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Abstract

Cisplatin is the most widely used chemotherapeutic drug worldwide. Unfortunately,
its use is hampered by severe dose-limiting side effects, intrinsic and acquired
resistance and high toxicity. Furthermore, a major drawback associated with cisplatin

therapy is its lack of selectivity for cancer cells with respect to healthy tissues.

One method to circumvent these side effects is to modify the chemical structure of
the drug with selective targeting vectors whose receptors are overexpressed on the
cell membrane of cancer cells. One example of this are sugars which are recognised
by glucose transporters (GLUT). In this thesis, a series of glyco-functionalised
platinum(lV) anticancer pro-drugs (where the sugar is glucose or galactose) are
described, which were synthesised and characterised with the aim to create a library
of novel selective metal-based chemotherapeutics. These complexes contain the
Platinum metal centre in the +4 oxidation state, which have been shown to be more
stable with respect to the classical Pt(ll) complexes such as cisplatin. Our ligands
consist of a combination of protected and deprotected glucose and galactose
moieties conjugated to the axial positions of platinum(lV) complexes centre through
the anomeric C1, and C2 positions, using CuAAC “click” chemistry. This thesis is
divided in five chapters, with Chapter 1 containing an introduction outlining the aims
and objectives of this thesis, together with a literature review which summarises the

novelty of this research topic.

Chapter 2 reports the synthesis, characterisation and biological evaluation of a series
of Cl-acetylated Pt(IV) complexes which show similar activity to cisplatin against OS
cell lines (SAOS-2, U-2 OS, MG63), but lack selectivity for cancer cells. This is probably
due to the presence of the acetyl protecting groups that hamper the complexes’

ability to be internalised into the tumoral cells through GLUTSs.

In Chapter 3, a novel series of Cl de-acetylated (free sugar) Pt(IV) pro-drug
derivatives are described. Like their acetylated counterparts, these complexes show
similar cytotoxicity to cancer cells (MG63 and SAOS-2) as the reference drug cisplatin
but, when incubated with healthy cells (hFOBs), they show a reduced cytotoxicity,

ascribable to the uptake through GLUTSs.



Chapter 4 outlines our efforts to enhance the selectivity for cancer cells by
functionalising the carbohydrate moiety in the C2 position, which has been shown to
improve the drug uptake by GLUTs when compared to its C1 isomers. This series of
complexes were found to display superior activity in comparison to cisplatin against

cancer cells (SAOS-2, U-2 OS, MG63, MDA-MB-468, U-87 MG).

Finally, Chapter 5 details the synthesis and characterisation of multivalent galactose
ligands which were intended to be coupled to our Pt(1V) scaffold. These ligands target
the asialo-glycoprotein receptor (ASGPR), rather than GLUT, for the treatment of
hepatocellular carcinoma (HCC), the most common type of liver cancer in Asia and
Africa. Synthetic problems are encountered during the experimental work which
prevent the formation of the final complexes pure enough for biological studies.
However, future work and perspectives are discussed in this chapter that may result

in the successful formation of these complexes.
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Chapter 1 Introduction

1.1 Global burden of Cancer

Cancer is a generic term for a large group of diseases which can affect any part of the
body. A defining feature of cancer is the rapid growth and proliferation of abnormal
cells, which can invade adjoining parts of the body and spread to other organs. The
process of spreading to other organs is referred to as metastasis, which is the primary
cause of death from cancer [1]. Cancer was responsible for nearly 10 million deaths

worldwide in 2020 [2].

Typically, non-cancerous cells will only proliferate when supplied with appropriate
mitogenic factors such as growth signals, which are transmitted by transmembrane
receptors that bind different signalling molecules; examples being diffusible growth
factors, extracellular matrix components and cell-to-cell adhesion/interaction
molecules. Such reliance on these growth signals is not apparent in cancer cells,
which lead researchers to the conclusion that tumour cells must generate their own
growth signals, liberating cancer cells from their dependence on exogenously derived
signals [3]. To fulfil the biosynthetic needs associated with rapid proliferation and
growth, cancer cells must increase their intake of nutrients in the form of glucose and
glutamine. These nutrients are transformed into useful building blocks for important
macromolecules and are used for their reducing ability in the form of NADH and
FADH; to fuel ATP generation [4]. The increased uptake of glucose in cancer cells
through glucose transporters (GLUTs) in comparison to healthy cells was first
described by Otto Warburg [5] in 1927. For this reason, it was termed the Warburg
Effect [6], and it will be discussed in more depth in a later section. Glutamine, a
second growth-supporting substrate, is used to produce purine and pyrimidine
nucleotides and plays a role in the uptake of essential amino acids (e.g., leucine,
isoleucine, valine, methionine, tyrosine, tryptophan and phenylalanine) through L-

type amino acid transporter 1 (LAT1) [7,8].

While the causes of cancer development are not entirely understood, factors such as
tobacco and inactivity are known to increase the risk of developing tumours. In the
United States in 2022, ~42% of cancers were potentially avoidable, including the 19%

caused by smoking and 18% caused by a combination of excess body weight, poor



Chapter 1 Introduction

nutrition and alcohol consumption. Around 5 million skin cancers are also diagnosed
annually due to inadequate skin protection from excessive sun exposure and the use
of indoor tanning devices. The 5-year relative survival rate for all cancers has
substantially increased since the 1960s, from 39% to 68%, due to advances in
treatment and early diagnosis [9,10]. Other known causes of cancer are due to
mutations in the p53 transcription factor (encoded by the human gene TP53), a gene
that is a key tumour suppressor responsible for inducing cell cycle arrest, DNA repair
and apoptosis. Mutations of this gene were reported in almost every type of cancer
from rates of 10% to almost 100% and mutations in p53 are also able to actively
promote tumour development. These mutations can occur from exposure to
carcinogens such as dietary aflatoxin B1, tobacco smoke and exposure to sunlight

and UV radiation [11].

It is estimated that one in five cancer cases are caused by infection, with most caused
by viruses [12]. Cancer development is a multistep process and viruses can exert
effects on different stages of tumour formation, depending on the virus. These can
act in the early stages of oncogenesis or in later stages by effecting signalling
pathways involved in regulation of cell proliferation, apoptosis and tumour
promotion [13]. There is now evidence of carcinogenicity in humans for human T-cell
lymphotropic virus (HTLV), human immunodeficiency virus (HIV), hepatitis B,
hepatitis C, human papillomavirus (HPV), Epstein-Barr virus (EBV) and human herpes

virus 8 (HHV-8) [14].

Chemotherapy, surgery and radiotherapy are the most common forms of treatment
for cancer available today. Modern surgery has changed significantly since the 1960s,
with more non-invasive procedures replacing aggressive surgeries. Surgery alone,
however, can be ineffective due to tumour metastasis [15]. Radiation therapy is an
important and highly cost-effective mode of cancer treatment, accounting for only
5% of the overall cost of cancer care and it is administered to approximately 50% of
all cancer patients [16]. Radiation (given in the form of X-rays or y-rays) or charged
particles (a, B*, B7) are administered in small doses to limit damage to healthy tissue
due to their longer proliferation time, which gives healthy tissue time to repair the

damage before replication. Tumour tissue on the other hand, replicates much
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quicker and has less time to repair the damaged genetic information [17].
Chemotherapy is considered the most effective and commonly used treatment in
most types of cancers. The main drawback of this form of therapy is the lack of
selectivity for cancerous cells and the harm they cause to ordinary cells, resulting in
dose-dependent side effects such as fatigue, nausea, hair loss, vomiting and death in
extreme cases [18]. Cancer therapy in the form of combination therapy, uses
targeted strategies which incorporate radiotherapy, surgery, treatments to target

III

cancer-inducing or cell-sustaining pathways and “traditional” chemotherapeutics
(i.e., taxanes and platinum complexes) have shown synergistic effects. Conventional
mono-therapeutic agents are still common in many forms of cancer treatment;
however, this method is generally deemed less effective than combination therapy
as it works synergistically, requiring lower doses of each drug and reducing the dose-

dependent side effects associated with them [19,20].

1.2 The Role of Platinum in Medicine

1.2.1 Platinum (ll) Drugs

Metals have been used in a medicinal setting as far back as 2500 BC in China, where
gold was employed to treat illnesses [21]. Ancient cultures in India and Egypt also
treated illnesses with metals. Egypt, in particular used copper for the sterilisation of
wounds, which was detailed in the Edwin Smith papyrus, an ancient Egyptian medical

text which dates back to 1501 BC [22,23].

At the beginning of the 20™ century, the German Nobel laureate Paul Ehrlich
introduced the compound 3-amino-4-hydroxyphenylarsenic(l) (Salvarsan) as a cure
to syphilis in early 1910 [24]. While this treatment was inevitably phased out by the
use of antibiotics in the 1940s, this was a significant milestone in medicinal inorganic
chemistry. It was not until the 1960s that the discovery of the anticancer properties
of cis-diamminedichloroplatinum(ll) (cisplatin), initially synthesised by Michele
Peyrone in 1844 with its structure later elucidated by Alfred Werner in 1892, which

led to an explosion in research of metal chemotherapeutics [25,26].

Cisplatin [27] was later approved globally for the treatment of advanced pancreatic

cancer, breast cancer, non-small lung cell cancer, advanced bladder cancer and other
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tumours in 1978, followed by the approval of carboplatin [28] in 1989 and oxaliplatin
[29] in 2002 (Figure 1.1), that are considered “second generation of Pt(ll)
chemotherapeutics”. Other platinum drugs were also developed with their approval
limited to certain countries, examples being Nedaplatin [30] which was approved for
use in Japan in 1995, Heptaplatin [31] which was approved in Korea in 1999 and
Lobaplatin [32] which was approved in China in 2010 (Figure 1.1).

H;N. CI H3N 0
/Pt\
H;N  Cl H3N 0 N

Cisplatin Carboplatm Oxaliplatin
H3N 0:/|/ : /,’CNHz |:<:NH2
H;N o NH, O NH, O

Nedaplatin Heptaplatin Lobaplatin

Figure 1.1: Structures of approved Pt anticancer drugs for treatment of various types of
cancer.

In the years following the approval of cisplatin, much research was conducted to
elucidate the mechanism by which cisplatin acts on cancer cells. Four main steps
were identified: cellular uptake, aquation/activation, DNA platination and cellular

processing of Pt-DNA adducts [33].

Cellular uptake was originally thought to occur through passive diffusion [34]
however, more research has shown that active transport through copper transporter
1 (CTR1) [35] and organic cation transporter 2 (OCT2) [36] are also responsible for
the cellular accumulation of cisplatin, carboplatin and oxaliplatin (Figure 1.2).
Inhibition of CTR1 leads to a decreased uptake of these platinum anticancer drugs in
mammalian and yeast cells, while an overexpression of CTR1 leads to cells becoming
resistant to the drugs anticancer effects [37]. However, conflicting reports have
questioned whether varying CTR1 levels affects sensitivity to platinum based

anticancer drugs. Reports from Bompiani et al. [38] and Akerfeldt et al. [39] have
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shown that removing or overexpressing CTR1, led to little impact on cisplatin

sensitivity or increased platinum accumulation in certain cell lines respectively [40].

Once inside the cellular cytoplasm, cisplatin is hydrolysed, and this process is
facilitated by a lower chloride ion concentration (3-20 mM) within the cell than in the
extracellular fluid (100 mM) [33]. The hydrolysed products cis-[Pt(NHs),CI(OH3)]* and
cis-[Pt(NH3)2(OH2)2]?* are strong electrophiles which can react with a variety of
nucleophiles, including thiol groups on proteins and nitrogen donor atoms on nucleic
acids (Figure 1.2). Aquated cisplatin binds to the N7 reactive centre on purine
residues causing 1,2-intrastrand guanine-platinum-guanine (d(GpG)) adducts, which
represent 90% of adducts and 1,2-intrastrand adenine-platinum-guanine (d(ApG))
adducts which is about 10% of adducts. 1,3-intrastrand guanine-platinum-guanine
adducts, inter-strand crosslinks and other non-functional adducts also contribute to
cisplatin’s mechanism of action [41,42]. These DNA-platinum adducts are recognised
by DNA mismatch repair proteins and some damage recognition proteins [43]; if
these adducts are not repaired this can cause DNA damage in cancer cells. This in

turn blocks cell division and results in apoptotic cell death (Figure 1.2).
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Figure 1.2: Cisplatin mechanism of action, adapted from Browning et al. [44].

It is a common belief that attempts to repair cisplatin-DNA adducts play a key role in
the cytotoxicity of platinum drugs and a loss of mismatch repair activity can lead to
cisplatin resistance [45]. While cisplatin is a potent anticancer agent,
chemoresistance can develop through chronic drug exposure or can present itself as
an intrinsic phenomenon [46]. Tissue culture studies have suggested that resistance
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can result from epigenetic changes at molecular and cellular levels, including
reducing platinum accumulation by active efflux [47]/sequestration [48]/secretion

[49] or by hampering its influx [50,51].

One of the major drawbacks in the use of cisplatin is that it lacks specificity for cancer
cells and causes damage to healthy cells. It also has poor oral bioavailability which
means the drug must be administered intravenously [52]. Specific side effects of
cisplatin include nephrotoxicity [53], ototoxicity [54], neurotoxicity [55],
cardiotoxicity [56], haematological toxicity [57], hepatotoxicity [58] and
gastrointestinal toxicity [59]. While some of these side effects can be treated during
the course of chemotherapy (nephrotoxicity for instance, can be alleviated by
hyperhydration with saline up to 12 hours before and up to three days after
treatment [60]), there has been a push to eliminate these side effects by creating
cisplatin analogues which are less toxic to healthy cells and more selective for cancer
cells. Second generation Pt(ll) chemotherapeutics, carboplatin and oxaliplatin are
two worldwide approved drugs which overcome some of the drawbacks and
limitations of cisplatin. Carboplatin (Figure 1.1) [28] has a lower hydration rate due
to its bidentate cyclobutene dicarboxylic acid ligand which reduces its unfavourable
side effects when compared to cisplatin. Due to its lower toxicity, carboplatin can be
used in higher doses to treat more aggressive tumours [61]. However, while there
are benefits for the use of carboplatin, the issue of chemoresistance and a variety of
side effects still remain. Oxaliplatin (Figure 1.1) [29], which features the bidentate
1,2-diaminocyclohexane (DACH) ligand instead of cisplatin’s monodentate amine
ligand, was found to be active in some cisplatin-resistant tumours and is currently
employed against colorectal cancer accompanied by 5-fluorouracil and folic acid
(FOLFOX) and lung cancer [62]. Oxaliplatin, like cisplatin, exhibits its cytotoxic effects
mainly through the formation of DNA adducts and apoptosis. A major difference
between the two is that oxaliplatin also triggers immunogenic cell death (ICD)
through interactions with RNA and proteins. This leads to T cell activation and
proliferation to kill cancer cells through four damage associated molecular patterns
(DAMP): (1) Calreticulin (CRT) exposure, (2) adenosine-5-triphosphate (ATP)

secretion, (3) release of non-histone chromatin-binding protein high mobility group
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box 1 (HMGB1) and (4) interferon (IFN) type | and Il production by malignant cells or

immune effectors [63].

Other platinum anticancer drugs, without global approval, are still used in clinical
settings in Japan, Korea and China (Figure 1.1). Nedaplatin [30] acts under the same
mechanism as cisplatin but is more water-soluble and has lower gastrointestinal side
effects and renal toxicity [64]. Heptaplatin [31] shows similar antitumour activity and
less toxicity compared to cisplatin, while also being effective against cisplatin
resistant L1210 leukemia cells, possibly due to its unique chelating ligand. It does,
however, still cause dose-limiting side effects, such as nephrotoxicity due to its poor
water solubility. Lobaplatin [32] is used in China to treat metastatic breast cancer,
chronic myelogenous leukemia and small-cell lung cancer. It has also showed lower
renal toxicity when compared to cisplatin and incomplete cross-resistance with other
platinum anticancer agents. Thrombocytopenia is a commonly observed dose-
limiting side effect for lobaplatin, however, there has not been much work done to
research synergistic treatments which may reduce this side effect [65,66]. Patients
receiving lobaplatin as treatment also commonly experience relapses, greatly

reducing the drug’s efficacy [67].

1.2.2 Platinum (IV) Drugs

All of the above complexes show the Platinum metallic centre in the +2 oxidation
state, all are square planar d® complexes typically functionalised through amine non-
leaving ligands and forms active DNA adducts through anionic labile ligands, chlorides
or carboxylates [68,69]. In recent decades, scientists have developed new anticancer
complexes based on Platinum in the +4 oxidation state that form stable octahedral
low spin d® complexes. It is accepted that platinum(ll) is essential for anticancer
activity while platinum(IV) must be reduced inside the cell by glutathione and
ascorbate, or under hypoxic conditions to form toxic DNA adducts which classifies
them as prodrugs [70]. These reducing agents are found in higher concentrations
within cancer cells compared to healthy cells, allowing for the intracellular reduction
of Pt(IV) to Pt(Il) [71]. Upon reduction, one or both of the axial ligands are released

from the complex and the active Pt(ll) is free to bind to cellular DNA (Figure 1.3).
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Figure 1.3: Mechanism of Pt(IV) entry and activation within the cell, releasing axial ligands
and forming DNA adducts. Figure adapted from [72].

Axial substituents of the Pt(IV) species can be bioactive ligands which, when released,
carry out their own functions within the cell. For example, multi-action drugs
targeting histone deacetylase (HDAC), thioredoxin reductase (TrxR), and
cyclooxygenase-2 (COX-2) by functionalising the platinum centre with HDAC and TrxR
inhibitors [73], and non-steroidal anti-inflammatory drugs (NSAIDs) [74,75] have
been employed to target a variety of cellular entities to improve cytotoxicity, drug

uptake, and to circumvent chemoresistance (Figure 1.4).

Au N
0 S _ N S e 0 OJ\
T Dt
N o
[o) N/\/ 7|\

HsN_| CIH HN | el HN | C
ot ° 0 Pt
h | Ve 5 H3N Cl)HCI

)
\g/\/\©
1.1 1.2 1.3

Figure 1.4: Structures of multi-action platinum drugs containing HDAC inhibitors (1.1) [73],
NSAIDs (1.2 [74], 1.3 [75]).
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Studies have been focused on the influence the axial ligands have on the cellular
uptake, biodistribution and the rate of reductive activation [76]. The reduction
potential of Pt(IV) prodrugs is an important pharmacological parameter for
estimating their activity. Pt(IV) complexes with a more positive reduction potential
can easily undergo reduction, risking the possibility of the drug being reduced in the
blood to its active form before reaching its target. In this regard, a positive reduction
potential may be detrimental when trying to overcome Pt(ll) associated side effects.
Alternatively, Pt(IV) complexes with a negative reduction potential might take too
long to reduce, resulting in excretion from the body without completing its function,

effectively decreasing the drug’s efficacy [77,78].

To date, only four Pt(IV) complexes have undergone clinical trials (Figure 1.5).
Satraplatin or trans,cis,cis-bis(acetato)aminecyclohexylaminedichloroplatinum(IV)
[79] was the first oral candidate for treatment of cisplatin resistant tumours with a
carboplatin-like toxicity profile. Its mechanism of action is similar to that of cisplatin,
however, its asymmetry from its amine ligands alters its DNA-adduct profile,
increasing its efficiency to inhibit translational DNA synthesis and decreasing the
likelihood of being recognised by DNA-mismatch repair proteins [80]. Ormaplatin or
tetrachloro(trans-1,2-diaminocyclohexane)platinum(IV) [81,82] (Figure 1.5) was one
of the first Pt(IV) agents to undergo clinical trials, however, it induced strong
neurotoxicity at its maximum tolerated dose. This is thought to occur from fast
reduction to its active Pt(ll) species due to its axial chloride ligands [83]. Iproplatin or
cis,trans,cis-dichlorodihydroxobis(isopropylamine)platinum(1V) [84] (Figure 1.5) was
similar to ormaplatin in terms of its mechanism of action but had an increased water
solubility and was less prone to reduction and deactivation by biological reducing
agents, most likely due to its axial hydroxide ligands [83,85]. Clinical trials were
ultimately discontinued due to the response rate of iproplatin being not vastly
different to cisplatin [86]. LA-12 or cis, trans,cis-bis(acetato)(1-
adamantylamine)aminedichloroplatinum(IV) [87] is a derivative of satraplatin which
contains 1l-adamantylamine instead of cyclohexylamine as its non-leaving amino

ligand. LA-12 has shown higher cytotoxicity than cisplatin and satraplatin. While its
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mechanism of action is not fully understood, there is some evidence that LA-12 can

disrupt cell proliferation and induce apoptosis more efficiently than cisplatin [88].
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Figure 1.5: Structures of four platinum(IV) pro-drugs which have undergone clinical trials.

While the above complexes have been designed to reduce the inherent toxic side
effects of cisplatin, few of them are capable of addressing the drawback of the
toxicity towards healthy cells. For this reason, much research has been conducted
into functionalising various platinum drugs with moieties to target specific cellular
features or by incorporating ligands with distinct biological functions [89]. The aim of
this “multitargeted” approach is to improve drug uptake [90], improve cytotoxicity
[83], reduce side effects [91] and enhance drug specificity [92]. Strategies to target
tumour cells typically include modifying the metal coordination sphere with ligands
(Figure 1.6) such as carbohydrates [93-96], peptides [97,98], steroids [99,100],
antibodies [101] and enzyme inhibitors [102] to target receptors which tumours
overexpress for growth. In particular, 1.4, a Pt(IV) tumour penetrating peptide (TPP)
conjugate, is designed to target the 70-kDa heat shock protein (HSP70) which is a
stress-inducible chaperone responsible for protecting cells against apoptosis during
a stress response [103] and is overexpressed on cancer cells. This membrane bound
chaperone was found to be present on 50% of tumours of the 1000 patients tested
and was not expressed on healthy cells, making it an attractive target for selective

chemotherapy [104].

Inhibition of enzymes associated with T-cell suppression is also a viable route for
increasing anticancer activity through a synergistic effect with the active Pt(ll) drug.
Complex 1.5 specifically targets the indoleamine 2,3-dioxygenase (IDO) enzyme,

which metabolises the amino acid tryptophan [105]. These metabolites are shown to
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induce the differentiation of regulatory T cells and cause apoptosis of effector T cells,
giving rise to immunosuppression. The presence of these metabolites can be used as
a prognostic marker to measure cancer invasiveness and progression, alternatively,
overexpression of the IDO enzyme can be used to target cancer cells due to their

overexpression on tumour cell membranes [106].

Steroid-tethered Pt(IV) complexes have also been developed to target cellular
entities associated with cancer and acquired or intrinsic resistance. Complex 1.6 is
conjugated to estrogen, which has been shown to sensitise cells to cisplatin through
inducing the overexpression of high mobility group box 1 protein (HMGB1). This
protein shields cisplatin-DNA adducts from DNA repair proteins, which can serve as

a viable route to overcome cisplatin resistance [107].
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Figure 1.6: Structures of targeted Pt(IV) prodrugs using peptides [98], enzyme inhibitors
[105], and steroids [107].

It is now recognised that a lack of cancer cell selectivity is a serious drawback of small
molecule anticancer drugs, which stymies their therapeutic potential and has

become a focus of many research groups [108].
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1.3 Glycoconjugation for the targeted delivery of metallodrugs

1.3.1 Tumour glycolysis

Glycolysis is a universal pathway for catabolism of glucose in animals and plants. The
process of glycolysis converts one molecule of glucose into two molecules of pyruvic
acid. The energy released is preserved in the form of ATP and NADH and the main
function of glycolysis is to provide energy and intermediates for other metabolic
pathways (Figure 1.7). Glycolysis is provided with glucose through two major routes,
carbohydrate consumption and cellular glycogen. Glucose undergoes glycolysis by a
sequence of ten reactions, the first five reactions are referred to as the “investment”
phase since ATP is consumed in these reactions. The last five reactions constitute the
“pay off” phase and yield 2 ATP, 2 NADH and 2 pyruvates. The two pyruvates are
converted to two acetyl-CoA molecules using the pyruvate dehydrogenase complex.
Then, each acetyl-CoA molecule enters the tricarboxylic acid cycle (TCA) under
aerobic conditions [109]. The products of the TCA cycle finally enter the electron
transport system (ETS), also known as oxidative phosphorylation (OXPHOS), where
ATP production is very efficient and can produce between 32 to 36 ATP molecules

per molecule of glucose [110].
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Figure 1.7: Glycolysis pathway for healthy cells (left) and cancerous cells (right) [111].

Tumour cells deviate from the typical cycle of ATP production because cells switch
from OXPHOS to glycolysis for the synthesis of ATP which is a key event in
tumorigenesis. The typical fate of pyruvate is avoided in cancer cells and through
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aerobic glycolysis, it is converted into lactate even in the presence of oxygen [112].
This observation was first noted by Otto Warburg in the 1920s and was coined “The
Warburg Effect” [5]. Much research was focused on determining why the Warburg
effect was advantageous for tumour growth. The first proposed explanation was that
with increased glycolysis, intermediates can funnel into side pathways to support the
synthesis of nucleotides, lipids and amino acids which are needed to facilitate cell
proliferation. The TCA cycle has also been identified as a key facilitator of tumour
growth due to pyruvate carboxylase which generates oxaloacetate, a TCA cycle
metabolite from pyruvate, being necessary for primary and metastatic tumour

growth [113].

The benefits of this method of ATP production have been investigated and while they
are still unknown, it has been postulated that cancer cells use this mechanism to
proliferate in hypoxic environments, an example being the conditions of solid
tumours. Another hypothesis is that the reduction in oxidative metabolism could
help the cells escape from apoptosis [114]. Evaluations of metabolic flux have
demonstrated that glycolysis is increased in a number of cancer cell lines and one
explanation is that there is an overexpression of close to all enzymes of the glycolytic
pathway. Hypoxia-inducible factor 1 (HIF-1) has been identified as a key regulator for
aerobic glycolysis in tumours as it controls the expression of glycolysis enzymes
(hexokinase 1 and 2 (HK1 and HK2), enolase 1, phosphoglycerate kinase 1 (PGK-1),
pyruvate kinase M2 (PKM2) and pyruvate dehydrogenase kinase 1 (PDK-1)), lactate
dehydrogenase (LDHA), glucose transporters (GLUT1 and GLUT3) and several other
tumour related genes. In cancer cells, PDK-1 deactivates the pyruvate dehydrogenase
complex (PDH), stopping conversion from pyruvate to acetyl-CoA. This reduces
delivery of NADH and FADH; to the ETS, stimulating the production of lactate to
stabilise HIF-1. This is characteristic of cancer cells shift from OXPHOS to aerobic
glycolysis [115-117]. Research has been done to synthesise drugs which target HIFs
or its subunits HIF-1a and HIF-1pB. Several drugs have been proposed which modulate
the levels of HIF-1a, which influences HIF-1 without directly targeting it: examples
being Digoxin [118,119], ganetespib [120,121], Baicalein [122],

methylalpinumisoflavone [123], oroxylin A [124], EGCG [125] and resveratrol
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[126,127]. Synthesizing compounds to target HIFs is difficult due to the lack of

selectivity for the HIF-1a subunit.

1.3.2 Targeting glucose transporters

As previously discussed, the Warburg effect leads to cells producing ATP through
aerobic glycolysis, rather than OXPHOS. An important manifestation of the Warburg
effect is the overexpression of glucose transporters (GLUTs) on the membranes of
cancer cells which are encoded by the solute carrier family 2 (SLC2) gene. To date,
fourteen human GLUTs have been identified and sorted into three classes based on
sequence similarity: Class 1 (GLUTs 1-4, 14), class 2 (GLUTs 5, 7, 9 and 11) and class 3
(GLUTs 6, 8,10, 12 and 13 (HMIT)) [128]. GLUTs 1-4 are among the most meticulously
characterised, with GLUT1 being one of the first characterised and crystallised [129].
This was accomplished by inducing point mutations in the structure (N45T and
E329Q) and binding nonyl-B-D-glucoside. As a result, its mechanism of binding and
release of its substrate was elucidated (Figure 1.8). The substrate is bound at the
primary site on the extracellular C-domain, with extra contacts by the N-domain. This
induces closure of the extracellular domain, rearranging interactions on both sides of
the bound substrate. The protein may then switch from an outward-open
conformation to an inward-open conformation, exposing the substrate to a low

concentration environment, where the substrate is then dissociated [129].
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Figure 1.8: Mechanism for transport of glucose by GLUTs [130].
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GLUT1 is present in high amounts in human erythrocytes and deficiency in this

transporter can lead to a variety of issues, ranging from mild to severe developmental
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and metabolic perturbation [131]. The specificity and transport kinetic features of
the GLUT proteins for carbohydrates and transport inhibitors have been extensively
studied for class 1 GLUTs and GLUT5S and reviewed in great detail by Holman [132].
Interactions of GLUTs with substrates is an important consideration for designing
drugs which target cancer cells through glucose transporters. Differences in the
amino acid side chains present in the binding pocket for different GLUTs result in

drastic changes in substrate preference and interaction.

With respect to GLUT1, hydroxyl groups at C1, C3, C4, C6 (Figure 1.9) and the ring
oxygen are all important for hexose binding. C4, when switched to the axial position
in galactose led to a strong decrease in binding affinity in comparison to when the
hydroxyl is in the equatorial position in glucose [132,133]. The hydrogen bond donor
and acceptor ability of each of these hydroxyl groups is also important for substrate
recognition. Hydrogen bond acceptor positions being C1, C3 and C6, while C4 is the
only hydrogen bond donor. The hydroxyl at C2 does not seem to participate in
hydrogen bonding, proven by the fact that 2-deoxyglucose is transported by all class

1 GLUTSs, making C2 an attractive position for drug conjugation [132].

The preference of GLUTSs for the a- and B- anomers of glucose has also been studied.
In particular, it was found that the f anomer binds more strongly than the a anomer
and is transported more rapidly by GLUT1, but in the crystal structure of GLUT3, both
the a and B anomers are present even if the a anomer is more abundant [132,134].
An example of this being shown by the group of Lippard [135] which found that
functionalisation of their platinum(ll) anticancer drugs with carbohydrates at C2 and
Cla both improved intracellular accumulation of platinum drugs as well as their

cytotoxicity profiles.

Figure 1.9: Structure of B-D-glucose with carbon atoms labelled.
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Carbohydrates other than glucose can also be used to target glucose transporters. 2-
deoxy-D-glucose, D-mannose, D-galactose, D-xylose, 2-deoxy-D-galactose, L-
arabinose, D-ribose, D-fructose and D-lyxose, in order of decreasing affinity, were all
found to be transported through a transporter-mediated manner [136]. For example,

GLUT3 and GLUT4 show a similar affinity for galactose and glucose [132].

Glucose transporters can also serve as targets for tumour imaging by using 2-[*8F]-
fluoro-2-deoxy-D-glucose (FDG) (Figure 1.10) in positron emission tomography (PET)
which is used for the detection and staging of cancer [137]. As the C2 position is not
important for transport through GLUT1, fluorodeoxyglucose is transported into the
cell in the same way as glucose. In the cytosol, it is phosphorylated into
fluorodeoxyglucose 6-phosphate by hexokinase enzymes. Once in this form, further
glycolysis is prevented as it cannot be converted to deoxyfructose 6-phosphate,
leaving fluorodeoxyglucose 6-phosphate trapped inside the cell [138]. This
accumulation can then serve as a contrast agent for imaging by detection of high
energy gamma rays emitted from the decaying '8F atoms. The detection of these
gamma rays shows the distribution of FDG in the body and can be used to locate

metabolically active tissues in three dimensions [139].
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Figure 1.10: Structure of 2-[*8F]-fluoro-2-deoxy-D-glucose (FDG).

Finally, targeting glucose transporters with the goal of inhibiting their function has
also been explored. Cytochalasin B (Figure 1.11) is a natural product identified to
inhibit cytoplasmic division [140,141], phagocytosis [142], pinocytosis [143],
secretion of thyroid and growth hormone [144] and the inhibition of morphogenesis

[145]. It was also shown to inhibit the uptake of deoxyglucose and glucose by tracking
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the metabolites formed from 2-deoxy-D-[**C]-glucose and D-[**C]-glucose in samples
of cell culture fluid [145]. Inhibitors inspired by this natural product, GLUT-i1 and
GLUT-i2 (Figure 1.11) were synthesised based on a phe-amide core scaffold and used
to compete with glucose at the binding site on GLUT1 [146]. Other natural products,
such as the flavonoids curcumin [147] and silybin [148] were shown to directly inhibit
GLUT1 and GLUT4 respectively. While the exact mechanism is not fully understood,
researchers have hypothesised that, like cytochalasin, the inhibitors compete with
glucose binding to the protein and inhibits its uptake. Chalcones, such as phloretin
[149] were shown to target GLUT1 and GLUT2 by acting in the same way as the
previously mentioned inhibitors. Interestingly, phlorizin [150], a chalcone containing
glucose in its structure, does not affect GLUTs (1-12) but only acts on sodium linked
glucose transporters (SGLTs). The study of this inhibitor led to the identification of
these SGLTs, which are involved in a separate energy-dependent uptake mechanism
to the energy-independent GLUT-mediated mechanism [151]. Forskolin,
pentobarbital and dipyridamole have also been identified as potent GLUT1 and
GLUT4 inhibitors (Figure 1.11) [152].
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Figure 1.11: Structures of potent GLUT inhibitors and SGLT inhibitor phlorizin.

1.4 Metal-Based Glycoconjugates

1.4.1 Platinum(ll) glycoconjugates

The first carbohydrate-based chemotherapeutic agent, glufosfamide [153,154], an
ifosfamide mustard serving as a DNA alkylating agent, was developed to exploit the
Warburg effect and was published in 1995. Much research has been conducted since
then to target GLUTs and exploit the Warburg effect through glycoconjugation. Many
metal complexes and, in particular platinum-based complexes, have been developed
for this purpose, which will be discussed throughout this section (Section 1.4).

Platinum(ll) glycoconjugates were among the first complexes to be studied with the
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intent of targeting glucose transporters and early work in this area of research was
reviewed by Hartinger in 2008 [155]. In the last ten years, the groups of Gao and
Lippard have developed many Pt(ll) glycoconjugates using oxaliplatin [29] as the
active therapeutic Pt(Il) scaffold. Oxaliplatin is likely chosen as a good candidate for
conjugation due to its altered toxicity profile when compared to cisplatin as well the
use of a bidentate O,0-malonate leaving ligand, which allows for functionalisation
with a variety of compounds. This leaving ligand is important because, when
functionalised with carbohydrates and other targeting vectors, essentially creates a
Pt(ll) prodrug capable of targeting cellular entities while still providing anticancer

activity [89].

Since 2013, the group of Gao have been interested in synthesising oxaliplatin
derivatives conjugated to carbohydrates (Figure 1.12) to increase their water
solubility (reducing renal toxicity) and improving their tumour selectivity. Complexes
1.7 — 1.9 were first synthesised containing glucose conjugated in the C1 positionto a
malonate leaving ligand. While the sugar itself helped to improve water solubility,
the addition of halides (Cl or F) in the 2-position of malonic acid further increased
water solubility, an example being oxaliplatin in comparison to Complex 1.9, which
displayed an enhanced water solubility from 6.0 mg/ml to 946.8 mg/ml, respectively.
1.9 was found to exert the highest cytotoxic effect, likely due to its superior solubility
through the addition of a fluoro-substituent. The dependency between the
cytotoxicity of Complex 1.9 and its interaction with glucose transporters was
evaluated using phlorizin to inhibit SGLTs and it was found that the cell-killing ability
of 1.9 was reduced in the presence of the inhibitor. The same assay conducted with
oxaliplatin had no effect on its potency, meaning the toxicity of 1.9 was dependent
on SGLTs for drug uptake [156]. Further tests were also conducted with 1.9 to see if
combination therapy with this oxaliplatin glyco-derivative, folinic acid (FA) and 5-
fluorouracil (5-FU) would improve the efficacy of oxaliplatin combination therapy
(FOLFOX). Comparisons between the two combination therapies (both in a ratio of
1:5:10, Pt:FA:5-FU) showed that Complex 1.9 exhibited better overall cytotoxicity
against the cell lines HT29, SKOV3, DU146, MCF7, and H460. In particular, the

glycoconjugate combination therapy displayed statistically significant activity against

20



Chapter 1 Introduction

the SKOV3 cell line (0.17 uM) as opposed to FOLFOX (0.73 uM). These results suggest
that this complex could be used as a suitable replacement for oxaliplatin while also

improving the maximum tolerated dose (MTD) for the drug [157].

Later studies from the same group also looked at the use of galactose and mannose
glycoconjugates (1.7, 1.10, 1.11) against cell lines which overexpressed GLUT1 [158].
They observed that cell lines sensitive to glucose, which had a high expression of
GLUT1, were also sensitive to mannose and galactose derivatives. They remarked
that the galactose derivative 1.10 was much less potent in some of their testing as
opposed to the glucose derivative 1.7, particularly against HT29 (1.10 = 1.7 uM and
1.7 =0.53 uM), A549 (1.10 = 4.90 uM and 1.7 = 0.35 uM), and MCF7 (1.10 = 9.82 uM
and 1.7 = 0.61 uM) cell lines and hypothesised that different GLUT subtypes may be
present in these cell lines. Interestingly, platinum uptake was measured in one cell
line for the glucose derivative 1.7 but not for 1.10, which might have provided more
information on the lack of activity of this complex. The use of 2-deoxyglucose (2-DG)
(1.23 — 1.25) was also analysed as it is transported through GLUT1 at much higher
rates than glucose and has a greater binding affinity [159]. Again, these complexes
showed cytotoxicity greater than oxaliplatin and with the addition of halides, showed

improved water solubility and also showed GLUT1 dependent uptake [160].

Later publications looked at varying the linker length from the sugar targeting moiety
to the platinum core. This variable has been shown to affect the translocation
efficiency of GLUTs and subsequently affect the cellular accumulation of the
glycoconjugates [161]. Complexes 1.12 — 1.22 all showed great potential as
anticancer agents, however, 1.22 was two to three times less effective than its
counterpart 1.21 and when incubated with the lung cancer cell line (A549) was
fourteen times less cytotoxic [162]. Through the use of a linker differing by one

carbon atom shows such a drastic change in anticancer activity.

Gao and coworkers also developed different Pt(ll)-glyco conjugated with conjugation
to different positions of the sugar (Glu, Gal and Man) (1.26 — 1.28), in particular at
C6. As discussed in Section 1.3.2, functionalisation at this position should be
tolerated as long as the hydrogen bond donor ability of the sugar is conserved. This
group accomplishes this aspect by using amide bonds to link the sugar with malonic
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acid. In assays against various cancer cell lines (HT29, H460, DU145, A549, SKOV3,
MCF7), Complex 1.26, a glucose conjugate, was the most potent, and was particularly
active against H460 cells (1.08 uM vs 22 uM (Oxaliplatin and mannose/galactose
derivatives)). This indicates that, while all complexes had good activity against the
cell lines tested, the glucose conjugated complex had a stronger affinity for the

glucose transporters present in the cells [163].
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Figure 1.12: Structures of oxaliplatin glycoconjugates synthesised by Gao et al. (1.7 - 1.9
[156]) (1.10—-1.11[158]) (1.12-1.17 [164]) (1.18 —1.20 [165]) (1.21, 1.22 [162]) (1.23-1.25
[160]) (1.26 — 1.28 [163])

Similarly, the group of Lippard developed novel Pt(ll) glycoconjugates to target the
overexpression of glucose transporters. In particular, the group looked at developing
complexes conjugated at every position of the glucose ring [135] (this aspect will be

further discussed in Chapter 3). Importantly, other than the position of conjugation
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to the glucose molecule, the distance of the sugar to the metal centre is vital for
tuning anticancer activity, and this was investigated by this group through the
synthesis of complexes 1.29 — 1.31 (Figure 1.13). They hypothesised that steric
hindrance, caused by an overly long substrate would block the conformational
change needed for the transport of substrates through GLUTs. This hypothesis is
supported by the observed decrease in cellular uptake (1.29>1.30>1.31) in ovarian
(A2780), prostate (DU145), and lung cancer (A549) cells. To further support this,
docking studies were carried out with complexes 1.29 and 1.31 which showed
significant steric clashes occurring with 1.31 but not 1.29. The group concluded that
the translocation efficiency and subsequent cellular accumulation were reduced with

increasing linker length [161].

HO

OH
HO.

HO oH [o]] b\/o/\/\
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HO... ° o N. o N. o N.
Pt Ho® © Pt Pt
Ho* O o N o N o N
o H, o H, H,

1.29 (Glc) 1.30 (Glc) 1.31 (Glc)

Figure 1.13: Structures of oxaliplatin glycoconjugates synthesised by Lippard et al. (1.29 —
1.31 [161]).

1.4.2 Platinum(IV) glycoconjugates

Pt(IV) glycoconjugates have also gained attention as suitable substrates for targeting
glucose transporters. Octahedral Pt(IV) complexes, as discussed in Section 1.2, are
considered inert prodrugs that can be administered orally and are activated by the
reduction inside the cell to their active Pt(ll) counterparts [166]. Examples of
complexes employing these methods of targeting can be seen from the group of
Wang. This group explores the use of acetylated and deacetylated Pt(IV)

glycoconjugates of glucose, galactose, mannose and rhamnose (Figure 1.14).

Figure 1.14 show the structures of amide linked, mono- and bis-functionalised
acetylated Pt(IV) glycoconjugates. A major aspect of this work was the evaluation of
the reduction properties present in mono- and bis-functionalised Pt(IV) complexes.
The overarching hypothesis was that altering the axial ligands will alter the Pt(IV) to

Pt(ll) reduction potential, allowing for reduction in cancer cells but not in healthy cells
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[167]. The reduction potentials of complexes 1.32 — 1.46 were analysed using cyclic
voltammetry at a pH of 6.4 to mimic the pH of the cancer microenvironment [168].
Normal physiological pH of 7.4 was also analysed to determine if functionalisation
allows for the selective reduction within the tumour rather than the bloodstream.
With lower pH, the reduction potential of a redox couple will increase [169]. Bis-
functionalised complexes 1.32 — 1.36 did not show much of a difference in reduction
potentials between pH 6.4 and 7.4 [167] while the mono-functionalised complexes
1.37 - 1.46 displayed a more positive shift in reduction properties at pH 6.4 than the
bis-functionalised prodrugs. It is believed that mono-functionalisation of the Pt(IV)
prodrugs should be a mainstay in drug design due to its favourable reduction
properties. Wang et al. also concluded that a cisplatin core, as seen in complexes 1.37
— 1.41 should be employed because of their superior activity compared to their

oxaliplatin derivatives [170].

The group also varied the distance of the carbohydrate to the platinum centre by
using two and three carbon chains bound through amide bonds. Interestingly, the
only sugar whose linker was not varied was the glucose derivative, and while the
cytotoxicity of Complex 1.32 was not spectacular, varying the linker and evaluation
against healthy cells could still hold some value. Mannose derivatives (1.33, 1.34) and
their mono-functionalised counterparts (1.38, 1.39) were chosen to evaluate their
selectivity for healthy cells. Complex 1.33 had an ICsp of 84 uM and 1.34 showed
cytotoxicity at 169 uM. 1.38 and 1.39 had comparable ICso values and when
compared to their activity against cancerous cells, showed a highly significant
reduction in cell killing ability. Unfortunately, these complexes were not tested in the
presence of GLUT inhibitors, meaning their method of uptake into the cell cannot be
concluded. What is interesting however, is their lack of activity against the healthy

cell line, even with their highly lipophilic protecting groups.
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Figure 1.14: Structures of acetylated mono- and bis-Pt(IV) glycoconjugates of glucose,
galactose, mannose and rhamnose with varying linker lengths and platinum cores [167,170].

Wang et al. also synthesised a library of mono-functionalised, acetylated and
deacetylated Pt(IV) prodrugs (Figure 1.15), based on their previous findings [171].
Specifically, the group attempted to improve the GLUT1 targeting ability of their
complexes, through the variation of their carbohydrate targeting vectors by
incorporating the disaccharides maltose and lactose and also through the use of
deprotected sugars which should have a greater affinity for GLUTs. As expected, free
sugar derivatives showed greater activity against the majority of cell lines tested
compared to their per-acetylated counterparts. In particular, the deprotected
mannose Complex (1.53) showed a far improved cytotoxicity (thirty-times more
effective against Hela cells) when compared to the acetylated mannose Complex
(1.50). Importantly, lactose conjugates (1.48, 1.57) were particularly effective at
overcoming the chemoresistance of the A549R cell line (4.26 uM and 8.37 uM,

respectively).

Incubation of 1.55 with phloretin shows a large decrease in activity, with ICso
increasing from 0.89 uM to 31.80 uM. This shows that transport of the free sugar

complexes is mediated by GLUTs and with inhibition, drug cytotoxicity dramatically
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decreases [171]. Interestingly, 1.55 is functionalised in the C6 position, suggesting
that while isomers of C1 and C2 might be more suitable for drug conjugation, there
is a need for further exploration of the use of different positional isomers.
Interestingly, the results of the docking studies for 1.55 shows an interaction
between proteins in the GLUT1 binding site and the oxygen of C6, whereas no such
interaction is seen in the C2 position. Also notably, 1.55 employs an oxaliplatin core,
which is thought to be sub-optimal in terms of activity and reduction potential. It is
clear that more research is needed into this field to optimise the three fundamental
aspects of these complexes: (i) the carbohydrate vector used and which position to

functionalise; (ii) the type and length of linker used and (iii) the active therapeutic

agent used.
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Figure 1.15: Structures of mono-functionalised acetylated and deacetylated Pt(IV)
glycoconjugates of maltose, lactose, glucose, galactose, mannose and rhamnose. Complexes
are synthesised on cisplatin or oxaliplatin scaffolds [171].

