O(12), O(12)-Pt(1)-N(13)
and N(13)-Pt(1)-S(1) are approximately 90° and the O(0AA)-Pt(1)-N(13) and O(12)-
Pt(1)-S(1) are approximately 180 ° (Table 6.3). The Pt-O bond lengths are 2.03 A,
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the Pt-S 2.18 A and Pt-N 2.04 A, where the Pt-S and Pt-N are very similar to those in
34.

Two crystal conformations of complex 37 were observed due to the free bond
rotation of the n-pa ligand in contrast to 34 where only a single structural
conformation observed in the solid state.

33, 34, 36 and 37 were synthesised in good yield and high purity as important

platinum precursors in investigations described below.

Table 6.4. Crystal data and structure refinement for 34 and 37.

Compound 34 37
Empirical formula CsH15CI,NOPtS C11H,1NOsPtS
Formula weight 403.23 474.44
Temperature 100 K 100 K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group C2/c P2:/n
a=20.9490(8) A, a= 90°. a=8.2289(3) A, a=90°.
Unit cell b =20.9490(8) A, b= b =9.9801(3) A, b=
dimensions 121.1433(12)°. 94.9380(10)°.
¢ =16.9429(7) A, g=90°. c =17.8668(6) A, g=90°.
Volume 2224.63(16) A3 1461.87(8) A3
Z 8 4
Density (calculated) 2.408 Mg/m3 2.156 Mg/m3
Absorption . .
coefficient 13.236 mm~ 9.756 mm-~
F(000) 1504 912
Crystal size 0.26 x 0.22 x 0.08 mm3 0.29 x 0.14 x 0.04 mm3
Theta range for data
. 3.005 to 30.645°. 2.823 t0 33.342°.
collection
Index ranges -30<h<28, -9<k<10, -18<I<24 | -12<h<12, -15<k<15, -27<I<27
Reflections
19325 44917
collected
Independent _ _
reflections 3431 [R(int) = 0.0276] 5646 [R(int) = 0.0369]
Completeness to
0, 0,
theta = 26.000° 99.9% 99.9%
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Absorption Semi-empirical from R .
. . Semi-empirical from equivalents
correction equivalents
Max. and min.
0.7461 and 0.4115 0.7465 and 0.3931

transmission

Refinement method

Full-matrix least-squares on F2

Full-matrix least-squares on F2

Data / restraints /

3431/2/111 5646 / 154 | 247
parameters
Goodness-of-fit on
1.105 1.117
F2
Final R indices
R1 =0.0157, wR2 = 0.0341 R1 =0.0195, wR2 = 0.0423
[1>26(1)]

R indices (all data)

R1=0.0182, wR2 = 0.0349

R1=0.0223, wR2 = 0.0431

Largest diff. peak

and hole

0.763 and -1.594 e.A-3

1.738 and -1.961 e.A-3

257



Chapter 6

Attempted synthesis of Pt-tetrazine

B8 -[Pt(1)Cl,(DMSO)(n-pa)], 34 and [Pt(ll)(CBDCA)(DMSO)(n-pa)], 37 were
selected for reaction with tetrazine amine. Bitha &  previously reported 37 as an
ideal precursor for the synthesis of mixed am(m)ine complexes as per Scheme 6.5.%

However, this approach was not explored for dichlorido Pt complexes.

O (O
Cl S L Cl S L cr L
Pt ————— Pt _— Pt
c” Os7 Hy0,40°C c” L Hp0,100°C a’ L
oY  -DMSO -DMSO
0'O-Chel
= bidentate O donor ligand
Ag,(0,0-Chel) ﬁ'ggf’;'
2> Land L'
= Amine ligands
O, (ONI
o_ S L o_ S L o_ L
P H,0, 40 °C AP H,0, 100 °C N
2% 2Y,
© o’/S\ -DMSO °c t -DMSO ot

Scheme 6.5: Synthesis of mixed am(m)ine complexes by 2 step ligand exchange.™

In turn it was hypothesised that reaction of both 34 and 37 with tetrazine amine as
per Scheme 6.6 would generate complexes 42 and 43, which would serve as cisplatin
and carboplatin type complexes featuring an iEDDA tetrazine click handle.