1.4.3 Other glycoconjugated metallodrugs

While platinum-based glycoconjugates have been studied extensively as potential
alternatives to cisplatin, other metallodrugs of Ru, Pd, Au, Cu, Fe, Sn and Co have
been studied as potential chemotherapeutics [172]. In the case of Ru-based
complexes, many are considered to be less toxic than Pt-based drugs and more
selective for cancer cells which could allow them to overcome the limitations and

resistances of platinum-based drugs. This is potentially due to the ability of Ru to
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mimic iron in binding to biomolecules; transferrin receptors, for example, may

transport Ru rather than iron to cancer cells [173].

Ru bipyridyl (bpy) complexes display luminescent properties which make them
attractive candidates for fluorescent sensors and photodynamic-therapeutic
applications [174]. Complexes 1.60 — 1.62 (Figure 1.16) show an enhanced cellular
uptake in cancer cells, with respect to their unconjugated counterparts, while
retaining their luminescent properties. S-glycosylation is also employed to resist
intracellular hydrolysis. Although uptake through GLUTs could not be confirmed, the
addition of the carbohydrate moieties improved both water solubility and drug

accumulation, while 1.60 showed the highest accumulation [175].

R = 1.60 (Glc)
0. 8¢
HO
HO "’OH
OH
R = 1.61 (Gal)
o) \s}‘i
HO N

1.60 - 1.62
OH

R =1.62 (Man)

Figure 1.16: Ru(bpy)s glycoconjugates of S-glycosylated glucose, galactose and mannose
[175].

Gottschaldt et al. have also used carbohydrates for the functionalisation of Ru(bpy)2
curcumin conjugates (Figure 1.17). Fructose (1.64) has also been employed as a
targeting group to take advantage of GLUTS which is overexpressed in the small
intestine, kidney cells and breast cancer cells and has a preference for fructose [176].
Curcumin is used as a 0,0-bidentate chelating ligand in this complex for its reported

antimicrobial, anti-inflammatory and antitumour effects [177]. A drawback of
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curcumin as a chemotherapeutic is its rapid metabolism in the body and poor water
solubility. Conjugation of this ligand to a metal centre has been shown to increase
water solubility; the addition of carbohydrates to these complexes has the added
benefit of further improving their water solubility [178]. The complexes showed
varying levels of anticancer activity; however, the authors suggest the high
lipophilicity of the bipyridyl ligands may hamper its targeted anticancer effects.
Importantly, there was a noticeable increase in the toxicity of the glycoconjugated

curcumin complexes, which is in line with the authors expectations.

O..OH
HO" ™ “OH
OH
R=1.63 (Glc) R= 1.64 (Fruc)

Figure 1.17: Ru(ll) curcumin glycoconjugate of glucose and fructose [178].

Palladium(ll) shares structural and thermodynamic features with Pt(ll), in particular
its square planar geometry. Pd however, is much less kinetically stable than Pt(Il) but
it can be used for anticancer treatments with mechanisms different to cisplatin [179].
Photodynamic therapy (PDT) using Pd is also utilised as an anticancer therapy by
photo-irradiating nontoxic photosensitisers with visible light. This generates reactive
oxygen species (ROS) to kill malignant cells. For successful PDT treatment, a
photosensitiser must meet several conditions: (1) no cytotoxicity without

photoirradiation, (2) reasonable cytotoxic ROS generation upon photoirradiation, (3)

28



Chapter 1 Introduction

availability of longer wavelength light, (4) reasonable water solubility, (5) selective
accumulation at the tumour site [180]. In order to meet the requirements of (4) and
(5), carbohydrates are incorporated to both improve water solubility and improve
selectivity through the Warburg effect (Figure 1.18). Experimentally, uptake of 1.65
and 1.66 was shown to be almost four-times higher than that of the un-glycosylated

standard.

OH OH

1.65 1.66

Figure 1.18: Porphyrin and chlorin palladium glycoconjugates [180].

Gold has also gained much attention as a new class of potential chemotherapeutics,
with the ability to inhibit tumour cell growth through non-cisplatin-like mechanisms
of action. Gold complexes have seen applications in both the +1 and +3 oxidation
states. Gold(lll) shares cisplatin’s square-planar geometry while gold(l) has a linear

geometry which has seen more success in terms of clinical applications [181].

Auranofin (Figure 1.19) is a linear gold(l) complex containing triethylphosphine and
thio-glucose tetraacetate as ligands. Auranofin has been used clinically since 1985 for
the treatment of rheumatoid arthritis and has shown excellent anti-inflammatory
and anticancer activity in vivo [182]. Auranofin acts as an inhibitor of thioredoxin
reductase, altering the redox state of the cell and increasing the production of
hydrogen peroxide. This peroxide oxidises components of the thioredoxin system

and creates the conditions needed for apoptosis [183].
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Figure 1.19: Structure of gold(l) glycoconjugate, auranofin [182].

Complexes of gold(lll) have also been researched extensively, however, the issue of
instability and reactivity of the Au(lll) ion, such as the reduction of Au(lll) to Au(l) or
Au(0) have hampered its therapeutic potential [184]. Stabilisation with the use of
carbon deprotonated bidentate (CAN) and tridentate (CANAC or CAN”N) ligands has
been shown to increase stability to reduction in the presence of common biological
reductants [185]. These ligands, however, have not aided in increasing drug targeting
or selectivity. Functionalisation with carbohydrates is attractive in this regard and has

appeared in many examples, reviewed by the group of Ronconi et al. [181].

Au(lll) glycoconjugates with positional isomers of glucose and glucosamine (1.67 —
1.70) are shown in Figure 1.20. In vitro antiproliferative assays against four human
cell lines (A2780, A2780cis, HT29 and Hela) showed that the glycosylated complexes
only showed activity against A2780 cells. It was also shown that cell internalisation
was not GLUT mediated but incubation with GLUT inhibitor 4,6-O-ethylidene-a-D-
glucose (EDG) actually improved cytotoxic activity of 1.67 — 1.70. The group
speculates that an alternative facilitated diffusion method is responsible for uptake

[186]. Potentially, steric bulk is responsible for the poor uptake through GLUTSs.
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Figure 1.20: Structure of gold(lll) glycoconjugates functionalised in the C2 position (1.67 —
1.68), C6 position (1.69) and anomeric position (1.70) [186].

The complexes discussed in this section have been primarily synthesised by linking
the carbohydrate moiety to the metal centre through amide bonding or glycosylation
reactions. One drawback of these methods of conjugation is their relative instability
in vivo through hydrolysis [187]. Earlier in this section, examples can be seen of the
use of thiol linkages to overcome the chemical/enzymatic degradation of glycosidic
bonds (Figure 1.19). In the literature, amide bond degradation is avoided through the
use of peptide bonds mimics, the most common mimics being N-methylated amide
bonds, reduced amide bonds, semicarbazides, peptoids, and alkenes [188]. 1,4-
disubstituted 1,2,3-triazoles have also been identified as suitable bioisostere for
amide bonds and has seen widespread use in the field of carbohydrate chemistry for
its enhanced stability and mild reaction conditions in comparison to glycosidic bonds

[189].

1.5 Copper catalysed azide-alkyne cycloaddition (CuAAC) ‘Click’
chemistry

1.5.1 Click chemistry in platinum-based drugs

As described later in the aim and scope section, sugar moieties and the Pt metallic
centre are conjugated with linkers featuring a triazole group obtained through “click”
chemistry. Copper catalysed azide-alkyne cycloaddition (CuAAC) or ‘Click’ reactions
are catalysed variations of Huisgens 1,3-dipolar cycloaddition reaction [190].

Classically, these reactions converted organic azides and terminal alkynes using high
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temperatures into a mixture of 1,4- and 1,5-triazole regio-isomers [191]. More
recently, research by Meldal [192] and Sharpless [193] introduced copper(l) as a
catalyst for the regiospecific formation of 1,4-disubstituted 1,2,3-triazoles (Figure

1.21) [194]. This reaction will be discussed in greater detail in Chapter 2.

(i) ]
A R\N/N\\ R‘!N/N
R'—N, + R:X—= — N + )
3 &( J%/N
R2 R?
1,4-triazole 1,5-triazole
(ii) R' N
Cu(l) N7
R'—N; + R:X——= — N
RZ
1,4-triazole

Figure 1.21: Synthesis of 1,2,3-triazoles using (i) Huisgen 1,3-dipolar cycloaddtion conditions,
yielding a mixture of 1,4- and 1,5-regioisomers; (ii) CuAAC conditions, yielding 1,4-
disubstituted 1,2,3-triazoles only.

Click chemistry has seen a wide variety of applications in organic synthesis and the
fields of biology, biochemistry and biotechnology. The resulting heterocycle is stable
against oxidation, reduction and hydrolysis under acidic or basic conditions and can
participate in hydrogen bond formation, dipole-dipole and mt stacking interactions,

making it an attractive mimetic for amide bonds [195,196].

Examples of this type of linkage include conjugation of classical cancer targeting
ligands to platinum (Figure 1.22) [197]. These complexes were synthesised by the
click reaction of ethynylestradiol and di-tert-butyl (2-azidopropane-1,3-
diyl)dicarbamate, and the subsequent N-Boc deprotection of the diamine groups for
coupling to cisplatin and carboplatin derivatives. The cytotoxicity of both estrogen
linked complexes was analysed against a panel of cervical, breast, ovarian and colon
cancer cell lines. Both complexes (1.71 and 1.72) exhibited far superior cytotoxicity

compared to the reference cisplatin and carboplatin.
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Figure 1.22: Structures of estrogen Pt(ll) complexes linked via CUAAC chemistry, complexes
contain cisplatin (1.71) and carboplatin (1.72) cores [197].

The example shown in Figure 1.22, is more representative of the type of click
chemistry that will be employed in later chapters, however the scope of click
chemistry is much larger than that of functionalising ligands for conjugation to
platinum drugs. In particular, groups have used strain-promoted azide-alkyne
cycloaddition (SPAAC) to exploit the reactivity of cyclooctynes (due to ring strain) for
coupling to azides directly coordinated to the metal centre [198]. Farrer et al.
synthesised a di-nuclear Pt(IV) complex (Figure 1.23), coupled through SPAAC click

chemistry, which is capable of photoreduction to Pt(ll) through azido groups [199].
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Figure 1.23: Structure of Pt(IV) triazolato azido complex [199].

Functionalisation of the metal centre with fluorescent agents using click chemistry
has also been explored to investigate the cellular transport and cytoplasmic
localisation of Pt-based chemotherapeutics [200]. Click chemistry has also been
employed for the functionalisation of Pt-based drugs with secondary
chemotherapeutics, biomarkers for post-treatment analysis and for tracking Pt drugs
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within cells, all of which have been previously reviewed by Griffith and Farrer in 2020

[201].

1.6 Research aims and thesis outline

The aim of the research described in this thesis is to develop different series of novel
Pt(IV)-glycoconjugated prodrugs to enhance the selectivity for osteosarcoma (OS)
cancer cells (the importance of targeting osteosarcoma will be discussed in detail in
Chapter 2). With this in mind, the complexes described in later chapters were

designed with the following requirements (Figure 1.25):

e Atargeting vector (glucose or galactose) whose receptor is overexpressed on
cancer cell membranes, yielding a complex which higher selectivity for cancer
cells (Red).

e Alinker (blue) which allows the targeting vector to couple to the metal centre,
preferably one prepared with mild reaction conditions and relatively high
yields. This linker is versatile and allows for various modifications, supporting
the synthesis of derivatives of different targeting moieties and linker lengths.

e The active therapeutic agent ( ) which is inert in the bloodstream and is
reduced to its active form intracellularly. This strategy is called the prodrug

approach.

Targeting vector to target
GLUTs (improved
selectivity and uptake)

X o
N
HO

Linker to connect the
targeting moiety tothe
anticancer core

Active therapeutic agent: Pt(ll)
{Must be reduced from Pt(IV)
withinthe cell)

Figure 1.25: Schematic structure of the complexes designed and synthesised in this research
project.
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A general outline of the chapters contained in this thesis is summarised here,

explaining the evolution of my research project which will be discussed in depth in

the chapters to follow:

1)

2)

3)

4)

Synthesis, characterisation, and in vitro evaluation of four acetylated Pt(IV)
glycoconjugates against a panel of OS cell lines. Anticancer activity and
cellular uptake are analysed for three different OS cell lines (MG63, SAOS-2,
and U-20S) as well as an enriched-cancer stem cell (CSC) culture (Chapter 2).
Synthesis, characterisation, reduction properties and in vitro evaluation (2D
and 3D) of four free sugar Pt(IV) glyco-conjugated prodrugs against two OS
cell lines (SAOS-2 and MG63) and a healthy osteoblast cell line (hFOBs)
(Chapter 3).

Synthesis, characterisation and preliminary biological evaluation of a library
of C2 functionalised Pt(IV) glycoconjugates with the aim of improving
cytotoxicity and uptake through substitution of the sugar at a position other
than C1 (Chapter 4).

Synthesis, and characterisation of multivalent galactose Pt(IV)
glycoconjugates to target the asialoglycoprotein receptor (ASGPR)

overexpressed in hepatic carcinoma cells (Chapter 5).
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Chapter 2: C1 Platinum(lV) Acetylated
Glycoconjugates
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2.1 Introduction

2.1.1 Osteosarcoma

Osteosarcoma (OS) is a primary malignant bone tumour which affects 3.4 million
people per year. Before the 1970s, the five-year survival rate of patients affected was
only 20%, however, with the introduction of chemotherapy, this rate has increased
to >65%. OS is most common in adolescents between the ages of five and fifteen (5.6
cases per million children) and young adults over the age of twenty [202]. OS is
classified based on its location, involved cell type, and tumour grade and is divided
into five groups: central [203,204], multifocal [205], gnathic [206], surface OS
[207,208], and secondary OS [209,210].

Before the 1970s, treatment options were limited to surgery, making OS a universally
fatal disease due to its tendency to form pulmonary metastases. With the
introduction of chemotherapeutics in conjunction with surgery, long-term survival
rates in young patients rose dramatically. Current treatments use a combination of
doxorubicin, cisplatin, ifosfamide, and methotrexate (Figure 2.1), with the most
commonly used combination being the “MAP” regimen of methotrexate (M),

doxorubicin (A (anthracycline)) and cisplatin (P) [211].

ﬁr@MY

CH;
OH
NH,
Doxorubicin Methotrexate

OH

O_1_N

SO
N
~ i
Ifosfamide

Figure 2.1: Structures of clinically approved drugs to treat OS, all of which may be used in
combination with cisplatin (Figure 1.1) [211].
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While the survival rate of patients with OS has significantly improved, no major
advances have been made in the last 10 plus years which has led to poor prognosis
due to chemoresistance and early metastasis [212]. A major issue in the treatment
of this disease is the lack of targeted therapies, and while some drugs have been
developed to target specific pathways and growth factors (DNA damage repair and
cell cycle, vascular endothelial growth factor, platelet — derived growth factor, insulin
— like growth factor, PI3K/mTOR pathway, and the avian myelocytomatosis viral
oncogene homolog), further exploration is needed to provide targeted drugs with
better effects [213]. Photodynamic therapy [214] and nanodelivery [215] of the
above described “MAP” regimen have also been developed as methods to increase
drug uptake in specific tumours, however, the volume of research in these fields is
low, and until now, there has been no targeted metallo-drugs developed to treat

osteosarcoma.

As discussed in chapter 1, we hope to overcome this chemoresistance and lack of
targeted treatments by targeting glucose transporters overexpressed on the cell
surface. GLUT1 is positively overexpressed in OS and its downregulation can inhibit
the formation, growth, and invasion of OS cells in vitro and in vivo [216]. GLUT3 is
also overexpressed due to the ELK1/miR-134/PTBP1 signalling cascade, which
enhances aerobic glycolysis and promotes chemoresistance [217,218]. GLUT1 and
GLUT3 are selective for glucose and galactose, respectively, and these two sugars are
functionalised for coordination to platinum anticancer drugs, which will be discussed
later in this chapter. The three main OS cell lines tested in this chapter are MG-63
[219] (an osteoblast-derived cell line), SAOS-2 [220] (a non-transformed osteoblast-
like cell line), and U-2 OS [221] (derived from a moderately differentiated tibia
sarcoma): these are three of the most widely used cell lines for bone biology and drug

testing research [222].

Lack of selectivity for Cancer Stem Cells (CSCs) has also been identified as an issue in
OS treatment. Mesenchymal stem cells (MSCs) are defined as fibroblast-colony
forming units which can renew themselves through cell division and can differentiate
themselves into osteoblasts, adipocytes, and chondrocytes after exposure to specific

soluble factors in the microenvironment [223]. OS contains distinct and defined cell
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populations of MSCs, which have a stem-like phenotype and form spherical colonies,
called sarcospheres. These sarcospheres are involved in tumour progression,

metastasis and tumour recurrence which is often seen in patients with OS [224].

Targeting these cancer cells and CSCs is important for the future treatment of the
disease; so far, drugs targeting CSC-associated surface markers and the CSC
microenvironment have been developed and some are undergoing clinical trials
[225]. However, drugs to specifically target the OS CSC microenvironment have not
been identified [226]. As discussed above, targeting the GLUT overexpression

present on these cancer cells is a route for targeted therapy.

2.1.2 Acetylated carbohydrates as anticancer agents

Section 1.4 discussed the use of metal-based glycoconjugates for targeted
chemotherapy, taking advantage of glucose transporters for drug uptake and
selectivity. Notably, the majority of the complexes discussed contained
carbohydrates with free hydroxyl moieties, and these were confirmed to be taken up
through GLUTs. However, certain complexes functionalised with sugars containing
the O-acetyl protecting group showed good cytotoxicity without the use of glucose
transporters. Wang et al [227] reported the synthesis, characterisation and discussed
the cytotoxicity, cellular uptake and reduction properties of the complexes shown in
Figure 2.2. In general, complexes containing the cisplatin scaffold (2.1 - 2.3)
possessed higher antitumour activity than those with the oxaliplatin scaffold (2.4 —
2.6). It was observed that the linkages between the active therapeutic agent and the
sugar have a large influence on anticancer activity. This effect can be seen in
complexes 2.7, 2.11 and 2.12, in which the linker is exchanged with butyryl and
valeryl groups. The resulting cytotoxicity of 2.11 and 2.12 were reduced by two-to-
three times in most cell lines and in the case of the A549 carcinoma cell line, there

was a fivefold reduction in activity.

Interestingly, galactose derivatives (2.2, 2.5) showed the most promising anticancer
activity when compared to their glucose derivatives and showed comparable activity
to both cisplatin and oxaliplatin. These complexes also displayed the ability to
overcome drug resistance of A549R cells, most likely due to the higher cellular uptake

and increased DNA platination. In vivo studies of 2.2 show that the increased
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cytotoxicity seen in vitro, does not carry over to animal models, however, the
addition of this galactose moiety does significantly reduce the weight loss associated

with cisplatin treatment, thus reducing toxic side effects of classical platinum drugs.

Finally, the effect of the GLUT inhibitor phlorizin on the anticancer activity of 2.2, 2.5
and 2.9 was investigated however, it had no remarkable influence on the ICso values
of the tested complexes. A conclusion can be drawn that these complexes are not
transported by GLUTs, possibly due to the acetyl protecting groups of the sugars. A
possible explanation of the good activity observed for these complexes may be
related to the increased lipophilicity caused by the acetyl groups. Enzymatic
hydrolysis takes place when these esters enter the bloodstream, allowing the
carbohydrates to act as prodrugs with esters increasing the drugs overall

bioavailability [228].
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Figure 2.2: Structures of Pt(lV) glycoconjugates with glycuronic acid functionalised
complexes 2.1 — 2.6 and glucose, galactose, mannose, rhamnose functionalised complexes

2.7 - 2.13 (Peng G. Wang et al. [227]).

2.2 Chapter Objective

This chapter discusses the synthesis of acetylated Pt(IV)-C1-Glycoconjugates as

potential anticancer agents against OS. The selectivity of anticancer drugs has long

been an issue; cisplatin (one of the most important drugs for the treatment of many

types of tumours) shows little to no selectivity for cancer cells and resistance to the

treatment has often developed by many types of cancers after prolonged use.

Platinum(lV) prodrugs containing carbohydrate (Glucose/Galactose) targeting

vectors have been synthesised for their ability to exploit the Warburg effect and

overcome the drawbacks of classical cisplatin based chemotherapy. In this chapter

an investigation on a series of Pt(IV) complexes synthesised with acetylated sugars in
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order to compare their anticancer activity to their free sugar counterparts was
investigated, which is discussed further in Chapter 3. This chapter describes the
synthesis of a library of acetylated Pt(IV)-C1-glycoconjugates and their subsequent

evaluation as anticancer agents against OS.

Our complexes were designed based on a variety of factors, intended to provide
structural diversity to analyse their anticancer activity. GLUT3/4 have similar binding
affinities for both glucose and galactose which allows us to vary the carbohydrate
moiety. The anomeric position was also functionalised with N-glycosides and O-
glycosides to investigate any differences in cell uptake or cytotoxicity. CUAAC “click”
chemistry was used due to its versatility, mild reaction conditions and ability of the
triazole linker to act as bioisosteres for amide bonds with increased metabolic
stability. Anomeric triazoles were formed, which are shown to have increased
stability when compared to O-glycosides [229]. Finally, the distance of the sugar from
the Platinum core was varied using two linkers. This variation has been shown to have
an effect on anticancer activity where complexes that differed by a single CH, showed

significantly different levels of toxicity [167,227].

Importantly, these complexes are functionalised in the anomeric position (C1). As
discussed in Chapter 1, functionalisation at this position is suitable as long as the H-
bond acceptor ability of the position is conserved. The hydrogen bonding ability of
the triazole group is vital in this regard, as it is a capable H-bond acceptor. The O-
glycosidic linkage is also suitable as this oxygen can accept H-bonds as well [132,135].
While these theoretical aspects are important to consider, a synthetically viable
route is just as important. In this regard, functionalisation in the C1 position can be
done with relative ease when compared to other positions of a carbohydrate. The
combination of these two aspects is what led us to synthesise the complexes whose

general structure is shown in Figure 2.3.

Finally, as discussed in Section 1.4, mono- or bis-functionalisation of the target
complexes should be considered. The group of Wang stressed the importance of the
more positive reduction potential associated with mono-functionalisation when
compared to the bis-adducts. This was taken into account when synthesising our
target complexes in this chapter, with the hope that a quicker reduction within the
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cell results in a more active prodrug. With this modular approach, a library of Pt(IV)
pro-drugs were assembled with sufficient structural diversity to initially analyse the
anticancer activity of our complexes (Figure 2.3). The results discussed in this chapter
were published in Frontiers in Chemistry (doi: 10.3389/fchem.2021.795997) [230]

attached at the end of the thesis.

o AcO 0
(o) /\)J\ AcO -
o

N
ACOW/ linker OAc

H3N~p¢~Cl

> Pt acetylated glucose
H3;N™ | "ClI
OH

AcO OAc

o
N=N N=N AcO -

linker: ’/h‘\}\ or \\0/\/"‘\/)\ OAc

acetylated galactose

Figure 2.3: General structure of the novel Pt(IV) complexes based on cisplatin scaffold and
functionalised with acetylated C1-glucose and galactose.

2.3 Results and Discussion

2.3.1 Synthesis of acetylated Pt(IV) glycoconjugate prodrugs
Schemes 2.1 and 2.2 show the synthetic route for the production of complexes 1 —

4. The following novel complexes were synthesised using four main reactions.

First, commercially available peracetylated sugars (glucose and galactose, 2.14 and
2.15) are reacted to introduce an azide group through N-/O-glycosylation reactions
(2.16,2.17, 2.24 and 2.25). Secondly, the CuAAC ‘click’ reaction is used to react these
azides with 4-pentynoic acid to give the corresponding carboxylic acids (2.18, 2.19,
2.26 and 2.27). Third, esterification is used to synthesise the active NHS esters
through the use of a coupling reagent, EDCI (2.20 2.21, 2.28 and 2.29). Finally, a
transesterification is used to afford the final platinum complexes 1 — 4 through
reaction with the active ester. Every single reaction will be discussed in detail later in

this section.
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Scheme 2.1: Synthetic route for the complexes 1 and 2: (i) TMSNs3, SnCls, DCM, rt, 16 h, 94%
(2.16), 97% (2.17); (ii) CuSQg, sodium ascorbate, t-BuOH, THF, H,0, rt, 16 h, 64% (2.18), 74%
(2.19); (iii) EDCI, NHS, DCM, rt, 16 h, 77% (2.20), 54% (2.21); (iv) DMSO, 60°C, 16 h, 43% (1),
36% (2).
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Scheme 2.2: Synthetic route for complexes 3 and 4: (i) BFs.OEt,, 3 A MS, 0°C to rt, DCM, 16
h, 22% (2.22), 25% (2.23); (ii) NaNs;, DMF, 80°C, 16 h, 62% (2.24), 60% (2.25); (iii) CuSQ,,
sodium ascorbate, t-BuOH, THF, H,O, rt, 16 h, 44% (2.26), 47% (2.27); (iv) EDCI, NHS, DCM,
rt, 16 h, 87.5% (2.28), 79% (2.29); (v) DMSO, 60°C, 16 h, 29% (3), 38% (4).

2.3.2 Synthesis of Sugar Azides (2.16, 2.17, 2.24 and 2.25)

The sugar azides (2.16, 2.17) were synthesised following previously reported
procedures [231,232]. Glucose and galactose derivatives were synthesised from
commercially available peracetylated starting materials. Figure 2.4 depicts the N-

glycosylation reaction mechanism for the synthesis of anomeric sugar azides.
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Figure 2.4: N-glycosylation reaction mechanism for the synthesis of sugar azides, using SnCl,
and TMSNs.

The anomeric position was functionalised with the azide using TMSN3 and SnCla.
SnCls is a Lewis acid used to activate the anomeric acetate protecting group forming
a good leaving group. The anomeric acetyl tin complex (ii) is removed and the
resulting glycosyl cation (iii) is stabilised by the neighbouring group participation of
the carbonyl oxygen of the C-2 acetyl protecting group, which also prevents attack
from the bottom face (iv) [233]. The resulting Snx2 reaction with TMSN3 yields the B-

anomer of the sugar azide. Scheme 2.3 shows the synthesis of the D-sugar azides

[231].
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Scheme 2.3: Synthesis of B-D-sugar azides. Reagents and conditions: TMSNs, SnCly,
anhydrous DCM, N, 16 h, 94% (2.16), 97% (2.17).
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Scheme 2.4: Synthesis of 2-Azidoethyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside and 2-
Azidoethyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside. Reagents and conditions: (i)
BF3.0Et,, 2-Chloroethanol, dry DCM, rt, 16 h, 22% (2.22), 25% (2.23); (ii) NaNs, DMF, 80°C,
16 h, 62% (2.24), 60% (2.25).
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2-Azidoethyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (2.24) and 2-Azidoethyl
2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside  (2.25) were prepared from
commercially available peracetylated sugars (Scheme 2.4). The peracetylated
starting materials underwent an O-glycosylation reaction with 2-chloroethanol in the
presence of BF3.OEt; at low temperatures (Scheme 2.4). BF3.0Et; acts as the Lewis
acid in a similar fashion to the Lewis acid in Figure 2.4 and facilitates the removal of
the anomeric acetate protecting group. Nucleophilic attack from the hydroxyl of 2-
chloroethanol to the glycosyl cation results in the formation of mainly B-anomer. This
product was purified through recrystallisation in ethanol and then reacted with NaN3
in DMF at high temperatures (ii). The reaction follows an Sy2 mechanism in which
the chloride is substituted for the azide of the sodium azide yielding the products
2.24 and 2.25 which are used for the following steps without further
purification[232].

2.3.3 Copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction

Copper-catalysed azide-alkyne cycloaddition or “Click” chemistry, is a method of
selectively forming 1,4-disubstituted 1,2,3-triazoles. This reaction has seen
widespread use in medicinal chemistry and chemical biology as the 1,2,3-triazoles
are formed from very mild reaction conditions and have excellent yields, while also
being chemically inert to oxidation, reduction and hydrolysis [234]. 1,2,3-triazoles
also mimic the atom placement and electronic properties of amide bonds, while
possessing a stronger dipole moment which enhances the hydrogen bond donor and

acceptor properties of the heterocycle [235].

The reaction was developed from the Huisgen 1,3-dipolar cycloaddition and was
improved by Tornge and Meldal in 2001 with the addition of Cu(l) catalysis for the
development of peptidotriazoles on solid state resins. The use of a Cu(l) catalyst
resulted in the 1,4-disubstituted 1,2,3-triazole product only and a qualitative
conversion with very high purity. In comparison, the uncatalyzed reaction yields a
mixture of 1,4-disubstituted and 1,5-disubstituted regioisomers, as well as the need
for higher temperatures and longer reaction times [192], as shown in Scheme 2.5 (i).

In the same year, the groups of Folkin and Sharpless developed the protocol for the
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synthesis of 1,4-disubstituted 1,2,3-triazoles using a copper catalyst prepared in situ,
by the reduction of Cu(ll) to Cu(l) using sodium ascorbate [236]. The huge importance
of the development of this kind of mechanisms and applications in biorthogonal
chemistry are demonstrated by the Nobel price award for chemistry in 2022 assigned
to C. R. Bertozzi, M. Meldal, and K. B. Sharpless. The same synthetic procedure is

utilised later in this chapter (Scheme 2.5 (ii)).
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1,2,3-triazole 1,2,3-triazole
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R! N
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R-N; + RZ= 0, N
-
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1,4-disubstituted
1,2,3-triazole

Scheme 2.5: Synthesis of 1,2,3-Triazoles via (i) Huisgen 1,3-dipolar cycloaddition of azides
and alkynes; (ii) Copper-Catalysed Azide-Alkyne Cycloaddition (CuAAC).

Scheme 2.6 shows an outdated catalytic cycle for the CuAAC “click” reaction. The
initial model, proposed by Folkin and Sharpless [236] involved the formation of a
mononuclear Copper(l) acetylide complex (i) and through two steps led to the
transformation into the copper metallacycle (iii) from the formation of the first C-N
bond. This intermediate was found to constrain the sp-hybridised carbon in the
metallacycle and required a high activation energy, leading researchers to believe
that the reaction proceeded through an alternative mechanism. The addition of an
extra copper(l) ion in the (i) intermediate helped to alleviate the ring strain of the (iii)
metallacycle, reducing the activation energy, this is seen in the now accepted

catalytic cycle (Scheme 2.7).
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Scheme 2.6: Initial mononuclear mechanism of Copper(l)-Catalysed Azide-Alkyne
Cycloaddition proposed by Folkin and Sharpless [236,237].

Scheme 2.7 describes the dinuclear catalytic cycle of the CUAAC “click” reaction. The
reaction is initiated by the formation of a o, n-di(copper) acetylide complex (i). The
acetylide engages in both o and it bonding with copper(l) and with the addition of
the azido group (Step A), forms an azide/alkyne/copper(l) ternary complex (ii). The
metallacycle (iii) is formed in step B, accompanied by the oxidation of one copper ion
from Cu(l) to Cu(lll). Step C involves reductive ring contraction of the metallacycle to
yield a Cu(l) triazolide (iv). The Cu(l) triazolide then deprotonates an alkyne in the
final step (Step D) to complete the catalytic cycle. Evidence supporting this proposed
cycle comes in the form of characterisation of (i) [238] and (iv) [239] which proves
them to be viable intermediates for the CuAAC reaction. (ii) and (iii) are the only
intermediates yet to be isolated, which has garnered much attention. (ii) has only
been detected once by using an ion-tagged electron spray ionisation mass
spectrometric method [240]. Finally, (iii) was determined by Folkin et al. to be
involved in rapid internal rearrangement equilibrium to scramble the two copper

centres [241].
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Scheme 2.7: Proposed dinuclear mechanism of Copper(l)-Catalysed Azide-Alkyne
Cycloaddition [237].

2.3.4 Synthesis of Click Carbohydrate ligands (2.18, 2.19, 2.26 and 2.27)

N-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1,2,3-triazol-4-yl)-propanoic acid
(2.18), N-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-yl)-propanoic
acid (2.19), N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl)-ethyl-1,2,3-triazol-4-
yl)]-propanoic acid (2.26) and N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-
ethyl-1,2,3-triazol-4-yl)]-propanoic acid (2.27) were synthesised from the previously
discussed sugar azides (2.16, 2.17, 2.24 and 2.25), using a procedure reported by
Mangunuru et al [242]. 4-pentynoic acid was reacted with the sugar azides at room
temperature under click conditions to yield the free ligands. 2.18 and 2.19 had yields
of 64% and 74% respectively. Lower yields were obtained for 2.26 and 2.27 (44% and
47% respectively (Scheme 2.8)). Notably, the yields for 2.26 and 2.27 were relatively
low due to the difficulties found with the purification. The polar carboxylic acid group
is strongly retained on the silica powder used for chromatography, meaning that
even when using a strongly polar mobile phase, streaking occurs and causes the

ligand to elute over a long period of time [243].
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Scheme 2.8: Synthesis of click carbohydrate ligands (OAc); 4-pentynoic acid, CuSO4, sodium
ascorbate, t-BuOH, THF, H20, rt, 16 h, 64% (2.18), 74% (2.19), 44% (2.26), 47% (2.27).

Figure 2.5 shows the 'H NMR spectrum of the free ligand 2.18 with the triazole
proton at & = 7.62 ppm (blue spot) and the CH;’s at 6 = 3.1 ppm (purple spot)
corresponding to the carboxylic acid linker. These two signals are important for
comparing the carboxylic acid starting material to the active ester, whose synthesis

is discussed in the following sections.
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Figure 2.5: 'H NMR spectrum of 2.18 in CDCls;, characteristic signals highlighted.
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2.3.5 Synthesis of active N-hydroxysuccinimide esters (2.20, 2.21, 2.28, 2.29)

Various methods exist to functionalise Platinum(lV) with axial ligands for targeting
and multi-action purposes. In particular, oxoplatin (2.30 in Figure 2.6), the oxidised
form of cisplatin containing two axial nucleophilic hydroxyl ligands, is used as a
scaffold to add various functionalities. A major method used in literature for the
conjugation of ligands in the axial position of Pt(IV) involves the use of activated
carboxylic acids. The activation can be achieved via NHS esters (a), acid anhydrides
(b) and acyl chlorides (c), or through direct coupling of the carboxylic acid (d) in the

presence of coupling regents such as DCC or TBTU (Figure 2.6) [244].

o
o) o)
A X
5 (a) H3N: |(CI
o o HN | C
JL I ) 7
R™N07 R T HN_ ] _cl
t o)
(c) HN” | Cl
o NI I
N 2.30 HsN_ | _Cl

Figure 2.6: Methods to synthesise Pt(IV) prodrugs with ester linkages.

Other than acids, carbamates [245,246] and carbonates [247,248] can also be used
to link the platinum centre with ligands. The advantage of these functional groups
for coupling is the fact that some FDA approved drugs do not naturally have
carboxylic acid functional groups available for activation, therefore, when the ligands
are released, they contain the non FDA approved drug. Using the coupling agent
N,N’-Disuccinimidyl carbonate (DSC) (Figure 2.7) amines and hydroxyls can be

activated and coupled to oxoplatin. Rapid decarboxylation of the
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carbamate/carbonate occurs upon reduction from Pt(IV) to Pt(ll), yielding the free

amine or hydroxyl respectively.

DSC

Figure 2.7: Structure of DSC used for the synthesis of carbonates and carbamates.

NHS esters are used in the synthesis of our complexes due to the NHS excellent
leaving group ability and relative stability in acidic media [249,250]. The active esters
shown in Scheme 2.9 were synthesised by the addition of EDCI in DCM to a solution
of a carboxylic acid and NHS under a nitrogen atmosphere. The mixture was stirred
overnight at room temperature and treated with HCl and brine to yield the
corresponding NHS ester as a white solid, which is used without further purification.
The esters 2.20 and 2.21 were isolated with a yield of 77% and 54%, and the esters
2.28 and 2.29 had yields of 87.5% and 79%.

R1O0Ac R1OAc
2 o —
AN . & i
AcO N OH AcO N _ N
OAc OAc
o
o o
218R'=H R? = OAc (Glc) 220R'=H R? = OAc (Glc)
219R'"=0Ac R?=H (Gal) 221R'=0Ac R?=H (Gal)
R?OAc R10Ac o
R? o 0 R2 o o
o  — o
AcO \/\N N OH AcO \/\NWO’N
OAc \ OAc \
N=N N=N o
226R'=H  R?=0Ac (Glc) 228R'=H R? = OAc (Glc)
227R'=0Ac R?=H (Gal) 229R'=0Ac R?=H (Gal)

Scheme 2.9: Synthesis of Carbohydrate NHS esters(OAc); EDCI, N-hydroxysuccinimide, DCM,
rt, 16 h, 77% (2.20), 54% (2.21), 87.5% (2.28), 79% (2.29).

The characterisation of these esters was carried out using one- and two-dimensional
NMR spectroscopic methods and HR-MS. The signal highlighted in orange

corresponds to the four protons of the succinimide (Figure 2.8).
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Figure 2.8: 'H NMR spectrum of 2.20 in CDCls, characteristic signals highlighted.

The coupling of NHS to the free ligand (2.18) is accompanied by the downfield shift
(A8 = 0.13 ppm) of the purple and (Ab = 0.23 ppm) green signals, as seen in Figure
2.9, and (A5 =0.06 ppm) for purple and (AS = 0.19 ppm) for the green signals of ester
(2.28) and carboxylic acid ligand (2.26) (Figure 2.10). Notably, Figure 2.9 and Figure
2.10, also show a distinct difference in the splitting pattern of the CH3’s of esters 2.20
and 2.28, when compared to their carboxylic acid counterparts. These signals are
changed from triplets to triplet of doublets (Figure 2.9 and Figure 2.10). A possible
explanation for this change is that through the addition of the ester, the chemical
environment around the CHy’'s changes, making the protons inequivalent. In this
case, the purple protons (Figure 2.8) are split by two inequivalent green protons,

forming a triplet of doublets.
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Figure 2.9: 'H NMR spectrum comparing the two CH; signals of the free ligand (2.18) and

active ester (2.20).
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Figure 2.10: *H NMR spectrum comparing the two CH, signals of the free ligand (2.26) and

active ester (2.28).

Initially, our planned route to

with N-hydroxysuccinimide usi

form the active esters was to react 4-pentynoic acid

ng N,N’-dicyclohexylcarbodiimide (DCC) as a coupling
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reagent (Scheme 2.10). This coupling reaction undergoes the same reaction
mechanism when using EDCI, however, the resulting by-product (dicyclohexylurea,
DCU) is both insoluble in organic solvent and water. Through filtration of DCU the
resulting ester was isolated and reacted with peracetylated glucose azide. Our
reasoning for abandoning this route, in favour of the reaction in Scheme 2.9, is the
instability of the active ester (2.31). The following click reaction was carried out using
microwave irradiation at 30°C followed by stirring at room temperature overnight,
the crude product was extracted with DCM and purified through column
chromatography. However, the resulting yield of the reaction was much lower than
anticipated. We hypothesie that through heating during the reaction, or potentially
during the purification, hydrolysis of the ester occurs, reducing the yield to a mere
23%. In comparison to the yield obtained using Scheme 2.9 of 87.5%, this route was
unsustainable due to the large waste of starting materials, leading us to search for

alternative routes like the one discussed earlier.
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Scheme 2.10: Initial synthetic route for the formation of the esters 2.20 and 2.21. (i) TMSN;,
SnCls, DCM, rt, 16 h, 91%; (ii) DCC, NHS, THF, rt, 3 h, 98%; (iii) NaAsc, CuSO4, MeCN, H0,
30°C MW, 30 min, rt, 14 h, 23%.

2.3.6 EDCI coupling reagent.

EDCl is a carbodiimide coupling agent, first introduced in 1960 as a water- and acid-
soluble carbodiimide for the use in peptide synthesis to allow for easier purification
steps in the synthesis of amide bonds. The corresponding by-products can be easily
removed by simple water or acid washes [251,252]. In our case EDCI was used to

synthesise active esters, by the reaction of a carboxylic acid and an alcohol.
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The initial step of the reaction is the deprotonation of the carboxylic acid (2.18) as
shown in Figure 2.11, which allows for the attack of the carboxylate anion to the
electrophilic carbon of the carbodiimide EDCI. The N=C bond is then cleaved, and a
neutral charge is returned to the nucleophilic nitrogen. The electrophilic carbon of
active ester (i) undergoes nucleophilic attack by the NHS hydroxide. This results in

the elimination of the urea by-product (ii) and formation of NHS ester 2.20.
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Figure 2.11: Mechanism of reaction to form NHS esters using EDCI as a coupling agent.

2.3.7 Synthesis of mono functionalised Pt(IV)-glycosides (1 — 4)

The complexes 1 — 4 shown in Scheme 2.11 were synthesised by the substitution of
a single axial hydroxyl ligand bound to the Pt(IV) centre (2.30). Oxoplatin and the
activated NHS ester are mixed in DMSO and the suspension is heated at 60°C
overnight. A slight excess of oxoplatin is used in order to avoid the formation of bis-
adducts where both axial ligands are substituted. The complexes were isolated by
filtering off the excess oxoplatin, evaporating the remaining DMSO and treating the

residue with acetone and diethyl ether.
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Scheme 2.11: Synthetic route for Pt(IV)-glycosides(OAc); Oxoplatin, DMSO, 60°C, 16 h, 43%
(1), 36% (2), 29% (3), 38% (4).

Figure 2.12 shows the 'H NMR spectrum of Complex 1 with the characteristic signals
highlighted. A characteristic signal to prove the mono functionalisation of the
platinum complex is the broad triplet amine peak at 6 = 6.00 ppm. This arises due to
the quadrupolar nuclei of N, where the three equivalent protons form a triplet from
their coupling to the Nitrogen nuclei [253]. Further characterisation was carried out

with 33C NMR, two-dimensional NMR, °>Pt NMR and HR-MS.
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Figure 2.12: *H NMR spectrum of Complex 1 in DMSO-ds. Characteristic signals highlighted.

57



Chapter 2 C1 Platinum(IV) Acetylated Glycoconjugates

Figure 2.13 depicts the °>Pt-NMR with one signal in the region of 6§ = +1040 ppm,
typical of platinum(IV) species, whereas platinum(ll) would appear in the region of 6
-1000 [254]. This spectroscopic method is important validation for the synthesis of
our complexes as it shows only one signal, meaning that there is only one platinum

species, as well as showing that our complex is in the correct oxidation state.
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Figure 2.13: ***Pt NMR spectrum of Complex 1 in DMSO-d.

Figure 2.14 shows the HR-MS spectrum (negative mode) of Complex 1 with a central
peak found at m/z 786.0898 related to the [M — H]" mass of the most abundant
isotope of Pt, being 195. The spectrum below shows the characteristic isotopic

pattern for Platinum.
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Figure 2.14: HR-MS of Complex 1, shows the characteristic isotopic pattern of Platinum.

The physiological stability of the drugs has been evaluated with HPLC in DMSO/HEPES
at pH 6.8 buffer (Figure 2.15). This experiment showed that the complexes were
stable, however, a small amount of decomposition (8%) was observed after 1 week
at r.t. This is important to evaluate since a poor physiological stability significantly
reduces anticancer activity. This can occur due to degradation of the complex

through the premature removal of its axial ligands.

minutes

Figure 2.15: HPLC chromatogram of Complex 4 in DMSO/HEPES (pH 6.8): a) t = 0 minutes; b)
after one week at r.t.

2.4 Biological Evaluation

2.4.1 In vitro cytotoxicity
In order to evaluate the anti-cancer potential of the above Pt(IV)-glycosides, their

antitumor potential was assessed in collaboration with Dr. Silvia Panseri and Dr.
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Monica Montesi at the ISTEC-CNR of Faenza (Italy) against a panel of OS cell lines,
SAQOS-2, U-2 OS and MG63. In comparison to cisplatin, all drugs showed a dose

dependent anti-cancer effect (Figure 2.16) in all tested cell lines.
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Figure 2.16: MTT assay of SAOS-2, U-2 OS and MG63. Percentage of cell viability (mean +
SEM) respect to cells only is reported in the graphs for SAOS-2 (a), U-2 OS (b) and MG63 (c)
after 72 hours of drug exposure. Statistically significant differences respect to cisplatin are
reported in the graphs (* p value <0.05, ** p value <0.01, *** p value <0.001, **** p value
<0.0001).

Looking at the cell lines in detail, it is possible to observe phenotypic-dependent
behaviours in response to different complexes. The viability of SAOS-2 (a) was
decreased significantly in the presence of the 4 complexes, compared to cisplatin, at

30 uM (p value <0.0001); conversely, the viability of U-2 OS (b) was reduced in the
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presence of the long chain complexes 3 and 4, only at 30 uM when compared to
cisplatin (p value <0.0001) and only in the presence of the galactose long chain
Complex 4 at 60 uM (p value <0.05). All the complexes seem to be more effective
with respect to cisplatin in MG63 cell line (c), starting from 30 uM and at higher

concentration the anticancer effect greatly increases (p value <0.0001).

The ICso values reported in Table 2.1 confirm this phenotypic-dependent effect of the
complexes and highlight some standout complexes as well, in terms of activity. In
SAQS-2, Complex 1 is the most effective, showing an ICso of 16.48 (-1.84; +2.08) uM,
while in U-2 OS and MG63, Complex 3 had the best ICso values of 18.57 (-1.3; +1.4)
UM and 14.88 (-0.91; +0.98) uM, respectively.

Table 2.1: IC5, (uM) values of Cisplatin and complexes 1-4 on OS cell lines.

Complex Cisplatin 1 2 3 4
(o} 1Cso 95% 1Cso 95% 1Cso 95% I1Cso 95% I1Cso 95%
Cancer | (uM) Cl (nM) Cl (nM) Cl (uM) Cl (uM) Cl
cell
SAOS-2 -4.13; -1.84; -2.38; -2.12; -1.99;
20.42 16.48 20.18 20.39 20.1
+5.17 +2.08 +2.7 +2.37 +2.21
U-2 0S -1.64; -0.98; -0.86; -1.3; -1.5;
19.85 21.09 21.09 18.57 18.91
+1.8 +1.02 +0.89 +1.4 +1.63
MG63 -3.34; -0.86; -1.27; -0.91; -0.54;
17.8 21.9 19.68 14.88 15.5
+4.13 +0.89 +1.36 +0.98 +0.55

2.4.2 Cell Morphology evaluation

The qualitative analysis of cell morphology confirmed the cytotoxicity results. As
shown in Figure 2.17, the number of cells treated with cisplatin and complexes 1 -4
drastically decreased compared to cells only which, on the contrary, showed a higher
cell density. The different behaviours observed among the osteosarcoma cell lines,
induced by the different drugs, are ascribable to the well-known different degrees of

genetic complexity of each cell line, inducing cell-specific biological behaviours (e.g.,
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tumorigenicity, colony-forming ability, invasive/migratory potential, metabolism and

proliferation capacity) [255,256].

Cells only Cisplatin Complex 1 Complex 2 Complex 3 Complex 4

SA0S-2

U-20s

MG63

Figure 2.17: Cell morphology evaluation on SAOS-2, U-2 OS and MG63. Actin & DAPI staining
of osteosarcoma cell lines treated with and without drugs (30uM) for 72 hours. F-actin
filaments in red; cell nuclei in blue. Scale bars 200 um.

2.4.3 Anti-cancer potential against CSC-enriched cell lines

Cancer Stem Cells (CSCs), unipotent cell population present within the tumour
microenvironment, can alter their metabolism in order to respond to specific bio-
energetic and biosynthetic requirements [257,258]. CSCs are key tumour initiating
cells that play an integral role in metastatic process, and tumour recurrence even
after chemotherapy. It is easily understood why CSCs, in the last years, have gained
intense interest as specific target for new therapeutic strategies. Based on this
evidence, a preliminary in vitro study of the drugs effects on enriched osteosarcoma

stem cell viability and on the drug-uptake has been performed.
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Figure 2.18: Cisplatin and complexes 1-4 effect on CSCs. CSCs treated for 72h with 30 uM of
drugs. (a) MTT assay. Mean = SEM of the percentage of cell viability respect to cells only (* p
value <0.05). (b) ICP-OES analysis. Cellular uptake of picograms of platinum ions (mean +
SEM) per cell are expressed in the graph (** p value <0.01). (c) Actin & DAPI staining of CSCs.
F-actin filaments in red; cell nuclei in blue. Scale bars 100 um.

An unexpected outcome from these tests showed that Complex 4 significantly
decreased cell viability when compared to cisplatin and the other three complexes
tested, p value £0.05 (a). This coincides with the increased quantity of platinum inside
the cells when treated with Complex 4 (27.1 pg/cells, p value <0.01), compared to
cisplatin (b). The cells morphological evaluation showed a reduction in the spheres
dimension, which is a typical morphological marker of CSCs, confirming the

cytotoxicity results (c) [259].

2.5 Conclusion

In conclusion, four novel mono-functionalised Pt(IV)-glycosides, based on the

cisplatin scaffold, were synthesised, linking the sugar moiety and the metal centre
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via CuAAC “click” chemistry. The complexes were screened against a panel of
different OS cell lines and showed promising activity, when compared to the
reference cisplatin. The complexes were also particularly active towards CSCs with
the most promising activity shown by Complex 4, a galactose derivative.
Interestingly, galactose has attracted a lot of attention for its role in the metabolism
of CSCs, due to its diagnostic and therapeutic possibilities [260,261]. It should be
noted that no assays were conducted which suppressed or blocked the
overexpression of GLUTs, so the drugs activity without its target was not assessed.
However, this preliminary study did show that with the sugar ligand, the anticancer
activity as well as the drug internalisation, was higher when compared to cisplatin
(demonstrated by the uptake experiments in CSCs); allowing us to move onto the
next chapter of this thesis where free sugar derivatives were synthesised to test their
anticancer activity. It is possible that the increased activity could be due to the
protected sugar ligands, leading to an increase in lipophilicity from the acetyl groups.
This could mean the movement of the complex into the cell, occurs by passive
diffusion rather than transport via the GLUTs. An inhibition assay would need to be
conducted to determine if this is the case. This chapter was published in Frontiers in

Chemistry (doi: 10.3389/fchem.2021.795997) attached at the end of the thesis.

2.6 Materials and Methods

All reagents and reactants were purchased from commercial sources. The two
sources used were Sigma-Aldrich and Fluorochem. All solvents were used without
further purification. Cisplatin and oxoplatin were synthesed as previously reported
[262,263].

The elemental analysis studies (carbon, hydrogen, and nitrogen) were performed by
means of a PerkinElmer 2400 series |l analyzer. ESI Mass Spectra were recorded with
a Waters LCT Premier XE Spectrometer. NMR: *H, 13C and **Pt NMR spectra were
obtained in a solution of CDClz or DMSO-ds at 300 K, in 5-mm sample tubes, with a
premium shielded Agilent Varian 500 MHz (operating at 500.13, 125.75, and 107.49
MHz, respectively). The *H and '3C chemical shift was referenced to the residual
impurity of the solvent. The external reference was NaPtCls in D,O (adjusted to 6 =

-1628 ppm from NaPtCls) for '%Pt. The stability was followed using high-
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performance liquid chromatography (HPLC) with a Phenomenex Luna C18 (5 uM, 100
A, 250mm x 4.60 mm i.d.) column at room temperature at a flow rate of 1.0 mL/min
with 254 nm UV detection. Mobile phase containing 80:20 acetonitrile (0.1%
trifluoroacetic acid): water (0.1% trifluoroacetic acid): the complexes were dissolved
in DMF (0.5 ml) and diluted to a final concentration of 0.5 mM using acetonitrile and
water solution (1/1) and 2 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer (pH 6.8). Infrared (IR) spectra were recorded in the region 4000—
400 cm™ on a Perkin Elmer precisely spectrum 100 FT/IR spectrometer. The solid

samples were run using ATR.

2.6.1 In vitro biological evaluation

In vitro tests of cisplatin-based drugs were performed to evaluate the cellular
behaviours in response to the different complexes (1 —4) compared to cisplatin. All
the drugs were reconstituted in Dimethyl Sulfoxide (DMSO) at 1 mg/ml final
concentration, and then dissolved in the culture media at different concentrations:
15, 30 and 60 uM. Three different osteosarcoma cells lines (MG63, SAOS-2, U-20S)
and an in vitro model of osteosarcoma stem cells (enriched-CSCs) were maintained

in culture with and without the drugs for 72 hours.

2.6.2 Cell culture

Human Osteosarcoma cell lines MG63 (ATCC® CRL1427™), U-20S (ATCC® HTB-96™)
and SAQOS-2 (ATCC® HTB-85™), purchased from American Type Culture Collection
(ATCC), were used. MG63 cell line was cultured in DMEM F12-GlutaMAX™ Modified
Medium (Gibco) supplemented with 10% Foetal Bovine Serum (FBS) (Gibco) and 1%
of penicillin/streptomycin mixture (pen/strep) (100 U/ml - 100 pg/mL, Gibco). SAOS-
2 and U-20S cell lines were cultured in McCoy’s 5A Modified Medium (Gibco)
supplemented with 15% and 10% FBS, respectively, and 1% pen/strep. Cells were
kept in an incubator at 37°C under controlled humidity and 5% CO, atmosphere
conditions. Cells were detached from culture flasks by trypsinisation and centrifuged.
The cell number and viability were determined by Trypan Blue Dye Exclusion test and
all cell handling procedures were performed under laminar flow hood in sterility
conditions. For the experiment, all cell lines were seeded 5.0 x 103 cells/well in 96

well-plates and 5.0 x 10* cells/well in 6 well-plates.
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2.6.3 Enriched-CSCs culture

Enriched-Cancer Stem Cells (CSCs) were obtained under specific culture conditions
as reported in literature [257,264] as sarcospheres forming method starting from
human MG63 osteosarcoma cell line. MG63 cell line was seeded in Ultra-Low
Attachment T25 flasks (Corning Inc., NY) with a density of 2.0 x 103 cells/cm? in
serum-free DMEM F12-GlutaMAX™ Modified Medium supplemented with a specific
cocktail of factors: 10 pl/ml N2 (Gibco), 20 pl/ml B27 (Gibco), 0.1 pl/ml human Basic-
Fibroblast Growth Factor (bFGF) (Invitrogen) and 0.01 pl/ml human Epidermal
Growth Factor (EGF) (PeproTech). The cocktail was added to each flask every 2/3 days
for a total of 10 days of culture. After their formation, the CSCs were collected and
centrifugated for 10 minutes at 130 x g; the pellet was resuspended in the same
medium conditions, well mixed, and directly seeded in Ultra-Low Attachment 96
well-plate and Ultra-Low Attachment 6 well-plate with 200 uL/well and 1.5 mL/well
volume of cell culture medium, respectively. The factors’ cocktail was added every
2/3 days during the experiment following the above-reported manufacturer’s

instructions.

2.6.4 MTT cell viability assay

A quantitative analysis of cell viability and proliferation was carried out by MTT assay
on cell cultures, by using the cells only as the negative control. At 72 hours, the MTT
assay was performed according to manufacturer’s instructions. Briefly, MTT reagent
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL) was
dissolved in Phosphate Saline Buffer 1X (PBS 1X). At 72 hours, the cells were
incubated with 10% media volume MTT solution for 2 hours at 37 °C, 5% CO; and
controlled humidity conditions. The cell culture media was removed and substituted
with DMSO (Sigma) dissolving formazan crystals derived from MTT conversion by
metabolically active cells. For CSCs, the total media was centrifugated and the
deposited crystals were directly resuspended in DMSO. After 15-minutes incubation
under slight stirring conditions, the absorbance of formazan was red at 570 nm by
using a Multiskan FC Microplate Photometer (Thermo Scientific). The values of

absorbance are directly proportional to the number of metabolic active cells in each
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well. One experiment was carried out and a biological triplicate for each condition

was performed.

2.6.5 Cell morphology evaluation

Cells treated with and without the drugs (30 uM) were fixed in 4% buffered
Paraformaldehyde (PFA) following the manufacturer’s instructions. The fixed cells
were permeabilised in PBS 1X with 0.1% (v/v) Triton X-100 (Sigma) for 5 minutes at
room temperature and F-actin filaments were highlighted with red fluorescent
solution of Rhodamine Phalloidin (Actin Red 555 Ready Probes™ Reagent,
Invitrogen), following the company indications, for 30 minutes at room temperature.
DAPI (600 nM) counterstaining was performed for cell nuclei identification, following
the manufacturer’s instructions. The images were acquired by using an Inverted Ti-E

Fluorescent Microscope.

2.6.6 Inductively coupled plasma-optical emission spectrometry (ICP-OES)

The ICP-OES (Agilent Technologies 5100 ICP-OES, Santa Clara, USA) was performed
on Enriched-CSCs culture to quantify cellular internalisation of drugs, following the
manufacturer’s instructions. At 72 hours, cells were mechanically by 50-100 times
p200 pipetting to disaggregate spheroid, counted by Trypan Blue Dye Exclusion Test
and collected in 400 pL PBS 1X. ICP-OES was used for the quantitative determination
of platinum ions content per cell derived by cisplatin-based drugs, by using cells only
as negative control. Briefly, the samples were dissolved in 500 pL nitric acid (65 wt.%)
and 2.1 mL of milliQ water followed by 30 minutes of sonication in a ultrasonicator
bath. The analytical wavelength of Pt was 265.945 nm. One experiment was carried
out and for each condition the amount of drug per cell was quantified in biological

triplicate. Data are represented in the graph.

2.6.7 Statistical Analysis

Statistical analysis was performed by using GraphPad Prism Software (8.0.1 version).
The results of MTT assay are reported in the graphs as mean percentage of cell
viability respect to cells only + standard deviation and they were analysed by Two-
way analysis of variance (Two-way ANOVA) and Tukey’s multiple comparisons test.
ICso values were calculated as Log(inhibitor) versus mean percentage of dead cells

respect to cells only and the obtained values are reported in the graphs + 95%
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confidence interval (Cl) for each cell line. The results of MTT assay on CSCs are
reported in the graph as mean percentage of cell viability respect to cells only +
standard error of the mean and they were analysed by Unpaired t-test setting a p
value < 0.05 to determine statistically significant differences. The ICP-OES data were
elaborated as picograms of iron ions per cell and reported in the graph * standard
error of the mean. The results were analysed by One-way analysis of variance (One-
way ANOVA) and Dunnett’s multiple comparisons test (* p value <0.05, ** p value

<0.01, *** p value £0.001, **** p value <0.0001).

2.7 Experimental procedures

2,3,4,6-tetra-O-acetyl-1-B-azido-D-glucopyranoside (2.16)

OAc OAc
AcO 0 > AcO 0
AcO OAc AcO N,
OAc OAc
214 2.16

TMSN3 (1.68 mL, 12.80 mmol, 2.5 equiv.) was added to a solution of B-D-glucose
pentaacetate 2.14 (2 g, 5.12 mmol) in anhydrous DCM (20 mL). SnCls (0.3 mL, 2.56
mmol, 0.5 equiv) was added to this solution and the reaction mixture was stirred at
rt for 18 h. Sat. NaHCOs solution (30 mL) was added, and the suspension was
extracted with DCM (2 x 30 mL). The combined organic layers were dried over MgSQa,
filtered and concentrated in vacuo. The crude product was obtained as a white solid,
which was recrystallised from EtOH giving the pure product 2.16 as white crystals

(1.79 g, 4.79 mmol, 94 %).

14 NMR (500 MHz, CDCl3) & 5.21 (appt, J = 9.5, 1H, H-3), 5.09 (appt, J = 9.7 Hz, 1H, H-
4), 4.94 (appt, J = 9.2 Hz, 1H, H-2), 4.64 (d, J = 8.9 Hz, 1H, H-1), 4.26 (dd, J = 12.5, 4.8
Hz, 1H, H-6), 4.16 (dd, J = 12.4, 2.1 Hz, 1H, H-6’), 3.79 (ddd, J = 10.1, 4.7, 2.2 Hz, 1H,
H-5), 2.09 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.00 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [231].
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2,3,4,6-tetra-O-acetyl-1-B-azido-D-galactopyranoside (2.17)

OAc OAc OAc OAc
(o] (o]
AcO OAc AcO N;
OAc OAc
215 217

TMSN;3 (1.68 mL, 12.80 mmol, 2.5 equiv) was added to a solution of B-D-galactose
pentaacetate 2.15 (2 g, 5.12 mmol) in anhydrous DCM (20 mL). SnCls (0.3 mL, 2.56
mmol, 0.5 equiv) was added to this solution and the reaction mixture was stirred at
rt for 18 h. Sat. NaHCOs solution (30 mL) was added, and the suspension was
extracted with DCM (2 x 30 mL). The combined organic layers were dried over MgSQOs,
filtered and concentrated in vacuo to afford 2.17 as a white solid which was
recrystallised from EtOH giving the pure product 2.17 as white crystals (1.86 g, 4.98

mmol, 97 %).

1H NMR (500 MHz, CDCls) 6 5.42 (appd, J = 3.3 Hz, 1H, H-4), 5.18 —5.13 (m, 1H, H-2),
5.03 (dd, J = 10.3, 3.4 Hz, 1H, H-3), 4.59 (d, J = 8.8 Hz, 1H, H-1), 4.20 — 4.13 (m, 2H, H-
6 and H-6'), 4.01 (appt, J = 6.6 Hz, 1H, H-5), 2.16 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.06
(s, 3H, OAc), 1.98 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [231].

2-Chloroethyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (2.22)

OAc OAc
AcO 0 — » AcO 0
AcO OAc AcO o _"ci
OAc OAc
214 2.22

A solution of B-D-glucose pentaacetate 2.14 (2 g, 5.12 mmol) and 2-chloroethanol
(0.45 mL, 6.66 mmol, 1.3 equiv) in anhydrous DCM (20 mL) with 3 A molecular sieves
(3 g) was stirred under N3 in an ice bath for 15 min. A freshly prepared solution of

BF3.0Et; (1.2 mL, 9.73 mmol, 1.9 equiv) in anhydrous DCM (2 mL) was added
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dropwise over a period of 30 min via cannula. When addition was complete, the
mixture was allowed to reach rt and stirred overnight. The molecular sieves were
filtered using fluted filter paper, the solids were washed with DCM (10 mL) and the
filtrate was washed with a sat. NaHCOs solution (2 x 20 mL). The combined aqueous
layers were extracted with DCM (20 mL), the combined organic layers were washed
with brine (20 mL) and distilled water (20 mL), dried over MgSQ,, filtered and
concentrated in vacuo. The crude product was obtained as a white solid, which was
recrystallised from EtOH giving the pure product 2.22 as white crystals (0.480 g, 1.16

mmol, 22 %).

H NMR (500 MHz, CDCls) & 5.22 (appt, J = 9.5 Hz, 1H, H-3), 5.09 (appt, J = 9.7 Hz, 1H,
H-4), 5.02 (dd, J = 9.6, 8.0 Hz, 1H, H-2), 4.58 (d, J = 8.0 Hz, 1H, H-1), 4.26 (dd, J = 12.3,
4.8 Hz, 1H, H-6), 4.15 (dd, J = 12.3, 2.4 Hz, 1H, H-6’), 4.13 — 4.06 (m, 1H, OCH), 3.80 —
3.73 (m, 1H, OCH’), 3.71 (ddd, J = 9.9, 4.7, 2.4 Hz, 1H, H-5), 3.62 (t, J = 5.7 Hz, 2H,
CHACl), 2.09 (s, 3H, OAC), 2.06 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [232].

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (2.24)

OAc OAc

AcO o — » AcO o
AcO o._ "I AcO o._ N,
OAc OAc
2.22 2.24

A solution of 2-chloroethyl 2,3,4,6-tetra-0O-acetyl-B-D-glucopyranoside 2.22 (0.850 g,
2.069 mmol) and NaN3 (0.269 g, 4.138 mmol, 2 equiv) in anhydrous DMF (30 mL) was
stirred at 80°C in a round bottomed flask equipped with a condenser and a CaCl;
drying tube. After 16 h, the solvent was removed under reduced pressure. The crude
product was dissolved in DCM (30 mL) and washed with brine (3 x 20 mL). The organic
phases were combined, dried over MgS04 and concentrated in vacuo to give a clear
syrup that turned into a white solid 2.24 upon exposure to high vacuum, which was

reacted without further purification (0.540 g, 1.29 mmol, 62 %).
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H NMR (500 MHz, CDCl3) 6 5.21 (appt, J = 9.5 Hz, 1H, H-3), 5.09 (appt, /= 9.7 Hz, 1H,
H-4), 5.02 (dd, J=9.5, 8.1 Hz, 1H, H-2), 4.59 (d, J = 8.0 Hz, 1H, H-1), 4.25 (dd, J = 12.3,
4.7 Hz, 1H, H-6), 4.16 (dd, J = 12.3, 2.4 Hz, 1H, H-6’), 4.03 - 4.01 (m, 1H, OCH), 3.78 —
3.60 (m, 2H, H-5, OCH’), 3.54 —3.38 (m, 1H, CHN3), 3.33 = 3.21 (m, 1H, CH’Ns), 2.08
(s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.00 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [232].

2-Chloroethyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside (2.23)

OAc OAc OAc OAc
(o] (0]
AcO OAc AcO oI
OAc OAc
2.15 2.23

A solution of B-D-galactose pentaacetate 2.15 (2 g, 5.12 mmol) and 2-chloroethanol
(0.45 mL, 6.66 mmol, 1.3 equiv) in anhydrous DCM (20 mL) with 3 A molecular sieves
(3 g) was stirred under Nz in an ice bath for 15 min. A freshly prepared solution of
BF3.0OEt; (1.2 mL, 9.73 mmol, 1.9 equiv) in anhydrous DCM (2 mL) was added
dropwise over a period of 30 min via cannula. When addition was complete, the
mixture was allowed to reach rt and stirred overnight. The molecular sieves were
filtered using fluted filter paper, the solids were washed with DCM (10 mL) and the
filtrate was washed with a sat. NaHCO3 solution (2 x 20 mL). The combined aqueous
layers were extracted with DCM (20 mL), the combined organic layers were washed
with brine (20 mL) and distilled water (20 mL), dried over MgSO,, filtered and
concentrated in vacuo. The crude product was obtained as a white solid, which was
recrystallised from EtOH giving the pure product 2.23 as white crystals (0.540 g, 1.31

mmol, 25 %).

1H NMR (500 MHz, CDCls) & 5.39 (appd, J = 2.7 Hz, 1H, H-4), 5.22 (dd, J = 10.4, 8.0 Hz,
1H, H-2), 5.02 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 4.53 (d, J = 7.9 Hz, 1H, H-1), 4.20 — 4.08
(m, 3H, H-6, H-6’and OCH), 3.91 (appt, J = 6.4 Hz, 1H, H-5), 3.76 (dt, J = 11.2, 6.6 Hz,
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1H, OCH), 3.62 (dd, J = 6.3, 5.2 Hz, 2H, CH4Cl), 2.15 (s, 3H, OAc), 2.07 (s, 3H, OAc),
2.05 (s, 3H, OAc), 1.98 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [232].

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside (2.25)

OAc OAc OAc OAc
(o) (o)
AcO 0. "I AcO O _"™N 3
OAc OAc
2.23 2.25

A solution of 2-chloroethyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside 2.23 (0.850
g, 2.069 mmol) and NaN3 (0.269 g, 4.138 mmol, 2 equiv) in anhydrous DMF (30 mL)
was stirred at 80 °C in a round bottomed flask equipped with a condenser and a CaCl,
drying tube. After 16 h, the solvent was removed under reduced pressure. The crude
product was dissolved in DCM (30 mL) and washed with brine (3 x 20 mL). The organic
phases were combined, dried over MgSO4 and concentrated in vacuo to give a clear
syrup that turned into a white solid 2.25 upon exposure to high vacuum, which was

reacted without further purification (0.518 g, 1.24 mmol, 60 %).

14 NMR (500 MHz, CDCl3) & 5.33 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 5.17 (dd, J = 10.5, 8.0
Hz, 1H, H-2), 4.97 (dd, J=10.5, 3.4 Hz, 1H, H-3), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.15-4.04
(m, 2H, H-6 and H-6’), 3.98 (ddd, J = 10.7, 4.8, 3.5 Hz, 1H, OCH), 3.88 (td, J = 6.6, 1.1
Hz, 1H, H-5), 3.64 (ddd, J=10.8, 8.4, 3.4 Hz, 1H, OCH), 3.44 (ddd, /= 13.3, 8.4, 3.5 Hz,
1H, CHN3s), 3.25 (ddd, J = 13.4, 4.8, 3.4 Hz, 1H, CHN3), 2.09 (s, 3H, OAc), 2.00 (s, 3H,
OAc), 1.98 (s, 3H, OAc), 1.92 (s, 3H, OAc).

The NMR data is in agreement with the data reported in the literature [232].
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N-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1,2,3-triazol-4-yl)-propanoic acid
(2.18)

OAc OAc
AcO O —_— AC: o ° N/N: N
AcO N3 ¢ DA MOH
OAc
o)
2.16 2.18

2.16 (0.98 g, 2.650 mmol, 1.3 equiv) and 4-pentynoic acid (0.2 g, 2.038 mmol) were
dissolved in a mixture of tetrahydrofuran (6 ml), tert-Butanol (6 mL) and deionised
water (4 mL). Separately, copper(ll) sulphate pentahydrate (0.1 g, 0.407 mmol, 0.2
equiv) and sodium ascorbate (0.161 g, 0.815 mmol, 0.4 equiv) were dissolved in
deionised water (2 mL), added to reaction flask and allowed to stir at r.t. overnight
(16 h). The solvent was removed in vacuo and the residue was dissolved in DCM (15
mL) and washed with brine (2 x 20 mL). The organic phase was dried with MgSQOa,
filtered and the solvent was evaporated. The crude product was purified by column
chromatography (1:1, pet. ether:EtOAc) to yield a white solid (0.615 g, 1.304 mmol,
64%).

Rf=0.92 (90:10 DCM:MeOH).

1H NMR (500 MHz, CDCl3) & 7.62 (s, 1H, triaz-H), 5.85 (d, J = 9.0 Hz, 1H, H-1), 5.46 —
5.37 (m, 2H, H-2, H-3), 5.24 (t, J = 9.9 Hz, 1H, H-4), 4.29 (dd, J = 12.6, 5.0 Hz, 1H, H-6),
4.14 (dd, J=12.6, 2.1 Hz, 1H, H-6'), 3.99 (ddd, J = 10.1, 5.0, 2.1 Hz, 1H, H-5), 3.05 (t, J
= 7.3 Hz, 2H, triaz-CHa), 2.78 (t, J = 7.3 Hz, 2H, CH,CO), 2.08 (s, 3H, CHs of OAc), 2.06
(s, 3H, CHs of OAc), 2.02 (s, 3H, CH3 of OAc), 1.85 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, CDCls) & 176.9 (COOH), 170.7 (CO of OAc), 170.1 (CO of OAc),
169.5 (CO of OAc), 169.1 (CO of OAc), 147.0 (triaz-C), 119.8 (triaz-CH), 85.8 (C-1), 75.2
(C-5), 72.8 (C-3), 70.3 (C-2), 67.9 (C-4), 61.7 (C-6), 33.2 (CH2COOH), 20.8 (2 x CH3 of
OAc), 20.7 (2 x CHs of OAc), 20.2 (triaz-CHz) ppm.

IR (ATR) 2966.47, 1738.08, 1701.08, 1429.63, 1369.28, 1218.46, 1096.44, 1037.86,
918.27,838.17 cm™.
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HR-MS (+): m/z calcd for CigH25N3011 + Na* [M+Na]* 494.1489, found 494.1383. HR-
MS (+): m/z calcd for CigH2sN3011 + HY [M+H]* 472.1489, found 472.1564.

N-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-yl)-propanoic  acid
(2.19)

OAc OAc OAc OAc
o) . © N=N
AcO N, AcO N~ OH
OAc OAc
0
2.17 2.19

2.17 (0.98 g, 2.650 mmol, 1.3 equiv) and 4-pentynoic acid (0.2 g, 2.038 mmol) were
dissolved in a mixture of tetrahydrofuran (6 ml), tert-Butanol (6 mL) and deionised
water (4 mL). Separately, copper(ll) sulphate pentahydrate (0.1 g, 0.407 mmol, 0.2
equiv) and sodium ascorbate (0.161 g, 0.815 mmol, 0.4 equiv) were dissolved in
deionised water (2 mL), added to reaction flask and allowed to stir at r.t. overnight
(16 h). The solvent was removed in vacuo and the residue was dissolved in DCM (15
mL) and washed with brine (2 x 20 mL). The organic phase was dried with MgSQOa4,
filtered and the solvent was evaporated. The crude product was purified by column
chromatography (1:1, pet. ether:EtOAc) to yield a white solid (Yield 0.713 g, 1.512
mmol, 74%).

Rf= 0.33 (95:5 DCM:MeOH).

1H NMR (500 MHz, CDCls) & 7.65 (s, 1H, triaz-H), 5.81 (d, J = 9.4 Hz, 1H, H-1), 5.57 —
5.50 (m, 2H, H-2, H-3), 5.23 (dd, J = 10.3, 3.4 Hz, 1H, H-4), 4.24 — 4.10 (m, 3H, H-5, H-
6, H-6'), 3.05 (t, J = 7.4 Hz, 2H, triaz-CH,), 2.79 (t, J = 7.4 Hz, 2H, CH2CO), 2.21 (s, 3H,
CHs of OAc), 2.03 (s, 3H, CHs of OAc), 1.99 (s, 3H, CHs of OAc), 1.86 (s, 3H, CHs of OAc)

ppm.

13¢ NMR (125 MHz, CDCl3) § 177.1 (COOH), 170.5 (CO of OAc), 170.1 (CO of OAc),
169.9 (CO of OAc), 169.2 (CO of OAc), 146.9 (triaz-C), 119.9 (triaz-CH), 86.3 (C-1), 74.1
(C-5), 70.9 (C-4), 67.9 (C-2), 67.0 (C-3), 61.31 (C-6), 33.27 (CH.COOH), 20.81 (triaz-
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CH3), 20.78 (CHs of OAc), 20.76 (CHs3 of OAc), 20.6 (CHs of OAc), 20.3 (CHs of OAc)

IR (ATR) 3087.65, 1734.80, 1715.92, 1436.51, 1366.99, 1216.01, 1045.12, 923.00,
850.50, 717.78 cm'™.

HR-MS (+): m/z calcd for Ci1gH2sN3011 + H* [M+H]* 472.1489, found 472.1564. HR-MS
(+): m/z calcd for C19H25N3011 + Na* [M+Na]* 494.1489, found 494.1384.

N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-

propanoic acid (2.26)

OAc OAc
o (0]
(o) AcO
AcO o
AcO 0\/\ _, AcO \/\N AN OH
OAc N3 OAc N=N
2.24 2.26

2.24(0.35 g, 0.838 mmol, 1.3 equiv) and 4-pentynoic acid (0.063 g, 0.642 mmol) were
dissolved in a mixture of tetrahydrofuran (6 ml), tert-Butanol (6 mL) and deionised
water (4 mL). Separately, copper(ll) sulphate pentahydrate (0.032 g, 0.128 mmol, 0.2
equiv) and sodium ascorbate (0.050 g, 0.256 mmol, 0.4 equiv) were dissolved in
deionised water (2 mL), added to reaction flask and allowed to stir at r.t. overnight
(16 h). The solvent was removed in vacuo and the residue was dissolved in DCM (15
mL) and washed with brine (2 x 20 mL). The organic phase was dried with MgSQs,
filtered and the solvent was evaporated. The crude product was purified by column
chromatography (1:1, pet. ether:EtOAc) to yield a white solid (Yield 0.147 g, 0.285
mmol, 44%).

Rf= 0.35 (DCM:MeOH 95:5).

1H NMR (500 MHz, CDCls) & 7.44 (s, 1H, triaz-H), 5.19 (t, J = 9.5 Hz, 1H, H-3), 5.06 (t, J
= 9.7 Hz, 1H, H-4), 4.97 (dd, J = 9.6, 8.0 Hz, 1H, H-2), 4.55 (dt, J = 14.4, 3.8 Hz, 1H, CH-
triaz), 4.50 — 4.44 (m, 1H, CH'-triaz), 4.43 (d, J = 7.9 Hz, 1H, H-1), 4.24 (dd, J = 12.4,
4.7 Hz, 1H, H-6), 4.19 (dt, J = 10.6, 4.0 Hz, 1H, OCH), 4.11 (dd, J = 12.4, 2.2 Hz, 1H, H-
6’), 3.95 — 3.87 (m, 1H, OCH’), 3.68 (ddd, J = 10.0, 4.6, 2.3 Hz, 1H, H-5), 3.02 (t, /= 7.0
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Hz, 2H, triaz-CH;), 2.77 (t, J = 6.7 Hz, 2H, CH2CO), 2.07 (s, 3H, OAc), 2.01 (s, 3H, OAc),
1.99 (s, 3H, OAc), 1.96 (s, 3H, OAc) ppm.

13C NMR (125 MHz, CDCl3) 6 176.4 (COOH), 170.8 (CO of OAc), 170.5 (CO of OAc),
169.6 (CO of OAc), 169.5 (CO of OAc), 146.2 (C-triaz), 122.8 (CH-triaz), 100.7 (C-1),
72.7 (C-3), 72.0 (C-5), 71.2 (C-2), 68.3 (C-4), 67.9 (OCH2), 61.9 (C-6), 50.2 (CH2-triaz),
33.5 (CH2COOH), 20.9 (triaz-CH), 20.8 (CHs of OAc), 20.70 (2 x CH3 of OAc), 20.68
(CH3 of OAc) ppm.

IR (ATR) 3136.33, 2954.03, 1753.42, 1742.06, 1720.47, 1428.59, 1367.14, 1251.30,
1221.16, 1167.23, 1046.93, 1031.50, 910.47, 826.13 cm™™.

HR-MS (+): m/z calcd for C21H29N3012 +H* [M+H]* 516.1751, found 516.1826. HR-MS
(+): m/z calcd for C21H29N3012 +Na* [M+Na]* 538.1781, found 538.1644.

N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-

propanoic acid (2.27)

OAc OAc OAc OAc

0}
> %0
AcO 0\/\ _, AcO \/\NWOH
OAc N3 OAc =N
2.25 2.27

2.25(1.105 g, 2.649 mmol, 1.3 equiv) and 4-pentynoic acid (0.2 g, 2.038 mmol) were
dissolved in a mixture of tetrahydrofuran (6 ml), tert-Butanol (6 mL) and deionised
water (4 mL). Separately, copper(ll) sulphate pentahydrate (0.101 g, 0.407 mmol, 0.2
equiv) and sodium ascorbate (0.161 g, 0.815 mmol, 0.4 equiv) were dissolved in
deionised water (2 mL), added to reaction flask and allowed to stir at r.t. overnight
(16 h). The solvent was removed in vacuo and the residue was dissolved in DCM (15
mL) and washed with brine (2 x 20 mL). The organic phase was dried with MgSQa,
filtered and the solvent was evaporated. The crude product was purified by column
chromatography (1:1, pet. ether:EtOAc) to yield a white solid (Yield 0.500 g, 0.969
mmol, 47%).

Rf=0.41 (DCM:MeOH 95:5).
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14 NMR (500 MHz, CDCl3) 6 7.46 (s, 1H, triaz-H), 5.38 (dd, J = 3.4, 0.9 Hz, 1H, H-4),
5.17 (dd, J=10.5, 7.9 Hz, 1H, H-2), 5.01 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 4.57 (dt, /= 7.7,
3.4 Hz, 1H, CH-triaz), 4.49 (ddd, J = 14.5, 8.8, 3.4 Hz, 1H, CH’-triaz), 4.41 (d, J = 7.9 Hz,
1H, H-1), 4.21 (dt, J = 10.6, 3.9 Hz, 1H, OCH), 4.13 (qd, J = 11.3, 6.7 Hz, 2H, H-6, H-6"),
3.95 — 3.87 (m, 2H, H-5, OCH’), 3.04 (t, J = 7.1 Hz, 2H, triaz-CH2), 2.79 (t, J = 7.1 Hz,
2H, CH,CO), 2.16 (s, 3H, CHs of OAc), 2.04 (s, J = 3.6 Hz, 3H, CH3 of OAc), 1.97 (d, J =
2.1 Hz, 6H, 2 x CH3 of OAc).

13C NMR (125 MHz, CDCl3) § 176.3 (COOH), 170.6 (CO of OAc), 170.3 (2 x CO of OAc),
169.8 (CO of OAc), 146.2 (C-triaz), 122.9 (CH-triaz), 101.1 (C-1), 71.0 (C-5), 70.7 (C-3),
68.8 (C-2), 67.8 (OCH2), 67.0 (C-4), 61.3 (C-6), 50.2 (CH2-triaz), 33.5 (CH.COOH), 20.9
(triaz-CH2), 20.82 (CH3 of OAc), 20.80 (CH3 of OAc), 20.77 (CHs of OAc), 20.69 (CH3 of
OAc).

IR (ATR) 2940.25, 1739.44, 1430.24, 1367.99, 1214.32, 1043.51, 955.29, 916.32,
859.50, 827.84, 734.98 cm™L.

HR-MS (+): m/z calcd for C21H29N3012 +H* [M+H]* 516.1751, found 516.1826. HR-MS
(+): m/z calcd for C21H29N3012 +Na* [M+Na]* 538.1781, found 538.1664.

N-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1,2,3-triazol-4-yl)-(3-oxopropyl-
(oxy(2,5-dioxopyrrolidin-1-yl))) (2.20)

2.18 (0.2 g, 0.424 mmol) and N-hydroxysuccinimide (0.058 g, 0.509 mmol, 1.2 equiv)
were dissolved in anhydrous DCM (7 mL) and purged with Na. A solution of EDCI
(0.097 g, 0.509 mmol, 1.2 equiv) in anhydrous DCM (2 mL) was added via cannula
over ice bath and the solution was stirred for 45 min. The reaction was warmed to
r.t. and stirred for further 16 h. The organic layer was washed with 0.1M HCI (2 x 10

mL) and dried with MgSQs, filtered and concentrated in vacuo. The product was
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obtained as a white solid which was reacted on without further purification (0.185 g,

0.325 mmol, 77%).
Rf= 0.72 (DCM:MeOH 95:5).

1H NMR (500 MHz, CDCl3) 6 7.74 (s, 1H, CH-triaz), 5.83 (d, J = 9.2 Hz, 1H, H-1), 5.40 —
5.35 (m, 2H, H-2 and H-3), 5.24 — 5.18 (m, 1H, H-4), 4.25 (dd, J = 12.6, 5.1 Hz, 1H, H-
6), 4.11 (dd, J = 12.6, 2.1 Hz, 1H, H-6"), 4.01 — 3.94 (m, 1H, H-5), 3.14 (td, J = 7.1, 3.2
Hz, 2H, triaz-CH;), 3.00 — 2.95 (m, 2H, CH.CO), 2.81 (s, 4H, CH,CH>-succ), 2.03 (s, 3H,
CHs of OAc), 2.02 (s, 3H, CHz of OAc), 1.98 (s, 3H, CHs of OAc), 1.81 (s, 3H, CH3 of OAc)

ppm.

13C NMR (125 MHz, CDCl3) § 170.7 (CO of OAc), 170.1 (CO of OAc), 169.5 (CO of OAc),
169.2 (CO succ x2), 169.1 (CO of OAc), 167.8 (CO), 145.8 (C-triaz), 120.3 (CH-triaz),
85.8 (C-1), 75.2 (C-5), 72.9 (C-3), 70.4 (C-2), 67.9 (C-4), 61.8 (C-6), 31.0 (CH,CO), 25.7
(CH2CH2-succ), 21.1 (CHa-triaz), 20.8 (CH3 of OAc), 20.69 (CHs of OAc), 20.66 (CHs of
OAc), 20.3 (CHs of OAc) ppm.

IR (ATR) 2945.90, 1732.16, 1430.40, 1367.42, 1203.35, 1064.13, 1035.83, 924.03,
813.55, 736.68 cm™.

HR-MS (+): m/z calcd for C23H28N4013 + H* [M+H]* 569.1653, found 569.1727. HR-MS
(+): m/z calcd for Ca3H28N4O13 + Na* [M+Na]* 591.1653, found 591.1554.

N-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-yl)-(3-oxopropyl-
(oxy(2,5-dioxopyrrolidin-1-yl))) (2.21)

OAc OAc OAc OAc
AcO NMOH —> AcO NMO%
OAc OAc
o 6
2.19 2.21

2.19 (0.2 g, 0.424 mmol) and N-hydroxysuccinimide (0.058 g, 0.509 mmol, 1.2 equiv)
were dissolved in anhydrous DCM (7 mL) and purged with N,. A solution of EDCI
(0.097 g, 0.509 mmol, 1.2 equiv) in anhydrous DCM (2 mL) was added via cannula
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over ice bath and the solution was stirred for 45 min. The reaction was warmed to
r.t. and stirred for further 16 h. The organic layer was washed with 0.1M HCI (2 x 10
mL) and dried with MgS0,, filtered and concentrated in vacuo. The product was
obtained as a white solid which was reacted on without further purification (Yield

0.131 g, 0.230 mmol, 54%).
Rf=0.15 (pet. ether: EtOAc 1:1).

14 NMR (500 MHz, CDCls) & 7.79 (s, 1H, CH-triaz), 5.81 (d, J = 9.3 Hz, 1H, H-1), 5.55
(dd, J=12.5, 7.0 Hz, 2H, H-2 and H-4), 5.22 (dd, J = 10.3, 3.3 Hz, 1H, H-3),4.23 -4.12
(m, 3H, H-5, H-6 and H-6'), 3.18 (t, J = 7.1 Hz, 2H, triaz-CH,), 3.04 (t, J = 7.1 Hz, 2H,
CH»CO), 2.84 (s, 4H, CH2CH-succ), 2.23 (s, 3H, CHs of OAc), 2.05 (s, 3H, CH3 of OAc),
2.01 (s, 3H, CH3 of OAc), 1.88 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, CDCl3) § 170.5 (CO of OAc), 170.2 (CO of OAc), 170.0 (CO of OAc),
169.2 (CO of OAc), 169.1 (CO Succ x2), 167.8 (CO), 145.8 (C-triaz), 120.3 (CH-triaz),
86.4 (C-1), 74.1 (C-5), 71.1 (C-3), 68.0 (C-2), 67.0 (C-4), 61.4 (C-6), 30.9 (triaz-CH2),
25.7 (CH2CH,-succ), 21.0 (CH2CO), 20.8 (CH3 of OAc), 20.8 (CHs of OAc), 20.7 (CHs of
OAc), 20.4 (CH3 of OAc) ppm.

IR (ATR) 2944.04, 1731.92, 1430.13, 1368.12, 1205.23, 1045.44, 923.03, 812.54,
744.66 cm™,

HR-MS (+): m/z calcd for Ca3H28N4013 + H* [M+H]* 569.1653, found 569.1726. HR-MS
(+): m/z calcd for Ca3H28N4O13 + Na* [M+Na]* 591.1653, found 591.1547.

N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-(3-
oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (2.28)

OAc OAc

(o}
(o]
%o %o i
—
AcO ~N NWOH AcO oA \/\NWO/N
\
N=N ¢ \N:N o
2.28

OAc

2.26

2.26 (0.121 g, 0.234 mmol) and N-hydroxysuccinimide (0.032 g, 0.280 mmol, 1.2

equiv) were dissolved in anhydrous DCM (7 mL) and purged with N;. A solution of
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EDCI (0.053 g, 0.280 mmol, 1.2 equiv) in anhydrous DCM (2 mL) was added via
cannula over ice bath and the solution was stirred for 45 min. The reaction was
warmed to r.t. and stirred for further 16 h. The organic layer was washed with 0.1M
HCl (2 x 10 mL) and dried with MgSQs, filtered and concentrated in vacuo. The
product was obtained as a white solid which was reacted on without further

purification (0.126 g, 0.205 mmol, 87.5%).
Rf= 0.75 (DCM:MeOH 95:5).

14 NMR (500 MHz, CDCl3) & 7.49 (s, 1H, triaz-H), 5.11 (t, J = 9.5 Hz, 1H, H-3), 5.02 (t, J
=9.7 Hz, 1H, H-4), 4.92 (dd, J = 9.6, 7.9 Hz, 1H, H-2), 4.51 (ddd, J = 14.5, 4.6, 3.7 Hz,
1H, CH-triaz), 4.48 — 4.43 (m, 2H, H-1 and CH’-triaz), 4.21 — 4.11 (m, 2H, H-6" and
OCH), 4.06 (dd, J = 12.3, 2.3 Hz, 1H, H-6), 3.88 (ddd, J = 10.7, 8.4, 3.6 Hz, 1H, OCH’),
3.66 (ddd, J=10.0, 4.8, 2.4 Hz, 1H, H-5), 3.09 (dd, J = 10.7, 4.1 Hz, 2H, triaz-CH), 3.00
—2.95 (m, 2H, CH:CO), 2.80 (d, J = 5.7 Hz, 4H, CH2CH-succ), 2.02 (s, 3H, CH3 of OAc),
1.96 (s, 3H, CH3 of OAc), 1.93 (s, 3H, CH3 of OAc), 1.90 (s, 3H, CHs of OAc) ppm.

13C NMR (125 MHz, CDCl3) & 170.8 (CO of OAc), 170.3 (CO of OAc), 169.5 (CO of OAc),
169.4 (CO of OAc), 169.2 (CO succ x2), 168.1 (CO), 145.0 (C-triaz), 123.0 (CH-triaz),
100.7 (C-1), 72.69 (C-3), 72.1 (C-5), 71.1 (C-2), 68.4 (C-4), 68.0 (OCH.), 61.9 (C-6), 50.1
(CHa-triaz), 31.0 (CH2CO), 25.7 (CH2CH3-succ), 21.0 (triaz-CH3), 20.9 (CH3 of OAc), 20.7
(3xCH3 of OAc) ppm.