Reaction of tetrazine amine with complexes 34 and 37 did not generate the desired
products, and analysis of the products isolated failed to reveal their identity. There
are no literature reports of Pt binding to tetrazine moieties, so it is likely that the
tetrazine ligand was not stable under the experimental conditions employed. This
supposition is supported by the publication of Karver # which describes the
decomposition of tetrazine amine in aqueous solution over time and where

decomposition was accelerated with heating.”®

+ —

N=N NH;CI
O/ MW C cl N 3 o N
X\Pt/s\ N=N \Pt/ ~ \Pt/ ~
X/ \N/\/ H,O:DMF CI/ \NHZ O/ \NHZ
Ha NaOH O
4 h,100 °C
34: X=ClI N N
37: X=CBDCA | N | N

Scheme 6.6: Synthetic route for the synthesis of Pt-tetrazine complexes 42 and 43.

Ultimately, a novel strategy is likely required to incorporate a tetrazine handle into a

Pt complex.
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Conclusion and Future Work

Casini and coworkers bis(monodentate) pyridyl ligands, designed for the self-
assembly of Pt and Pd metallocage structures, were successfully derivatised with an
azide functional group to give 14. A protocol was established for the successful click
reaction of the azide derived ligands with phenacetylene and a BODIPY derived
fluorophore MAMP (16) and standard photophysical properties of 16 determined.

14 and 16 will be supplied to Casini and coworkers (Cardiff University) and their
Pt(11) and Pd(11) metallocages synthesised and their activity studied.

A series of steroid derivatives of estradiol and testosterone were synthesised and
their coordination to Pt investigated. Using CUAAC click chemistry techniques,
bidentate N,N-carrier ligands coupled to estradiol and testosterone (11 and 13) were
successfully synthesised. Estradiol compound 11 was successfully conjugated to two
Pt complexes (33 and 36) to generate Pt-estradiol complexes 38 and 39. However,
due to poorer stability of the testosterone ligand, it was not possible to generate the
Pt-testosterone complex 40.

Future work would look towards reacting 13 with Pt-DMSO type precursors®’ in
organic solvents (such as DCM), in order to obtain a Pt-testosterone complex. In
addition to this, b studies are currently being carried out on complexes 38 and

39 in collaboration with Dr. Diego Montagner (Maynooth University).

A Pt ammine dichlorido DMSO complex & -[PtCl,(DMSO)(n-pa)] (34) was
successfully synthesised and characterised by NMR, MS, EA and IR, in addition to
its crystal structure being determined. The crystal structure for the previously
reported [Pt(CBDCA)(DMSO)(n-pa)] (37) was also determined.

Future work on this topic aims to further test the report of Bitha & that
[Pt(ammine)Cl,(DMSO)] and [Pt(ammine)(dicarboxylato)(DMSO)] complexes are
reliable precursors for the synthesis of the corresponding mixed ammine complexes
on reaction with a secondary amine.’® In addition, another suitable tetrazine based
ligand should be sourced or synthesised, which is stable at elevated temperatures
(100 °C) in aqueous solution to generate the desired Pt-complex featuring an IEDDA
capable handle.
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Thesis Conclusion

This thesis was focused on the functionalisation of platinum based drugs through
click chemistry strategies. A number of successful click syntheses and conjugation
approaches were investigated, generating novel ligands and Pt complexes.
Furthermore, the chemical, photophysical and biological properties of a number of

these functionalised Pt conjugates were determined.

Chapter 3 investigated the synthesis and i analysis of a novel Pt NIR-AZA
fluorophore conjugate. This complex was generated using SPAAC click chemistry,
the first example where the azide handle resides on the stable ammine carrier ligand.
It was designed to structurally mimic the anticancer Pt drug carboplatin so as to track
its movement throughout the cytoplasm of the cell. ia analysis in ovarian cancer
cells A2780P and A2780cis showed that the Pt-fluorophore conjugate was non-toxic
in a cellular environment and was effectively internalised as shown by widefield NIR
cellular imaging. The Pt-fluorophore complex developed shows good fluorescent
imaging properties in the NIR range, demonstrating its viability as a carboplatin-like
click probe. The core Pt complex [Pt(CBDCA)(DAP-N3)], which has click
capabilities, displayed a similar cytotoxic profile to carboplatin, highlighting it as a
good carboplatin mimic and as a bioorthogonal Pt drug complex. The novel X-ray
crystal structure of [Pt(CBDCA)(DAP-N3)] was determined.

In chapter 4, the synthesis of 14-mer TPP and corresponding scrambled peptide
sequence, ScP, with identical amino acid composition has been reported. In addition,
novel Pt-peptide mono-conjugates were successfully synthesised for each peptide as
[Pt(DACH)(OEL)(Ox)(succTPP)] and [Pt(DACH)(OEt)(Ox)(succScP)]. The
resulting Pt-peptide conjugates were subsequently characterised and their ity

cytotoxicity against colorectal cancer cells, HCT116 wt and HT29, determined. The
data suggests that while the Pt-TPP conjugate was less cytotoxic than oxaliplatin,
conjugation of the TPP targeting peptide to the Pt(IV) core
([Pt(DACH)(OELt)(Ox)(succ)]) endowed [Pt(DACH)(OEt)(Ox)(succTPP)] with the
potential for targeting cancerous cells due to its enhanced cytotoxicity. In addition,
the co-administration of oxaliplatin and TPP did not enhance the cytotoxic profile

indicating TPP functions as a targeting moiety only. This study will be expanded to
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determine the cellular accumulation of the Pt complexes described to further

demonstrate the enhanced targeting ability of the TPP conjugated Pt complexes.

In chapter 5, the synthesis and characterisation of a novel polydentate 1,4-
disubstituted 1,2,3-triazole based ligand, 4-(pyridin-2-yl)-1H-1,2,3-triazol-1-
yl)propane-1,3-diamine (PTPD) is described. The reactivity of PTPD and the
previously reported PTP ligand with Au(l1l) and Pt(Il) centres was investigated. X-
ray structural characterisation of [Au(lDCI3(PTP)],
[Au(lINCI(PTPD)][Au(DCI;][OH]{[NaAuCl4.2H,0]}n and
[Pt(I)Cl,(PTPDH,)][PtCl,] and characterisation of [Au(lll)Cl3(BOC,-PTPD)] and
[Pt(1)sCl4(PTPD),]Cl, support the proposition that PTPD is an interesting
multidentate ligand that can bind metal centres through a variety of coordination
modes including bidentate coordination through the DAP group, bidentate through
the triazole N3 and pyridyl nitrogen and monodentate through the pyridyl nitrogen.
Ultimately, PTPD is a versatile and ideal ligand template for the development of

mixed metal complexes of Pt and Au, and Pt/Au and other transition metals.

In the final chapter, three connected topics were explored which investigated the
application and functionalisation of Pt complexes and ligands using a click chemistry
approach. In the first instance, a metallocage ligand was functionalised with an azide
moiety to give CageL-Ns. A synthetic protocol was established for the CUAAC click
reaction of CageL-N3 with phenacetylene and an alkyne derivative of a BODIPY
fluorophore. Significantly, the cage fluorophore clicked product, Cage-T-MAMP,
retained its fluorescent properties. Subsequent metallocage assembly will be
performed by Prof. Casini and coworkers and an investigation undertaken to track

the metallocage fluorophore conjugate as a drug delivery vector fa

Novel estradiol and testosterone bidentate ligands were successfully generated using
click chemistry. The estradiol ligand was successfully coordinated in two instances
to Pt, to give [Pt(II)Cl(DAP-estradiol)] and [Pt(I1)(CBDCA)(DAP-estradiol)] as
cisplatin and carboplatin derivatives respectively. These complexes are currently
undergoing o testing. The Pt-testosterone derivatives were not successfully

synthesised.

The final investigation sought to develop IEDDA click capable Pt-tetrazine

containing complexes. Two Pt complexes, B -[PtCl,(DMSO)(n-pa)] and
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[Pt(CBDCA)(DMSO)(n-pa)], were synthesised as ideal precursors for the synthesis
of mixed am(m)ine complexes. The novel crystal structures of both these complexes
were solved. Reaction of 8 -[PtCl,(DMSO)(n-pa)] and [Pt(CBDCA)(DMSO)(n-pa)]
with the amine tetrazine ligand failed to generate the desired Pt tetrazine complex.
This was hypothesised to be due to the instability of the tetrazine under the reaction
conditions used. Future work will focus on optimising the reaction conditions and/or

sourcing an alternative tetrazine ligand.