IR (ATR) 2955.80, 1733.40, 1430.16, 1366.33, 1208.17, 1033.60, 907.61, 812.61,
733.58,700.28 cm™.

HR-MS (ESI+): m/z calcd for CsH32N4014 +H* [M+H]* 613.1915, found 613.1985. HR-
MS (ESI+): m/z calcd for C25H32N4014 +Na* [M+Na]* 635.1915, found 635.1806.
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N-[2-0-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-(3-
oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (2.29)

OAc OAc OAc OAc

o (o]
AcO o\/\NWOH AcO SN N
OAc \N:N

2.27 2.29

2.27 (0.112 g, 0.217 mmol) and N-hydroxysuccinimide (0.030 g, 0.260 mmol, 1.2
equiv) were dissolved in anhydrous DCM (7 mL) and purged with N». A solution of
EDCI (0.049 g, 0.260 mmol, 1.2 equiv) in anhydrous DCM (2 mL) was added via
cannula over ice bath and the solution was stirred for 45 min. The reaction was
warmed to r.t. and stirred for further 16 h. The organic layer was washed with 0.1M
HCI (2 x 10 mL) and dried with MgSOa,, filtered and concentrated in vacuo. The
product was obtained as a white solid which was reacted on without further

purification (Yield 0.106 g, 0.173 mmol, 79%).
Rf = 0.69 (DCM:MeOH 95:5). []4!6-1.49 (c 0.67, DCM).

14 NMR (500 MHz, CDCl3) § 7.48 (s, 1H, triaz-H), 5.33 (d, J = 2.7 Hz, 1H, H-4), 5.12 (dd,
J=10.5,7.9 Hz, 1H, H-2), 4.93 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 4.53 (dt, /= 14.4, 3.9 Hz,
1H, CH-triaz), 4.49 — 4.42 (m, 1H, CH’-triaz), 4.40 (d, J = 7.9 Hz, 1H, H-1), 4.19 (dt, J =
10.4, 4.1 Hz, 1H, OCH’), 4.08 (ddd, J = 25.0, 11.3, 6.6 Hz, 2H, H-6, H-6"), 3.93 — 3.85
(m, 2H, H-5, OCH), 3.11 (t, J = 6.8 Hz, 2H, triaz-CH>), 3.03 - 2.97 (m, 2H, CH»CO), 2.80
(s, J =12.2 Hz, 4H, CH2CH»-succ), 2.11 (s, 3H, CH3 of OAc), 2.00 (s, 3H, CH3 of OAc),
1.92 (s, 3H, CH; of OAc), 1.91 (s, 3H, CH; of OAc).

13C NMR (125 MHz, CDCl3) 6 170.5 (€O of OAc), 170.3 (CO of OAc), 170.2 (CO of OAc),
169.6 (CO of OAc), 169.2 (CO succ x2), 168.1 (CO), 145.0 (C-triaz), 123.0 (CH-triaz),
101.1 (C-1), 71.0 (C-5), 70.8 (C-3), 68.7 (C-2), 67.8 (OCH,), 67.0 (C-4), 61.3 (C-6), 50.1
(CHx-triaz), 30.9 (CH,CO), 25.7 (CH2CH32-succ), 21.0 (triaz-CH3), 20.82 (2xCH3 of OAc),
20.81 (CHs of OAc), 20.7 (CHs of OAc).

IR (ATR) 2959.63, 1732.72, 1429.93, 1367.59, 1211.91, 1045.63, 915.63, 812.19,
731.78 cm™.
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HR-MS (+): m/z calcd for CasH32N4014 + HT [M+H]* 613.1915, found 613.1983. HR-MS
(+): m/z calcd for CsH32N4014 + HF [l\/|+H]+ 635.1915, found 635.1804.

Cis,cis,trans-[Pt"V(NH3)>(2.18)(OH)Cl;] (1)

AcO AcO
AcO \)\/\H/ )\Jﬁ AcO N \

Ac HyN~ t,C|
HN" 1 ocl

Complex 1
2.20 (0.140 g, 0.246 mmol) was added to a suspension of oxoplatin (2.30) (0.086 g,
0.258 mmol, 1.05 equiv) in DMSO (5 mL) and stirred at 60°C for 16 hr. Residual
oxoplatin was filtered through cotton wool and the solvent was removed by
lyophilisation. The oily residue was dissolved in acetone and the product was
precipitated with diethyl ether and collected by centrifugation. The yellow-white
solid was washed with diethyl ether and dried in vacuo (0.083 g, 0.105 mmol, 43 %).

1H NMR (500 MHz, DMSO) & 8.16 (s, 1H, triaz-CH), 6.25 (d, J = 8.8 Hz, 1H, H-1), 5.96
(br. t, 6H, 2 x NHs), 5.60 — 5.49 (m, 2H, H-2,H-3), 5.12 (t, J = 9.6 Hz, 1H, H-4), 4.34
(ddd, J = 10.0, 5.2, 2.2 Hz, 1H, H-5), 4.13 (dd, J = 12.5, 5.4 Hz, 1H, H-6), 4.08 — 4.03 (m,
1H, H-6"), 2.80 (t, J = 7.6 Hz, 2H, triaz-CHz), 2.46 (t, J = 7.7 Hz, 2H, CH,CO), 2.01 (s, 3H,
CHs of OAc), 1.99 (s, 3H, CHs of OAc), 1.95 (s, 3H, CHs of OAc), 1.78 (s, 3H, CHs of OAc)

13C NMR (125 MHz, DMSO) & 179.9 (COOPt), 170.3 (CO of OAc), 169.8 (CO of OAc),
169.6 (CO of OAc), 168.8 (CO of OAc), 147.3 (triaz-C), 121.4 (triaz-CH), 83.9 (C-1), 73.4
(C-5), 72.3 (C-3), 70.3 (C-2), 67.7 (H-4), 61.9 (C-6), 35.9 (CH.CO), 22.0 (triaz-CHy), 20.7
(CHs3 of OAc), 20.5 (CHs of OAc), 20.4 (CHs of OAc), 20.1 (CH3 of OAc) ppm.

195p¢{1H} NMR (108 MHz, DMSO) & 1041.75 ppm.

IR (ATR) 3212.46, 1746.40, 1627.32, 1367.46, 1215.23, 1035.51, 924.48, 822.96 cm"

1

HR-MS (-): m/z calcd for C1gH31CloNsO12Pt — H™ [M-H]" 786.4640, found 786.0898.

82



Chapter 2 C1 Platinum(IV) Acetylated Glycoconjugates

El. Anal. Calcd. for C19H31CIoNsO12Pt: % C = 28.29; H = 3.97; N = 8.89; found: % C =
28.88; H=4.18; N = 8.52.

Cis,cis,trans-[Pt"V(NH3)2(2.19)(OH)Cl;] (2)

OAc OAc OAc OAc o
o N=N o o
AcO N o. AcO N o
OAc N —— OAc N=N HsN-p¢Cl
fo} H;N" | ~CI
lo) H
2.21 Complex 2

2.21 (0.130 g, 0.228 mmol) was added to a suspension of oxoplatin (2.30) (0.080 g,
0.240 mmol, 1.05 equiv) in DMSO (5 mL) and stirred at 60°C for 16 hr. Residual
oxoplatin was filtered through cotton wool and the solvent was removed by
lyophilisation. The oily residue was dissolved in acetone and the product was
precipitated with diethyl ether and collected by centrifugation. The yellow-white
solid was washed with diethyl ether and dried in vacuo (Yield 0.065 g, 0.082 mmaol,
36%).

1H NMR (500 MHz, DMSO) & 8.12 (s, 1H, triaz-CH), 6.18 (d, J = 9.2 Hz, 1H, H-1), 5.95
(br. t., 6H, 2 x NH3), 5.58 (t, J = 10.1 Hz, 1H, H-2), 5.45 (dd, J = 10.1, 3.5 Hz, 1H, H-3),
5.40 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 4.59 — 4.56 (t, J = 6.75 Hz, 1H, H-5), 4.13 (dd, J =
11.6, 5.1 Hz, 1H, H-6), 4.01 (dd, J = 11.5, 7.3 Hz, 1H, H-6’), 2.82 (t, J = 7.25 Hz, 2H,
triaz-CHz), 2.47 — 2.46 (m, 2H, CH,CO), 2.19 (s, 3H, CHz of OAc), 1.99 (s, 3H, CHs of
OAc), 1.94 (s, 3H, CH3 of OAc), 1.82 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, DMSO) 6 179.7 (COOPt), 170.0 (CO of OAc), 169.9 (CO of OAc),
169.5 (CO of OAc), 168.6 (CO of OAc), 147.1 (triaz-C), 121.4 (triaz-CH), 84.2 (C-1), 72.8
(C-5), 70.4 (C-3), 67.8 (C-2), 67.3 (C-4), 61.6 (C-6), 36.0 (CH2CO), 21.8 (triaz-CH,), 20.5
(CHs3 of OAc), 20.5 (CH3 of OAc), 20.3 (CH3 of OAc), 20.0 (CHs of OAc) ppm.

195p¢{1H} NMR (108 MHz, DMSO) & 1044.64 ppm.
IR (ATR) 3207.92, 1746.25, 1625.63, 1368.09, 1214.56, 1050.93, 922.78 cm™..

HR-MS (+): m/z calcd for C19H31Cl2NsO12Pt + H* [M+H]* 786.4640, found 786.1041.
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El. Anal. Calcd. for CigH31Cl2NsO12Pt: % C = 28.98; H = 3.97; N = 8.89; found: % C =
28.48; H=4.18; N = 8.52.

Cis,cis,trans-[Pt"V(NH3)2(2.26)(OH)CIz] (3)

OAc

OAc o o
o o AcO o
AcO . AcO o0
AcO o\/\ NW N o

Ohc - o oA NN HaNopCl
N=N o HsN" | >Cl
OH
2.28 Complex 3
2.28 (0.126 g, 0.205 mmol) was added to a suspension of oxoplatin (2.30) (0.072 g,
0.215 mmol, 1.05 equiv) in DMSO (5 mL) and stirred at 60°C for 16 hr. Residual
oxoplatin was filtered through cotton wool and the solvent was removed by
lyophilisation. The oily residue was dissolved in acetone and the product was
precipitated with diethyl ether and collected by centrifugation. The yellow-white

solid was washed with diethyl ether and dried in vacuo (0.050 g, 0.060 mmol, 29%).

14 NMR (500 MHz, CDCl3) & 7.76 (s, 1H, triaz-CH), 5.87 (br t, 6H, 2x NH3), 5.23 (t, J =
9.6 Hz, 1H, H-3), 4.89 (t, J = 9.7 Hz, 1H, H-4), 4.81 (d, J = 8.0 Hz, 1H, H-1), 4.75 - 4.69
(m, 1H, H-2), 4.53 — 4.40 (m, 2H, CH>-triaz), 4.18 (dd, J = 12.3, 5.0 Hz, 1H, H-6), 4.08
(dt, J=8.9, 4.1 Hz, 1H, OCH), 4.02 (dd, J = 12.2, 2.1 Hz, 1H, H-6’), 3.98 (ddd, J = 9.9,
4.9, 2.4 Hz, 1H, H-5), 3.89 (ddd, J = 11.4, 7.8, 4.0 Hz, 1H, OCH’), 2.81 — 2.77 (m, 2H,
triaz-CH;), 2.48 — 2.43 (m, 2H, CH»CO), 2.02 (s, 3H, CHs of OAc), 1.97 (s, 3H, CHs of
OAc), 1.92 (s, 3H, CHs of OAc), 1.88 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, CDCl3) & 179.9 (COOPt), 170.1 (CO of OAc), 169.5 (CO of OAc),
169.3 (CO of OAc), 169.0 (CO of OAc), 146.1 (triaz-C), 122.5 (triaz-CH), 99.2 (C-1), 71.9
(C-3), 70.64 (C-2), 70.59 (C-5), 68.1 (C-4), 67.5 (OCH>), 61.6 (C-6), 49.1 (CHa-triaz), 36.2
(CH2CO0), 22.0 (triaz-CH2), 20.5 (CHs of OAc), 20.4 (CHs of OAc), 20.29 (CHs of OAc),
20.27 (CHs of OAc) ppm.

195p¢{1H} NMR (108 MHz, DMSO) & 1047.09 ppm.
IR (ATR) 3214.82, 1745.13, 1626.73, 1430.32, 1365.92, 1217.35, 1034.85, 908.82 cm"

1
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HR-MS (+): m/z calcd for C21H3s5Cl;NsO13Pt + HY [M+H]* 832.5170, found 832.1316.
HR-MS (+): m/z calcd for C21H35CloNsO13Pt + Na* [M+H]* 854.5170, found 854.1134.

El. Anal. Calcd. for C21H35ClaNsO13Pt: % C = 30.33; H = 4.24; N = 8.42; found: % C =
30.79; H=4.61; N = 8.90.

Cis,cis,trans-[Pt"V(NH3)(2.27)(OH)CI;] (4)

OAc OAc
OAc OAc o m o
o (o}
[o}

Acoggfi:;~lv/o\v/”\\N N o-N — 5 AcO \V/”\\N/§v//\\¢/u\o
OAc N HsN~g-CI

OAc \ N=N 3N~pt
N=N o) H;N | °CI

N OH

2.2 Complex 4

2.29 (0.133 g, 0.217 mmol) was added to a suspension of oxoplatin (2.30) (0.076 g,
0.227 mmol, 1.05 equiv) in DMSO (6 mL) and stirred at 60°C for 16 hr. Residual
oxoplatin was filtered through cotton wool and the solvent was removed by
lyophilisation. The oily residue was dissolved in acetone and the product was
precipitated with diethyl ether and collected by centrifugation. The yellow-white

solid was washed with diethyl ether and dried in vacuo (0.070 g, 0.084 mmol, 38%).

1H NMR (500 MHz, DMSO) & 7.75 (s, 1H, triaz-CH), 5.82 (br t, 6H, 2x NHs), 5.24 (dd, J
= 3.5, 0.8 Hz, 1H, H-4), 5.12 (dd, J = 10.4, 3.6 Hz, 1H, H-3), 4.88 (dd, J = 10.4, 8.0 Hz,
1H, H-2), 4.71 (d, J = 8.0 Hz, 1H, H-1), 4.52 — 4.40 (m, 2H, CHx-triaz), 4.19 (dd, J = 7.2,
6.3 Hz, 1H, H-5), 4.12 - 4.00 (m, 3H, H-6, H-6’, OCH), 3.93 — 3.86 (m, 1H, OCH’), 2.82
—2.78 (t, J = 7.25 Hz, 2H, triaz-CH.), 2.47 (dd, J = 8.6, 6.9 Hz, 2H, CH2CO), 2.11 (s, 3H,
CH; of OAc), 2.01 (s, 3H, CH3 of OAc), 1.90 (s, 3H, CH; of OAc), 1.89 (s, 3H, CH3 of OAc)

13C NMR (125 MHz, DMSO0) & 179.9 (COOPt), 169.93 (CO of OAc), 169.91 (CO of OAc),
169.5 (CO of OAc), 169.0 (CO of OAc), 146.1 (triaz-C), 122.4 (triaz-CH), 99.7 (C-1), 70.1
(C-5), 69.9 (C-3), 68.3 (C-2), 67.30 (C-4), 67.26 (OCH), 61.2 (C-6), 49.09 (CH,-triaz),
36.1 (CH2CO), 22.0 (triaz-CH2), 20.5 (CHs of OAc), 20.4 (CHs of OAc), 20.3 (2x CHs of

OAc) ppm.

195p¢{1H} NMR (108 MHz, DMSO) & 1047.15 ppm.
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IR (ATR) 3214.92, 1740.41, 1631.39, 1429.52, 1367.30, 1217.81, 1173.03, 1045.52,
952.53 cm™.

HR-MS (+): m/z calcd for C21H3s5Cl2Ns013Pt + HY [M+H]* 832.5170, found 854.1139.
HR-MS (+): m/z calcd for C21H3sCloNsO13Pt + H* [M+Na]* 854.5170, found 854.1315.

El. Anal. Calcd. for C21H3s5ClaNsO13Pt: % C = 30.33; H = 4.24; N = 8.42; found: % C =
29.98; H=4.69; N = 8.01.
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Chapter 3: C1 Platinum(IV) Free
Glycoconjugates

87



Chapter 3 C1 Platinum(IV) Free Glycoconjugates

3.1 Introduction
3.1.1 Free (deprotected) carbohydrates as anticancer agents

In Chapters 1 and 2, we have shown that protected sugars are not well suited for
transport into the cell through glucose transporters and this is the reason why, of all
the compounds tested in the presence of GLUT inhibitors, many complexes with
acetylated sugars showed little dependence on GLUTs for anticancer activity [89].
Other factors such as lipophilicity or steric hindrance may be the cause for this GLUT-
independent uptake, however, to effectively target glucose transporters, it is

seemingly imperative to use deprotected sugars as targeting vectors [89].

In 2017, the group of Wang produced examples of the first deprotected Pt(IV)
glycoconjugates (Figure 3.1), with the aim of targeting GLUTs [265]. In this pioneering
work, oxaliplatin derivatives were functionalised with glucose, galactose and
mannose moieties (3.4 — 3.8) as well as glycuronic acid derivatives (3.1 — 3.3).
Secondly, hexadecanoic acid was coupled to the second free axial hydroxyl of the
Pt(IV) core with the goal of improving drug uptake through interaction between
hexadecanoic acid and human serum albumin (HSA) [266]. As a result, Wang et al.
describe these complexes as dual-targeted glycosylated Pt(IV) complexes.
Interestingly, complexes functionalised in the C1 position (3.4 — 3.8) show greater
cytotoxicity against the cell lines tested than their C6 counterparts (3.1 — 3.3). This
correlates to what Lippard et al. observed from their study of the effect glucose
positional isomers have on anticancer activity, where it was found that C1 and C2
were the more viable substitution positions [135]. Glucose (3.4) and mannose (3.7,
3.8) complexes were found to accumulate readily inside the cell; mannose is a C2
epimer of glucose where the hydroxyl group is axial rather than equatorial. As
discussed in Section 1.3.2, the C2 position of the hexose ring does not interact in the
binding site of GLUT1, suggesting that mannose could be used as a substitute for

glucose in complexes of this nature.

Experiments to determine the dependency of complexes 3.1 — 3.8 on GLUTs were
also conducted. The GLUT inhibitor, phloretin was co-incubated with Complex 3.4

against the breast cancer cell line, MCF-7. The group observed a slight decrease in
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activity when 3.4 was incubated with the inhibitor (ICsp = 0.57 uM) versus without
the inhibitor (ICso = 0.19 uM). This small difference could indicate that GLUTs
participate in the transport of complexes across the cell membrane. However, due
to the presence of the long lipophilic linker, it cannot be said for certain that GLUTs
mediate a large portion of drug uptake. In the case of the C6 functionalised
complexes (3.1 —3.3) it was clear that the presence of a GLUT inhibitor did not affect
the activity of these complexes. A conclusion which can be drawn is that the
interaction of the hexadecyl ligand with HSA, in tandem with the increased
lipophilicity allows access through the cell membrane. In fact, the presence of this

ligand may also block the uptake of the drug via GLUTs as described in Section 1.4.1.

o o (o}

Hzo&ﬁﬁ H20M4
N ‘ o__o N ‘ o__o N ‘ o__o

NI/ NI/ NI/
O’ w Y O’ D€ O’ w Y
N ‘ 0 o N ‘ o o N ‘ o o

20 20

O_ OH O_ OH O_ OH
[ o o
HOY "'OH HO OH HO OH
OH OH OH
3.1 (Glu) 3.2 (Gal) 3.3 (Man)
o o

3.7(Man) 3.8 (Man)

Figure 3.1: Structures of asymmetric bis-Pt(lIV) glycoconjugates with glycuronic acid
functionalised complexes 3.1 — 3.3 and glucose, galactose and mannose functionalised
complexes 3.4 — 3.8, containing hexadecanoic acid and varying aliphatic linkers between the
carbohydrates [265].
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Further discussion on relevant topics for this chapter have been made in Chapter 1
and 2, including other examples of the benefits of using deprotected sugars as

targeting vectors compared to protected sugars.

3.2 Chapter Objective

This chapter discusses the synthesis, characterisation, physiological stability of free
sugar Pt(IV) glycoconjugates, analogues of the complexes synthesised in Chapter 2,
and their potential as anticancer agents (Figure 3.2). These octahedral Pt(IV)
complexes are based on a cisplatin scaffold and are functionalised in the axial
position with free glucose and galactose derivatives conjugated to the metallic centre
via linkers of different length and chemical structure using CUAAC “click” reaction.
These complexes are characterised using several spectroscopic techniques, including
multinuclear 1D and 2D NMR (H, 13C, 19°Pt, COSY, HSQC, HMBC), IR, HR-MS,

Elemental analysis and cyclic voltammetry.

o)
_LoFow
O)K/\ linker O/
HsN—p¢—Cl
H3N" | >CI
OH
N=N
OH OH OH - A N-
0 HO 0 ke
Ho\m—— H&/ linker:
OH OH N=N
Galactose Glucose —'QN\/\O”

Figure 3.2: General structure for the novel Pt(IV) complexes based on the cisplatin scaffold
and functionalised with glucose and galactose.

To synthesise this series of C1-free Pt(IV) glycoconjugates, our initial approach was
to remove the acetyl protecting groups in complexes 1 — 4 reported in Chapter 2 and
form the free sugar derivatives. Unfortunately, this method was unsuccessful, and an
alternative synthetic route was required. This chapter comprises of the reaction

optimisation for the preparation of the free sugar NHS esters, and the following
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coordination of these esters to the Pt(IV) scaffold. The reduction properties of the
complexes was also analysed via NMR spectroscopy using sodium ascorbate (to
mimic the cellular environment) and by cyclic voltammetry. The results of this
chapter have been published in the International Journal of Molecular Science (doi:

10.3390/ijms24076028) [267].

3.3 Results and Discussion

3.3.1 Synthesis of free carbohydrate Pt(IV) glycoconjugates

Schemes 3.1 (short chain linker) and 3.2 (long chain linker) show the synthetic routes
for the preparation of the complexes 1 — 4. Steps (i) — (ii) (Scheme 3.1) and (i) — (iii)
(Scheme 3.2) were already discussed in detail in Chapter 2. The reactions after these
steps consist of base-catalysed hydrolysis to deacetylate compounds (2.18, 2.19) and
(2.26, 2.27); esterification with TSTU to form the NHS active esters (3.11, 3.12, 3.15

and 3.16) and finally a transesterification to form free sugar complexes 1—4.

R10Ac R1O0Ac
AcO OAc ————————> AcO N;
OAc OAc
214R'=H R? = OAc (Glc) 216R"'=H R? = OAc (Glc)
215R"=0Ac R%?=H (Gal) 247R'"=0Ac RZ=H (Gal)
R'OH l (ii)
1
R2 fo) /N:N R10Ac
HO N 2 o] _
OH MOH (ii) R N=N
AcO N__ OH
o OAc
39R'=H  R2=OH (Glo) 218 R'=H  R?=OAc (Glo) ©
310R'=0H R2Z=H (Gal) 219R"=0Ac R*=H (Gal)
l ) OH
R1OH H3N_ | _CI R1OH
HsN™' 1 "~cI o
R2 o /N:N o OH R2 (e}
HO N o 2.30 HO NS
= N - \ HsN_ T _Cl
OH ) OH N=N N
o H;N" 1 >Cl
o *" oH
3.1 R1 =H R2 = OH (G|C) Complex 1 R1 =H RZ =OH (GlC)
312R'=0OH RZ=H (Gal) Complex2R'=0H R%*=H (Gal)

Scheme 3.1: Synthetic pathway for complexes 1 and 2: (i) TMSNs, SnCls, DCM, rt, 16 h, 94%
(2.16), 97% (2.17); (ii) 4-pentynoic acid, CuSO,, sodium ascorbate, t-BuOH, THF, H,0, rt, 16
h, 64% (2.18), 74% (2.19); (iii) TEA, MeOH, H,0, 45°C, 16 h, 95% (3.9), 97% (3.10); (iv) TSTU,
TEA, DMF, rt, 20min, 68% (3.11), 68% (3.12); (v) DMSO, 40°C, 48 h, 59% (1), 35% (2).
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R10Ac R1OAc R1O0Ac
o U} o (i) o
R2 — > R? — > R?
AcO OAc AcO (o] AcO (o]
\/\CI \/\N3
OAc OAc OAc
214R'=H R? = OAc (Glc) 2.22R'=H R? = OAc (Glc) 224R'=H R? = OAc (Glc)
215R"=0Ac R?=H (Gal) 223R'"=0Ac R?=H (Gal) 225R"=0Ac R?=H (Gal)
R1OH R10Ac J (iii)
R2 o o (iv) R2 o o
HO o\/\NWOH ) AcO OV\NWOH
OH \ OAc \
N=N N=N
343R'"=H  R?=OH (Glc) 226R"=H  R?=O0Ac (Glc)
314R'=0H R?=H (Ga) ) 227R'=0Ac R2=H (Gal)
R1OH o R1OH
R? 0 ° Vi) g o 0
HO 0\/\N AN o-N OH HO o\/\NWO
OH i
N=N HaN, 1 -Cl OH N=N N c
PN |
H;N c\)Hcl 3" OH
3.15R"=H R? = OH (Glc) 2.30 Complex3R'=H R? = OH (Glc)
316R'=0OH R%?=H (Gal) ’ Complex4R'=0H R?=H (Gal)

Scheme 3.2: Synthetic pathway for complexes 3 and 4: (i) 2-Chloroethanol, BFs.OEt,, 3 A MS,
0°C to rt, DCM, 16 h, 22% (2.22), 25% (2.23); (ii) NaN3, DMF, 80°C, 16 h, 62% (2.24), 60%
(2.25); (iii) CuSOQ4, sodium ascorbate, t-BuOH, THF, H,0, rt, 16 h, 44% (2.26), 47% (2.27); (iv)
TEA, MeOH, H,0, 45°C, 16 h, 86% (3.13), 96% (3.14); (v) TSTU, TEA, DMF, 20 mins, rt, 60%
(3.15), 75% (3.16); (vi) DMSO, 40°C, 48 h, 47% (3), 61% (4).

3.3.2 Synthesis of free sugar ligands (3.9, 3.10, 3.13, and 3.14)

The ligands containing the free sugars derivatives of glucose (3.9 and 3.13) and
galactose (3.10 and 3.14) were synthesised from their acetylated analogues (2.18,
2.19, 2.26 and 2.27) through the removal of the acetyl protecting groups using

catalytic triethylamine in agueous methanol, as shown in Scheme 3.3 [268].

R10Ac R1OH
AcO N OH HO N OH
= =
OAc \)\/\H/ OH \)\/\ﬂ/

o] o]
218R"=H R? = OAc (Glc) 39R'=H R? = OH (Glc)
219R"=0Ac R?=H (Gal) 310R'"=OH R2Z2=H (Gal)

R1OAc R1OH
RZ o o Rz (o] (o}
o] - o

AcO \/\N AN OH HO \/\N AN OH

OAc \ OH \
N=N N=N

226R"=H R? = OAc (Glc) 3.13R"'"=H R2 = OH (Glc)
227R'=0Ac R?=H (Gal) 314R"=0OH R?=H (Gal)

Scheme 3.3: Deacetylation of acetylated ligands using Nets, MeOH, and H,0, 45°C, 16 h, 95%
(3.9), 97% (3.10), 86% (3.13), 96% (3.14).
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These ligands were characterised using *H NMR, *3C NMR, COSY, HSQC, and HMBC
2D NMR. These compounds are water-soluble, and the NMR (Figure 3.3) was
obtained in D;0. Interestingly, the anomeric proton at d = 5.67 (red spot) appears as
one doublet due to the coupling with the proton in the C2 position (3J = 9.2 Hz). The
triazole proton (purple spot) signal is at 6 = 8.0 ppm. The quartet at 0 = 3.2 ppm
belongs to the triethylammonium salt, the presence of which did not interfere with

further reactions.

OH
HO O M=
HO > NMOH

oW o)

®
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I Z T FA

= = - P -

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.2 7.8 76 74 72 70 6.6 6.2 58 54 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8
1 (ppm}

Figure 3.3: 'H NMR spectrum of free ligand (3.9) in D,0, with important signals emphasised.

The most important method for determining if the correct product has been formed,
is the comparison between the acetylated ligand and the free deprotected ligand
using *H NMR (Figure 3.4). The free deprotected ligand (3.9) will lack the four singlets,
found in the acetylated ligand (2.18), which correspond to the four methyl groups of

the acetyl protecting groups.
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Ligand (OAc)

Ligand (OH)

Figure 3.4: Comparison of acetylated ligand (2.18) versus free ligand (3.9).

3.3.3 Synthesis of free sugar NHS esters (3.11, 3.12, 3.15, and 3.16)

The NHS esters (3.11, 3.12, 3.15 and 3.16) were synthesised from their corresponding
carboxylic acids (3.9, 3.10, 3.13 and 3.14). This reaction required extensive
optimisation of a variety of parameters including coupling reagent, base, solvent and
reaction duration (Table 3.1). In addition, the reaction conditions had to be finely
tuned to avoid competing reactions of the nucleophilic hydroxyls of the free sugars.
Finally, using the coupling reagent N,N,N’,N’-Tetramethyl-O-(N-succinimidyl)
uronium tetrafluoroborate (TSTU) (Scheme 3.4), a method was achieved to yield free

sugar NHS esters in relatively high yields with high purity, suitable for further

reactions.
R1OH R1OH
R? O N=n RZJ&/ " i
! — HO N o
HO N H — N
o]
o o
39R'=H R? = OH (Glc) 311 R'=H R? = OH (Glc)
310R'"=0OH R?=H (Gal) 312R'"=0H R?=H (Gal)
10H
R1OH R o ©
HO OV\NWOH HO \/\NWO,N
OH \ OH v
N=N N=N o
313R"=H R? = OH (Glc) 3.15R"=H R2 = OH (Glc)
314R'"=0H R?=H (Gal) 316R'=0H R%=H (Gal)

Scheme 3.4: Synthesis of free sugar NHS esters using TSTU, NEts, and DMF, under N for 20
mins, 68% (3.11), 68% (3.12), 60% (3.15), 75% (3.16).
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Table 3.1: Reaction optimisation for the synthesis of free sugar NHS esters.

Reaction Solvent Reaction Coupling Base NHS Additive Yield
Attempt Time Agent +(Equiv.) (Equiv.) (%)
(Hr) +(Equiv.)

1 DMF 3 DCC (1.5) - 1.25 - 10

2 DMF 16 DCC (1.5) - 1.25 - No
reaction

3 DMF 16 DCC (2) - 2 - No
reaction

4 DMF/THF 16 DCC(1.5) - 1.25 - No
reaction

5 DMF 3 DCC(1.5) - 1.25 3A No
Sieves reaction

6 DMF 16 DCC (5) - 5 3A No
Sieves reaction

7 DMF 16 DCC (5) NEt3(3) 5 - No
reaction

8 DMF 16 DIC (1.5) NEts(3) 1.25 - No
reaction

9 DMF 16 DIC (1.5) NEt3(3) 5 3A No
Sieves reaction

10 DMF 5 IBCF (5) NEts(3) 5 3A No
Sieves reaction

11 Pyridine 3 DCC (1.5) - 1.25 3A No
Sieves reaction

12 DMF(min)/THF 3 DCC (1) - 1 - 14

13 DMF(min)/THF 3 DCC (1.5) - 1.25 - 13

14 DMF(min)/THF 7 DCC (1.5) - 1.25 - 8

15 DMF(min)/THF 16 DCC (1.5) - 1.25 - 2

The coupling reagent used ideally would form water-insoluble byproducts, this is

imperative due to the water-solubility of the ligand as a whole and the fact that

purification through column chromatography would be impossible (due to the high

polarity of the carbohydrate moiety). Hence, the coupling reagent investigated was

DCC as the reaction by-product (dicyclohexylurea) tends to precipitate out of the

reaction solvent and can be removed by filtration. Reactions with DIC (entries 8 and

9) and iso-butyl chloroformate (IBCF, entry 10) were also attempted. Short reaction
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times were also vital. Through NMR spectroscopy analysis of the different reaction
crudes, it was clear that longer reaction times caused degradation of the product.
This was overcome partially with the use of solvents other than DMF, but complete
conversion still was not achieved. Entries 1, 12 and 13 were all carried out over 3
hour reaction time, using DCC as the coupling reagent and NHS with molar
equivalents of 1.25, 1, and 1.25 respectively. Entries 12 and 13 produced crude
products with similar conversion, however, entry 1 produced much less ester. Using
the minimum amount of DMF for solubility and diluting with dry THF helped to

improve the yield.

In an effort to reduce reaction times with the hope of improving conversion rates,
the coupling agent TSTU (Figure 3.5) was used. TSTU, a uronium-based coupling
reagent which can be used in aqueous media, is typically used for amide coupling

reactions as it forms a transient NHS ester prior to amine nucleophilic attack [269].

o
BF, BF,

N—O>7N/ N0 N/
\ HERN

TSTU TBTU

Figure 3.5: Structures of uronium-based coupling agents TSTU and TBTU.

Much like 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU), treatment of the carboxylic acid with a base in the presence of the coupling
reagent leads to the formation of a good leaving group. Upon reaction with NHS from
TSTU or hydroxybenzotriazole (HOBt) from TBTU, yields the respective active ester
product (Figure 3.6). For typical coupling reactions using TSTU or TBTU, this
activation occurs within the first 20 minutes and then an amine is added to form
amide bonds [270]. For our purposes however, it was only necessary to do the initial
activation step and isolate the resulting ester. Through evaporation of the reaction
solvent and treatment with DCM and acetonitrile, excess NHS, coupling reagent and

reaction by-products were removed. The final NHS esters were used without further
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purification with moderate yields of 68% (3.11), 68% (3.12), 60% (3.15), and 75%
(3.16).
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/ N~ OH
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N\
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F j
OH
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Figure 3.6: Reaction mechanism for the synthesis of active NHS esters 3.11 using TSTU.

These compounds were characterised using 1D and 2D NMR, IR and HR-MS. Figure
3.7 shows the 'H NMR spectrum in DMSO-ds of compound 3.11 with the
characteristic peaks highlighted. The protons of the free hydroxyl groups of the sugar
moiety are seen at 0 =5.32, 5.26, 5.14 and 4.62 ppm, confirmed by the fact that these
protons do not show coupling to any carbon on the HSQC spectrum (Appendix, pg.
291). It is also notable that the signals highlighted in red, green and purple are all
doublets whereas the blue highlighted signal is a broad triplet. This is due to the
coupling with the CH; adjacent to the hydroxyl group. The presence of the NHS
protons with an integral of four at d = 2.8 ppm (Hs) also confirms the formation of

3.11.
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Figure 3.7: 'H NMR spectrum of 3.11 in DMSO-ds with characteristic peaks highlighted.

3.3.4 Synthesis of free sugar Pt(IV) complexes (1 - 4)

Much like the complexes formed in Chapter 2, the reaction of the active esters (3.11,
3.12, 3.15 and 3.16) in DMSO with a slight excess of oxoplatin yields the free sugar
derivatives of the complexes previously developed (Scheme 3.5). The difficulty with
these derivatives, however, is that when heated at the same temperature of 60°C as
their acetylated counterparts, degradation of the ester occurs with the resulting
product containing a mixture of free ligand and a small portion of complex. This
mixture proved impossible to be separated with trituration or column
chromatography due to the similar solubility and the high polarity of both the
complexes and the ligands. Optimisation of this reaction was required, in which
parameters such as temperature, reaction time and dropwise addition of a solution

of the ligand were important for reaction progression.
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Scheme 3.5: Synthesis of free sugar Pt(IV) complexes using oxoplatin and NHS esters in
DMSO.

Table 3.2 shows the different attempts to synthesise complexes 1 — 4 while changing
the previously stated variables. The most important parameter was seemingly the
reaction temperature. It was seen through 'H NMR that a 5°C change in temperature
resulted in a large difference in purity. The importance of the reaction temperature
on the purity of the resulting Complex was observed and from entry 5 onward, the
majority of reactions were carried out at 40°C. Another parameter that could
influence reaction progression was the use of dried DMSO, even if this proved to have
a negligible effect while the final two parameters (dropwise addition and reaction
time) had a much greater effect. A solution of the ester in DMSO was added dropwise
to a suspension of oxoplatin in DMSO. The idea here was to add the ester to the
complex slowly so it would be in a much higher excess of platinum, pushing the
reaction forward and avoiding the degradation of the starting material. Once this
method was attempted, the quality of the crude product was vastly improved
compared to the attempts where the ester was added initially in its entirety. Finally,
attempt 6 in the table below shows a reaction time of 72 hours. Reacting for three
days at 40°C with dropwise addition of the ester produced a pure product. Allowing
the reaction to proceed for only 48 hours yielded the pure complex and the same

procedure was used to synthesise complexes 1 —4.
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Table 3.2: Reaction optimisation for the synthesis of free sugar Pt(IV) complexes 1-4.

Reaction Temp (°C) Vol. Dried Dropwise Reaction Yield
Attempt DMSO DMSO addition time (h) (%)
(ml)

1 60 6 No No 16 N/A
2 55 6 No No 16 N/A
3 40 7 No No 16 11
4 45 10 Yes No 16 10
5 40 10 Yes Yes 16 26
6 40 10 Yes Yes 72 19
7 70 10 No No 16 N/A
8 40 20 No Yes 16 44
9 40 20 No Yes 48 53

The 'H NMR spectrum of Complex 1 is shown in Figure 3.8. Similarly, to what was

decribed in Section 3.3.3, the presence of the free hydroxyl peaks with integrals of

one demonstrates that throughout the two day reaction, heating of the ligand and

complex did not result in any dimerisation of the ligand.
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Figure 3.8: 'H NMR of Complex 1 in DMSO-de.

These complexes were further characterised using 3C and 2D NMR experiments

(Appendix, pg, 297). Much like the complexes in Chapter 2, 1Pt NMR was important

for the
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characterisation of these complexes and a single peak in the region of +1000 ppm

confirms that the complex is in the +4 oxidation state.
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Figure 3.9: °°Pt NMR of Complex 1 in DMSO-ds.

As discussed in the chapter objectives, ideally, these complexes would have been
synthesised through the hydrolysis of the acetyl protecting groups present on the
analogous complexes 1 — 4 synthesised in Chapter 2 (Scheme 3.6). Alongside the
synthesis of the complexes through the route described above, a variety of different
deprotection methods of the Chapter 2 acetylated complexes were investigated,

however, none of these yielded the desired product.
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Scheme 3.6: Original route to the synthesis of complexes 1 —4.

Table 3.3 shows the procedures attempted for the deprotection of Chapter 2
complexes 1 — 4. Of the reactions attempted, only entry 1 had any effect on the
starting material, however, the reaction brought degradation of the complex. Figure
3.10 shows the 'H NMR spectrum of pure Complex 1 and the crude product obtained
from the reaction conditions used in entry 1. We suggest that while these conditions
are suitable for the hydrolysis of acetyl esters, the ligand bound to the complex is
itself an ester which would account for the signals on the 'H NMR corresponding to
the carbohydrate but not the complex. It is possible that these conditions cleave the

ligand from the complex and the highly insoluble oxoplatin remains as a byproduct.

Table 3.3: Reaction conditions to deprotect acetylated complexes

Reaction Attempt Solvent Conditions Result
1 DMSO/MeOH NEts/H.0 No NHs peak on
NMR
DMSO/ACN Amberlite (H*) No reaction
DMSO/MeOH NaOMe No reaction
DMSO/MeOH KOH 5% No reaction
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Figure 3.10: 'H NMR spectrum of 1 compared to the crude product obtained from reaction
attempt 1 (Table 3.3).

3.4 Reduction properties of free sugar complexes (1 and 3).

The redox behaviour of free sugar complexes 1 and 3 as well as their corresponding
free ligands 3.9 and 3.13 (cathodic processes Eg (n, Eg (1), Figure 3.11) was studied
via cyclic voltammetry with E%v)/pea) = -1.034 V and -1.002 V found for 1 and 3,
respectively. The electrochemical reduction was irreversible, in line with previous
reported Pt(IV) species based on cisplatin [271], and no major difference was
observed according to the type of linker used to connect the carbohydrate moiety

and the Pt centre.
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Figure 3.11: Cyclic voltammograms of complexes 1 and 3 (blue), with evidence of irreversible
cathodic processes | and Il and axial ligands 3.9 and 3.13 (black), showing process | only, with
the background supporting electrolyte (red). All experiments were performed at the same
concentration ([compound] = 2 mM) in deuterated 0.1 M DMSO-[n-BusN][PFg] at a scan rate
of 0.1 Vs}, using a non-aqueous Ag | Ag* reference electrode.

To confirm that activation through intracellular reduction occurs in the Pt(IV) species,
the behaviour of the Pt(IV) pro-drugs was studied by means of the addition of a ten-
fold excess of ascorbic acid into a solution of Complex 3, mimicking the intracellular
environment [272]. The reduction process was followed by *H-NMR (Figure 3.12)
with complete release of the carbohydrate axial ligand observed after 48 h, as seen
by the disappearance of the triazole proton at 6 = 7.93 ppm of Complex 3 and the
concomitant formation of the corresponding peak at & = 7.91 ppm of the free

carboxylic acid 3.13.
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Figure 3.12: Reduction of Complex 3 by a 10-fold excess of ascorbic acid. 'H NMR spectra
over 48 hours in DMSO-ds.

3.5 Biological Evaluation

3.5.1 In vitro cytotoxicity

The anticancer activity of the four complexes were tested in vitro in 2D and 3D
models against two osteosarcoma cancer cell lines (SAOS-2 and MG63) and also in a
2D model against a healthy osteoblast cell line (hFOBs), to evaluate if the strategic
use of glucose and galactose as vectors is enhancing the selectivity. These studies
were done in collaboration with Dr. Monica Montesi and Dr. Silvia Panseri at the CNR-
ISTEC of Faenza (Italy).

The evaluation of cell viability demonstrates a dose-dependent cancer cell toxicity

exerted by all the drugs (Figure 3.13). Although no significant differences in the ICsg
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were detected in the four complexes compared to cisplatin, at high concentrations
the complexes showed better performance with respect to cisplatin. In MG63 cells
the mean effect of the complexes 1-4 showed ~ 3 fold-reduction of the cell viability
with respect to cisplatin and ~ 1.5 fold-reduction for SAOS-2 (Figure 3.13). The higher
anticancer activity of all the complexes 1-4 with respect to cisplatin, is statistically
significant at 30 uM for SAOS-2 and 60 uM for MG63. The different cellular behaviour
between the cell lines can be attributable to the intrinsic biological differences of the
two osteosarcoma cell lines [273].

Most importantly, in the healthy cells hFOBs, the cisplatin begins to be extremely
toxic at very low concentration, 1.5 uM (p < 0.001 with respect to cells only), while
all the complexes 1-4 showed a cytotoxic effect at much higher concentrations, > 15
UM (Complex 1 p £0.05; 2 p £0.001; 3 p £0.0001; 4 p < 0.001 with respect to cells
only). The evaluation of the ICso values confirms the cell viability results; in fact, in
the hFOBs the ICsp of the cisplatin (i.e., 4.1 uM) was far lower compared to the ICso
values of the complexes 1-4 which are > 16 uM (Table 3.4). Moreover, it was shown
that the toxic effect of the complexes is statistically significantly lower, with respect
to the effect of cisplatin at 1.5 uM, 5 uM, 15 uM and 30 uM (Figure 3.13). The cell
behaviours observed by cell viability assay were also confirmed using morphological
analysis, where a reduction in cell density directly relates to the increase of drug
concentration was detected.

These results demonstrated that all complexes 1-4 have high selectivity for cancer
cells and a lower toxic effect on healthy hFOBs. We believe that this selectivity could
be ascribable to the overexpression of the GLUT family members, specifically GLUT-
1, observed in cancer cells leading to an increased glycolytic activity [274,275]. The
higher toxicity of all complexes with respect to the cisplatin observed in both MG63
and SAOS-2 at 30 uM and 60 uM, strengthens the hypothesis of the role of the GLUT
receptor overexpression in the uptake, induced by the presence of sugar moieties

connected to the drug, and consequently in the increased anticancer effect.
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Figure 3.13: 2D drug screening of complexes 1 —4 by MTT assay. Cell viability evaluation after
72 h incubation with complexes. Data is reported in the graph as a percentage (%) mean *

standard error of the mean. Statistical analysis with respect to cisplatin is reported in the
graph, p value is a <0.05, B £0.01, y £0.001 and 6 < 0.0001.
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Table 3.4: ICsp (LM) values of the complexes 1 — 4 and cisplatin against MG63, SAOS-2 and
hFOBs cells.

Complex Cisplatin 1 2 3 4
OS Cancer |C50 Sl |C50 | |C50 Sl |C50 Sl |C5o Sl
cell (uM) (uM) (rM) (1M) (uM)
MG63 12.20 15.90 13.60 13.0 14.90
0.33 1.46 1.53 1.29 14
+2.85 3.1 4.6 +2.95 +3.85
SAOS-2 13.70 12.94 19.09 15.18 17.22
0.29 1.8 1.09 1.11 1.21
+2.95 13.2 13.2 3.4 4.1
hFOBs 4.109 23.36 20.85 16.88 20.91
1 1 1 1 1
+0.44 +1.77 +2.01 +1.72 10.44

3.5.2 3D scaffold-based OS model

In order to confirm these promising results, a proof of concept in vitro was performed
using more relevant cancer models. In fact, it is well known that the use of
conventional 2D approaches showed some limitations because they fail to mimic the
real tumour complexity leading to a low predictivity of preclinical results [276,277].
To overcome this limitation and to strengthen the results obtained in the previous
2D study, MG63 cell line was cultured on a 3D scaffold that mimics the feature of the
bone extracellular matrix (Figure 3.14c) by the physical, chemical and nanostructure
point of view, as previously demonstrated [278,279].

After the seeding of the MG63 cell line, the cells were able to interact and colonise
the scaffold providing a more mimetic 3D scaffold-based osteosarcoma model (3D
0OS model) that is then used to test the effect of the proposed drugs. As shown in
Figure 3.14a and b, MG63 cells easily adhered to the nanostructure of the biomimetic
scaffolds and, 48 hours after seeding, the scaffolds were nearly completely covered
by the cells exhibiting their characteristic morphology and high level of cell/material
interactions.

It is well known that the behaviour of the cells cultured in 3D is different with respect
to the standard 2D model [280]. For this reason, before testing the complexes in the

3D OS mode, a preliminary evaluation of the cisplatin effective concentration was
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performed by comparing the toxicity of cisplatin 15 M in 2D and in 3D OS model. 15
UM of cisplatin did not compromise the cell viability in 3D OS model, while
significantly reduced the viable cells grown in 2D standard culture conditions (p-value

<0.0001).

Figure 3.14: 3D scaffold-based osteosarcoma model (3D OS model). (A) Analysis of cell
morphology of 3D MG63 culture on bone-mimetic scaffold 48 h after seeding. F-Actin
filaments in green (FITC) and cell nuclei in blue (DAPI); scale bars 200 um. (B) Image
enlargement (white square) of the cell morphology details; scale bars 50 um. (C)
Representative image of the 3D bone-mimetic scaffold; scale bars 4 mm

Based on these results, complexes 1-4 and cisplatin were tested at 30 and 60 uM in
the 3D tumour model. At 60 uM all of the complexes showed higher toxic effect with
respect to cisplatin, and these differences are statistically significant for the complex
2 and 4 with p value < 0.05 (Figure 3.15). Morphological analysis confirms the cell

viability results.

This proof of concept highlights the cancer cells selectivity of the complexes for the
considered OS cells, compared to cisplatin, and reinforces the data obtained in the
2D in vitro study, demonstrating the better performance of complexes 1-4 as

anticancer drugs.
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Figure 3.15: Anti-cancerous effect of complexes 1 — 4 on 3D OS model. Cell viability
evaluation after 72 h of incubation with complexes using MTT assay. Data is reported on the
graph as percentage (%) mean + standard error of the mean. Statistical analyses with respect
to cisplatin is reported in the graph, * p value < 0.05.

3.6 Conclusions

Four novel Pt(IV) pro-drugs, based on cisplatin scaffold with carbohydrate vectors in
axial positions were synthetised, linking the sugar moiety and the metal centre via
CuAAC “click” chemistry. These prodrugs are functionalised with deprotected glyco-
moieties that act as real vectors to selectively target cancer cells. Most of the
carbohydrate-functionalised Pt-based complexes reported in literature contain
protected acetylated sugars, due to an easy synthetic and purification procedure. The
complexes were tested on a panel of two 2D and 3D OS (Osteosarcoma) cell lines as
well as on healthy OS cells. All the complexes showed very promising activity,
comparable to the reference cisplatin, demonstrating that the presence of a
monosaccharide does not hamper the anticancer effect. Notably, the complexes are
much less active against the healthy lines, showing a promising selectivity for these
OS cell lines, with respect to cisplatin. The complexes were also particularly active in
the 3D model, a more reliable system compared to 2D, with the most promising
activity shown by complexes 2 and 4 with a galactose substituent. The role of
galactose in the metabolism of cancer cells is attracting high attention because of
potential diagnostic and therapeutic possibilities [260,261]. While the role of the free

sugars as targeting vectors is not completely confirmed yet, the selectivity showed in
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2D studies is a solid base to hypothesise that the carbohydrate moieties play an
important role in targeted therapies. More specific biological studies (beyond the
scope of this thesis) should be conducted (i.e., inhibition the GLUTSs receptors), but
this selectivity was not observed in the protected-Pt(IV) analogues, as discussed in
chapter 2. While all the complexes showed very promising activity, the discrimination
between the two linkers is not observed. In ongoing studies in the Montagner group,
these complexes have been conjugated to graphene oxide nanoparticles that act as
delivering agents to further enhance the selectivity. The results of this chapter have
been published in the International Journal of Molecular Science in 2023, volume 24,
issue 7, special issue: Metal-Based complexes in Cancer 2.0 (doi:

10.3390/ijms24076028) [267].

3.7 Materials and Methods

All reagents and reactants were purchased from commercial sources. The two
sources used were Sigma-Aldrich and Fluorochem. All solvents were used without
further purification. Cisplatin and oxoplatin were synthesised as previously reported
[262,263]. Compounds 2.16 — 2.19 and 2.22 — 2.27 were synthesised as per the

previous chapter.

The elemental analysis studies (carbon, hydrogen, and nitrogen) were performed by
means of a PerkinElmer 2400 series Il analyzer. HR-Mass Spectra were recorded with
a Waters LCT Premier XE Spectrometer. NMR: *H, 13C and *>Pt NMR spectra were
obtained in a solution of D0 or DMSO-ds at 300 K, in 5-mm sample tubes, with a
premium shielded Agilent Varian 500 MHz (operating at 500.13, 125.75, and 107.49
MHz, respectively). The *H and 3C chemical shift was referenced to the residual
impurity of the solvent. The external reference was NaxPtCls in D2O (adjusted to 6 =
-1628 ppm from NaPtClg) for %°Pt. The stability was followed using high-
performance liquid chromatography (HPLC) with a Phenomenex Luna C18 (5 uM, 100
A, 250mm x 4.60 mm i.d.) column at room temperature at a flow rate of 1.0 mL/min
with 254 nm UV detection. Mobile phase containing 80:20 acetonitrile (0.1%
trifluoroacetic acid): water (0.1% trifluoroacetic acid): the complexes were dissolved

in DMF (0.5 ml) and diluted to a final concentration of 0.5 mM using acetonitrile and
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water solution (1/1) and 2 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer (pH 6.8). Infrared (IR) spectra were recorded in the region 4000—
400 cm™ on a Perkin Elmer precisely spectrum 100 FT/IR spectrometer. The solid
samples were run using ATR. An extensive biological evaluation of the activity of all
the compounds was performed in human osteosarcoma cell line in vitro models as

reported below.

3.7.1 Cyclic voltammetry

Measurements were made wusing a Solartron SI2187 Electrochemical
Potentiostat/Galvanostat and a CHI Instruments 1200 Potentiostat. Non-aqueous
voltammetry of 2 mM of each of 3.9, 3.13, 1, and 3 was carried out at a glassy carbon
working electrode (0.07 cm?) in a three-electrode configuration with Pt wire counter
and non-aqueous Ag |Ag+ reference electrode in 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) supporting electrolyte in DMSO as solvent. The
working electrodes were prepared polishing with 1 pum microcrystalline diamond
suspension on a micro-cloth followed by rinsing in deionised water. Voltammograms
were generated over the range 0.2 to -1.7 V vs. Ag/ Ag* in a deaerated solution (N2

bubbling 10 min), with a cathodic scan direction at 100 mV- s7*in all cases.

3.7.2 Reduction studies

Measurements were obtained in a solution of DMSO-ds at 300 K, in 5-mm sample
tubes, with a premium shielded Agilent Varian 500 MHz (operating at 500.13 MHz).
Complex 3 (5 mg, 7.53 umol) was dissolved in 500 uL of DMSO-ds. Ascorbic acid (13
mg, 10 Equiv.) was added and a '*H NMR spectrum was recorded every 7 minutes for
30 minutes. After no reduction had taken place initially, the *H NMR spectrum was
recorded every hour for three hours, and finally every 24 hours until full reduction of

Pt(IV) to Pt(Il) and cleavage of the axial ligand was observed after 48 hours.

3.7.3 In vitro biological evaluation

In vitro tests of the four Pt(IV)-Carbohydrate derivatives complexes (1 — 4) were
performed to evaluate their biological activity towards two osteosarcoma cell lines
(MG63 and SAQ0S-2) and a non-cancerous cell line of human foetal osteoblasts

(hFOBs), compared to cisplatin. The drugs were reconstituted in Dimethyl Sulfoxide
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(DMSO) at 1 mg/mL concentration before being diluted in culture media at the
required concentration. A 2D in vitro screening of all the drugs was performed at 72
hours in a wide concentration range (0.5, 1.5, 5, 15, 30, 60, and 100 uM) on the three
different cell lines in terms of cell viability and the ICsop was calculated. The cell
morphology in the presence of the complexes was evaluated at 15 and 30 pM
concentrations for MG63 and SAOS-2, and for hFOBs cells, respectively, according to
the ICso at 72 hours. Moreover, as more predictive in vitro cell culture systems, 3D
tumour scaffold-based models of osteosarcoma were developed and the anticancer
activity of cisplatin and complexes 1 —4 on MG63 cells was investigated at 30 and 60
UM concentrations after 72 hours of culture. For the models, a composite
hydroxyapatite-based scaffold (MgHA/Coll) as bone-like matrix was used in
combination with MG63 cells. For both 2D and 3D in vitro cell cultures, cisplatin was

used as a control group and cells only were used as a negative control.

3.7.4 Cell culture

Human Osteosarcoma cell lines MG63 (ATCC® CRL1427™), SAOS-2 (ATCC® HTB-85™),
and Human Foetal Osteoblasts (hnFOBs 1.19) (ATCC® CRL-11372™) were purchased
from American Type Culture Collection (ATCC) and used for this study. MG63 cell line
was cultured in DMEM F12-GlutaMAX™ Modified Medium (Gibco) supplemented
with 10% Foetal Bovine Serum (FBS) (Gibco) and 1% of penicillin/streptomycin
mixture (pen/strep) (100 U/ml - 100 pg/mL, Gibco). The SAOS-2 cell line was cultured
in McCoy’s 5A Modified Medium (Gibco) supplemented with 15% and 10% FBS,
respectively, and 1% pen/strep. The hFOBs cell line was cultured in DMEM F12 no
phenol red with L-glutamine supplemented with 10% FBS and 0.3 mg/mL Geneticin
(G418, Gibco). Cells were kept in an incubator at 37°C under controlled humidity and
5% CO. atmospheric conditions. Cells were detached from culture flasks by
trypsinisation and centrifuged. The cell number and viability were determined by
Trypan Blue Dye Exclusion test and all cell handling procedures were performed

under laminar flow hood in sterile conditions.

3.7.5 Synthesis of bone mimetic scaffolds
The Mg-doped hydroxyapatite collagen composite scaffolds were designed and

synthesised at ISSMC of CNR of Italy [278]. Briefly, 150 g of Collagen gel (1 wt%,

113



Chapter 3 C1 Platinum(IV) Free Glycoconjugates

Opocrin SpA, MO, Italy) was diluted into a phosphoric acid solution (2.4 g in 500 mL;
HsPO4, 85 wt.%, Sigma) at room temperature to obtain an acidic aqueous
homogenous suspension. Separately, a basic aqueous suspension was obtained by
mixing 2.7 g of calcium hydroxide (Ca(OH)2, 95 wt.%, Sigma) and 0.35 g of magnesium
chloride (MgCl,:6H,0, 99 wt.%, Sigma) in 500 ml of milli-Q water at room
temperature to obtain a basic agqueous homogenous suspension. The acidic
suspension was dripped into the basic one at 25 + 2°C under continuous stirring
condition and maturated for 2 hours. Later, the slurry solution was rinsed thrice in
milli-Q water and filtered through metallic sieve (150 m) to exclude unreacted
counterions. The recovered slurry solution was cross-linked with 2 wt.% BDDGE (with
respect to Collagen) at 25 £ 2°C for 24 hours and at 4°C for another 24 h. Later, the
solution was rinsed thrice in milli-Q water to remove any residue and freeze-dried (—
40 °C and + 25 °C) for 48 hours under 0.086 mbar vacuum conditions (LIO 3000 PLT,
S5PASCAL, Italy). The obtained scaffolds (8 x 4 mm) named bone mimetic scaffolds

were sterilised by 25 kGy y-ray irradiation before the use.

3.7.6 3D scaffold — based osteosarcoma models (3D OS model)

For the development of the in vitro 3D scaffold-based osteosarcoma model, bone-
mimetic scaffolds were used as bone-like matrix in combination with MG63 cells. The
scaffolds were conditioned in culture media for 24 h before the cell seeding. The
MG63 cell line was seeded with a density of 3.0 x 10* per scaffold by dropping the
cellular suspension on the material upper surface followed by 30 min pre-adhesion
at 37°C before cell media addition. The 3D OS model has been grown in the incubator
under standard culture medium conditions for 48 h to allow cell colonisation of the
scaffold, then the medium was changed, and the drugs were added. The in vitro 3D
0OS models were cultured in the presence of the drugs for 72 h at 37°C under
controlled humidity and 5% CO> atmospheric conditions; the cells grown in 3D in
standard condition, without the drugs, were used as control group (3D cells only). All
cell handling procedures were performed under a laminar flow hood in sterile

conditions.
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3.7.7 MTT cell viability assay

A quantitative analysis of cell viability was carried out by MTT assay, following the
manufacturer’s instructions. For the in vitro 2D cell cultures, all cell lines were seeded
at a density of 5.0 x 10% cells/well in 96 well-plates, and for the in vitro 3D cell
cultures, see section 3.7.6. The MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (5 mg/mL) was dissolved in Phosphate Saline Buffer
1X (PBS 1X). At 72 hours, the cells were incubated with 10% media volume MTT
solution for 2 hours at 37 °C, 5% CO; and controlled humidity conditions. The cell
culture media was removed and substituted with DMSO (Merck) dissolving formazan
crystals derived from MTT conversion by metabolically active cells. For 3D scaffold-
based models of osteosarcoma, each scaffold was transferred into a 2 mL Eppendorf
and completely broken using pestles after DMSO addition. After 15 minutes of
incubation with slight stirring, the absorbance of formazan was red at 570 nm by
using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific). The values
of absorbance are directly proportional to the number of metabolic active cells in
each well. One experiment was carried out and a biological triplicate for each
condition was performed. For the 3D tumour models, one biological experiment was

performed, two scaffolds for each condition were used.

3.7.8 Cell morphology evaluation

For the in vitro 2D cell cultures, all cell lines were seeded at a density of 5.0 x 103
cells/well in 96 well-plates, for the in vitro 3D cell cultures cells were treated as
previously described. Both the 2D and 3D cell cultures were fixed in 4% buffered
Paraformaldehyde (PFA) following the manufacturer’s instructions. The fixed
samples were permeabilised in PBS 1X with 0.1% (v/v) Triton X-100 (Merck) for 5
minutes at room temperature and F-actin filaments were highlighted with Alexa
Fluor 488 Phalloidin (Invitrogen) for 20 minutes at room temperature in the dark.
DAPI (600 nM) counterstaining was performed for cell nuclei identification, following
the manufacturer’s instructions. The images were acquired by using an Inverted Ti-E

Fluorescent Microscope.

115



Chapter 3 C1 Platinum(IV) Free Glycoconjugates

3.7.9 Statistical analysis

Statistical analysis was performed by using GraphPad Prism Software (8.0.1 version).
The results of MTT assay of the in vitro 2D drug screening are reported in the graphs
as mean percentage of cell viability with respect to cells only + standard deviation
and they were analysed using Two-way analysis of variance (Two-way ANOVA) and
Dunnett’s multiple comparisons test. The MTT results were further analysed by One-
way analysis of variance (One-way ANOVA) and Dunnett’s multiple comparisons test.
ICs0 values were calculated as Log(inhibitor) versus mean percentage of dead cells
with respect to cells only and the obtained values are reported in the graphs + 95%
confidence interval (Cl) for each cell line. The MTT results of 3D tumour engineered
models of osteosarcoma were reported in the graph as percentage mean + standard
error of the mean and they were analysed by Two-way ANOVA and Dunnett’s
multiple comparisons test. A further analysis was performed by unpaired t-test on all

drugs with respect to cisplatin.

3.8 Experimental procedures
N-(B-D-glucopyranosyl-1,2,3-triazol-4-yl)-propanoic acid (3.9)

OAc

OH
AcO O N=n HO O N=n
AcO N OH ———> HO N OH
OAc OH
o o
2.18 3.9

2.18 (0.612 g, 1.29 mmol) was suspended in a mixture of methanol (6 mL) and water
(3 mL) and heated at 45°C. NEt3 (0.2 mL) was added, and the reaction was allowed
to stir overnight. The progress was checked using TLC (95:5 DCM:MeOQOH). The solvent
was removed under vacuum and the residue was redissolved in H,0 and stirred with
Amberlite H* resin for 40 minutes. The Amberlite was filtered, and the residue was
dried by lyophilisation and reacted in the following step without further purification

(0.375 g, 1.23 mmol, 95%).
Rf=0.40 (DCM:MeOH:H,0 60:35:5).

14 NMR (500 MHz, D,0) & 7.97 (s, 1H, triaz-CH), 5.67 (d, J = 9.2 Hz, 1H, H-1), 3.95 (t,
J=9.2 Hz, 1H, H-2), 3.87 (dd, J = 12.4, 2.0 Hz, 1H, H-6), 3.77 — 3.64 (m, 3H, H-3, H-6,
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H-5), 3.62 — 3.56 (m, 1H, H-4), 2.96 (t, J = 7.4 Hz, 2H, triaz-CHa), 2.55 (t, J = 7.4 Hz, 2H,
CH»CO) ppm.

13C NMR (125 MHz, D,0) & 180.9 (CO), 147.9 (triaz-C), 122.2 (triaz-CH), 87.4 (C-1),
78.8 (C-5), 75.9 (C-3), 72.2 (C-2), 68.9 (C-4), 60.4 (C-6), 36.2 (CH2CO), 21.5 (triaz-CH,)

IR (ATR) 3256.84, 2915.58, 1567.38, 1396.39, 1042.54, 898.47,599.49 cm™L.

HR-MS (+): m/z calcd for C11H17N307 + H* [M+H]* 304.1145, found 304.1140. HR-MS
(+): m/z calcd for C11H17N307 + Na* [M+Na]* 326.0964, found 326.0958.

N-(B-D-glucopyranosyl-1,2,3-triazol-4-yl)-(3-oxopropyl-(oxy(2,5-dioxopyrrolidin-1-
yl))) (3.11)

OH OH
— HO N o
HO N OH = ~
= N
oy WAy ﬁ
o
(o]
3.9 3.1 °

3.9 (0.2 g, 0.659 mmol) was added to a flask containing TSTU (0.218 g, 0.725 mmol,
1.1 equiv.) and placed under N;. Anhydrous DMF (10 mL) and anhydrous
Triethylamine (0.101 mL, 0.725 mmol, 1.1 equiv.) were added. The reaction was
stirred for 20 minutes, and reaction progress was monitored by TLC (60:35:5
DCM:MeOH:H,0). The solvent was removed in vacuo and the residue was washed
with DCM. The precipitate was collected by centrifugation and dried, yielding a light
pink powder (Yield 0.182 g, 0.454 mmol, 68%).

Ri = 0.92 (DCM:MeOH:H,0 60:35:5).

1H NMR (500 MHz, DMSO) & 8.11 (s, 1H, triaz-CH), 5.48 (d, J = 9.3 Hz, 1H, H-1), 5.32
(d, J = 6.0 Hz, 1H, OH of C-2), 5.26 (d, J = 4.6 Hz, 1H, OH of C-3), 5.14 (d, J = 5.4 Hz, 1H,
OH of C-4), 4.62 (s, 1H, OH of C-6), 3.74 — 3.66 (m, 2H, H-2, H-6), 3.43 (d, J = 7.6 Hz,
2H, H-6', H-5), 3.39 (dd, J = 8.9, 3.9 Hz, 1H, H-3), 3.21 (dt, J = 13.9, 7.0 Hz, 1H, H-4),
3.10 — 3.05 (m, 2H, CH>CO), 3.02 — 2.98 (m, 2H, triaz-CH), 2.82 (s, 4H, CH2CH2-succ)

ppm.

117



Chapter 3 C1 Platinum(IV) Free Glycoconjugates

13C NMR (125 MHz, DMSO) & 170.3 (CO succ x2), 168.4 (CO), 144.4 (triaz-C), 121.4
(triaz-CH), 87.4 (C-1), 79.9 (C-5), 77.0 (C-3), 72.2 (C-2), 69.6 (C-4), 60.7 (C-6), 29.58
(CH2CO), 25.5 (CH2CHz-succ), 20.3 (triaz-CHz) ppm.

IR (ATR) 3298.62, 2917.68, 1731.73, 1708.88, 1406.06, 1367.70, 1206.78, 1019.20,
818.67, 647.68 cm™.

HR-MS (+): m/z calcd for Ci1sH20N4Og + H* [M+H]* 401.1309, found 401.1300. HR-MS
(+): m/z calcd for CisH20N4Og + Na* [M+Na]* 423.1128, found 423.1119.

Cis,cis,trans-[Pt"Y(NHs)2(3.9)(OH)CI;] (1)

OH OH
o o
HO N=N o HO o
HO N o. HO NTS o
\
OH N - . OH N=N HyN. 1 CI
H;N" | Cl
°0 " oH
3.11 Complex 1

3.11(0.321 g, 0.801 mmol) dissolved in DMSO (15 mL) was added dropwise overnight
to a suspension of Oxoplatin (0.280 g, 0.841 mmol, 1.05 equiv.) in DMSO (5 mL) and
stirred in the dark at 409C for 48 hours. The yellow suspension was filtered and the
DMSO was evaporated by lyophilisation. The remaining oil was treated with
methanol (10mL) and the white/yellow precipitate that was formed was washed with
DCM and diethyl ether. The product was dried under reduced pressure (Yield 0.293
g, 0.473 mmol, 59%).

1H NMR (500 MHz, DMSO) & 8.06 (s, 1H, triaz-CH), 6.17 — 5.79 (m, 6H, 2x NH3), 5.44
(d, J = 9.3 Hz, 1H, H-1), 5.32 (d, J = 6.0 Hz, 1H, OH of C-2), 5.27 (d, J = 4.8 Hz, 1H, OH
of C-3), 5.14 (d, J = 5.4 Hz, 1H, OH of C-4), 4.63 (t, J = 5.6 Hz, 1H, OH of C-6), 3.77 —
3.65 (m, 2H, H-2, H-6), 3.43 (dt, J = 11.9, 4.9 Hz, 3H, H-6’, H-3, H-5), 3.21 (dd, J = 8.9,
5.2 Hz, 1H, H-4), 2.83 (t, J = 7.6 Hz, 2H, triaz-CHz), 2.49 (m, 2H, CH,CO) ppm.

13C NMR (125 MHz, DMSO) & 179.9 (CO), 146.3 (triaz-C), 121.2 (triaz-CH), 87.4 (C-1),
79.9 (C-5), 77.0 (C-3), 72.0 (C-2), 69.6 (C-4), 60.8 (C-6), 36.0 (CH2CO), 21.9 (triaz-CH.)

ppm.

195pt{IH} NMR (108 MHz, DMSO) § 1047.07 ppm.
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IR (ATR) 3221.35, 1619.15, 1351.11, 1094.74, 579.32, 438.05 cm™.
HR-MS (+): m/z calcd for C11H23CloNsOgPt + H* [M+H]* 619.0644, found 620.0639.

El. Anal. Calcd. for C11H23CIaNsOgPt: % C = 21.33; H=3.74; N = 11.31; found: % C =
21.85; H=3.39; N=11.82.

N-(B-D-galactopyranosyl-1,2,3-triazol-4-yl)-propanoic acid (3.10)

0 N=nN 0 N=N
AcO N _ OH —> HO N _ OH
OAc OH
o o
2.19 3.10

2.19(0.156 g, 0.332 mmol) was suspended in a mixture of methanol (4 mL) and water
(2 mL) and heated at 452C. NEt3 (0.1 mL) was added, and the reaction was allowed
to stir overnight. The progress was checked using TLC (95:5 DCM:MeOH). The solvent
was removed under vacuum and the residue was redissolved in H,0 and stirred with
Amberlite H* resin for 40 minutes. The Amberlite was filtered, and the residue was
dried by lyophilisation and reacted in the following step without further purification

(Yield 0.098 g, 0.323 mmol, 97%).
R¢=0.51 (DCM:MeOH:H,0 60:35:5).

'H NMR (500 MHz, D,0) 6 7.96 (s, 1H, triaz-CH), 5.55 (d, J = 9.2 Hz, 1H, H-1), 4.11 (t,
J=9.5Hz, 1H, H-2), 3.99 (dd, J = 3.3, 0.7 Hz, 1H, H-4), 3.89 (td, J = 6.0, 0.8 Hz, 1H, H-
5), 3.78 (dd, /= 9.8, 3.3 Hz, 1H, H-3), 3.69 (d, /= 6.2 Hz, 2H, H-6, H-6"),2.89 (t, /= 7.4
Hz, 2H, triaz-CH;), 2.52 (t, J = 7.4 Hz, 2H, CH,CO) ppm.

13¢ NMR (125 MHz, D,0) & 180.0 (CO), 147.6 (triaz-C), 121.9 (triaz-CH), 87.9 (C-1),
78.2 (C-5), 72.9 (C-3), 69.6 (C-2), 68.5 (C-4), 60.8 (C-6), 35.5 (CH2CO), 21.2 (triaz-CH,)

ppm.

IR (ATR) 3247.67, 1565.21, 1399.66, 1053.32, 883.22, 553.54 cm™.

HR-MS (+): m/z calcd for C11H17N3O7 + H* [M+H]* 304.1145, found 304.1138. HR-MS
(+): m/z calcd for C11H17N307 + Na* [M+Na]* 326.0964, found 326.0956.
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N-(B-D-galactopyranosyl-1,2,3-triazol-4-yl)-(3-oxopropyl-(oxy(2,5-dioxopyrrolidin-
1-yl))) (3.12)

OH OH OH OH
—> HO N fo)
HO N OH M ~
= N
OH \)\/\n/ OH
0 5
3.10 3.12

3.10 (0.226 g, 0.748 mmol) was added to a flask containing TSTU (0.247 g, 0.822
mmol, 1.1 equiv.) and placed under N;. Anhydrous DMF (10 mL) and anhydrous
Triethylamine (0.114 mL, 0.822 mmol, 1.1 equiv.) were added. The reaction was
stirred for 20 minutes, and reaction progress was monitored by TLC (60:35:5
DCM:MeOQOH:H,0). The solvent was removed in vacuo and the residue was washed
with DCM. The precipitate was collected by centrifugation and dried, yielding a light
pink powder (Yield 0.204 g, 0.509 mmol, 68%).

Rt = 0.9 (DCM:MeOH:H,0 60:35:5).

1H NMR (500 MHz, DMSO) & 8.07 (s, 1H, triaz-CH), 5.44 (d, J = 9.2 Hz, 1H, H-1), 5.16
(d, J = 6.0 Hz, 1H, OH of C-2), 5.03 (d, J = 5.7 Hz, 1H, OH of C-3), 4.70 (t, J = 5.7 Hz, 1H,
OH of C-6), 4.66 (d, J = 4.9 Hz, 1H, OH of C-4), 4.03 —3.96 (m, 1H, H-2), 3.76 (t, / = 3.75
Hz, 1H, H-4), 3.70 (t, J = 6.1 Hz, 1H, H-5), 3.56 — 3.44 (m, 3H, H-3, H-6, H-6"), 3.09 (t, J
= 7.0 Hz, 2H, CHCO), 3.02 — 2.99 (m, 2H, triaz-CHz), 2.82 (s, 2H, CH2CHz-succ) ppm.

13C NMR (125 MHz, DMSO) & 170.2 (CO succ x2), 168.4 (CO), 144.4 (triaz-C), 121.1
(triaz-CH), 88.1 (C-1), 78.4 (C-5), 73.7 (C-3), 69.3 (C-2), 68.4 (C-4), 60.5 (C-6), 29.6
(CH2CO), 25.5 (CH2CH3-succ), 20.3 (triaz-CHz) ppm.

IR (ATR) 3309.24, 2917.95, 1731.99, 1368.41, 1205.61, 1020.46, 891.00, 820.54,
647.48 cm™.

HR-MS (+): m/z calcd for C1sH20N4O9 + H* [M+H]* 401.1309, found 401.1305. HR-MS
(+): m/z calcd for C1sH20N4Og + Na* [M+Na]* 423.1128, found 423.1127.
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Cis,cis,trans-[Pt"Y(NHs)2(3.10)(OH)Cl;] (2)

OH OH OH OH

o
HO&/N o. — HO&/NW
N HoN. | ]

OH
HiN” | cl

Complex 2

3.12 (0.204 g, 0.509 mmol) was dissolved in DMSO (15mL) and added dropwise to a
suspension of Oxoplatin (0.255 g, 0.764 mmol, 1.5 equiv.) in DMSO (5 mL) at 40°C
and stirred for 48 hours. The unreacted Oxopaltin was removed by filtration and the
DMSO was evaporated by lyophilisation. The remaining oil was treated with DCM,
MeOH and Diethyl Ether. The remaining solid was dried under reduced pressure to

yield a white/yellow powder (Yield 0.111 g, 0.179 mmol, 35%).

H NMR (500 MHz, DMSO) & 8.00 (s, 1H, triaz-CH), 6.11 —5.80 (br. t, 6H, 2x NHs), 5.39
(d, J = 9.2 Hz, 1H, H-1), 5.18 (d, J = 5.9 Hz, 1H, OH of C-2), 5.03 (d, J = 5.6 Hz, 1H, OH
of C-3), 4.70 (t, J = 5.6 Hz, 1H, OH of C-6), 4.64 (d, J = 5.1 Hz, 1H, OH of C-4), 4.05 —
3.98 (m, 1H, H-2), 3.75 (t, J = 3.6 Hz, 1H, H-4), 3.68 (t, J = 5.9 Hz, 1H, H-5), 3.56 — 3.47
(m, 3H, H-3, H-6, H-6"), 2.83 (t, J = 7.45 Hz, 2H, triaz-CHz), 2.53 — 2.51 (m, 2H, CHCO,

overlaps with DMSO) ppm.

13¢ NMR (125 MHz, DMS0) 6 179.9 (CO), 146.4 (triaz-C), 121.0 (triaz-CH), 88.0 (C-1),
78.4 (C-5), 73.7 (C-3), 69.2 (C-2), 68.5 (C-4), 60.5 (C-6), 36.0 (CH2CO), 21.9 (triaz-CH,)

ppm.

195pt{'H} NMR (108 MHz, DMSO) & 1045.09 ppm.
IR (ATR) 3224.69, 1617.95, 1352.08, 1090.21, 890.51, 563.88, 437.95 cm™_.
HR-MS (+): m/z calcd for C11H23CloNsOgPt + H* [M+H]* 619.0644, found 620.0634.

El. Anal. Calcd. for C11H23CIaNsOsPt: % C = 21.33; H = 3.74; N = 11.31; found: % C =
21.64;,H=3.82; N=11.72.
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N-[2-O-(B-D-glucopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-propanoic acid (3.13)

OAc OH

o o o o
AcO o HO o
AcO \/\NWOH —> Ho \/\NWOH
OAc \ OH \
N=N N=N
2.26 3.13

2.26 (0.088 g, 0.170 mmol) was suspended in a mixture of methanol (4 mL) and water
(2 mL) and heated at 45°C. NEt3 (0.1 mL) was added, and the reaction was allowed
to stir overnight. The progress was checked using TLC (95:5 DCM:MeOH). The solvent
was removed under vacuum and the residue was redissolved in H20 and stirred with
Amberlite H* resin for 40 minutes. The Amberlite was filtered, and the residue was
dried by lyophilisation and reacted in the following step without further purification

(Yield 0.053 g, 0.152 mmol, 89%).
Rf = 0.56 (DCM:MeOH:H,0 60:35:5).

14 NMR (500 MHz, D20) & 7.80 (s, 1H, triaz-CH), 4.57 (dd, J = 14.3, 3.5 Hz, 2H, CH,-
triaz), 4.35 (d, J = 6.8 Hz, 1H, H-1), 4.27 — 4.20 (m, 1H, OCH), 4.05 (dt, J = 6.2, 4.1 Hz,
1H, OCH’), 3.84 (d, J = 12.3 Hz, 1H, H-6), 3.67 —3.60 (m, 1H, H-6), 3.43 —3.27 (m, 3H,
H-3, H-4, H-5), 3.21 — 3.18 (m, 1H, H-2), 2.92 (td, J = 7.3, 1.3 Hz, 2H, triaz-CH), 2.53
(t,J=7.4 Hz, 2H, CH,CO) ppm.

13C NMR (125 MHz, D,0) & 180.8 (CO), 147.4 (triaz-C), 123.7 (triaz-CH), 102.4 (C-1),
75.9 (C-3), 75.6 (C-5), 72.9 (C-2), 69.5 (C-4), 68.1 (OCH,), 60.7 (C-6), 50.1 (CH,-triaz),
36.0 (CH2CO), 21.4 (triaz-CHz) ppm.

IR (ATR) 3334.48, 2885.68, 1711.54, 1553.96, 1358.20, 1219.58, 1030.84, 828.66,
494.93 cm™.

HR-MS (+): m/z calcd for C13H21N30s + H* [M+H]* 348.1407, found 348.1402. HR-MS
(+): m/z calcd for C13H21N30s + Na* [M+Na]* 370.1226, found 370.1218.
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N-[2-0-(B-D-glucopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-(3-oxopropyl-(oxy(2,5-
dioxopyrrolidin-1-yl))) (3.15)

OH

OH o
(o]
HO O\ANWOH HO ™ \/\NWO/N
\
o \N:N N=N o

H

3.13 3.15

3.13 (0.371 g, 1.068 mmol) was added to a flask containing TSTU (0.353 g, 1.174
mmol, 1.1 equiv.) and placed under N2. Anhydrous DMF (10 mL) and anhydrous
Triethylamine (0.163 mL, 1.174 mmol, 1.1 equiv.) were added. The reaction was
stirred for 20 minutes, and reaction progress was monitored by TLC (60:35:5
DCM:MeOH:H;0). The solvent was removed in vacuo and the residue was washed
with DCM. The precipitate was collected by centrifugation and dried, yielding a light
pink powder (Yield 0.380 g, 0.855 mmol, 80%).

Rt = 0.86 (DCM:MeOH:H,0 60:35:5).

H NMR (500 MHz, DMS0) & 7.99 (s, 1H, triaz-CH), 5.10 (d, J = 5.0 Hz, 1H, OH of C-2),
4.99 (d, J = 4.8 Hz, 1H, OH of C-3), 4.94 (d, J = 5.3 Hz, 1H, OH of C-4), 4.52 (dt, J = 6.8,
4.2 Hz, 3H, CHx-triaz, OH of C-6), 4.21 (d, J = 7.8 Hz, 1H, H-1), 4.06 (ddd, J = 10.6, 5.9,
4.4 Hz, 1H, OCH), 3.86 (ddd, J = 11.2, 6.7, 4.4 Hz, 1H, OCH’), 3.67 (ddd, J = 11.5, 5.9,
1.8 Hz, 1H, H-6), 3.43 (dt, J = 11.7, 5.9 Hz, 1H, H-6’), 3.16 —3.08 (m, 2H, H-3, H-5), 3.08
—3.01 (m, 3H, CHCO, H-4), 3.00 — 2.93 (m, 3H, H-2, triaz-CHz), 2.81 (s, 4H, CH2CH2-

succ) ppm.

13C NMR (125 MHz, DMSO) 6 170.2 (CO succ x2), 168.3 (CO), 144.2 (triaz-C), 123.2
(triaz-CH), 102.9 (C-1), 77.0 (C-3), 76.6 (C-5), 73.3 (C-2), 70.0 (C-4), 67.3 (OCH,), 61.1
(C-6), 49.5 (CH»-triaz), 29.8 (CH2CO), 25.5 (CH2CH;-succ), 20.4 (triaz-CH2) ppm.

IR (ATR) 3369.66, 2886.72, 1728.66, 1366.57, 1206.12, 1033.96, 813.22, 645.50 cm"

1

HR-MS (+): m/z calcd for C17H24N4010 + H* [M+H]* 445.1571, found 445.1561. HR-MS
(+): m/z calcd for C17H24N4010 + Na* [M+Na]* 467.1390, found 467.1384.
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Cis,cis,trans-[Pt"Y(NHs)2(3.13)(OH)Cl;] (3)

3.15 Complex 3

3.15(0.310 g, 0.697 mmol) was dissolved in DMSO (20 mL) and added dropwise to a
suspension of Oxoplatin (0.349 g, 1.045 mmol, 1.5 equiv.) in DMSO (5 mL) at 40°C
and stirred for 48 hours. The unreacted Oxopaltin was removed by filtration and the
DMSO was evaporated by lyophilisation. The remaining oil was treated with DCM,
MeOH and Diethyl Ether. The remaining solid was dried under reduced pressure to

yield a white/yellow powder (Yield 0.218 g, 0.328 mmol, 47%).

14 NMR (500 MHz, DMSO) & 7.93 (s, 1H, triaz-CH), 5.98 (t, J = 48.2 Hz, 6H, 2x NH3),
5.10 (d, J = 4.9 Hz, 1H, OH of C-2), 4.98 (d, J = 4.7 Hz, 1H, OH of C-3),4.93 (d, /= 5.2
Hz, 1H, OH of C-4), 4.57 — 4.46 (m, 3H, CH-triaz, OH of C-6), 4.21 (d, J = 7.8 Hz, 1H, H-
1), 4.10 — 4.03 (m, 1H, OCH), 3.89 — 3.83 (m, 1H, OCH’), 3.67 (dd, J = 10.7, 4.4 Hz, 1H,
H-6), 3.43 (dd, J = 11.4, 5.6 Hz, 1H, H-6’), 3.16 — 3.09 (m, 2H, H-3, H-5), 3.03 (dd, J =
9.0, 4.0 Hz, 1H, H-4), 2.98 = 2.93 (m, 1H, H-2), 2.80 (t, J = 7.2 Hz, 2H, triaz-CH,), 2.46
(d, J=7.3 Hz, 2H, CH2CO) ppm.

13C NMR (125 MHz, DMSO) & 179.9 (CO), 146.2 (triaz-C), 122.9 (triaz-CH), 102.8 (C-
1), 77.0 (C-3), 76.5 (C-5), 73.3 (C-2), 70.0 (C-4), 67.3 (OCH,), 61.1 (C-6), 49.4 (CHa-
triaz), 36.1 (CH2CO), 22.0 (triaz-CHz) ppm.

195pt{1H} NMR (108 MHz, DMSO) & 1047.34 ppm.
IR (ATR) 3247.15, 1623.71, 1356.54, 1035.26, 578.92, 426.46 cm™.
HR-MS (+): m/z calcd for C13H27CI2NsOgPt + H* [M+H]* 663.0907, found 664.0904.

El. Anal. Calcd. for C13H27Cl2NsOgPt: % C = 23.54; H = 4.10; N = 10.56; found: % C =
23.27; H=4.91; N = 10.11.
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N-[2-O-(B-D-galactopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-propanoic acid (3.14)

OAc 0OAc OHOH

AcO O\ANWOH HO O\ANWOH
OAc \ OH \
N=N N=N
2.27 3.14
2.27 (0.357 g, 0.692 mmol) was suspended in a mixture of methanol (6 mL) and water
(3 mL) and heated at 452C. NEt3 (0.2 mL) was added, and the reaction was allowed
to stir overnight. The progress was checked using TLC (95:5 DCM:MeOH). The solvent
was removed under vacuum and the residue was redissolved in H,0 and stirred with
Amberlite H* resin for 40 minutes. The Amberlite was filtered, and the residue was

dried by lyophilisation and reacted in the following step without further purification

(Yield 0.231 g, 0.665 mmol, 96%).
Rf=0.30 (DCM:MeOH:H,0 60:35:5).

1H NMR (500 MHz, D,0) 6 7.85 (s, 1H, triaz-CH), 4.61 (t, J = 5.1 Hz, 2H, CHa-triaz), 4.31
(d,J = 7.9 Hz, 1H, H-1), 4.26 (dt, J = 11.5, 4.7 Hz, 1H, OCH), 4.09 — 4.04 (m, 1H, OCH’),
3.87 (d, J = 3.4 Hz, 1H, H-4), 3.75 — 3.67 (m, 2H, H-6, H-6"), 3.62 (dd, J = 7.7, 4.6 Hz,
1H, H-5), 3.58 (dd, J = 9.9, 3.5 Hz, 1H, H-3), 3.45 (dd, J = 9.9, 7.9 Hz, 1H, H-2), 2.96 (t,
J = 7.3 Hz, 2H, triaz-CH,), 2.65 (t, J = 7.3 Hz, 2H, CH,CO) ppm.

13C NMR (125 MHz, D,0) & 178.9 (CO), 146.9 (triaz-C), 123.9 (triaz-CH), 103.0 (C-1),
75.1 (C-5), 72.6 (C-3), 70.6 (C-2), 68.5 (C-4), 68.0 (OCH>), 60.9 (C-6), 50.2 (CH;-triaz),
34.5 (CH,CO), 20.7 (triaz-CH2) ppm.

IR (ATR) 3282.63, 2926.54, 1568.45, 1398.02, 1044.17, 781.51, 533.03 cm™™.

HR-MS (+): m/z calcd for C13H21N30s + H* [M+H]* 348.1407, found 348.1403. HR-MS
(+): m/z calcd for C13H21N30s + Na* [M+Na]* 370.1226, found 370.1221.
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N-[2-O-(B-D-galactopyranosyl)-ethyl-1,2,3-triazol-4-yl)]-(3-oxopropyl-(oxy(2,5-
dioxopyrrolidin-1-yl))) (3.16)

OH oH OH oH o

° Lo e i
HO&O\ANWOH HO O\ANWO’N

OH \ OH \

N=N N=N o)
3.14 3.16

3.14 (0.376 g, 1.082 mmol) was added to a flask containing TSTU (0.358 g, 1.190
mmol, 1.1 equiv.) and placed under N;. Anhydrous DMF (10 mL) and anhydrous
Triethylamine (0.165 mL, 1.190 mmol, 1.1 equiv.) were added. The reaction was
stirred for 20 minutes, and reaction progress was monitored by TLC (60:35:5
DCM:MeOQOH:H,0). The solvent was removed in vacuo and the residue was washed

with DCM. The precipitate was collected by centrifugation and dried, yielding a light
pink powder (Yield 0.360 g, 0.810 mmol, 75%).

Rt = 0.84 (DCM:MeOH:H,0 60:35:5).

14 NMR (500 MHz, DMSO) & 7.99 (s, 1H, triaz-CH), 4.95 (d, J = 4.6 Hz, 1H, OH of C-2),
4.76 (d, J = 5.3 Hz, 1H, OH of C-3), 4.59 (t, J = 5.7 Hz, 1H, OH of C-6), 4.51 (qdd, J =
14.3, 6.4, 4.2 Hz, 2H, CHx-triaz), 4.39 (d, J = 4.6 Hz, 1H, OH of C-4), 4.15 (d, J = 7.3 Hz,
1H, H-1), 4.05 (ddd, J = 10.7, 6.2, 4.3 Hz, 1H, OCH), 3.83 (ddd, J = 11.1, 6.7, 4.3 Hz, 1H,
OCH’), 3.63 — 3.60 (m, 1H, H-4), 3.55 — 3.44 (m, 2H, H-6, H-6"), 3.34 — 3.24 (m, 3H, H-
2, H-5, H-3), 3.07 — 3.03 (m, 2H, CH>CO), 3.00 — 2.95 (m, 2H, triaz-CHy), 2.81 (s, 4H,

CH>CH>-succ) ppm.

13C NMR (125 MHz, DMSO) & 170.2 (CO succ x2), 168.4 (CO), 144.2 (triaz-C), 123.2
(triaz-CH), 103.5 (C-1), 75.4 (C-5), 73.3 (C-3), 70.4 (C-2), 68.2 (C-4), 67.2 (OCH,), 60.5
(C-6), 49.6 (CHa-triaz), 29.8 (CH2CO), 25.5 (CH2CHa-succ), 20.4 (triaz-CH2) ppm.

IR (ATR) 3378.02, 2939.53, 1728.86, 1366.45, 1206.01, 1046.41, 648.73 cm™.