Click chemistry can be used to synthesise functional ligands with extremely useful
moieties for the coordination to metal complexes, such as Pt. In addition, click
chemistry can be used to generate Pt drug conjugations with desirable functional
groups to improve b applications. In conclusion, this thesis demonstrates why

click chemistry is an invaluable tool to the modern medicinal inorganic chemist.
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Appendix

Organic syntheses
Di-e -butyl (2-hydroxypropane-1,3-diyl)dicarbamate (1)
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Di-e -butyl ((propan-2-yl methanesulfonate)-1,3-diyl)dicarbamate (2)
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Di-e -butyl (2-azidopropane-1,3-diyl)dicarbamate (3)
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2-azidopropane-1,3-diamine dihydrochloride - DAP-N3.2HCI (4)
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Appendix

Azidobenzene (5)
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Appendix

2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (PTP) (6)
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Appendix

Di-e -butyl (2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-
diyl)dicarbamate (BOC,-PTPD) (7)
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Spectrum RT 1:33 - 1:51 {15 scans} - Background Subtracted 0- 1:22
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Appendix

2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-diamine trihydrochloride -

PTPD.3HCI (8)
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Appendix

“sity Spectrum RS- U248 {12 scans) - Background Subtracted UiU2 - U232
EK-5-232_+ve.dat: 2016.11.14 16:48:38 Generic FIA method.;
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Appendix

Di-e -butyl (2-(4-(phenyl)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)dicarbamate
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Appendix

Di-e -butyl (2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-

diyl)dicarbamate (10)
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Appendix

sl Spectrum RT 0:20 - 0:35 (16 scans) - Background Sublracted 0- 015
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Appendix

(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl) dihydrochloride (11)

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

r-200

8.0
6/°0
18°0
60
wﬁ.ﬁ/
121

vz T
€T
vm.iw
LET
o' 4
Wi
9T
6t'T 4
15T
€57
95T |
65T
+8°T ]
81
68'T ]

80°¢C
60°C
11°C

4% ﬁ
SE'C
9€'¢
LE°C
8€C
€L°C
vL'T
09°€
19°¢
¥9'€
§9°€ ﬁ
69°€

0L€
TL°€
e
€L'¢E
SL'E
9L'€
8¢'S
6C'S
0e's
1€°'s
[4%°}
099
99
'L
€T,

908

90T
56
6T
6T
o€
WMO.M
6T
Ay
200

0'¢c
0'¢

=00'T

0.0

0.5

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f1 (ppm)

8.5

9.0

120 115 11.0 105 100 9.5

28000
26000

24000

22000

20000

18000

16000

[ 14000

12000

10000

8000

6000

4000

2000

r-2000

[ -4000

-6000

-8000

€78 —

98°CIT /-
LTSTT 7
L6°€CT ~
89°9¢T
LSCET —
C6'8ET ~_

ST'EST ~
6E¥ST

-10

200 190 180 170 160 150 140 130 120 110 f1%00)90 80 70 60 50 40 30 20 10
ppm

210

282



Intensity
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Appendix

i-e  -butyl (2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-1,3-

diyl)dicarbamate (12)
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Appendix

nRT 022 - 0:33{12 scang) - Background Sublracted 0- 0117
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Appendix

(2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl) dihyrdochloride (13)
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Spectrum RT 0:27 - 0:40{13 scans}- Background Subtracted 0:02 - 0:19
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3,3'-((5-azido-1,3-phenylene)bis(ethyne-2,1-diyl))dipyridine (CageL-N3) (14)
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Intensity
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3,3"-((5-(4-phenyl-1H-1,2,3-triazol-4-yl)-1,3-phenylene)bis(ethyne-2,1-
diyl))dipyridine (Cage-T-Ph) (15)
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Appendix

Intensity Spectrum RT 0:31 {1 scans}- Background Subtracted 0- 012
EK-7-407_+ve dat« 2018.05.1011:53:37;
ESI|+Max 1568
4242
s
65
4282
33
3534
2071
11 | miz
i T T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 il ¥o0 0] an0 1,000 1,100
751 -
1 8
_ o 5 A
| P 5] o
| g &
701 @ a ﬁ §
| g 7 =
] ® (-3
651 o
1 ~
S
i o &
| - @
| <
607 P 2 g
8 i o 8
g i - 3 - 2
= I o = =1
£ 551 Z 3 5 =
5 | 8 o B 8
" g |8 ||E i s
| 3
| 2 - & s
1 0 - 2
451 - e @
| = - S
| g e 8 s (8 3
| 2 3 0 | | B
404 e s ] & \8
| g L
| B/ Ak s
351 8 carSESEea I
| ¥ 588ag~863 @
---88
| 28
304
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

291



Appendix

3,3"-((5-(4-( MAMP-NIR-AZA)-1H-1,2,3-triazol-4-yl)-1,3-phenylene)bis(ethyne-
2,1-diyl))dipyridine (Cage-T-MAMP) (16)
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Appendix