HR-MS (+): m/z calcd for C17H2aN4010 + H* [M+H]* 445.1571, found 445.1559. HR-MS
(+): m/z calcd for C17H24N4010 + Na* [M+Na]* 467.1390, found 467.1385.
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Cis,cis,trans-[Pt"V(NH3),(3.14)(OH)CI;] (4)

OH oH

o o © o (o}
Homo\/\,qwozp - HO&/O\/\NWO
3.16 Complex 4

3.16 (0.322 g, 0.724 mmol) was dissolved in DMSO (15 mL) and added dropwise to a
suspension of Oxoplatin (0.254 g, 0.760 mmol, 1.5 equiv.) in DMSO (5 mL) at 40°C
and stirred for 48 hours. The unreacted Oxopaltin was removed by filtration and the
DMSO was evaporated by lyophilisation. The remaining oil was treated with DCM,
MeOH and Diethyl Ether. The remaining solid was dried under reduced pressure to

yield a white/yellow powder (Yield 0.296 g, 0.446 mmol, 61%).

14 NMR (500 MHz, DMSO) & 7.93 (s, 1H, triaz-CH), 5.98 (t, J = 48.4 Hz, 6H, 2x NHs),
4.96 (d, J=4.3 Hz, 1H, OH of C-3), 4.77 (d, J = 4.4 Hz, 1H, OH of C-2), 4.59 (d, /= 5.1
Hz, 1H, OH of C-6), 4.55 — 4.41 (m, 2H, CHa-triaz), 4.40 (d, J = 4.4 Hz, 1H, OH of C-4),
4.15 (d, J=7.1 Hz, 1H, H-1), 4.05 (ddd, J = 14.4, 9.4, 6.4 Hz, 1H, OCH), 3.84 (ddd, J =
11.0, 6.5, 4.6 Hz, 1H, OCH’), 3.62 (s, 1H, H-4), 3.50 (dd, J = 12.2, 6.4 Hz, 2H, H-6, H-6"),
3.35 (s, 1H, H-5 overlaps with H,0), 3.30 —3.27 (m, 2H, H-2, H-3), 2.82 — 2.77 (m, 2H,
triaz-CHy), 2.46 (d, J = 7.3 Hz, 2H, CH,CO) ppm.

13C NMR (125 MHz, DMSO) & 179.9 (CO), 146.2 (triaz-C), 122.9 (triaz-CH), 103.5 (C-
1), 75.4 (C-5), 73.3 (C-3), 70.4 (C-2), 68.2 (C-4), 67.2 (OCH,), 60.5 (C-6), 49.5 (CH,-
triaz), 36.1 (CH2CO), 22.0 (triaz-CH3) ppm.

195p{1H} NMR (108 MHz, DMSO) & 1046.82 ppm.
IR (ATR) 3215.30, 1618.19, 1358.28, 1061.49, 575.94 cm™.
HR-MS (+): m/z calcd for C13H27ClaNsOgPt + H* [M+H]* 663.0907, found 664.0902.

El. Anal. Calcd. for C13H27CI2NsOgPt: % C = 23.54; H = 4.10; N = 10.56; found: % C =
23.18; H=4.75; N = 10.06.
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Chapter 4: C2 Platinum(IV)
Glycoconjugates
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4.1 Introduction

In Chapter 1 the important contribution of Gao and coworkers, who mainly
investigated oxaliplatin analogues with different carbohydrate targeting moieties
with the aim of improving their water solubility was discussed. The group of Lippard,
on the other hand, focused on examining fundamental drug design of Pt(ll)
glycoconjugates. An important focus of this work was studying the effect of positional
isomers of glucose-platinum conjugates on cell uptake and cytotoxicity, and this
represents the first SAR (Structure Activity Relationship) study reported in literature
with platinum-based glycoconjugates. The difference in cellular uptake between 2-
NBDG (C2 4-nitrobenzofurazan) and 6-NBDG (C6 4-nitrobenzofurazan) (Figure 4.1)
rationalises this study, as the C6-substituted conjugate was shown to bind GLUT1
with a 300-times greater affinity than 2-NBDG but had a much slower cellular uptake,

whereas 2-NBDG has a much greater rate of accumulation [281].

6-NBDG 2-NBDG

Figure 4.1: Structures of 6-NBDG and 2-NBDG.

The potency of the six complexes (4.1 — 4.6 in Figure 4.2) was evaluated against
prostate, ovarian and lung cancer cells and also against a non-cancerous cell line. The
group concluded that after 72 hours, the substitution position did not have a
significant influence on cytotoxicity, possibly because protein-mediated transport
becomes saturated at longer time scales [161], resulting in a tight distribution of
values, leading them to analyse the prostate cell line (DU145) after 7.5 hours (Table

4.1).
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Figure 4.2: Structures of positional isomers of oxaliplatin glycoconjugates synthesised by
Lippard et al. (4.1 — 4.6 [135]).

Table 4.1: ICso values (uM) for complexes 4.1 — 4.6 against DU145 prostate cancer (7.5 and
72 h assays) and MRC5 non-cancerous lung epithelial cells (72 h assay). Adapted from [135].

Cell Incubation

. . 4.1 4.2 4.3 4.4 4.5 4.6

line time (h)
DU145 7.5 1242 11+1 9+0.5 2614 18+2 19+1
DU145 72 2.6+0.08 3.7+0.07 2.8+0.27 3.4+0.21 2.4+0.14 2.4+0.35
MRC5 72 1316.2 >100 >100 93.6%15 72.315.8 95.5+19

4.3 displayed the greatest potency of the glycoconjugates tested with 4.1 and 4.2
sharing similar cytotoxicity. The group concluded that, in terms of conveying
cytotoxicity in cancer cells, functionalisation at C1 or C2 is preferred over the other
positions. Cellular uptake of the six complexes was also analysed (Figure 4.3), with

4.1 and 4.3 having the highest uptake in cancer cells.
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Figure 4.3: Whole cell uptake of complexes 4.1 — 4.6 in A549 lung epithelial cells, asterisks
denote differences that are statistically significant (¥*P < 0.01, **P < 0.001). Adapted from
[135].

Uptake studies which inhibit GLUT1 also showed that 4.3 had the highest
dependency on GLUT1 for cellular uptake. These results suggest that C2 is the most
preferential site for carbohydrate functionalisation, at least when coupled to an

oxaliplatin scaffold [135].

To date, no other Pt(ll) or Pt(IV) complexes have been synthesised using the results
of this study and very few other metal-based glycoconjugates drugs have been
developed which take advantage of substitution at the C2 position. The majority of
anticancer complexes developed have been functionalised in the C1 or C6 positions,
and while C1 has been shown to have good potency when compared to C2, C2’s lack
of interaction in the binding site of GLUT1 is too important to be ignored.
Interestingly, the C2 position has been functionalised in a variety of metal complexes
for cancer diagnostic purposes, but apart from Complex 4.3 in Figure 4.2, none have
been employed as anticancer agents [282,283]. This gap in the research has led our

group to develop four C2-functionalised Pt(IV) pro-drugs for the treatment of OS.

4.2 Chapter objective

This chapter discusses the synthesis of C2 Pt(IV) glycoconjugates, both protected and

deprotected, with the aim of improving the cellular uptake and anticancer activity
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when compared to their C1 counterparts. These novel complexes, reported in Figure
4.4, are characterised using multinuclear 1D and 2D NMR (1H, 13C, **>Pt, COSY, HSQC,
HMBC), IR, HR-MS, and Elemental analysis.

OR,
R,0 ﬁ
Linker OR2
(o)
o
\/CI
H,N—Pt—Cl
H3;N  OH
0 /
OR, /
R,0 0 N —N
] !
R10 | : VY N/\/
|
OR, ! !
R, = OAc or OH Link
inker:

R, = OAc or OMe

Figure 4.4: General structure for novel C2 Pt(IV) complexes based on the cisplatin scaffold,
functionalised with glucose, and linked through click chemistry.

The complexes are synthesised using a combination of synthetic procedures
described in the previous chapters as well as a variety of new reactions. Much like
Chapter 3, a major portion of this chapter involved optimisation of different steps of
the synthesis, in particular click reactions and coupling reactions to the metal centre.
These complexes were then analysed against a panel of osteosarcoma cells, triple

negative breast cancer, and glioblastoma cells.
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4.3 Results and Discussion

4.3.1 Synthesis of C2-glycoconjugated Pt(IV) complexes

Schemes 4.1, 4.2 and 4.3 depict the synthetic routes to obtain complexes 1 — 4, as
well as the attempted routes for complexes 4.9.2 and 4.16.3. Scheme 4.1 shows the
steps to synthesise Complex 1, which is obtained through a diazo transfer reaction
with D-glucosamine hydrochloride, which is followed by an acetylation of the free
glucose azide (i). A CuAAC “click” reaction is then used to conjugate the resulting
azide to 4-pentynoic acid (ii), the carboxylic acid product of this click reaction is then
converted to its corresponding active ester using EDCI and NHS (iii). Finally, a
transesterification reaction is used to form Complex 1 with a mixture of a-, and B-
anomers (iv). This route also explores the attempted reactions to form the free sugar
derivative of Complex 1. The first attempt being the deprotection of Complex 1, and

the second attempt the deprotection of compound 4.9.

OAc OAc
OAc AcO 0 AcO o
Acom AcO oac Ac@ OAc
N. N
OH OAc AcO N OAc < ’:’: 4 N
N
HO 0 () _AcO ° (i) \_ N (iii) (iv)
HO OH > AcO - N —_— —
NH, HCI N, OAc
47 48 o o o
o o) N HN_ o
B & SRR/
4.9 ° Ho ¢
4.10 Complex 1
0H>‘<
OH
HO o HO » oH
HO OH )
Il
Mo )
\_N
o)
o HN_
-cl
OH HaN",’t
491 Ho C
4.9.2

Scheme 4.1: Synthetic route for Complex 1 and the attempted route for its free sugar
derivative: (i) Tf,0, NaNs, H,0, DCM, K;CO3, MeOH, CuSQ,,; then Ac,0, Pyridine, rt, 16 h, 74%
for the two steps; (ii) 4-pentynoic acid, CuSO,4, NaAsc, t-BuOH, THF, H,0, rt, 16 h, 59%; (iii)
EDCI, NHS, DCM, rt, 16 h, 89%; (iv) DMSO, 60°C, 16 h, 67%.

Scheme 4.2 shows the synthetic route to Complex 2, a derivative of Complex 1 which

contains only the methyl-O-glucoside a-anomer, and also shows the attempt to
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synthesise the free sugar derivative of Complex 2 (4.16.3). The synthesis begins with
the protection of D-glucosamine hydrochloride using benzyl chloroformate (Cbz) to
give 4.11 (i), and in two steps, the anomeric position is glycosylated (ii), and
subsequent acetylation of the remaining hydroxyl groups (iii) gives the O-methyl
glucoside (4.13), isolated by column chromatography. The C2 amine is reformed by
removal of the N-CBz protecting group using Pd-catalyzed hydrogenation to give 4.14
(iv) and much like in scheme 4.1, a diazo-transfer reaction is used in step (v) to give
the resulting azide (4.15). The click reaction of said azide with 4-pentynoic acid gives
4.16 (vi), followed by NHS ester formation through reaction with EDCI (vii) to give
NHS ester 4.17. Finally, transesterification reaction (viii) produced the acetylated
Complex 2. The click reaction in this scheme and Scheme 4.3 required optimisation
and the best reaction condition was when 4-pentynoic acid was used in excess with
a solvent system of t-BuOH and H,O. Finally, the synthesis of the deprotected
derivative of this complex (4.16.3) was attempted, but we were unable to isolate a

pure product.

o

NH
o o OMe OMe
HO o . ﬁ/ "
Hmw 0, L @, < W, %

4.1 412
OAc Ac
OAc AcO 0 AcO o
AcO AcO AcO

OAc OAc AcO OMe N .N OMe

) o o
W) Ac&& ) Aﬁ& i), i) i)

NH, Ny

‘OMe OMe o

414 4.15 o ¢l

H;N- Pt cl

H N OH

Complex 2
OH OH
OH
HO 0 HO 0
Hoﬁ HO HO
i HO N N
(ix) N\\ /OMe N\\ OMe
Vo
o\ (N
HO % HsN-Pt-CI
H;N OH
4.16.1 o 3

4.16.2 4.16.3

Scheme 4.2: Synthetic route for Complex 2 and the attempted route to Complex 4.16.3: (i)
NaHCOs; Benzyl chloroformate, H,0, 16 h, rt, 92%; (ii) HCl//MeOH soln. 1.25 M, 80°C, 18 h;
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(iii) Pyridine, Ac,0, rt, 16 h, 73%,; (iv) Pd/C, H,, DCM, rt, 16 h; (v) NaNs, Tf,0, K,COs,
CuS04:5H,0, DCM, MeOH, H,0, rt, 16 h, 35%; (vi) 4-pentynoic acid, CuSO4-5H,0, NaAsc, t-
BuOH, H,0, rt, 16 h, 65%,; (vii) NHS, EDCI, DCM, rt, 16 h, 91%; (viii) Oxoplatin, DMSO, 60°C,
16 h, 86%; (ix) NEts, MeOH, H,0, 40°C, 16 h, 96%.

Scheme 4.3 shows the synthesis of Complex 3 and its free sugar derivative, Complex
4. This route connects the azide derivative (4.19) through an amide bond to the
carbohydrate targeting moiety, differing from complexes 1 and 2 which feature the
azido group (4.8, 4.15) directly attached on the sugar. Steps (i), (ii), (iii), and (iv)
followed the same procedures used in Scheme 4.2, but in the following step, the free
amine 4.14 is converted to an amide through reaction with bromoacetyl bromide to
give 4.18 (v); this bromide 4.18 is then converted to the corresponding azide (4.19)
(vi). Steps (vii), (viii), and (ix) follow the same procedures as for scheme 4.2 to yield
Complex 3. However, in this case it was possible to isolate the free sugar derivative
(Complex 4). The synthesis of this complex begins with a deprotection of the
carboxylic acid (4.20) to give 4.22 (x) and the corresponding ester 4.23 is formed

using TSTU (xi). This was then reacted with oxoplatin to yield Complex 4 (xii).
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Scheme 4.3: Synthetic route for complexes 3 and 4: (i) NaHCOs, Benzyl chloroformate, H,0,
16 h, rt, 92%; (i) HCl/MeOH soln. 1.25 M, 80°C, 18 h; (iii) Pyridine, Ac,0, rt, 16 h, 73%; (iv)
Pd/C, H,, DCM, rt, 16 h; (v) Bromoacetyl bromide, NEts, DCM, N, rt, 16 h, 71%,; (vi) NaNs,
DMF, N3, 80°C, 16 h, 98%; (vii) 4-pentynoic acid, NaAsc, CuSO4-5H,0, t-BuOH, H0, rt, 16 h,
41%; (viii) EDCI, NHS, DCM, rt, 16 h, 82%; (ix) Oxoplatin, DMSO, 60°C, 16 h, 82%; (x) NEt,
MeOH, H,0, 40°C, 16 h, 98%; (xi) TSTU, NEts, DMF, rt, 20 min, 79%; (xii) Oxoplatin, dry DMSO,
40°C, 5 days, 39%.

4.3.2 Synthesis of C2 sugar azides through diazo-transfer (4.8, 4.15)

The following C2 sugar azides were synthesised using the diazo-transfer reaction
(Scheme 4.4), first by synthesizing the  diazo-transfer reagent
trifluoromethanesulfonyl azide (TfN3), which is then reacted with D-glucosamine in

the presence of a base and the copper catalyst to produce the desired product.
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Scheme 4.4: Diazo-transfer reaction to form C2 glucose azides 4.8 (74%) and 4.15 (35%).
Compound 4.8 is acetylated directly after the reaction takes place. The method to synthesise
4.14 is discussed in section 4.3.3.

This reaction occurs when a diazo group (-N;) is transferred to an amine to form an
azide while maintaining the stereochemistry of the starting material and producing
no side products. Azides are important functional groups which show applications
either in protecting group chemistry and, of course, in click chemistry reactions.
Indeed, the diazo-transfer reaction is a convenient method to synthesise azides from
their corresponding amines [284]. These reactions require diazo-transfer reagents
which are typically synthesised immediately prior carrying out the reaction. As
mentioned earlier, our group used TfNs3, which is synthesised from a reaction

between trifluoromethanesulfonic anhydride (Tf,0) and NaNs (Scheme 4.5).

O 00 O O O

N\ \/ \\S// N O\\ //O

oY N e~ _ S
F4C Qo/ CF, Fs¢7 N o” “cF,

NaN3 TfN3

Scheme 4.5: Mechanism for the synthesis of diazo transfer reagent TfNs.

This compound is reacted immediately in the following step [285], however, due to
the various hazards during its synthesis and storage, other groups have designed
diazo-transfer reagents which are shelf stable and much less hazardous. In particular,

imidazole-1-sulfonyl azide (Figure 4.5) was designed to be a diazo-transfer source
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with similar reactivity to TfNs, but with a longer shelf life, lower cost to prepare, and

lower electrostatic discharge and friction sensitivities than TfN3 [286].

Imidazole-1-sulfonyl azide

Figure 4.5: Structure of diazo transfer reagent Imidazole-1-sulfonyl azide [286].

Our initial attempt was to use the above reagent due to its reported safety and ease
of production, however, the isolation of this product was unsuccessful. After several
attempts at optimizing the reaction conditions, including use of dry solvents or
different reagent batches, we opted to synthesise TfN3, which proved to be a much

more reliable method and allowed us to proceed with the synthesis of 4.8 and 4.15.

The mechanism of this reaction has not been fully elucidated, however experimental
evidence by Samuelson et al. [284] shows that the coordination of the amino group
to the copper (ll) catalyst facilitates the formation of cycloaddition-like intermediate
through nucleophilic attack of the terminal nitrogen of the azide group; This species
then collapses to liberate the azido-transfer product and the copper-amino triflate

adduct that can re-enter the catalytic cycle (Scheme 4.6).

H Tf H
. N TfN; \N/
Cu'' + R—NH, Cu ---N\ y \hl
R cu' _N
\/N
L R _
Tf

+ —_
Cu'---NH + R-N=N=N

Scheme 4.6: Proposed mechanism for the copper catalysed diazo-transfer reaction
[284,287].
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In the case of compound 4.8, the D-glucosamine hydrochloride starting material was
dissolved in water and treated with K,CO3 and CuSO4-5H,0. The base functions to
deprotonate the amine salt and aid coordination to the copper catalyst, and the
corresponding conjugate acid donates protons to produce TfNH;, which is removed
during the workup. The free sugar azide is then acetylated using pyridine and acetic
anhydride to produce the C2 azide with a mixture of a-, and B-anomers. 4.15 is
produced in a similar reaction, however the starting material is already acetylated
which means that DCM must be used as solvent due to the water-insolubility of the
acetylated starting material 4.14. Both 4.8 and 4.15 were purified using flash column
chromatography and characterised using proton NMR, where the data matched

reported literature values [285,288].

4.3.3 Synthesis of C2 sugar azide through substitution reaction (4.19)

4.19 was synthesised through a 6-steps route to produce an azide with an increased
linker length (Scheme 4.7). The purpose is to compare between the previously
discussed azides and to see whether the different distance between the sugar and
the platinum centre will affect the biological properties such as cellular uptake and

cytotoxicity, as discussed in the previous chapters.

OAc

Scheme 4.7: Synthetic route to form the C2 azide (4.19), from 4.18 at 80°C for 16 hours, 98%.
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The route to form 4.19 begins with the protection of the C2 amine using benzyl
chloroformate (Cbz) under basic conditions. This was isolated as a white solid (4.11)
which was then dissolved in a solution of HCl in methanol (1.25 M) and refluxed
overnight (4.12) [289]. The remaining hydroxyl groups were protected using pyridine
and acetic anhydride to yield compound 4.13 which was purified by flash
chromatography [290]. 4.14 was synthesised through the hydrogenative
deprotection of the carbamate protecting group bubbling H; gas through a
suspension of 10% w/w of palladium on activated charcoal in a solution of 4.13 in
DCM. This product was used in the next reaction without further purification. The
formation of 4.18 was achieved through adaptation of a previously reported
procedure by Martin et al. [291], in which bromoacetyl bromide is reacted with the
free amine in the presence of a base. The reaction proceeds by the nucleophilic
attack of the amine at C2 to the carbonyl carbon of bromoacetyl bromide, resulting
in the formation of a tetrahedral intermediate. The base (triethylamine in this case)
deprotonates the ammonium, leaving the bromide as the best leaving group and thus
resulting in the formation of the amide 4.18 (Scheme 4.8). Through an Sn2 type
mechanism this bromide is substituted by the azido group through reaction with

NaNs at 80°C, forming the C2 azide 4.19.

OAc

Scheme 4.8: Reaction mechanism for the formation of compound 4.18 through reaction with
bromoacetyl bromide and NEts.
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4.3.4 Synthesis of acetylated C2 ligands using CUAAC “Click” chemistry (4.9, 4.16
and 4.20)

The 4.9, 4.16 and 4.20 ligands were synthesised using CuAAC “click” chemistry
(Scheme 4.9), with a similar method originally used to synthesise the ligands of
Chapter 2, 3 and the compound 4.9. However, for the C2 ligands containing the
methoxy group in the anomeric position, different conditions were required to

increase the overall yield of the product.
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Scheme 4.9: Synthetic route to form free C2 ligands (4.9 (59%), 4.16 (65%), and 4.20 (41%))
through copper catalysed reaction with 4-pentynoic acid in t-BuOH and H,0.

The synthesis of compound 4.20 was first attempted using the conditions described
in the previous chapters, however the crude yield obtained was only 41% and after
purification, became only 10%. To remedy this drawback, the sugar starting material
(4.19) which was originally in excess, was made the limiting reagent and the alkyne
(4-pentynoic acid) was used in excess. Ideally, the product obtained from this

reaction should be suitable for use without column chromatography, as the alkyne is
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removed in the workup through treatment with water. This should occur provided
there is full conversion of the limiting reagents (4.8, 4.15, and 4.19). In practice,
water/brine treatment during the workup yields a crude product with minimal
impurities and purification through flash chromatography is still required. The
removal of THF as a reaction solvent also improved yields and with these changes, an
overall yield of 55% after purification was achieved. These ligands were characterised

using NMR (H, 13C, COSY, HSQC, and HMBC), IR spectroscopy and HR-MS.

The 'H NMR spectra of compounds 4.9 and 4.20 are shown below where the
characteristic peaks are highlighted. Importantly, 4.9 exists as a mixture of the a-,
and B-anomers (0.51:1.00 ratio), which can be seen from the purple and green

highlighted signals in the *H NMR (Figure 4.6).
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Figure 4.6: 'H NMR spectrum of the ligand 4.9, in CDCls.

The ligands 4.16 and 4.20 are then synthesised, with an O-methyl group at the
anomeric position, that allowed for the isolation of its precursor 4.12 as a single
anomer (a-anomer) . The *H NMR spectrum of 4.20 is reported below (Figure 4.7),
with its characteristic peaks highlighted. The presence of the amide proton (red) at 6

= 6.75 ppm demonstrates that the linker is preserved throughout the click reaction.
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Finally, the two CH; signals (burgundy and orange) as well as the presence of the

triazole (blue), confirmed the presence of the carboxylic acid (4.20).
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Figure 4.7: 'H NMR spectrum of the ligand 4.20, in CDCls.

4.3.5 Synthesis of acetylated C2 active esters (4.10, 4.17 and 4.21)

The active esters 4.10, 4.17 and 4.21 (Scheme 4.10) are synthesised from their
carboxylic acids (4.9, 4.16, and 4.20) in the same manner as the active esters
discussed in Chapter 2, using EDCI as a coupling reagent and NHS. The products are

washed with 0.1M HCI and reacted without further purification.
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Scheme 4.10: Synthetic route to form acetylated C2 active esters using EDCI as a coupling
reagent, the reaction was carried out at room temperature for 16 hours with the following
yields: 4.10 (89%), 4.17 (91%), 4.21 (82%).

The *H NMR spectrum of compound 4.10 is shown below (Figure 4.8). Similar to the
free ligand (4.9), this compound exists as a mixture of a- and B-anomers, with a ratio
of (0.81:1.00). The identification of the a- and B-anomers are determined analysing
the coupling constant of the anomeric proton. According to the Karplus equation,
which describes the relationship between the coupling constant and the dihedral
angle between vicinal hydrogens, axial substituents at the anomeric carbon in D-
glucose (the a-anomers) will have a smaller coupling constant than the -anomers,

with equatorial substituents.

The formation of the NHS ester is confirmed by the appearance of a singlet at 6 = 2.8
ppm (orange) accompanied by a downfield shift of the blue (A6 = 0.10 ppm) and

purple (AS = 0.20 ppm) signals corresponding to the CHy’s protons.
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Figure 4.8: 'H NMR spectrum of active ester 4.10, in CDCls.

Compound 4.21 (Figure 4.9) is synthesised under the same conditions and differs
from 4.10 in the o-O-methyl group in the anomeric position (red) as well as the
increased linker length through the addition of an amide bond (green). The single
anomeric proton at 6 = 4.7 ppm (blue) and the presence of the succinimido protons

at 6 = 2.85 ppm (burgundy) confirm the formation of the product.
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Figure 4.9: 'H NMR spectrum of active ester 4.21, in CDCls.

4.3.6 Synthesis of acetylated C2 Pt(IV) complexes (1, 2, and 3)

The acetylated complexes 1, 2 and 3 (Scheme 4.11) were synthesised following
previously reported procedures [230], in which the active ester is stirred in a
suspension of oxoplatin and DMSO at 60°C for 16 h. The solution was then filtered to
remove excess oxoplatin and the DMSO was evaporated. The treatment of the oily
residues with diethyl ether afforded the target complexes (1, 2, and 3) with moderate
to excellent yields, 67%, 86%, and 82% respectively. Unlike their free sugar
derivatives, the synthesis of these complexes (which is discussed later) is relatively
straightforward and they are characterised by 1D, and 2D NMR (*H, 13C, COSY, HSQC,
HMBC, 1°>Pt), HR-MS, and IR spectroscopy.
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Scheme 4.11: Synthetic route to form acetylated C2 Pt(IV) complexes through reaction of
active esters with oxoplatin at 60°C, 16 hours, 1 (67%), 2 (86%), 3 (82%).

The 'H NMR spectrum of Complex 1 is shown in Figure 4.10. Similarly for the free
ligand (4.9) and the NHS ester ligand (4.10), this complex was prepared as a mixture
of a- and B-anomers (0.51:1.00), which can be seen from the two anomeric proton
signals, highlighted in red in the *H NMR spectrum (Figure 4.10). The triazole protons
from the two anomers is highlighted in green, sharing the same ratio of a:p. The
broad triplet seen at 6 = 6.00 ppm (purple signal) corresponds to the amino ligands
on the platinum scaffold. As seen on the 'H NMR spectrum, this triplet is overlapping
with the H-3 proton of the carbohydrate, determined by 2D NMR spectroscopic

methods.
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Figure 4.10: *H NMR spectrum of Complex 1, in DMSO-d.

This complex is further characterised by *3C NMR, where the two anomers can be

accounted for (Appendix, pg. 331), and 1°°Pt NMR (Figure 4.11) with a broad peak at

6 =1045 ppm.
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Figure 4.11: 5Pt NMR spectrum of Complex 1, in DMSO-de.
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The *H NMR of Complex 3 is shown in Figure 4.12, where the characteristic peaks are
highlighted in colour. The amide proton (green) is seen at & = 8.52 ppm, as well as
the triazole proton (orange) at 6 = 7.80 ppm. The purple highlighted peak represents
the characteristic amino ligands of the platinum scaffold at 6 = 5.97 ppm which has
an integral of 6 protons. The OCHs signal (red) is below the peak for water 6 = 3.33
ppm, the presence of these protons is confirmed through the use of HSQC, and
HMBC, where the carbon of the methyl group correlates with the methyl protons

(red) and H-1 (turquoise) respectively.
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Figure 4.12: *H NMR spectrum of Complex 3 in DMSO-ds

Like Complex 1, °>Pt NMR (Figure 4.13) was used to determine the oxidation state
of the platinum centre and a peak appearing in the region of & = +1000 ppm,
confirmed that the complex is in the +4 oxidation state. The full characterisation of
complexes 1 — 3 can be found in the appendix (pg. 331 — 336) as well as the

experimental section at the end of this chapter.
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Figure 4.13: 1Pt NMR of Complex 3 in DMSO-ds

4.3.7 Synthesis of free sugar C2 Pt(IV) Complex (4)

The free sugar complex (4) was synthesised according to the scheme shown below
(Scheme 4.12), in which the acetylated ligand 4.20 was deprotected using the same
conditions reported in Chapter 3 and then the carboxylic acid was activated with
TSTU to yield the active ester 4.23. This was then conjugated to the platinum scaffold
through slow addition of a solution of 4.23 to a suspension of oxoplatin in dry DMSO

at 40°C and reacted for 5 days.
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Scheme 4.12: Synthetic route to form free sugar C2 Pt(IV) Complex (4): (x) NEts, MeOH, H,0,
40°C, 16 h, 98%; (xi) TSTU, NEt;, DMF, rt, 20 min, 79%; (xii) Oxoplatin, dry DMSO, 40°C, 5
days, 39%.

The 'H NMR of Complex 4 is shown in Figure 4.14 where the characteristic signals

are highlighted: the amide proton at 6 = 8.35 ppm (green), the triazole at 8 = 7.8 ppm
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(blue) and the amino ligands of the platinum centre at = 6.0 ppm (pink). The C3, C4
and C5-OH protons are seen at 6 5.1, 4.95, and 4.6 ppm (turquoise) and two of these
hydroxyl protons overlap with H-1 at = 4.6 ppm (purple) and the CH; of the amide
linker (olive) at 8 = 5.1 ppm, (the assignment was made using COSY, and HSQC NMR).
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Figure 4.14: 'H NMR spectrum of Complex 3 in DMSO-ds

While this complex was eventually isolated with high purity, the procedure to achieve
this result required a lot of optimisations. Initially, we attempted to use the
procedure developed for the C1 free sugar complexes in Chapter 3. Table 4.2 depicts

the different reaction conditions attempted to yield Complex 4.

Table 4.2: Reaction optimisation for the synthesis of free sugar C2 Pt(IV) Complex 4.

Entry Temp (°C) Reaction time Dry DMSO Equiv. of Pt

1 40 24 No 1.05
2 40 48 No 1.05
3 50 24 No 1.05
4 60 24 No 1.05
5 40 120 Yes 1.05
6 40 96 Yes 1.05
7 40 120 Yes 2
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Entries 1 to 4 involved the use of the same method used for the synthesis of
complexes 1 —4 in Chapter 3. The ligand was added dropwise over the course of 8 —
16 hours with an addition funnel; from entry 5 we used a syringe pump to add the
solution of ligand more accurately over 24 hours. The 'H NMR spectrum below

(Figure 4.15) shows the comparison between entries 1 —4.

The stacked *H NMR spectra shows a broad signal at 6 = 8.5 ppm, and while we were
not able to identify this new impurity, it is likely that it is the formation of a side
product containing an amide bond, due to its proximity to the amide signal of the
product. Interestingly, at higher temperatures (entries 3 and 4), this peak appears to
broaden and show two separate, more defined signals. Whereas at lower
temperatures (entries 1 and 2) this impurity is a single broad peak, and after 24 hours,
reduces in intensity. For this reason, we decided to maintain a temperature of 40°C

for further reactions.
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Figure 4.15: Comparison of 'H NMR spectra for the reaction conditions of entries 1 — 4 from
table 4.2.

Figure 4.16 shows the stacked NMR spectra of entries 5 and 6. Entry 5 was our first
success in synthesizing the pure complex. Interestingly, this success was through

sheer serendipity; the reaction had taken place through the dropwise addition of the
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ligand to a suspension of oxoplatin in dry DMSO. This addition was meant to take
place over 24 hours and stir at 40°C for a further 4 days, however during the addition,
the syringe dislodged from the pump after 16 hours resulting in a much larger excess
of oxoplatin in the reaction. Initially we thought the cause of the success was the
longer reaction time, however entry 6 disproved this, as seen from the *H NMR where
the impurities reappear. The number of equivalents of oxoplatin for entry 7, whose
spectrum is seen in Figure 4.14, was increased. The reaction mixture was filtered and
treated with the minimum amount of methanol and diethyl ether to yield Complex
4 in ayield of 39%. While this yield is quite low, it is entirely possible that the reaction

will go to completion over a smaller period of time.
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Figure 4.16: Comparison of *H NMR spectra for the reaction conditions of entries 5 and 6
from table 4.1.

4.3.8 Attempted synthesis of free sugar C2 Pt(IV) complexes (4.9.2 and 4.16.3)

The synthesis and isolation of free sugar derivatives of complexes 1 and 2 (Scheme
4.13) were attempted, however a variety of issues were encountered. We first
wanted to synthesise Complex 4.9.2, where the anomeric position was deprotected,
a strategy also performed by Lippard and coworkers [135]. Importantly, Lippard et

al. protected their carbohydrate moieties with benzyl (OBn) protecting groups and
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the deprotection method was hydrogenation with Pd/C. In our case we used acetyl
protecting groups on the starting material (Complex 1); as discussed in Chapter 3,
the conditions to deprotect this starting material resulted in the degradation of

Complex 1, which can be seen in Figure 4.17.
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Scheme 4.13: Attempted routes to synthesise complexes 4.9.2 and 4.16.3, free sugar
derivatives of complexes 1 and 2.

Figure 4.17 shows a comparison between the crude samples of Complex 4.9.2 and
Complex 4. This reaction was attempted using the acetyl deprotection conditions
described in Chapter 3, however this reaction did not result in the formation of a
pure complex. The three singlets highlighted in red correspond to the formation of
free ammonia which is characteristic of the degradation of cisplatin-based complexes
[292]. A crude NMR of Complex 4 was included here as there is a complete removal
of the triplet ammine ligand peak at 6 = 6.00 ppm, whereas Complex 4.9.2 has only

partially reacted.
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Figure 4.17: 'H NMR spectra comparing the crude Complex 4.9.2 to a crude sample of
Complex 4. This synthesis was attempted through deprotection of the acetylated complexes
with NEts, MeOH, H,0 and DCM.

An alternative route we attempted to reach the desired complex was through the
deacetylation of the free ligand (4.9), in a similar route to the synthesis of complexes
1 - 4 used in Chapter 3. This also proved to be not achievable; while TLC analysis
showed the reaction had gone to completion, the 'H NMR still displayed several

impurities.

We also attempted to synthesise Complex 4.16.3 (Scheme 4.13), the free sugar
derivative of Complex 2. This reaction was unusual as the conditions we used to
synthesise Complex 4 did not seem to work for this complex. The only explanation
we can give is that potentially the shorter chain length causes steric hindrance, where
the ligand is more constrained and therefore, cannot optimally react with the

complex. The *H NMR spectrum of the crude product is shown below (Figure 4.18).
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Figure 4.18: 'H NMR spectrum of Complex 4.16.3 in DMSO-ds.

Noticeably, the formation of the impurity at § = 8.5 ppm was avoided in the synthesis
of Complex 4, using the conditions described in section 4.6.7; however, it is present
here using the same procedure. It is also important to see that the integration for the
peaks corresponding to the triazole (6 = 7.8 ppm) and the triplet ammine ligand signal
(6 =6.00 ppm) are not consistent with the structure of the complex. Finally, the yield
of this crude was only 4% which was not acceptable due to the length of the synthesis
of the ligand. Due to time constraints, we were unable to make any more attempts
at this complex, however a possibility to form both complexes 4.9.2 and 4.16.3 would
be to protect the carbohydrate with OBn groups and remove them by hydrogenation

once the complex has been formed, as done by Lippard and coworker [135].

4.4 Reduction properties of C2 complexes (3 and 4)

To confirm the pro-drug nature of these series of complexes, they were incubated
with an excess of ascorbic acid (a typical reductive compound present in the
cytoplasm) to mimic the cellular environment and the response was studied via 'H
NMR [272]. Complexes 3 and 4 were selected for this study representing a protected

and free glycoconjugate complexes. Figure 4.19 shows that there is complete release
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of the carbohydrate axial ligand (and the concomitant reduction with the formation
of cisplatin) after 72 h (Complex 3) and 24 h (Complex 4), as seen by the
disappearance of the triazole proton at 6 = 7.80 ppm (3) and at 6 = 7.82 ppm (4). It is
also observed that the triazole protons of the carboxylic acid ligands (4.20 and 4.22)
reemerge at 6 =7.75 ppm and & = 7.78 ppm respectively, proving that the reduction
of the complexes from Pt(IV) to Pt(ll) is accompanied by the release of the axial
ligands.
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Figure 4.19: Reduction of complexes 3 and 4 by a 10-fold excess of ascorbic acid. H
NMR spectra over 72 h (a) and 24 h (b) in DMSO-ds.

4.5 Biological Evaluation

4.5.1 In vitro cytotoxicity

In order to evaluate the anti-cancer potential of the above C2 Pt(IV)-glycosides, their
antitumor potential was assessed in collaboration with Dr. Silvia Panseri, Dr. Monica
Montesi and Dr. Maria Galiana Cameo at the ISTEC-CNR of Faenza (ltaly) against a

panel of OS cell lines, SAOS-2, U-2 OS and MG63, a triple negative breast cancer cell
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line, MDA-MB-468 and a glioblastoma cell line, U-87 MG. All drugs showed a

dose/concentration dependent anti-cancer effect (Figure 4.20) in all tested cell lines.
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Figure 4.20: MTT assay of SAOS-2, U-2 OS, MG63, MDA-MB-468, and U-87 MG. Percentage
of cell viability (mean + SEM) respect to cells only is reported in the graphs for SAOS-2 (a), U-
2 0OS (b), MG63 (c), MDA-MB-468 (d), and U-87 MG (e) after 72 hours of drug exposure.

At the concentrations of 30 uM, all complexes showed a statistically significant
difference in cytotoxicity with respect to cisplatin against most of the cell lines tested
and even at low concentrations of 15 uM, complexes 1 —4 were particularly effective
against the U-2 OS (b) and MG63 (c) cell lines. On average, acetylated complexes 1 —
3 showed an almost 5-fold decrease in cell viability when compared to the reference
cisplatin against the U2-0S (b) and MG63 cell lines (c) at a concentration of 30 uM
(Table 4.3). However, the deacetylated complex, 4, had vastly reduced activity in

both cell lines when compared to its protected counterparts, while still being
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significantly more cytotoxic in comparison to cisplatin. Potentially, like we saw with
the acetylated C1 derivatives in chapter 1, the addition of the lipophilic protecting
groups may contribute to the cytotoxicity of complexes 1 —3 due to a higher cellular

uptake.

All of these complexes were particularly effective against the triple negative breast
cancer cell line (d), which has been shown previously to intensely overexpress GLUT1
[293]. Interestingly, there was no significant difference in the cytotoxicity of this
series of complexes against these cells, which may support the observation of Patra
et al., who suggests that protein-mediated transport becomes saturated over long
time scales [161]. These complexes will be incubated with healthy cells to see if there
is a difference in activity with respect to cisplatin, however at the time of writing,
these tests have yet to be conducted. It is likely however, that Complex 4 will be
much less cytotoxic to healthy cells than 1 — 3 and cisplatin, due to the presence of

the free glucose moiety.

Table 4.3: ICso (LM) values of complexes 1 — 4 and cisplatin against SAOS-2, U-2 OS, MG63,
MDA-MB-468, and U-87 MG cells

SAO0S-2 U-2 0S MG63 MDA-MB-468 U-87 MG
95% 95% 95% 95% 95%
I1Cso 1Cso0 1Cso0 1Cso0 I1Cso
cl Cl Cl Cl Cl
+3.2; +2.0; +1.3; +1.1; +3.3;
Complex 1 16.8 17.4 9.5 22.0 11.7
-3.9 -2.1 -1.5 -1.8 -4.2
+3.3; +2.6; +1.4; +1.3; +2.1;
Complex 2 15.2 19.5 11.8 233 15.5
-4.6 -2.6 -1.7 -1.2 -2.4
+3.0; +4.2; +1.6; +4.2; +2.4;
Complex 3 15.8 16.1 5.7 26.8 12.2
-4.1 -5.2 -1.8 -3.7 -3.0
+4.2; +5.7; +2.6; +2.1; +1.6;
Complex 4 19.5 30.3 194 27.4 15.6
-4.5 -5.6 -2.7 -2.0 -1.7
. . +6.1; +13.2; +7.4; +9.1; +4.0;
Cisplatin 23.9 78.4 419 58.9 20.6
-6.1 -12.9 -5.5 -6.2 -4.4

We believe that the greater activity of the complexes 1 — 4 with respect to cisplatin
is due to the combined effect of increased lipophilicity (complexes 1 — 3) and
overexpression of GLUT1, (Complex 4) where the recognition of the carbohydrate
moieties attached to the complexes enhances the drug uptake and improves the

anticancer effect. Cellular uptake studies are underway to confirm this hypothesis.
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4.5.2 Cell morphology evaluation
The qualitative analysis of the cell morphology confirmed the cytotoxicity results. As
shown in Figure 4.21, the number of cells treated with cisplatin and complexes 1 -4

drastically decreased compared to cells only, which showed a higher cell density.

Cells only Cisplatin Complex 1 Complex 2 Complex 3 Complex 4

SAOS-2

MDA-MB-468 U-2 0S

U-87 MG

Figure 4.21: Cell morphology evaluation on SAOS-2, U-2 OS, MDA-MB-468, and U-87 MG.
Actin and DAPI staining of cell lines treated with and without drugs (30uM) for 72 hours. F-
actin filaments in green; cell nuclei in blue.

4.6 Conclusions

Four novel Pt(IV) pro-drugs, based on cisplatin with C2 functionalised carbohydrate
moieties in the axial position were synthesised, characterised and screened as
anticancer agents against different tumoral cell lines. In this series, the sugar
targeting vector is linked to the platinum core at the C2 position via CuAAC “click”
chemistry. These pro-drugs contain both protected and deprotected sugar moieties,
whose function is to improve drug selectivity, cellular uptake and cytotoxicity. This is
the first time in literature that these kind of glycoconjugated Pt(IV) prodrugs
containing carbohydrates conjugated at this position have been reported. The
complexes were tested against a panel of OS cells, a triple negative breast cancer cell
line and a glioblastoma cell line, where their cytotoxicity was analysed, and all
complexes showed excellent activity in comparison to cisplatin. These complexes
were particularly effective against U-2 OS, MG63, and triple negative breast cancer

cell line, MDA-MB-468. In comparison to the complexes reported in previous
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chapters, it seems that the C2 functionalised complexes were more effective
targeting vectors than carbohydrates modified in the anomeric position. Thisisin line
with what was reported by Patra et al. [135]. While the results of the MTT assays
show good cytotoxic activity from complexes 1 — 4, it is important to note that
healthy cell lines were not used yet in these assays and for the moment the selectivity
of these drugs for cancer cells is not assessed. At the time of writing, no cell uptake
or GLUT inhibition experiments have been conducted either, but all these studies are
planned. Interestingly, the activity of the free sugar complex (4) was lower compared
to the acetylated derivatives 1 — 3. This could be rationalised by the presence of the
acetyl protecting groups that increase the lipophilicity allowing a higher cellular
internalisation by passive diffusion. Furthermore, based on the results of the *H NMR
reduction studies with ascorbic acid, Complex 4 displayed a much quicker reduction
rate (fully reduced after 24 h) than Complex 3 (fully reduced after 72 h), indicating
that cisplatin is produced faster, and this will hamper its activity that is studied at 72h
in the MTT test (Figure 4.20) [78].

4.7 Materials and Methods

All reagents and reactants were purchased from commercial sources. The two
sources used were Sigma-Aldrich and Fluorochem. All solvents were used without
further purification. Cisplatin and oxoplatin were synthesised as previously reported

[262,263].

The elemental analysis studies (carbon, hydrogen, and nitrogen) were performed by
means of a PerkinElmer 2400 series Il analyzer. HR-Mass Spectra were recorded with
a Waters LCT Premier XE Spectrometer. NMR: *H, 13C and *>Pt NMR spectra were
obtained in a solution of D20 or DMSO-ds at 300 K, in 5-mm sample tubes, with a
premium shielded Agilent Varian 500 MHz (operating at 500.13, 125.75, and 107.49
MHz, respectively). The *H and *3C chemical shift was referenced to the residual
impurity of the solvent. The external reference was NaxPtCls in D20 (adjusted to 6 =
-1628 ppm from NazPtClg) for '%°Pt. The stability was followed using high-
performance liquid chromatography (HPLC) with a Phenomenex Luna C18 (5 uM, 100

A, 250mm x 4.60 mm i.d.) column at room temperature at a flow rate of 1.0 mL/min
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with 254 nm UV detection. Mobile phase containing 80:20 acetonitrile (0.1%
trifluoroacetic acid): water (0.1% trifluoroacetic acid): the complexes were dissolved
in DMF (0.5 ml) and diluted to a final concentration of 0.5 mM using acetonitrile and
water solution (1/1) and 2 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer (pH 6.8). Infrared (IR) spectra were recorded in the region 4000—
400 cm™ on a Perkin Elmer precisely spectrum 100 FT/IR spectrometer. The solid
samples were run using ATR. An extensive biological evaluation of the activity of all
the compounds was performed in human osteosarcoma cell line in vitro models as

reported below.

2.7.1 Reduction studies

Measurements were obtained in a solution of DMSO-ds at 300 K, in 5-mm sample
tubes, with a premium shielded Agilent Varian 500 MHz (operating at 500.13 MHz).
Complex 3 (5 mg, 6.12 umol) was dissolved in 500 pL of DMSO-ds. Ascorbic acid (10
mg, 10 Equiv.) was added and a *H NMR spectrum was recorded every 7 minutes for
1 hour. After no reduction had taken place initially, the 'H NMR spectrum was
recorded every hour for four hours, and finally every 24 hours until full reduction of
Pt(IV) to Pt(ll) and cleavage of the axial ligand was observed after 72 hours. Complex
4 (5 mg, 7.19 umol) was dissolved in 500 puL of DMSO-ds. Ascorbic acid (12 mg, 10
Equiv.) was added and a 'H NMR spectrum was recorded every 7 minutes for 1 hour.
After no reduction had taken place initially, the *H NMR spectrum was recorded every
hour for two hours, and finally every 24 hours until full reduction of Pt(IV) to Pt(ll)

and cleavage of the axial ligand was observed after 24 hours.

2.7.2 In vitro biological evaluation

In vitro tests of cisplatin-based drugs were performed to evaluate the cellular
behaviours in response to the different complexes (1 — 4) compared to cisplatin. All
the drugs were reconstituted in Dimethyl Sulfoxide (DMSO) at 1 mg/ml final
concentration, and then dissolved in the culture media at different concentrations:
15, 30 and 60 uM. Three different osteosarcoma cells lines (MG63, SAOS-2, U-2 0S),
a triple negative breast cancer cell line (MDA-MB-468) and a glioblastoma cell line

(U-87 MG) were maintained in culture with and without the drugs for 72 hours.
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2.7.3 Cell culture

Human Osteosarcoma cell lines MG63 (ATCC® CRL1427™), U-20S (ATCC® HTB-96™),
SAOS-2 (ATCC® HTB-85™), triple negative breast cancer cell line MDA-MB-468 (ATCC®
HTB-132™), and glioblastoma cell line U-87 MG (ATCC® HTB-14™), purchased from
American Type Culture Collection (ATCC), were used. MG63 cell line was cultured in
DMEM F12-GlutaMAX™ Modified Medium (Gibco) supplemented with 10% Foetal
Bovine Serum (FBS) (Gibco) and 1% of penicillin/streptomycin mixture (pen/strep)
(100 U/ml - 100 pg/mL, Gibco). SAOS-2 and U-20S cell lines were cultured in McCoy’s
5A Modified Medium (Gibco) supplemented with 15% and 10% FBS, respectively, and
1% pen/strep. MDA-MB-468 cell line was cultured in leibovitz’s L-15™ medium
supplemented with 10% FBS and 1% pen/strep. U-87 MG cell line was cultured in
Eagle’s Minimum Essential™ medium supplemented with 10% FBS and 1% pen/strep.
Cells were kept in an incubator at 37°C under controlled humidity and 5% CO
atmosphere conditions. Cells were detached from culture flasks by trypsinisation and
centrifuged. The cell number and viability were determined by Trypan Blue Dye
Exclusion test and all cell handling procedures were performed under laminar flow
hood in sterility conditions. For the experiment, all cell lines were seeded 5.0 x 103

cells/well in 96 well-plates and 5.0 x 10* cells/well in 6 well-plates.

2.7.4 MTT cell viability assay

A quantitative analysis of cell viability and proliferation was carried out by MTT assay
on cell cultures, by using the cells only as the negative control. At 72 hours, the MTT
assay was performed according to manufacturer’s instructions. Briefly, MTT reagent
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL) was
dissolved in Phosphate Saline Buffer 1X (PBS 1X). At 72 hours, the cells were
incubated with 10% media volume MTT solution for 2 hours at 37 °C, 5% CO; and
controlled humidity conditions. The cell culture media was removed and substituted
with DMSO (Sigma) dissolving formazan crystals derived from MTT conversion by
metabolically active cells. After 15-minutes incubation under slight stirring
conditions, the absorbance of formazan was red at 570 nm by using a Multiskan FC

Microplate Photometer (Thermo Scientific). The values of absorbance are directly
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proportional to the number of metabolic active cells in each well. One experiment

was carried out and a biological triplicate for each condition was performed.

2.7.5 Cell morphology evaluation

For the in vitro 2D cell cultures, all cell lines were seeded at a density of 5.0 x 103
cells/well in 96 well-plates, for the in vitro 3D cell cultures cells were treated as
previously described. Both the 2D and 3D cell cultures were fixed in 4% buffered
Paraformaldehyde (PFA) following the manufacturer’s instructions. The fixed
samples were permeabilised in PBS 1X with 0.1% (v/v) Triton X-100 (Merck) for 5
minutes at room temperature and F-actin filaments were highlighted with Alexa
Fluor 488 Phalloidin (Invitrogen) for 20 minutes at room temperature in the dark.
DAPI (600 nM) counterstaining was performed for cell nuclei identification, following
the manufacturer’s instructions. The images were acquired by using an Inverted Ti-E

Fluorescent Microscope.

2.7.6 Statistical analysis

Statistical analysis was performed by using GraphPad Prism Software (8.0.1 version).
The results of MTT assay of the in vitro 2D drug screening are reported in the graphs
as mean percentage of cell viability with respect to cells only + standard deviation
and they were analysed using Two-way analysis of variance (Two-way ANOVA) and
Dunnett’s multiple comparisons test. The MTT results were further analysed by One-
way analysis of variance (One-way ANOVA) and Dunnett’s multiple comparisons test.
ICso values were calculated as Log(inhibitor) versus mean percentage of dead cells
with respect to cells only and the obtained values are reported in the graphs + 95%
confidence interval (Cl) for each cell line. The MTT results of 3D tumour engineered
models of osteosarcoma were reported in the graph as percentage mean + standard
error of the mean and they were analysed by Two-way ANOVA and Dunnett’s
multiple comparisons test. A further analysis was performed by unpaired t-test on all

drugs with respect to cisplatin.
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4.8 Experimental procedures

1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-D-glucopyranoside (4.8)

OH OAc
HO OH AcO
NH, HCI N, OAc
4.7 4.8

A solution of NaN3 (8.94 g, 137 mmol) in H20 (22 mL) was cooled to 0°C and stirred
for 5 mins and DCM (40 mL) was added. The mixture was stirred vigorously and Tf,0
(4.68 mL, 27.90 mmol) added over a period of 5 mins, and the reaction stirred at 0°C

for 2 h.

The organic phase was separated, and the aqueous phase was washed with DCM (35
mL). The combined organic phases were washed with saturated sodium carbonate
solution. The total volume of TfN3 in DCM was 75 mL, and this reagent solution was
used immediately without further purification (This reagent must not be evaporated
to dryness as it is potentially explosive). 4.7 (3.0 g, 13.95 mmol) was dissolved in H,0
(45 mL) and treated with solid K,CO3 (2.88 g, 20.93 mmol) and CuSO4 (21 mg, 132
mmol). Methanol (90 mL) was added followed by the dropwise addition of the freshly
prepared TfNs solution. Methanol was added until the solution was homogeneous,

and the reaction was then stirred overnight at room temperature.

The solvent was removed under vacuum and the residue was redissolved in pyridine
(75 mL). This solution was then cooled to 0°C and Ac;0 (45 mL) was added, and the

mixture was allowed to stir at room temperature overnight.

Solvent was removed under vacuum and the residue was redissolved in EtOAc (300
mL) the organic phase was washed with saturated CuSOa4 solution (200 mLx2) and
saturated NaHCOs solution (200 mL) and the organic phase was dried with NazSOa4
and filtered. The solvent was removed under vacuum to give a residue which was
purified by column chromatography (EtOAc: Petroleum ether=3:7) to give the

product as a colourless syrup (3.848 g, 10.307 mmol, 74%).
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14 NMR (500 MHz, CDCls) § 6.27 (d, J = 3.7 Hz, 0.37H, H-1a), 5.54 (d, J = 8.6 Hz, 0.59H,
H-1B), 5.43 (dd, J = 10.4, 9.5 Hz, 0.39H, H-3a), 5.12 — 4.99 (m, 1.6H, H-3B, H-4), 4.27
(dt, J = 12.6, 4.5 Hz, 1H, H-6), 4.08 — 4.00 (m, 1.38H, H-5a, H-6"), 3.79 (ddd, J = 9.7,
4.5, 2.1 Hz, 0.61H, H-5B), 3.65 (ddd, J = 8.6, 5.8, 2.1 Hz, 0.98H, H-2), 2.18 — 1.99 (m,
12H, 4 x CH3 of OAc) ppm.

NMR data is in agreement with the data reported in the literature [294].

N-(1,3,4,6-Tetra-O-acetyl-2-deoxy-D-glucopyranosyl-1,2,3-triazol-4-yl)-propanoic
acid (4.9)

OAc
AcO 0
A
OAc cO ) OAc
o N
AcO \ “
AcO >
N, OAc
(o]
OH
4.8 4.9

4.8 (0.989 g, 2.649 mmol, 1.3 equiv.) and 4-pentynoic acid (0.2 g, 2.03 mmol) were
dissolved in a mixture of tetrahydrofuran (6 ml), tert-Butanol (6 mL) and deionised
water (4 mL). Separately, copper(ll) sulphate pentahydrate (0.1 g, 0.40 mmol) and
sodium ascorbate (0.161 g, 0.815 mmol) were dissolved in deionised water (2 mL),
added to reaction flask and allowed to stir at r.t. overnight (16 h). The solvent was
removed in vacuo and the residue was dissolved in DCM (15 mL) and washed with
brine (2 x 20 mL). The organic phase was dried with MgSQ, filtered and the solvent
was evaporated. The crude product was purified by column chromatography (1:1,

petroleum ether : ethyl acetate) to yield a white solid (0.566 g, 1.20 mmol, 59%).
Rf=0.18 (95:5 DCM : MeOH).
'H NMR (500 MHz, CDCl3) § 7.47 (s, 0.52H, triaz-Ha), 7.45 (s, 1H, triaz-HB), 6.36 (d, J

=3.6 Hz, 0.51H, H-10a), 6.18 (d, J = 8.8 Hz, 1H, H-1pB), 5.92 (dd, J = 11.4, 9.2 Hz, 0.61H,
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H-3a), 5.77 (dd, J = 10.8, 9.2 Hz, 1H, H-3B), 5.26 (dd, J = 10.2, 9.3 Hz, 0.64H, H-4a),
5.20 (dd, J = 10.1, 9.3 Hz, 1H, H-4B), 5.13 (dd, J = 11.4, 3.6 Hz, 0.55H, H-2a), 4.67 (dd,
J=10.8, 8.8 Hz, 1H, H-2B), 4.40 — 4.32 (m, 1.51H, H-6a, H-6B), 4.20 (ddd, J = 10.3, 4.0,
2.3 Hz, 0.55H, H-5a), 4.13 (ddd, /= 19.2, 12.5, 2.2 Hz, 1.54H, H-6’a, H-6"B), 4.07 (ddd,
J=10.1, 4.4,2.2 Hz, 1H, H-5B), 3.01 (q, J = 6.9 Hz, 3H, a/B triaz-CH.), 2.74 (t, J = 6.9
Hz, 3H, a/B CH»CO), 2.11 (s, 1.5H, a CHs of OAc), 2.10 (d, J = 2.2 Hz, 4.5H, a CH3 of
OAc, B CHs of OAc), 2.06 (s, 1.5H, a CHs of OAc), 2.03 (s, 3H, B CHs of OAc), 1.97 (s,
3H, B CHs of OAc), 1.85 (d, /= 3.5 Hz, 4.5H, B CH3 of OAc, a CHs of OAc) ppm.

13C NMR (125 MHz, CDCls) & 176.7 (COOH), 170.75 (a CO of OAc), 170.74 (B CO of
OAc), 170.2 (a CO of OAc), 169.8 (B CO of OAc), 169.48 (a CO of OAc), 169.44 (B CO
of OAc), 168.4 (B CO of OAc), 168.1 (a CO of OAc), 146.7 (triaz-Ca), 146.5 (triaz-CPB),
121.7 (triaz-CHB), 120.7 (triaz-CHay), 91.7 (C-1B), 90.2 (C-1a), 73.0 (C-5B), 72.1 (C-3B),
70.0 (C-5a), 68.9 (C-3a), 68.3 (C-4B), 68.2 (C-4at), 62.8 (C-2B), 61.54 (C-6B), 61.47 (C-
6a), 61.1 (C-2a), 33.4 (a/B CH2CO), 20.83 (CH3 of OAc), 20.80 (2 x CHs of OAc), 20.78
(CHs of OAc), 20.68 (CH3 of OAc), 20.65 (CHs of OAc), 20.60 (a/B triaz-CHz), 20.4 (CH3
of OAc), 20.3 (CHs of OAc) ppm.

IR (ATR) 3141.55, 1753.04, 1736.47, 1367.40, 1207.16, 1026.92, 897.06 cm™™.

HR-MS (+): m/z calcd for CigH25N3011 + H* [M+H]* 472.1567, found 472.1607. HR-MS
(+): m/z calcd for C1gH25N3011 + Na* [M+Na]* 494.1387, found 494.1431.
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N-(1,3,4,6-Tetra-O-acetyl-2-deoxy-D-glucopyranosyl-1,2,3-triazol-4-yl)-(3-
oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (4.10)

OAc
OA
ACO% AcO N OAc
AcO ~
N - OAC \ HN

4.9 410

4.9 (0.120 g, 0.254 mmol) was added to a flask with NHS (0.035 g, 0.305 mmol, 1.2
equiv.), purged with N, and dissolved in dry DCM. EDCI (0.058 g, 0.305 mmol, 1.2
equiv.) was dissolved in DCM and added via cannula. The reaction was stirred
overnight at room temperature. The DCM was washed with 0.1M HCI, brine and dried
with NaS0a. The solvent was filtered and evaporated to yield a white solid which
was used without further purification (0.130 g, 0.228 mmol, 89%) (The ratio of
alpha:beta was 1:0.51)

Rf=0.69 (95:5 DCM : MeOH).

1H NMR (500 MHz, CDCl3) 6§ 7.65 (s, 1H, triaz-HB), 7.63 (s, 0.84H, triaz-Ha), 6.31 (d, J
=3.5Hz, 0.81H, H-1a), 6.10 (d, J = 8.8 Hz, 1H, H-1pB), 5.88 (dd, / = 11.4, 9.2 Hz, 0.86H,
H-3a), 5.71 (dd, J = 10.8, 9.2 Hz, 1H, H-3B), 5.19 (ddd, J = 21.6, 10.1, 9.3 Hz, 1.93H, H-
4B, H-4a), 5.09 (dd, J = 11.4, 3.6 Hz, 0.88H, H-2a), 4.66 (dd, J = 10.8, 8.8 Hz, 1H, H-
2B), 4.32 (ddd, J = 19.6, 12.5, 4.2 Hz, 1.9H, H-6a, H-68), 4.18 (ddd, J = 10.3, 3.9, 2.3
Hz, 0.89H, H-5a), 4.09 (ddd, J = 18.8, 12.5, 2.2 Hz, 1.91H, H-6’a, H-6"B), 4.03 (ddd, J =
10.2, 4.3, 2.2 Hz, 1H, H-5B), 3.16 — 3.07 (m, 3.67H, a/p triaz-CH;), 3.00 — 2.89 (m,
3.76H, a/B CH2CO), 2.81 (s, 7.52H, a/B CH2CH2-Succ), 2.07 (s, 2.57H, a CHs of OAc),
2.06 (s, 5.43H, a/B CH3 of OAc), 2.01 (s, 2.54H, a CH3 of OAc), 1.99 (s, 3H, B CH3 of
OAc), 1.92 (s, 3H, B CHs of OAc), 1.81 (s, 3H, B CHs of OAc), 1.79 (s, 2.35H, a CH3 of
OAc) ppm.
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13C NMR (125 MHz, CDCl3) § 170.61 (a CO of OAc), 170.59 (B CO of OAc), 169.9 (a CO
of OAc), 169.6 (B CO of OAc), 169.4 (a CO of OAc), 169.32 (B CO of OAc), 169.27 (/B
CO-Succ), 168.3 (B CO of OAc), 168.0 (a CO of OAc), 167.72 (CO B), 167.68 (CO a),
145.20 (triaz-Ca), 145.16 (triaz-CB), 121.9 (triaz-CHPB), 121.2 (triaz-CHa), 91.6 (C-1B),
90.1 (C-1a), 72.8 (C-5B), 72.0 (C-3PB), 69.8 (C-50), 68.9 (C-3q.), 68.4 (C-40), 68.1 (C-4B),
62.6 (C-2B), 61.42 (C-6B), 61.40 (C-6at), 61.0 (C-2a), 31.2 (B CH2CO), 31.1 (& CH,CO),
25.64 (B CH2CH2-Succ), 25.63 (a0 CH2CH2-Succ), 21.10 (a triaz-CH2), 21.05 (B triaz-
CH2), 20.73 (B CH3 of OAc), 20.71 (a CHs of OAc), 20.69 (a CHs of OAc), 20.59 (B CH3
of OAc), 20.57 (a CH3 of OAc), 20.50 (B CHs of OAc), 20.3 (a CH3 of OAc), 20.2 (B CHs
of OAc) ppm.

IR (ATR) 2959.88, 1731.79, 1366.73, 1201.79, 1067.81, 1043.20, 813.86 cm™.

HR-MS (+): m/z calcd for C23H23N4013 + H* [|V|+H]+ 569.1731, found 569.1800. HR-MS
(+): m/z calcd for Ca3H2sN4O13 + Na* [M+Na]* 591.1551, found 591.1631.

Cis,cis,trans-[Ptiy(NHs)2(4.9)(OH)Cl>] (1)

OAc
AcO AcO
AcO AcO
N-N
I
N
(0]
HaN_ P
~pt-Cl
H3N / \
(0] HO Cl
Complex 1

4.10 (0.130 g, 0.2286 mmol) was added to a round bottom flask containing a
suspension of oxoplatin (0.080 g, 0.239 mmol) in DMSO (6 mL) and stirred overnight
at 60°C in the dark. the next morning, excess oxoplatin was filtered through cotton
and the DMSO was evaporated by lyophilisation. The oily residue was redissolved in

acetone and the product was precipitated using diethyl ether. The residual solvent

169



Chapter 4 C2 Platinum(IV) Glycoconjugates

was then removed in vacuo yielding a yellow solid (0.122 g, 0.154 mmol, 67%). (The

ratio of alpha:beta was 1:0.51)

1H NMR (500 MHz, DMSO) & 8.01 (s, 1H, triaz-CHB), 7.92 (s, 0.54H, triaz-CHa), 6.35
(d, J = 8.7 Hz, 1H, H-1B), 6.26 (d, J = 3.5 Hz, 0.51H, H-1a), 6.14 — 5.78 (m, 10.5H, o/B
NHs, H-3B, H-3a), 5.36 (dd, / = 11.2, 3.5 Hz, 0.54H, H-2a), 5.19 (t, J = 9.85, 0.60H, H-
40), 5.09 (t, J = 9.7 Hz, 1H, H-4B), 4.90 (dd, J = 10.7, 8.7 Hz, 1H, H-2p), 4.35 (ddd, J =
10.1, 4.6, 2.3 Hz, 1H, H-5B), 4.32 — 4.27 (m, 0.64H, H-5a), 4.24 (m, 1.74H, H-6a, H-
6B), 4.10 — 4.02 (m, 1.77H, H-6'a, H-6B), 2.78 (t, J = 7.8, 3H, /P triaz-CH.), 2.45 —
2.39 (m, 3H, a/B CH2CO), 2.10 (s, 1.5H, a CH3 of OAc), 2.03 (d, J = 1.6 Hz, 4.5H, o/B
CHs of OAc), 2.00 (s, 1.5H, a CH3 of OAc), 1.99 (s, 3H, B CHs of OAc), 1.93 (s, 3H, B CHs
of OAc), 1.80 (s, 3H, B CHs of OAc), 1.79 (s, 3H, a CHs of OAc) ppm.

13C NMR (125 MHz, DMSO) 6 179.73 (COOPt a), 179.70 (COOPt B), 170.1 (2x CO of
OAc), 169.4 (CO of OAc), 169.3 (CO of OAc), 169.2 (CO of OAc), 168.9 (CO of OAc),
168.5 (CO of OAc), 168.3 (CO of OAc), 146.7 (triaz-Ca), 146.6 (triaz-CB), 122.1 (triaz-
CHB), 121.9 (triaz-CHa), 91.0 (C-1B), 89.5 (C-1a), 71.7 (C-5B), 71.5 (C-3B), 69.3 (C-5a),
68.8 (C-30), 68.0 (C-4a), 67.9 (C-4B), 61.7 (C-2B), 61.4 (C-6B), 61.2 (C-6a), 59.7 (C-2q),
36.2 (o CH2CO), 36.1 (B CH.CO), 21.9 (a/B triaz-CH.), 20.6 (3x CH3 of OAc), 20.39 (CHs
of OAc), 20.37 (CHs of OAc) 20.3 (CHs of OAc), 20.1 (CHs of OAc), 20.0 (CHs of OAc)

ppm.

195pt{1H} NMR (108 MHz, DMSO) & 1045.54 ppm.
IR (ATR) 3220.55, 1747.64, 1623.98, 1367.12, 1212.66, 1043.50, 906.86 cmL.

HR-MS (-): m/z calcd for C19H31Cl2Ns012Pt — H [M-H] 786.4560, found 786.0913.
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2-(Benzyloxycarbonyl)amino-2-deoxy-D-glucopyranoside (4.11)

4.7 4.1

NaHCOs (4.65 g, 55.3 mmol, 3 eq.) was added to a solution of 4.7 (3.85 g, 17.8 mmol)
in H0 (115 mL). Benzyl chloroformate (2.8 mL, 19.6 mmol, 1.1 eq.) was added
dropwise over 30 min and the mixture was stirred at room temperature for 18 h. A
white precipitate was formed, and it was filtered and dried in vacuo to give the

product as a white solid (4.67 g, 83%).

1H NMR (500 MHz, MeOD) & 7.40 — 7.25 (m, 5H, H-Ar), 5.12 (d, J = 3.4 Hz, 0.83H, H-
1a), 5.09 (s, 2H, CH2Ph), 4.58 (d, J = 8.1 Hz, 0.26H, H-1B), 3.86 (dd, J = 11.9, 2.2 Hz,
0.31H, C-6B), 3.81 — 3.75 (m, 1.79H, C-6a’, C-4), 3.73 — 3.62 (m, 2.06H, C-3, C-6a, C-
6B’), 3.57 (dd, J = 10.6, 3.4 Hz, 1H, C-2), 3.36 (t, J = 9.1 Hz, 1H, C-5) ppm.

NMR data is in agreement with the data reported in the literature [295].

Methyl-3,4,6-tri-O-acetyl-2-(benzyloxycarbonyl)amino-2-deoxy-a-D-

glucopyranoside (4.13)

HO 0 HO 0 AcO 0
HO OH HO AcO
o NH o NHL o NHL
e e
o) —_ o) - - o)
4.11 4.12 413
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4.11 (1.2 g, 3.83 mmol) was added to a 1.25 M solution of HCl in methanol (10mL)
and heated to 80°C and stirred overnight. The following day, the solvent was
evaporated and dried in vacuo to yield a yellow/white solid. This was reacted without
further purification. The crude product was dissolved in pyridine (10 mL) and stirred
on ice. Acetic anhydride (0.67 mL, 7.16 mmol, 10 equiv.) was added and stirred
overnight. The solvent was evaporated, and the residue was redissolved in EtOAc.
The organic phase was washed with sat. CuSQO4 solution and NaHCOs solution. The
organic phase was dried with Na;SOs, filtered and evaporated. The crude product
was purified by column chromatography (1:1 Petroleum ether:Ethyl acetate) yielding

a white solid (1.26 g, 2.77 mmol, 73%).

14 NMR (500 MHz, CDCls) 6 7.34 — 7.26 (m, 5H, H-Ar), 5.18 — 5.14 (m, 1H, H-4), 5.11
—5.03 (m, 2H, CHPh, H-3), 5.00 (t, J = 11.9 Hz, 1H, CH’Ph), 4.72 (d, J = 3.6 Hz, 1H, H-
1), 4.21 (dd, J = 12.3, 4.7 Hz, 1H, H-6), 4.09 — 3.98 (m, 2H, H-6’, H-2), 3.89 (ddd, J =
10.1, 4.6, 2.3 Hz, 1H, H-5), 3.35 (s, 3H, OCHs), 2.05 (s, 3H, CHs of OAc), 1.97 (s, 3H,
CH3 of OAc), 1.84 (s, 3H, CH3 of OAc) ppm.

NMR data is in agreement with the data reported in the literature [296].

Methyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-glucopyranoside (4.15)

OAc
AcO 0
AcO OAc
o NH
< OMe  aco AcO
o — > AcO N\ —= AcO
4.13 4.14 4.15

H2 gas was bubbled through a suspension of 4.13 (3.826 g, 8.437 mmol) and Pd/C
(0.382 g, 10 % w/w) in DCM (20 mL). It was left to stir for 18 hr at rt. The mixture was
filtered through celite (washed with DCM); and dried in vacuo. The final product was

reacted without further purification.
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NaNs (4.47 g, 68.7 mmol, 4.9 equiv.) was dissolved in H,0 (11mL) and cooled to 0°C
for 5 minutes. DCM (20mL) was added and stirred vigorously while Tf,0 (2.34 mL,
13.9 mmol) was added over 5 minutes. This was stirred at 0°C for 2 hours. The organic
phase was separated, and the agueous phase was washed with DCM (17.5mL) for a

total volume of 37.5mL of DCM containing the TfN3 product.

4.14 (1.525 g, 4.77 mmol) was dissolved in DCM (22.5mL). K,COs (1.44 g, 10.4 mmol,
1.5 equiv.) and CuSOa4 (10.5 mg) was dissolved separately in water (10 mL) and added
so the solution of sugar in DCM. MeOH (45mL) was added, followed by the dropwise
addition of the TfNs solution. More water was added to ensure the K,COs and CuSO4
remained in solution. Additional MeOH was added to make the solution
homogeneous, this was allowed to stir overnight at room temperature. DCM and
MeOH were evaporated in vacuo and the remaining water was washed with DCM.
The organic phase was washed with NaHCOs3, brine, dried with Na S04 and the DCM
was evaporated. The resulting oil was purified through column chromatography

(Petroleum ether:Ethyl acetate. 7:3). (0.582 g, 1.68 mmol, 35%).

'H NMR (500 MHz, CDCl3) 6 5.43 (dd, J = 10.6, 9.2 Hz, 1H, H-3), 5.00 (dd, /= 10.2, 9.3
Hz, 1H, H-4), 4.84 (d, J = 3.5 Hz, 1H, H-1), 4.24 (dd, J = 12.4, 4.7 Hz, 1H, H-6), 4.08 —
4.04 (m, 1H, H-6"), 3.97 (ddd, J = 10.2, 4.6, 2.3 Hz, 1H, H-5), 3.43 (s, 3H, OCHs), 3.34
(dd, J=10.6, 3.5 Hz, 1H, H-2), 2.05 (s, 3H, CH3 of OAc), 2.05 (s, 3H, CH3 of OAc), 2.00
(s, 3H, CH3 of OAc) ppm.

NMR data is in agreement with the data reported in the literature [288].
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Methyl-N-(3,4,6-tri-O-acetyl-2-deoxy-a-D-glucopyranosyl-1,2,3-triazol-4-yl)-
propanoic acid (4.16)

OAc
AcO 0
OAc AcO
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4.15 4.16

4.15 (0.469 g, 1.35 mmol) and 4-pentynoic acid (0.264 g, 2.7 mmol, 2 equiv.) were
dissolved in t-BuOH (12mL), H,0 (12mL) and THF (12mL). CuSO4 (195 mg) and NaAsc
(275 mg) were added and allowed to stir overnight. Completion of the reaction was
followed by TLC (DCM:MeOH. 9:1). The solvent was then removed in vacuo and the
resulting residue was redissolved in DCM and washed with brine. The organic layer
was dried and filtered, and the crude product was purified by column
chromatography (DCM:MeOH. 95:5). The pure product was obtained as a colourless
oil (0.394 g, 0.888 mmol, 65%).

Rf=0.37 (95:5 DCM:MeOH).

14 NMR (500 MHz, CDCl3) & 7.57 (s, 1H, triaz-CH), 5.75 (dd, J = 11.2, 9.1 Hz, 1H, H-3),
5.18 (dd, J=10.1, 9.2 Hz, 1H, H-4), 5.01 (dd, /= 11.3, 3.4 Hz, 1H, H-2), 4.96 (d, /= 3.4
Hz, 1H, H-1), 4.31 (dd, J = 12.4, 4.7 Hz, 1H, H-6), 4.16 (dd, J = 12.3, 2.4 Hz, 1H, H-6'),
4.11 (ddd, J = 10.2, 4.7, 2.3 Hz, 1H, H-5), 3.39 (s, 3H, OCH;), 3.02 (t, J = 7.3 Hz, 2H,
triaz-CH;), 2.75 (t, J = 7.4 Hz, 2H, CH2CO), 2.12 (s, 3H, CH3 of OAc), 2.04 (s, 3H, CH; of
OAc), 1.80 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, CDCI3) § 177.0 (CO), 170.8 (CO of OAc), 170.2 (CO of OAc), 169.6
(CO of OAc), 146.3 (triaz-C), 121.1 (triaz-CH), 98.1 (C-1), 69.4 (C-3), 68.8 (C-4), 67.9
(C-5), 62.3 (C-2), 61.9 (C-6), 55.8 (OCHB3), 33.5 (CH2CO), 20.91 (triaz-CH2), 20.85 (CHs
of OAc), 20.7 (CHs of OAc), 20.4 (CHs of OAc) ppm.

IR (ATR) 2943.14, 1739.49, 1367.31, 1217.89, 1032.28, 927.19, 733.50, 601.37 cm™™.

174



Chapter 4 C2 Platinum(IV) Glycoconjugates

HR-MS (+): m/z calcd for CigH2sN3010 + H* [M+H]* 444.1618, found 444.1616. HR-MS
(+): m/z calcd for C1gH2sN3010 + Na* [M+Na]* 466.1438, found 466.1433.

Methyl-N-(3,4,6-tri-O-acetyl-2-deoxy-a-D-glucopyranosyl-1,2,3-triazol-4-yl)-(3-
oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (4.17)
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4.16 (0.240 g, 0.541 mmol) and NHS (0.074 g, 0.649 mmol, 1.2 equiv.) were purged
with N2 and dissolved in anhydrous DCM (10 mL). A separate flask containing EDCI
(0.124 g, 0.649 mmol, 1.2 equiv.) was also purged with N; and dissolved in anhydrous
DCM (4 mL). This was added to the solution of 4.16 and NHS via cannula addition and
the reaction was allowed to stir overnight at room temperature. The organic phase
was washed with 0.1M HCI, dried, filtered and the solvent was evaporated and

isolated as a white powder (0.267 g, 0.494 mmol, 91%).
Rf=0.77 (95:5 DCM:MeOH).

14 NMR (500 MHz, CDCl3) 6 7.68 (s, 1H, triaz-CH), 5.74 (dd, J = 11.2, 9.1 Hz, 1H, H-3),
5.18 (dd, J = 10.1, 9.2 Hz, 1H, H-4), 5.02 (dd, J = 11.2, 3.4 Hz, 1H, H-2), 4.98 (d, J = 3.4
Hz, 1H, H-1), 4.32 (dd, J = 12.3, 4.6 Hz, 1H, H-6), 4.17 (dd, J = 12.3, 2.4 Hz, 1H, H-6),
4.13 (ddd, J = 10.3, 4.6, 2.4 Hz, 1H, H-5), 3.40 (s, 3H, OCHSs), 3.15 (td, J = 7.2, 2.4 Hz,
2H, triaz-CH.), 3.01 (td, J = 7.2, 2.4 Hz, 2H, CH2CO), 2.83 (s, 4H, CH,CHx-succ), 2.12 (s,
3H, CH;s of OAc), 2.04 (s, 3H, CH3 of OAc), 1.81 (s, 3H, CH3 of OAc) ppm.
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13C NMR (125 MHz, CDCls) 6 170.8 (CO of OAc), 170.1 (CO of OAc), 169.6 (CO of OAc),
169.2 (CO succ x2), 167.8 (CO), 145.2 (triaz-C), 121.5 (triaz-CH), 98.1 (C-1), 69.5 (C-3),
68.9 (C-4), 67.8 (C-5), 62.3 (C-2), 62.0 (C-6), 55.8 (OCH3), 31.1 (CH2CO), 25.7 (CH2CHa-
succ), 21.1 (triaz-CH3), 20.9 (CHs of OAc), 20.7 (CHs of OAc), 20.4 (CH3 of OAc) ppm.

IR (ATR) 2962.23, 1731.98, 1366.80, 1204.22, 1029.25, 799.23 cm™™.

HR-MS (+): m/z calcd for C2;H28N4012 + H [M+H]* 541.1782, found 541.1817. HR-MS
(+): m/z calcd for C22H2sN4O12 + Na* [M+Na]* 563.1601, found 563.1641.

Cis,cis,trans-[Pt"Y(NHs)»(4.16)(OH)Cl;] (2)
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4.17 (0.236 g, 0.436 mmol) was added to a suspension of oxoplatin (0.153 g, 0.458
mmol, 1.05 equiv.) in DMSO (15 mL) and stirred at 55°C overnight. The resulting
suspension was filtered, and the filtrate was lyophilised to remove the DMSO. The
oily residue was washed then dissolved in acetone and precipitated with diethyl

ether to yield a yellow-white powder (0.285 g, 0.375 mmol, 86%).

1H NMR (500 MHz, DMSO) 6 7.81 (s, 1H, triaz-CH), 6.13 — 5.81 (br t, J = 51.65 Hz, 6H,
2x NHs), 5.73 -5.67 (m, 1H, H-3), 5.14-5.06 (m, 3H, H-4, H-1, H-2), 4.22 (dd, J = 12.3,
5.0 Hz, 1H, H-6), 4.11 (dd, J = 12.3, 2.4 Hz, 1H, H-6’), 4.06 (ddd, J = 10.2, 4.9, 2.4 Hz,
1H, H-5), 3.32 (s, 3H, OCH: overlaps with H,0), 2.81 — 2.77 (m, 2H, triaz-CHz), 2.46 —
2.42 (m, 2H, CH,CQ), 2.04 (s, 3H, CHs of OAc), 2.00 (s, 3H, CH3 of OAc), 1.75 (s, 3H,
CHs of OAc) ppm.
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13C NMR (125 MHz, DMSO) & 179.7 (CO), 170.1 (CO of OAc), 169.3 (CO of OAc), 169.2
(CO of OAc), 146.5 (triaz-C), 121.5 (triaz-CH), 97.1 (C-1), 69.1 (C-3), 68.5 (C-4), 67.1
(C-5), 61.8 (C-6), 60.9 (C-2), 55.0 (OCH3), 36.1 (CH,CO), 21.9 (triaz-CH), 20.5 (CH3 of
OAc), 20.4 (CHs of OAc), 20.1 (CHs of OAc) ppm.

195p¢{1H} NMR (108 MHz, DMSO) & 1046.86 ppm.
IR (ATR) 3217.18, 1744.63, 1624.51, 1367.45, 1224.71, 1040.54, 928.27 cm™%.

HR-MS (+): m/z calcd for Ci1gH31ClI2NsO11Pt + HY [M+H]* 759.1123, found 759.1141.
HR-MS (+): m/z calcd for C1gH31Cl2NsO11Pt + Na* [M+Na]* 781.0943, found 781.0964.

Methyl-2-(2-bromoacetamido)-2-deoxy-3,4,6-tri-O-acetyl-a-D-glucopyranoside

(4.18)
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H2 gas was bubbled through a suspension of 4.13 (3.826 g, 8.437 mmol) and Pd/C
(0.382 g, 10 % w/w) in DCM (20 mL). It was left to stir for 18 hr at rt. The mixture was
filtered through celite (washed with DCM); and dried in vacuo. The final product was

reacted without further purification.

4.14 (2.305 g, 7.21 mmol) was purged with N; and dissolved in dry DCM (19 mL). NEts
(1.2 mL, 8.66 mmol, 1.2 equiv) was added and the solution was allowed to stir over
ice. Bromoacetyl bromide (0.75 mL, 8.66 mmol, 1.2 equiv.) was diluted with dry DCM
(5 mL) and added to the flask via cannula. The reaction was stirred overnight, and the
crude product was extracted with 1M HCI, aqgueous NaHCOs, brine and dried with

Na;S0a. Yielding a white solid (2.279 g, 5.176 mmol, 71%).
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Rf=0.73 (pet. ether: EtOAc 1:1).

14 NMR (500 MHz, CDCl3) § 6.56 (d, J = 9.4 Hz, 1H, NHCO), 5.25 (dd, J = 10.7, 9.5 Hz,
1H, H-3), 5.09 (t, J = 10.2 Hz, 1H, H-4), 4.74 (d, J = 3.6 Hz, 1H, H-1), 4.31—-4.20 (m, 2H,
H-2, H-6), 4.09 (dd, J = 12.3, 2.4 Hz, 1H, H-6), 3.93 (ddd, J = 10.1, 4.7, 2.3 Hz, 1H, H-
5),3.78 (d, /= 2.6 Hz, 2H, CH2Br), 3.41 (s, 3H, OCHs), 2.08 (s, 3H, CHs of OAc), 2.01 (s,
3H, CH;z of OAc), 1.99 (s, 3H, CH3 of OAc) ppm.

13¢ NMR (125 MHz, CDCl3) § 171.2 (CO of OAc), 170.8 (CO of OAc), 169.4 (CO of OAc),
166.0 (NHCO), 98.0 (C-1), 70.9 (C-3), 68.2 (C-4), 67.8 (C-5), 62.0 (C-6), 55.7 (OCHs),
52.6 (C-2), 28.5 (CH2Br), 20.8 (2x CH3 of OAc), 20.7 (CHs of OAc) ppm.

IR (ATR) 3246.56, 1734.05, 1651.68, 1552.68, 1363.83, 1211.90, 1131.38, 1056.20,
1029.13,924.95 cm™.

HR-MS (+): m/z calcd for C1sH22BrNOg + Na* [M+Na]* 462.0376, found 462.0319.

Methyl-2-(2-azidoacetamido)-2-deoxy-3,4,6-tri-O-acetyl-a-D-glucopyranoside
(4.19)
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4.18 (1.818 g, 4.12 mmol) and NaNs (0.536 g, 8.25 mmol, 2 equiv.) were dissolved in
anhydrous DMF (24 mL) and refluxed at 80°C overnight. DMF was evaporated and
the residue was redissolved in DCM and washed with cold water. The organic phase
was dried with Na>SOg, filtered and dried in vacuo to yield a white solid (1.634 g, 4.06
mmol, 98%).

Rf=0.72 (pet. ether: EtOAc 1:1).
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14 NMR (500 MHz, CDCl3) § 6.50 (d, J = 9.5 Hz, 1H, NHCO), 5.25 (dd, J = 10.6, 9.5 Hz,
1H, H-3), 5.12 (t, J = 9.8 Hz, 1H, H-4), 4.74 (d, J = 3.6 Hz, 1H, H-1), 4.32 (ddd, J = 10.6,
9.5,3.7 Hz, 1H, H-2), 4.25 (dd, J =12.3, 4.6 Hz, 1H, H-6), 4.11 (dd, J = 12.3, 2.4 Hz, 1H,
H-6'), 3.96 — 3.91 (m, 3H, H-5, CH2N3), 3.42 (s, 3H, OCHs), 2.10 (s, 3H, CHs of OAc),
2.03 (s, 3H, CH3 of OAc), 2.01 (s, 3H, CHz of OAc) ppm.

13C NMR (125 MHz, CDCl3) § 171.3 (CO of OAc), 170.8 (CO of OAc), 169.5 (CO of OAc),
166.8 (NHCO), 98.1 (C-1), 71.3 (C-3), 68.2 (C-4), 67.8 (C-5), 62.1 (C-6), 55.6 (OCHs),
52.7 (CH2Ns), 52.1 (C-2), 20.9 (CHs of OAc), 20.8 (CHs of OAc), 20.7 (CHs of OAc) ppm.

IR (ATR) 3332.36, 2104.64, 1736.94, 1670.34, 1542.60, 1368.04, 1217.17, 1030.83,
923.96 cm™.

HR-MS (+): m/z calcd for Ci15H22N409 + H* [M+H]* 403.1465, found 403.1417. HR-MS
(+): m/z calcd for C1sH22N4Og + Na* [M+Na]* 425.1284, found 425.1237.

Methyl-N-(2-deoxy-3,4,6-tri-O-acetyl-a-D-glucopyranosyl)-2-acetamido-1,2,3-
triazol-4-yl)]-propanoic acid (4.20)
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4.19 (0.525 g, 1.304 mmol) and 4-Pentynoic acid (0.191 g, 1.956 mmol, 1.5 equiv.)
were dissolved in 15 mL each of t-BuOH and H,0. Sodium ascorbate (0.183 g) and
CuS04.5H,0 (0.140 g) were added to the solution. This was allowed to stir at room
temperature overnight. The solvent was removed in vacuo and the residue was

redissolved in DCM and washed with brine. The organic phase was dried with Na;S04
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and filtered. The crude product was purified with column chromatography

(DCM:MeOH 9:1) to yield a white solid (0.267 g, 0.723 mmol, 41%)
Rf=0.78 (90:10 DCM:MeOH).

1H NMR (500 MHz, CDCl3) & 7.55 (s, 1H, triaz-CH), 6.72 (d, J = 9.0 Hz, 1H, NHCO), 5.16
(t,J=9.9 Hz, 1H, H-3), 5.06 (t, J = 9.8 Hz, 1H, H-4), 4.96 (q, J = 16.3 Hz, 2H, NHCOCH5),
4.71 (d, J=3.5 Hz, 1H, H-1), 4.30 (td, /= 10.1, 3.6 Hz, 1H, H-2), 4.24 (dd, /= 12.4, 4.7
Hz, 1H, H-6), 4.07 (dd, J = 12.3, 2.2 Hz, 1H, H-6’), 3.92 (ddd, J = 10.0, 4.5, 2.3 Hz, 1H,
H-5), 3.37 (s, 3H, OCH3), 3.01 (br s, 2H, triaz-CHz), 2.73 (br s, 2H, CH2CO), 2.07 (s, 3H,
CH3 of OAc), 2.00 (s, 3H, CH; of OAc), 1.93 (s, 3H, CH3 of OAc) ppm.

13C NMR (125 MHz, CDCls) & 176.2 (COOH), 171.5 (CO of OAc), 170.9 (CO of OAc),
169.5 (CO of OAc), 165.9 (NHCOCH.), 146.8 (triaz-C), 123.4 (triaz-CH), 98.0 (C-1), 71.3
(C-3), 68.2 (C-4), 67.7 (C-5), 62.1 (C-6), 55.7 (OCH3), 52.6 (C-2), 52.2 (NHCOCH,), 33.4
(CH2,CO), 20.8 (2x CH3 of OAc), 20.72 (triaz-CH3), 20.67 (CHs of OAc) ppm.

IR (ATR) 2952.36, 1738.18, 1548.62, 1366.16, 1220.66, 1031.59, 732.92, 553.38 cm"

1

HR-MS (+): m/z calcd for Ca0H28N4011 + H [M+H]* 501.1833, found 501.1783. HR-MS
(+): m/z calcd for C0H28N40O11 + Na* [M+Na]* 523.1652, found 523.1594.
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Methyl-N-(2-deoxy-3,4,6-tri-O-acetyl-a-D-glucopyranosyl)-2-acetamido-1,2,3-
triazol-4-yl-(3-oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (4.21)
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4.20 (0.179 g, 0.357 mmol) was added to a flask with NHS (0.049 g, 0.429 mmol, 1.2
equiv.), purged with N2 and dissolved in dry DCM. EDCI (0.082 g, 0.429 mmol, 1.2
equiv.) was dissolved in DCM and added via cannula. The reaction was stirred
overnight at room temperature. The DCM was washed with 0.1M HCI, brine and dried
with NaSOa. The solvent was filtered and evaporated to yield a white solid which

was used without further purification (0.176 g, 0.294 mmol, 82%).
Rf=0.64 (95:5 DCM:MeOH).

14 NMR (500 MHz, CDCl3) & 7.59 (s, 1H, triaz-CH), 6.14 (d, J = 9.2 Hz, 1H, NHCO), 5.10
(dt, J = 26.2, 9.5 Hz, 2H, H-3, H-4), 4.98 (q, J = 16.4 Hz, 2H, NHCOCH>), 4.71 (d, J = 3.7
Hz, 1H, H-1), 4.29 (ddd, J = 10.3, 9.3, 3.7 Hz, 1H, H-2), 4.24 (dd, J = 12.4, 4.7 Hz, 1H,
H-6), 4.08 (dd, J = 12.4, 2.4 Hz, 1H, H-6’), 3.90 (ddd, J = 9.8, 4.6, 2.3 Hz, 1H, H-5), 3.37
(s, 3H, OCH3s), 3.21 (t, J = 7.1 Hz, 2H, triaz-CHz), 3.05 (dd, J = 10.6, 4.1 Hz, 2H, CHCO),
2.84 (s, 4H, CH2CH2-succ), 2.09 (s, 3H, CHs of OAc), 2.01 (s, 3H, CH; of OAc), 1.98 (s,
3H, CH; of OAc) ppm.