Spectrum RT 0.34 - 0.47 {14 scans} - Background Subtracted 0.00- 0.18
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Appendix

8 -[Pt(I11)(1)2(DAP-N3)] (17)
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[Pt(11)(CBDCA)(DAP-N3)] (18)
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Spectrum RT 016 - 0:17 {2 scans} - Background Subtracted 0:28- 0:49
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[Pt(11)Cl(DAP-N3)] (19)
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{EK-3-97B8
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Appendix

[Pt(11)(CBDCA)(DAP-BCN-NIR-AZA)] fluorophore conjugate - Pt-Flu (20)

ORN 0N OO @ < —INOO MmN
SBRLM—=S S T SNhS o
COMNINININNN < [se} NH ™~~~ O 5000
~N/ N/ I I FIN S S
4500
4000
3500
3000
2500
2000
1500
1000
I
! ‘ 500
" 1 “\
ro
Lo iR b K 2dFda
Sag-a N = a9 AT NSO
O —=0oanNMm wn — O~ TN =N
12.0 115 11.0 105 100 95 90 85 80 75 70 65 50 45 40 35 30 25 20 15 10 05 0.0

60 55
f1 (ppm)

T T T T T
-130.0 -1305  -131.0 -131.5 -132.0  -1325

300



Appendix

&
~N
3
T T T T T T T T T T T
-1100 -1200 -1300 -1400 -1500 -1600 -1700 -1800 -1900 -2000 -2100
f1 (ppm)
1: Sean ES
1] 1 BBded
132247
13643
32320
B Y%
| 1324.14
135378
13828
o 1068.38 e e
“ i L I i i | iJ.l o I | i e
200 400 800 B00 1000 1200 1400 1600 1800
DG_EK_5-249_ESINEG_CONEA0 39 (1.253) AM (Cen 4, 80.00, Ar,1.0,554 26,0 70.LS 1); Sm (Mn, 4x7.00), Sb (16,20.00 ); Cm (39:41)
1: TOF M3 £5- 1320 3612 124
13246108
%
1311.3042 13288557 oo a006 1338.8973 13436818 13464384 13516830

° 13100 1315.0 13200 1325.0 13300 1335.0 1340.0 13450 13500 e
Minimum: -1.5

Maximum: 200.0 50.0 50.0

Mass Calc. Mass mDa PEM DEE Score Formula

1320.3612 1320.3685 -7.3 -5.6 34.0 1 C57 H58 B N9 011 F2 S Pt

301

f-500

450

400

350

300

250

200

150

100

50

r-100

r-150

-200

-250




Appendix

[ - @
8 -8
6 A - 0
0 A -0
QA - Q
= &
0 . . . 0
0 0 3] (¢]
-
] b Detector A Channel 1 210nm)|
100 E
WL
75 -
50|
] S )
25 « b
] @ @
1 =
P U
B 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
0 5 10 15 20 25 30 35 ]
min
| e Detector A Channel 2 280nm
INE
.
20+
10+
1l
o —
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
0 5 10 15 20 25 30 35

min

302



Appendix

1.8 Detector A Channel 1 600nm|

18

304 |=

118

20+

10

c#—‘l o B -

T T T ‘ T T T T ‘ T T T ‘ T T T | T T T T ‘ T T T

0 10 20 30 40 50 60
min

1 g Detector A Channel 2 650nm

75 |2

] |2

I

50

25

] ‘|

o —

T T T T | T T | T T T T | T T | T T T ‘ T T T

0 10 20 30 40 50 60

min

303



Appendix

B -[Pt(11)(1)2(NHs),] —iodoplatin (21)

1004 \/
%i
04
o B
2 | &
g n -
£ 1 @
% T "l
[= 704 w @ ©
ES 2 - LA
H o o I 2
657 o &) : o @
| v & Q < - &
83 a ] & 2 3 3
i g F X
51 ® s W
504 .
@
457 T
i ] @
I o g s
| T
%1 §
OH -
%1
400 3200 3000 2800 2600 200 200 2000 1800 1600 1400 1200 1000 80 600
Wavenumbers (cm-1)

304



[Pt(11)(CBDCA)(NH3),] — Carboplatin (22)
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Appendix

EK-5-223_+ve.dabc 2016.10.27 12:47:38 Generic FIA method

Spectrum RT 0:36 - 0:40 {5 scans}
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[Pt(11,(DACH)] (23)
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[Pt(11)(DACH)(oxalato)] — oxaliplatin (24)
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Appendix

Spectrurn RT 1:20 - 1:38{19 scans} - Background Subtracted 0:04 - 1:03
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[Pt(IV)(DACH)(OEt)(OH)(oxalato)] (25)
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[Pt(IV)(DACH)(OEt)(oxalato)(succinato)] (26)
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Appendix

Spectrum RT 0:27 - 0:35 {9 scans) - Background Subtracted 0- 0:19
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[Au(11D)CI3(PTP)] (27)
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[Au(111)Cl3(BOC,-PTPD)] (28)
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Nao s[Au(111)ClL(PTPD)[AU()CL][AU(IINClios (29)

Intensity

Spectrurn RT 0:29 - 0:36 {8 scans}- Background Sublracted 0- 0:21
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[Pt(I1)CI(PTP)] (30)
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Spectrum RT 0034 - 0:38 {6 scans} - Background Subtracted 0 - 0:25
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[Pt(11)Cl(PTPDH,)][PtCl,] (31)
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[Pt(11)sCl(PTPD),]Cl, (32)
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EK-7-389

-[Pt(I1)Cl,(DMSO);] (33)
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8 -[Pt(1)Cl(DMSO)(n-propylamine)] (34)
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[Ag2(CBDCA)] (35)
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& -[Pt(11)(CBDCA)(DMSO);] (36)
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Spectrum RT 0:40- 0:52{13 scans}

Appendix

ntensity EK-6-341_+ve.dabc 2018.01.12 15:07.05 ;
ESI+ Max: 4.9E6
516.2
e
54
1,009.8
44
eln)
miz
400 600 700 gon 400 1,000 1,100
~
3 =
8 g
\ g
8
L\ . .
: E
2 g 3
g g
s :]
h ] g !
2 s o o 2
5 2 5 g
g -
z 2 8o 2
8 & g =ls g
8 I
g s g o =
| = o E
GU? B 4 p &
| - N 2 = | s
1 @© © F-] o
554 g 2 = ERIES
i & g RIS
| - ®
=
g 3
ol
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers {cm-1)

329



8 -[Pt(11)(CBDCA)(DMSO)(n-propylamine)] (37)
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Spectrum RT 0:31 - 0:45{14 scans}
Ek-7-372_+ve dabc 20180215 16:31:24 ;
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Appendix

[Pt(11)(CBDCA)(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)] (38)
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Appendix

[Pt(I11)Cl,(2-(4-(estradiol)-1H-1,2,3-triazol-1-yl)propane-1,3-diyl)] (39)
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Appendix

Attempted synthesis of [Pt(I11)(2-(4-(testosterone)-1H-1,2,3-triazol-1-yl)propane-

1,3-diyl)] (40)
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Appendix

Peptides
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External - Darren Griffith RCSI
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External - Darren Griffith RCSI
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cytotoxicity data - Cell proliferation curves
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A2780P against Pt(cbdca)(DAP-N;)
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Figure S1: Cell proliferation curves (n = 3) after 72 h treatment compounds against
A2780P cells with ICsq values (A) carboplatin 71.9 uM, (B) [Pt(CBDCA)(DAP-N3)]
4 uM, (C) Flu and (D) Pt-Flu >200 pM, (E) cisplatin 4.5 uM and (F) [PtCl,DAP-
N3z)] 12.0 uM.
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Figure S2: Cell proliferation curves (n = 3) after 72 h treatment compounds against
A2780cis cells with ICsq values (A) carboplatin 149.8 uM, (B) [Pt(CBDCA)(DAP-
N3)] 134.3 uM, (C) Flu and (D) Pt-Flu >200 uM, (E) cisplatin 15.8 uM and (F)
[PtCI,(DAP-N3)] 36.2 UM.
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Figure S3: HCT116 wt cell proliferation curves (n = 3) after 72 h treatment with
compounds 1Csy values: oxaliplatin 0.89 uM, Pt-TPP 2.4 uM, Pt-ScP 8.18 uM,

oxaliplatin + TPP 0.71 uM and Pt(1V) 39.22 uM.
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Figure S4: HT29 cell proliferation curves (n =

oxaliplatin + TPP 16.45 uM and Pt(IV) 162.3 uM.
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3) after 72 h treatment with
compounds ICsp values: oxaliplatin 26.66 uM, Pt-TPP 78.15 uM, Pt-ScP >100 puM,