13C NMR (125 MHz, CDCl3) § 171.3 (CO of OAc), 170.8 (CO of OAc), 169.5 (CO of OAc),
169.2 (CO succ x2), 168.1 (CO), 165.4 (NHCOCH,), 145.7 (triaz-C), 123.4 (triaz-CH),
98.0 (C-1), 71.3 (C-3), 68.1 (C-4), 67.7 (C-5), 62.1 (C-6), 55.7 (OCHs), 52.9 (NHCOCH,),
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52.4 (C-2), 30.9 (CH,C0), 25.7 (CH2CH3-succ), 21.1 (triaz-CH3), 20.9 (CH3 of OAc), 20.8
(CHs of OAc), 20.7 (CH3 of OAc) ppm.

IR (ATR) 2960.39, 1731.85, 1542.01, 1366.05, 1208.29, 1031.45, 806.41, 647.24 cm"

1

HR-MS (+): m/z calcd for C24H31N5013 + H* [M+H]* 598.1997, found 598.2036. HR-MS
(+): m/z calcd for C24H31NsO13 + Na* [M+Na]* 620.1816, found 620.1860.

Cis,cis,trans-[Pt"Y(NHs)2(4.20)(OH)Cl;] (3)

OAc OAc
AcO 0 AcO o)
AcO N AcO
NH
NN , N-N
N_ N_/
o) (o)
|
e
4.21 Complex 3

4.21 (0.176 g, 0.294 mmol) was added to a suspension of oxoplatin (0.103 g, 0.309
mmol, 1.05 equiv.) in DMSO (10 mL) and stirred overnight at 60°C in the dark. The
excess oxoplatin was filtered through cotton and the DMSO was lyophilised. The
residue was redissolved in acetone and the product was precipitated with diethyl

ether and dried with the schlenk line to yield a light yellow solid (0.197 g, 82%).

1H NMR (500 MHz, DMSO) & 8.52 (d, J = 9.2 Hz, 1H, NHCO), 7.80 (s, 1H, triaz-CH), 5.97
(br t, J = 49.9 Hz, 6H), 5.15 (dd, J = 10.9, 9.4 Hz, 1H, H-3), 5.07 — 4.98 (m, 2H,
NHCOCH,), 4.90 (t, J = 9.8 Hz, 1H, H-4), 4.75 (d, J = 3.4 Hz, 1H, H-1), 4.17 (dd, J = 12.4,
4.9 Hz, 1H, H-6), 4.14 — 4.09 (m, 1H, H-2), 4.04 (dd, J = 12.3, 2.3 Hz, 1H, H-6’), 3.93
(ddd, J = 10.1, 4.8, 2.4 Hz, 1H, H-5), 3.37 (s, 3H, OCH3), 2.81 (t, J = 7.5 Hz, 2H, triaz-

182



Chapter 4 C2 Platinum(IV) Glycoconjugates

CH,), 2.46 (t, J = 7.6 Hz, 2H, CH-CO), 2.02 (s, 3H, CHs of OAc), 1.97 (s, 3H, CHs of OAc),
1.89 (s, 3H, CHs of OAc) ppm.

13C NMR (125 MHz, DMSO) & 179.9 (COOPt), 170.2 (CO of OAc), 169.9 (CO of OAc),
169.3 (CO of OAc), 166.2 (NHCOCH,), 146.1 (triaz-C), 123.8 (triaz-CH), 97.6 (C-1), 70.4
(C-3), 68.6 (C-4), 67.0 (C-5), 61.9 (C-6), 55.0 (OCHs), 51.3 (NHCOCH2), 51.1 (C-2), 36.1
(CH2CO), 21.9 (triaz-CHy), 20.6 (CHs of OAc), 20.4 (2x CHs of OAc) ppm.

195pt{1H} NMR (108 MHz, DMSO) & 1046.19 ppm.
IR (ATR) 3231.16, 1743.14, 1675.08, 1558.18, 1366.47, 1226.87, 1034.87 cm™.

HR-MS (+): m/z calcd for CaoH34Cl2NgO12Pt + HY [M+H]* 817.5140, found 817.1320.
HR-MS (+): m/z calcd for C20H34Cl2NgO12Pt + Na* [M+Na]* 839.4958, found 839.1130.

Methyl-N-(2-deoxy-a-D-glucopyranosyl-1,2,3-triazol-4-yl)-2-acetamido-propanoic
acid (4.22)

OAc

OH
AcO 0 HO 0
AcO HO
NH NH

0:3 OMe 0 OMe
N

N- N-N
1 1
N_/ N/
HO™ ~O HO™ ~O
4.20 4.22

4.20 (0.297 g, 0.593 mmol) was dissolved in MeOH (6 mL) and H,0 (3 mL). NEt3 (0.1
mL) was added, and the reaction was stirred at 40°C overnight. The progress was
monitored using TLC (90:10 DCM:MeOQOH). The solvent was dried, and the residue was
redissolved in H,0 and stirred with amberlite H* resin for 1 hour. The amberlite H*
was filtered and the filtrate was dried by lyophilisation. Yielding a fluffy white solid
(Yield 0.219 g, 0.585 mmol, 98%).
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14 NMR (500 MHz, D,0) & 7.80 (s, 1H, triaz-CH), 5.24 (s, 2H, NHCOCH,), 4.77 (d, J =
3.6 Hz, 1H, H-1), 3.96 (dd, J = 10.6, 3.6 Hz, 1H, H-2), 3.86 (dd, J = 12.3, 2.3 Hz, 1H, H-
6),3.74 (ddd, J = 16.1, 11.5, 7.3 Hz, 2H, H-3, H-6"), 3.67 (ddd, J = 10.0, 5.4, 2.3 Hz, 1H,
H-5), 3.46 (t, J = 9.1 Hz, 1H, H-4), 3.38 (s, 3H, OCHs), 2.98 (t, J = 7.3 Hz, 2H, triaz-CH>),
2.66 (t, /= 7.3 Hz, 2H, CH,CO) ppm.

13C NMR (125 MHz, D20) 6 179.0 (CO), 168.2 (NHCO), 147.2 (triaz-C), 124.5 (triaz-CH),
97.9 (C-1), 71.7 (C-5), 71.1 (C-3), 69.9 (C-4), 60.5 (C-6), 55.2 (OCH3), 53.8 (C-2), 51.8
(NHCOCH,), 34.5 (CH2CO), 20.7 (triaz-CHz) ppm.

IR (ATR) 3287.05, 1664.63, 1562.97, 1562.97, 1114.43, 1050.55, 1030.28 cm™.

HR-MS (+): m/z calcd for C14H22N4Osg + H* [M+H]* 375.1516, found 375.1510. HR-MS
(+): m/z calcd for C14aH22N4Osg + Na* [M+Na]* 397.1335, found 397.1327.
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Methyl-N-(2-deoxy-a-D-glucopyranosyl-1,2,3-triazol-4-yl)-2-acetamido-(3-
oxopropyl-(oxy(2,5-dioxopyrrolidin-1-yl))) (4.23)

OH
fo) HO
HO NH
HO o OMe
o NH OMe :g
:S N-N

1

N—N N

1

N

o~ ~o
4.22 4.23

4.22 (0.05g, 0.1335 mmol) and TSTU (0.0.44 g, 0.1469 mmol, 1.1 equiv.) were added
to a flask, flushed with N2 and dissolved in DMF (7 mL). NEtz (0.02 mL, 0.1469 mmol,
1.1 equiv.) was added to the solution and the reaction was allowed to stir at room
temperature for 20 minutes. Checking reaction progress by TLC (60:35:5
DCM:MeOH:H;0). The DMF was evaporated, and the residue was washed with DCM,
collecting the precipitating product by centrifugation. The pink/white solid was
washed with diethyl ether and dried in vacuo (Yield 0.049 g, 0.103 mmol, 79%).

R¢ = 0.83 (DCM:MeOH:H,0 60:35:5).

1H NMR (500 MHz, DMSO) & 8.33 (d, J = 8.4 Hz, 1H, NHCO), 7.86 (s, 1H, triaz-CH), 5.13
—5.05 (m, 2H, NHCOCH>), 5.04 (d, J = 5.7 Hz, 1H, OH of C-4), 4.90 (d, J = 5.6 Hz, 1H,
OH of C-3), 4.56 (d, J = 3.5 Hz, 1H, H-1), 4.53 (t, /= 5.9 Hz, 1H, OH of C-6), 3.71 - 3.62
(m, 2H, H-2, H-6), 3.51 — 3.45 (m, 2H, H-6’, H-3), 3.37 — 3.34 (m, 1H, overlaps with
H,0, H-5), 3.27 (s, 3H, OCH3), 3.18 — 3.12 (m, 1H, H-4), 3.08 — 3.04 (m, 2H, CH,CO),
2.99 (dd, J=11.3, 4.2 Hz, 2H, triaz-CH>), 2.81 (s, 4H, CH,CH2-succ) ppm.

13C NMR (125 MHz, DMSO) & 170.2 (CO succ x2), 168.4 (CO), 165.6 (CONH), 144.1
(triaz-C), 123.9 (triaz-CH), 97.7 (C-1), 72.8 (C-5), 70.8 (C-3), 70.7 (C-4), 60.8 (C-6), 54.3
(OCHs), 54.0 (C-2), 51.5 (NHCOCH>), 29.8 (CH,CO), 25.5 (CH2CH>-Succ), 20.3 (triaz-
CH2) ppm.
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IR (ATR) 3285.14, 1732.92, 1667.17, 1559.92, 1208.18, 1024.06, 646.62 cm™.

HR-MS (+): m/z calcd for C1gH25Ns010 + H* [M+H]* 472.1680, found 472.1696. HR-MS
(+): m/z calcd for C1gH2sNsO10 + Na* [M+Na]* 494.1499, found 494.1534.

Cis,cis,trans-[Pt'"V(NHs)2(4.22)(OH)CI,] (4)

OH OH

NN NN
N_~ N_
o (o)
\ ? CI0
0._N H3N. g
(o) H N‘P\t'C|
3% OH
4.23 Complex 4

4.23 (0.075 g, 0.159 mmol) dissolved in dry DMSO (5 mL) was added dropwise, over
24 hr, to a suspension of oxoplatin (0.106 g, 0.318 mmol, 2 equiv.) in dry DMSO (7
mL) at 40°C. The reaction flask was heated at 40°C for a further 5 days before
filtration of excess oxoplatin and removal of solvent via lyophilisation. The resulting
oil was rinsed with the minimum amount of MeOH, washed with diethyl ether and
dried in vacuo to yield the product as a white-yellow powder (0.043g, 0.062 mmol,

39%)

14 NMR (500 MHz, DMSO) & 8.34 (d, J = 8.5 Hz, 1H, NHCO), 7.82 (s, 1H, triaz-CH), 5.97
(t, 6H, 2x NH3), 5.11 — 5.00 (m, 3H, NHCOCH,, OH of C-4), 4.94 (d, J = 5.2 Hz, 1H, OH
of C-3), 4.63 —4.49 (m, 2H, H-1, OH of C-6), 3.72 = 3.62 (m, 2H, H-2, H-6), 3.51 —3.32
(m, 3H, H-6’, H-3, H-5), 3.27 (s, 3H, OCHS3), 3.16 —3.11 (m, 1H, H-4), 2.82 (t,J = 7.5 Hz,
2H, triaz-CHz), 2.47 (t, J = 7.6 Hz, 2H, CH,CO) ppm.

13¢ NMR (125 MHz, DMSO) & 180.0 (COOPt), 165.8 (CONH), 146.1 (triaz-C), 123.8
(triaz-CH), 97.8 (C-1), 72.8 (C-5), 70.9 (C-3), 70.7 (C-4), 60.8 (C-6), 54.4 (OCHs), 54.1
(C-2), 51.5 (NHCOCH5), 36.2 (CH2CO), 22.0 (triaz-CH2) ppm.
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195pt{1H} NMR (108 MHz, DMSO) & 1044.47 ppm.
IR (ATR) 3256.68, 1676.10, 1559.39, 1021.64, 992.54 cm_.

HR-MS (+): m/z calcd for C14H28CloN6O9Pt + H* [M+H]* 690.1021, found 690.1102.

Methyl-N-(2-deoxy-a-D-glucopyranosyl-1,2,3-triazol-4-yl)-propanoic acid (4.16.1)

OAc OH
AcO 0 HO 0
AcO HO
N oM N’N oM
e e
N L
o o
HO HO
4.16 4.16.1

4.16 (1.113 g, 2.510 mmol) was dissolved in MeOH (10 mL) and H20 (5 mL). NEts (0.5
mL) was added, and the reaction was stirred at 45°C overnight. The progress was
monitored using TLC (90:10 DCM:MeOH). The solvent was dried, and the residue was
redissolved in H,0 and stirred with amberlite H* resin for 1 hour. The amberlite H*
was filtered and the filtrate was dried by lyophilisation. Yielding a fluffy white solid
(Yield 0.756 g, 2.38 mmol, 96%).

'H NMR (500 MHz, DMSO) 6 7.75 (s, 1H, triaz-CH), 4.81 (d, J = 3.5 Hz, 1H, H-1), 4.47
(dd, J =11.0, 3.5 Hz, 1H, H-2), 3.99 (dd, J = 11.0, 8.5 Hz, 1H, H-3), 3.70 (dd, J = 11.7,
1.9 Hz, 1H, H-6), 3.54 (dd, J=11.7, 5.7 Hz, 1H, H-6), 3.47 (ddd, /=9.8, 5.6, 1.8 Hz, 1H,
H-5),3.31 (dd, J=9.8, 8.6 Hz, 1H, H-4), 3.19 (s, 3H, OCH3), 2.83 (t, /= 7.6 Hz, 2H, triaz-
CH;), 2.53 —2.51 (m, 2H, CH,CO) ppm.

13C NMR (125 MHz, DMSO) & 174.2 (COOH), 145.5 (triaz-C), 121.1 (triaz-CH), 97.8 (C-
1), 73.1 (C-5), 70.7 (C-4), 70.1 (C-3), 64.2 (C-2), 60.6 (C-6), 54.4 (OCHs), 34.0 (CH,CO),
21.1 (triaz-CH) ppm.

IR (ATR) 3288.16, 2918.18, 1567.64, 1399.90, 1031.58, 848.57 cm™™.
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HR-MS (+): m/z calcd for C12H19N3O7 + HY [M+H]* 318.1301, found 318.1317. HR-MS
(+): m/z calcd for C12H19N307 + Na* [M+Na]* 340.1121, found 340.1139.
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Chapter 5: Multivalent Platinum(IV)
Glycoconjugates
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5.1 Introduction

5.1.1 Hepatocellular carcinoma (HCC)

Primary liver cancer is the sixth most common form of cancer worldwide, with
approximately 830,000 deaths in 2020. Hepatocellular carcinoma encompasses 75 —
85% of all primary liver cancer cases and is most common in East and Southeast Asia,
North and West Africa [297]. Treatment options for this disease are determined using
the Barcelona Clinic of Liver Cancer (BCLC) algorithm which divides patients with HCC
into five clinical stages: very early stage (BCLC 0), early stage (BCLC A), intermediate
stage (BCLC B), advanced stage (BCLC C) and terminal stage (BCLC D) [298]. Treatment
for stages 0 and A typically include liver transplantation or radiofrequency ablation
(RFA) to destroy the tumours and results in a five-year survival rate of 70 —80%. Stage
B is usually treated with a combination therapy composed of cisplatin, doxorubicin
and epirubicin (Figure 5.1), accompanied by the embolisation of blood vessels which
provide nutrients to the tumour. This therapeutic option is abbreviated to TACE or
Trans Arterial Chemo-Embolisation. The treatment of stage C HCC is limited to the
use of multi-kinase inhibitor such as sorafenib (Figure 5.1), while stage D patients can
only rely on palliative care [299]. The survival rate for patients in stage B is only an
average of 20 months and drops to 11 months for patients in stage C, whereas the
treatment options for patients in stage D are practically non-existent, which
highlights the need for further development and progress in producing drugs to treat

this disease [300].

Much research has been carried out to identify specific therapeutic targets and to
develop drugs selective for HCC. Tyrosine kinase inhibitors (TKls) have played a
pivotal role in the treatment of HCC. Sorafenib, as mentioned above, is a major
therapeutic option which targets rapidly accelerated fibrosarcoma (RAF) kinase,
epidermal growth factor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), FMS-like
tyrosine kinase-3 and c-kit, which are all found to be overexpressed in HCC [299,301].
Due to the success of this TKI drug, a large body of research focused on the
development and uses of different TKls to treat HCC. In particular, the inclusion of

apatinib (Figure 5.1) in TACE treatment has yielded better results than TACE alone
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and a combination therapy of bevacizumab and erlotinib has also been extensively

evaluated and has shown promising results [302].
CF, (o) (o) /©/Hp
cl o O N NH N
JC _n M N” > NH
N~ N Z
H H | N
_N

Sorafenib Apatinib

NH,

Doxorubicin Epirubicin

Figure 5.1: Structures of tyrosine kinase inhibitors (TKI) and anthracycline drugs for the
treatment of HCC.

More recently, targeted delivery to HCC has been accomplished using carbohydrate
ligands which target a major receptor found predominantly on hepatocytes and
overexpressed in HCC cells, the asialoglycoprotein receptor (ASGPR) [303]. Some
examples of carbohydrate-drug conjugates targeting HCC will be discussed in Section

5.1.3.

5.1.2 Asialoglycoprotein receptor (ASGPR)

In the previous three chapters we have discussed some methods used to target
cancer cells through conjugation of bioactive ligands to the anticancer platinum drug
core, cisplatin. The target of the ligands discussed so far were GLUTs, which are
overexpressed on cancer cell membranes due to the Warburg effect [5]. The
objective of this chapter is to target a different cellular protein, named
asialoglycoprotein receptor (ASGPR), also known as the ‘Ashwell-Morell receptor’, a
C-type lectin which is primarily found on hepatocytes and HCC cells but is minimally

present on non-hepatic cells. This lectin is a hetero-oligomer which is composed of
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two homologous transmembrane proteins, ASGPR1 (major) and ASGPR2 (minor)
[304]. It plays a crucial role in serum glycoprotein homeostasis by mediating the
endocytosis and lysosomal degradation of desialylated glycoproteins, which contain

terminal galactose or N-acetylgalactosamine residues [305].

ASGPR selectively binds to galactose and N-acetylgalactosamine, with a weaker
binding affinity for glucose [303]. Interestingly, the lectins affinity for galactose is
increased when using multivalent ligands, with a 100- to 1000-fold increase when
compared to monovalent ligands [306] and this enhanced affinity is due to the
multivalent effect (discussed in Section 5.1.3). The specificity of ASGPR and its
binding affinity is also dependent on the size of the ligand and spatial
arrangement/clustering of the glycan chains [307]. Docking studies have shown that
ASGPR binds galactose through calcium dependent carbohydrate recognition
domains (CRD) and is stabilised through hydrogen bond interactions between various
amino acids and the C1, C2 and C3 hydroxyl groups. Hydrophobic interactions
between C3, C4, C5 and C6 of galactose to tryptophan 243 in the active site, as well
as coordination of the C2 and C3 hydroxyl groups to the calcium ion can also be seen

[308]. The docking diagram of this binding can be seen in Figure 5.2 below.

TYR ASP
272 266 ASP.
4 ASN 265
ARG 264
270 - GLU

OH

v 252

CA

1002
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241

TRP GLN
243 239

Figure 5.2: Glide docking diagram of galactose at the active site of ASGPR and its ligand
interaction [308].

Once a ligand is bound in the CRD, it is internalised by clathrin-mediated endocytosis
and the ligands are released to allow the receptor to cycle back to the cell membrane.
Rapid recycling of the receptor is important for maintaining receptor concentration
on the liver cell surfaces, which contain 100,000 — 500,000 binding sites per cell [309].

This high affinity binding is an extremely attractive route for targeted therapeutic
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methods and has recently garnered much attention. In addition, the mammalian
ASGPR is a hetero-oligomer composed of two subunits: H1 and one H2 subunit, with
a geometrical disposition for the carbohydrate-binding sites as shown in Figure 5.3.
For this reason, the use of multivalent ligands to target the ASGPR is a viable strategy

due to the multivalent effect [310].

Geometric relationship
of ASGPR binding site

Carbohydrate recognition
domain (CRD)

Stalk region

Transmembrane domain

Cytoplasmic domain

Figure 5.3: Schematic representation of ASGPR, showing the hetero-oligomer which is
composed of two H1 and one H2 subunits. Adapted from [310].

5.1.3 Multivalent effect for the targeting of ASGPR

The multivalent effect is frequently observed in nature where univalent protein-
ligand binding is weak, for example in the recognition of carbohydrate ligands by
bacterial and mammalian lectins [311,312]. While the reasons for this enhanced
binding affinity are not fully understood, there are three main mechanisms involved

in this process:

(1) Intramolecular binding: the chelate effect [313], which is seen in many inorganic
systems, where a bivalent ligand binding to a bivalent receptor has a greater affinity

than its monovalent counterpart.

(2) Intermolecular binding: aggregation and precipitation [314] which occurs when

ligands bind receptors causing them to precipitate from solution. These aggregates
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are stabilised by different intermolecular forces, resulting in the formation of

kinetically stable aggregates which can only occur through multivalent binding.

(3) Steric stabilisation: the binding of a large ligand near the surface of the receptor
would prevent the approach of other macromolecules, thus stabilising the

interaction [315].

Given the geometric relationship of the ASGPR depicted in Figure 5.3, drugs
containing multivalent galactose and galactosamine units have been developed to
target ASGPR. Figure 5.4 shows two examples of anticancer drugs to target HCC using
ASGPR. Compound 5.1 is a prodrug containing a derivative of B-elemene which acts
as the anticancer agent through methods which have still not been fully elucidated
[316]. This drug is functionalised with a trivalent display of galactose to target ASGPR
and it is linked to the active therapeutic agent using a glutathione responsive
disulfide bridge, which gives this compound its prodrug effect. It was also observed
that mono- and divalent derivatives of this compound displayed reduced hepatocyte-
targeting ability [317]. Compound 5.2 uses galactosamine to target hepatocytes
through interaction with ASGPR; this drug is used to chelate copper(l) in patients with
Wilson’s disease and like 5.1, the sugar is bound through disulfide bridges to act as a

prodrug and release the copper chelator when inside hepatocytes [318].
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Figure 5.4: Structure of HCC selective drugs containing galactose (5.1) [317] and
galactosamine (5.2) [318].
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While the benefit of multivalency has been shown with a variety of glycoconjugates
for diverse applications (such as anti-infection [319] or immunostimulant agents
[320]), only few examples of metal multi-glycoconjugates (and even less platinum
glycoconjugates [321,322]) have been designed. The one example to be found in the
literature is a multivalent galactosylated-Pt(ll) derivative which has four galactose
presentations to target ASGPR (Figure 5.5). This group concluded that the presence
of multiple galactose subunits improves the complexes in vitro cytotoxicity more than

a complex with only one subunit [322].
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Figure 5.5: Structure of multivalent Pt(ll) glycoconjugate for the treatment of HCC [322].

5.3

To date, there have been no multivalent Pt(IV) pro-drugs developed. The only
attempts at multivalent carbohydrate complexes reported involve the bis-
functionalisation of Pt(IV) complexes (as discussed in previous chapters), which was
shown to be less efficient than their mono-functionalised derivatives, due to the
difference in reduction potentials (1.32 - 1.46, 2.1 - 2.13) [167,170,227].
Importantly, these complexes were not developed to target HCC, but to improve
anticancer activity against cancers overexpressing GLUT. The following chapter

discusses our attempt to synthesise the first multivalent Pt(IV) glycoconjugate.

5.2 Chapter objective

This chapter discusses the attempts to synthesise the first multivalent Pt(IV) pro-drug

to target hepatocellular carcinoma using the ASGPR abundantly expressed in these
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cells. The ligand we have focused is a derivative of compound 5.4 (Figure 5.6) which
was previously shown to be a potent inhibitor of adherence of fungal pathogen
Candida albicans to buccal epithelial cells [323]. Molecular modelling performed on
5.4 revealed that the distances between the anomeric carbon centres are typically in
the range 6-15 A. According to the estimated distances between the carbohydrate
binding sites in the ASGPR hetero-oligomer (between 15 and 25 A, Figure 5.3), it is
plausible that 5.4 could recognise and bind two of the three galactose binding sites

with high affinity given its divalent presentation of the galactose units [324].
"o OH 0] (o) OH OH
o HO
~ N
%N\/YH ﬂ%nw
HO oH N-=N N=N OH
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5.4

Figure 5.6: Structure of N,N’-di-(B-D-galactopyranosyl-1,2,3-triazol-4-ylmethylamide)-N"'-
propyl-5-aminobenzene-1,3-dicarboxamide (5.4), divalent glycoconjugate previously
reported as an inhibitor of the adherence of fungal pathogens to buccal epithelial cells [323].

The structure of 5.4 was modified by the introduction of a linker with a carboxylic
acid to facilitate the binding to oxoplatin as shown below (Figure 5.7). The attempts
to synthesise these complexes through different routes will be discussed in this
chapter and we will offer some suggestions for future approaches towards the

synthesis of these target compounds.
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Figure 5.7: General structure of multivalent glycoconjugate Pt(IV) complexes based on the
cisplatin scaffold, functionalised with galactose.

5.3 Results and Discussion

5.3.1 Synthesis of free amine scaffold (5.9)

The synthesis of the complexes shown in Figure 5.7 required the introduction of a
linker containing a carboxylic acid into the original structure of 5.4. Initially, we
needed to synthesise the compound 5.9, the free amine precursor of 5.4. The
synthesis of this compound was originally developed in our group by Martin et al.
[325]. Briefly, the amine of 5-aminoisophthalic acid was N-Boc protected and
propargylamine was coupled to the carboxylic acid moieties using TBTU. Reaction of
galactose azide (2.17) with 5.7 using CuUAAC “click” conditions in a microwave reactor
yielded 5.8 in very good vyield. The N-Boc protecting group was removed with TFA
and yielding the free amine (5.9).
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Scheme 5.1: Synthetic route for 5.9: (i) Di-tert-butyl dicarbonate, NaOH, 1,4-dioxane, 0°C to
rt, 3 h, 80%; (ii) TBTU, NEts, propargylamine, DMF, rt, 16 h, 76%; (iii) 2.17, CuSO4-5H,0, NaAsc,
acetonitrile, H,0, MW at 100°C, 30 mins, 65%; (v) TFA, DCM, 2 h, rt, 97%.

5.3.2 Cyclic derivatives through initial route to form multivalent Pt(IV)
glycoconjugates

Initially, we planned to synthesise complexes 1 and 2 (Figure 5.8) through the
introduction of an aliphatic linker. Our goal was to functionalise the resulting
carboxylic acid with a succinimide ester and subsequently react this with oxoplatin
to yield the complexes shown below. One complex where the galactose moieties are
protected with acetyl groups and the other with free galactose. Unfortunately, upon
esterification a ring closure reaction occurs forming the cyclic derivatives seen in

Schemes 5.2 and 5.3.

Aco OAc 8 g oacPA® o oH g e on O
(o] AcO (o] HO
AcO OAc N-N Nspy OAc HO oH NN N=N OH
0._NH 0._NH

Ho\:t',cLS/ HO\::,CE

HsN" 1 "0” ~0 H;N" 1 0" ~O0

NHj NH3
Complex 1 Complex 2

Figure 5.8: Proposed structures of multivalent glycoconjugated Pt(IV) complexes with
shorter linkers.
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Scheme 5.2: Proposed synthesis of multivalent Pt(IV) glycoconjugates, 1 and 2: (i) succinic
anhydride, DCM, rt, 16 h, 81%; (ii) EDCI, NHS, DCM, rt, 16 h, 81%.

In this approach, the free amine (5.9) was reacted at room temperature with succinic
anhydride forming the carboxylic acid (5.10). The typical next step in this synthesis is
the formation of the NHS active ester through a coupling reaction. In the case of the
acetylated compounds, coupling of NHS to the carboxylic acids was performed using
EDCI as a coupling reagent. However, it was found that during the reaction,
intramolecular cyclisation takes place and yields the succinimide (5.11) instead. Using
Baldwin’s rules of ring closure [326], we determined this reaction could be classified

as 5-exo-trig (Figure 5.9), which favours cyclisation.

1/R

NH

5-exo-trig

Figure 5.9: Mechanism of ring closure classified as 5-exo-trig using Baldwin’s rules of ring
closure.

A comparative 'H NMR spectra of 5.10 and 5.11 is shown in Figure 5.10, where the
characteristic signals are highlighted. We expected to see a singlet corresponding to
the NHS ester which integrates for four protons as well as a downfield shift in the

methylene signals. However, the two methylene protons (red) appear as equivalent
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protonsin the spectra for 5.11 due to the symmetry of the molecule. In addition, 5.10
contains an amide proton (green) which is not present in 5.11, indicating that a

reaction took place at this nitrogen atom.

5.11
g”;j/\ﬂﬂ\Q)kﬂft;mR
oji?o PY
T L
5.10
HO 0 * ‘ H %
_ 1 LJ . ;L’L_U WAL

T T T T T T T T T T T T T T T T T T T T
11.5 11.0 10.5 10,0 9.5 9.0 8.5 8.0 7.5 7.0 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5

6.5
1 (ppm)

Figure 5.10: Stacked *H NMR spectrum of 5.10 and 5.11, comparing the linker in its open and
cyclised forms.

We also attempted this reaction using glutaric anhydride (a six membered cyclic
anhydride), and maleic anhydride (five membered cyclic anhydride with increased
rigidity) and encountered the same issues (Scheme 5.3). In the case of the 5.13 and
5.15, they could not be isolated in high purity without the use of column
chromatography. From the result of these reactions, we realised we needed to
redesign the linker to avoid this ring closing reaction. To accomplish this, we used an

approach which took advantage of CUAAC “click” chemistry.
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Scheme 5.3: Structures of glutarimide and maleimide derivatives of 5.11, synthesised using
glutaric anhydride and maleic anhydride: (i) glutaric anhydride, DCM, rt, 16 h, 62%; (ii) NHS,
EDCI, DCM, rt, 16 h, 43%; (i) maleic anhydride, DCM, rt, 16 h, 76%; (iv) NHS, EDCI, DCM, rt,
16 h, 57%.

5.3.3 Synthesis of multivalent glycoconjugated Pt(IV) pro-drugs using alternative
route

Our alternative synthetic route to form complexes 5.19.1 and 5.21.1 (Schemes 5.4
and 5.5) containing a triazole linker (Click Chemistry) is depicted below. Our first
approach involved the preparation of a synthetic intermediate azide (5.17). The
synthesis of this compound was originally developed in our group by Martin et al.
[325]. After the formation of the free amine (5.9) as discussed in section 5.3.1, it was
reacted with bromoacetyl bromide to give 5.16. The bromide substituent was then
replaced with an azido group using sodium azide, yielding 5.17 which was used
without further purification. This azide (5.17) was reacted with 4-pentynoic acid to
yield the carboxylic acid derivative (5.18) and esterified to form the NHS ester (5.19)

which is discussed in later sections.
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=N N=p N=N N=y N=N N=y
(iv)

5.18 5.19 5.19.1

Scheme 5.4: Attempted synthetic route for Complex 5.19.1: (i) bromoacetyl bromide, NEts,
DCM, 16 h, 82%; (ii) NaNs, DMF, 80°C, 16 h, 73%; (iii) 4-pentynoic acid, CuSO4-5H,0, NaAsc,
acetonitrile, t-BuOH, H,0, rt, 16 h, 45%; (iv) TSTU, NEt;, DMF, rt, 16 h, 81%.

We also wanted to synthesise the free carbohydrate derivative of 5.19.1 to compare
their anticancer activity and the protecting groups effects on the cellular uptake and
selectivity (Scheme 5.5). To this end, we attempted to adapt the previously
established procedures, discussed in earlier chapters. To synthesise Complex 5.21.1,
compound 5.20, the free sugar derivative of 5.18, was reacted with TSTU to yield
5.21. We then attempted to coordinate this ligand to oxoplatin, which is discussed in

later sections.

o (o} (o] (o}
~ N N = N N
R/N/_\(\H H/Y\N\R R/N\/_\I/\H H/Y\N\R
N=N =N N=N N=p
O._NH ), O._NH
) .l
N’ N N N
HO 5.18 (R = g Gal(OAc)) HO 5.20 (R = g Gal(OH))
o o
o (o] o) [o)
S N N = RS N
R,N;:\N(\H H/Y;N\R R,N\:F\K\H H/T\N\R
- h - =N
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L (o) NH — NH
.l .l
2 \| ~ N
N
o) — N —
HO ClI
N H;3;N-Pt-Cl
o © H:N O
0 521 o 5.21.1

Scheme 5.5: Attempted synthetic route to Complex 5.21.1: (i) NEts, MeOH, H,0, 45°C, 16 h,
99%; (ii) TSTU, NEts, DMF, rt, 20 mins, 76%.
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5.3.4 Synthesis of acetylated multivalent ligand using CuUAAC “Click” chemistry
(5.18)

The acetylated carboxylic acid 5.18 was synthesised using CUAAC “click” chemistry
reaction between the azide (5.17) and 4-pentynoic acid (Scheme 5.6), using a similar
method discussed in Chapter 4, with a major difference being the solvent system

used for the reaction.

OAc

AcO o o oacPAC Aco OAc 0 o 0AcQAC
N N
A R A/ N NP Lo
AcO 0Ac N-N N=\ OAc AcO OAc N~ N=p OAc
O _NH Oj/
J

N3 N’
HOX
5.17

Scheme 5.6: CuAAC “Click” reaction for the formation of acetylated ligand (5.18): 4-
pentynoic acid, CuSO,4-5H,0, NaAsc, acetonitrile, t-BuOH, H,0, rt, 16 h, 45%.

Compound 5.17 was insoluble in the reaction solvent mixture of t-BuOH and H,0
used previously, so acetonitrile was added and the reaction was stirred at room
temperature overnight. The product was purified by column chromatography,
however, due to the high polarity of the ligand, a highly polar mobile phase (10-20%
MeOH in DCM), accompanied by a very small amount of silica gel was used. Despite
all these efforts, after the column we only achieved a 45% vyield. It is likely the
remaining product was left adhered to the silica and we were unable to recover it,
even by flushing with 100% MeOH. Alternatively, the use of a flash chromatographic
column (PuriFlash) could be employed to improve purification, where higher polarity
solvent systems can be used. This ligand was characterised using NMR (*H, 13C, COSY,

HSQC and HMBC), IR spectroscopy and HR-MS.

The 'H NMR spectrum of 5.18 is shown below where the characteristics peaks are
highlighted (Figure 5.11). Importantly, the newly formed triazole, 6 = 7.80 ppm
(green) can be distinguished from the previous two triazoles, 6 = 8.20 ppm (red) and
the three aromatic protons through the HMBC (Appendix, pg. 346). The two
methylene groups (purple and orange) can also be seen at § = 2.86 ppm and 6 = 2.40

ppm respectively, confirming the formation of 5.18.
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Figure 5.11: *H NMR spectrum of acetylated ligand 5.18, in DMSO-ds.

5.3.4 Synthesis of free multivalent ligand (5.20)
The free sugar derivative (5.20) was synthesised through acetyl ester hydrolysis of
5.18 using the mild conditions previously discussed in Chapter 3. The product was

isolated with a high yield (99%) and used in the next step without further purification.

OAc

AcO 0 Q oAcAC o OH o o on M
0 cO o HO
A e M LNt N PLs
AcO oac NN Nsy OAc HO oH NN N=y OH
O _NH fo)
N j/ R —— N. j/

NH

5.18 5.20

Scheme 5.7: Deacetylation of 5.18 to form free ligand (5.20): NEts, MeOH, H,0, 45°C, 16 h,
99%.

The proton NMR spectrum of 5.20 is shown below (Figure 5.12) with its characteristic
peaks highlighted. Importantly, the amide proton peaks are not visible due to the
NMR solvent being D,0. The presence of the methylene signals at 6§ = 3.00 ppm and
6 = 2.75 ppm (pink and orange respectively) indicates that the linker is preserved

throughout the reaction
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Figure 5.12: *H NMR spectrum of 5.20 in D,0.

5.3.5 Synthesis of multivalent active esters (5.19 and 5.21)

The active esters 5.19 and 5.21 were synthesised as shown in Scheme 5.8. The
synthesis of 5.19 was much more difficult than expected. To synthesise the active
NHS ester (5.19) we had initially planned to adapt the coupling reaction discussed in
Chapter 2, where EDClI was used to activate the carboxylic acid and N-
hydroxysuccinimide was added to form the corresponding NHS ester. However, the
product recovered was impure, potentially containing the starting carboxylic acid

(5.18).
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Scheme 5.8: Activation of carboxylic acids (5.18 and 5.20) with the coupling agent TSTU to
form active esters (5.19 and 5.21): TSTU, NEts, DMF, rt, 16 h, 81% (5.19); TSTU, NEt;, DMF,
rt, 20 mins, 76% (5.21).

Replacing NHS and EDCI in this reaction with TSTU, we succeeded to produce the
active ester 5.19. Originally, we had used this reagent for the synthesis of free sugar
NHS esters described in Chapter 3, but it could also be used with organic soluble
compounds due to the limited solubility of TSTU and its byproducts in organic
solvents. This allows for the treatment the crude mixture with water, which removes
the byproducts of the coupling reaction. 5.19 was characterised with NMR
spectroscopy (*H, 13C, COSY, HSQC, HMBC), HR-MS and IR spectroscopy. Figure 5.13
shows the 'H NMR spectrum of the active ester 5.19 with the characteristic peaks
highlighted. In particular, the presence of the singlet (red) at 6 = 2.81 ppm, which
integrates for four protons confirms the formation of the active succinimide ester.
Notably, the functionalisation of the carboxylic acid deshields the methylene protons
(orange and purple), causing them to appear further downfield of A6 =0.68 and 0.16

ppm, respectively.
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Figure 5.13: 'H NMR spectrum of 5.19 in DMSO-dg, synthesised using TSTU.

The synthesis of free-sugar active ester 5.21 did not have the issues discussed for
5.19. This compound was synthesised using TSTU according to the procedure
previously discussed in Chapter 3 and was used without further purification. The H
NMR of 5.21 is shown below (Figure 5.14) with the characteristic peaks highlighted.
Differently to the free carboxylic acid (5.20) this NMR was collected in DMSO, rather
than D;0. The amide protons (turquoise and green) can be seen at § =9.12 ppm and
6 =10.79 ppm respectively. The formation of the ester can be seen from the presence

of the singlet at 6 = 2.81 ppm (red) corresponding to the succinimide group.
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Figure 5.14: *H NMR of active ester 5.21 in DMSO-ds.

5.3.6 Attempted synthesis of multivalent Pt(IV) glycoconjugates (5.19.1 and 5.21.1)

Both the acetylated (5.19) and deacetylated (5.21) active esters were reacted with

oxoplatin under a variety of conditions (Table 5.1 and 5.2), which had been viable

methods in past chapters.

Table 5.1: Reaction conditions to form Complex 5.19.1.

Entry Temperature (°C) Reaction time (days) Pt(equiv.)
1 40 1 1.05
2 40 2 1.05
3 50 1 1.05
4 60 1 1.05
5 60 1 2.00
Table 5.2: Reaction conditions to form Complex 5.21.1.
Entry Temperature (°C) Reaction time (days) Pt(equiv.)
1 40 1 1.05
2 40 2 1.05
3 40 5 2.00
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However, we were unable to isolate the complexes shown below (Scheme 5.9) in

sufficient purity.
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Scheme 5.9: Attempted synthesis of complexes (5.19.1 and 5.21.1).

Figure 5.15 shows the stacked 'H NMR spectra of the different reactions attempted
to form Complex 5.19.1. It seems that conversion is temperature dependent, where
lower temperatures result in higher proportions of product formation. This can be
seen from Figure 5.15, where the broad triplet at 6 = 6.00 ppm corresponding to the
NHs signal of Complex 5.19.1 is more prominent for the reactions carried out at lower
temperatures. The best result was obtained when heating at 40°C for 1 day: the
conversion was analysed through the comparison of the integral of the signal
corresponding to the anomeric protons (& = 6.20 ppm) and the triplet amine signal
of the formed complex 6 = 6.00 ppm. This ratio should be 2:6 (anomeric proton :
amine), however when the reaction was carried out at 40°C for 1 day, we obtained
2:4, showing that the reaction had not proceeded to completion. When the reaction
time was extended to two days, this ratio decreased slightly from 2:4 to 2:3. It is
important to note that for the acetylated complexes discussed in Chapters 2 and 4,

heating to 60°C overnight was sufficient for complex formation.
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Figure 5.15: Stacked H NMR spectra of reactions to form 5.19.1, using different reaction
conditions (temperature and equivalents). NMRs done in DMSO-de.

We also attempted to form the free sugar Complex 5.21.1, using some methods
discussed in the previous chapters. We originally started with the procedure used for
the free sugar complexes (1 — 4) in chapter 3 (i.e. reaction at 40°C, over two days)
and the procedure developed for the free sugar complex (4) in Chapter 4, (i.e.
reaction at 40°C over 5 days and a large excess of oxoplatin to drive the reaction to
completion). The reaction products were analysed by NMR. Unfortunately, these
methods yielded similar results where the ratio of the anomeric protons to the amino
ligand of the mono-functionalised complex was 2:2 instead of the expected 2:6.
Importantly, the development of impurities over longer reaction periods was
noticeable, as seen from the appearance of signals circled in pink and indicated with

the red arrows in Figure 5.16.
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Figure 5.16: Stacked H NMR spectra of reactions done to form 5.21.1, using different
conditions (reaction time and equivalents). NMRs done in DMSO-de.

Based on the results obtained from the formation of complexes 5.19.1 and 5.21.1, it
is unclear whether these complexes can be formed in high purity using the methods
described. Further purification was attempted through treatment of the products
with various solvents, in particular methanol, where for both the ligands are soluble
but the complexes are not. However, the resulting product never showed an
improvement in purity. Interestingly, the typical reaction conditions for the
formation of the acetylated Complex 5.19.1 (i.e. heating to 60°C with a small excess
of oxoplatin) that yielded the successful formation of complexes (1 —4) in Chapter 2,
are so ineffective in this case. It is possible there are steric constraints associated with

the proposed ligand that hinder the formation of complexes 5.19.1 and 5.21.1.

The conformational analysis of 5.4 (previously reported by Martin et al. [324] (Figure
5.17) showed that 5.4 was found to adopt globular (e.g. conformer 40) and “semi-
open” (e.g. conformer 99) structural motifs due to the intramolecular H-bond
interactions between the OH groups of the terminal galactosyl units, triazolyl, amide

carbonyl and NH groups.
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Figure 5.17: Geometries of low-energy conformers of 5.4 with hydrogen-bond distances (A)
[324].

Considering the structural similarities between our ligands (5.18 and 5.20) and the
anti-adhesion glycoconjugate 5.4, it is possible that “semi-open” conformation
introduces significant steric hindrance which may inhibit product formation. Steric
hindrance affecting the complexation step can be seen as an issue in the formation
of imatinib and nilotinib Pt(IV) pro-drugs developed by D.F. Beirne in our group [327],
which required the use of an extended linker to alleviate steric bulk around the metal
centre. With this in mind, instead of using 4-pentynoic acid to click to the azide (5.17),
a longer carbon chain derivative could be used, for example 6-heptynoic acid.
Alternatively, the use of a PEGylated linker could also be used, which could overcome

both of the issues discussed in this section, as well as Section 5.3.2.

5.4 Conclusions

The aim of this chapter was to synthesise two novel, multivalent glycoconjugated
Pt(IV) pro-drugs for the treatment of hepatocellular carcinoma (HCC), a primary liver
cancer which contains a the asialoglycoprotein receptor (ASGPR), a lectin selective
for galactose which is primarily found on cancer cells and not in healthy cells. Our
goal was to synthesise both the acetylated and free galactose derivatives of this
complex, to see if the presence of the galactose moieties would increase the cellular

uptake through multivalent interaction with the ASGPR lectin.

Unfortunately, we were unable to synthesise these complexes in high purity and the

conditions we have attempted have left us with the opinion that, based on the
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conformational analysis put forward by Martin et al. [324], steric bulk associated with
the divalent galactose ligand, hampers its reactivity with the axial hydroxyl group of
oxoplatin. To overcome this issue, we recommend the use of a longer linker joining
the platinum centre and the galactosylated ligand, possibly through the use of a

polyethylene glycol-based linkage.

5.5 Materials and methods

All reagents and reactants were purchased from commercial sources. The two
sources used were Sigma-Aldrich and Fluorochem. All solvents were used without
further purification. Cisplatin and oxoplatin were synthesised as previously reported
[262,263]. Starting materials (5.5 — 5.9) were synthesised according to previously

reported procedures [325].

The elemental analysis studies (carbon, hydrogen, and nitrogen) were performed by
means of a PerkinElmer 2400 series Il analyzer. HR-Mass Spectra were recorded with
a Waters LCT Premier XE Spectrometer. NMR: *H and *3C NMR spectra were obtained
in a solution of D20 or DMSO-ds at 300 K, in 5-mm sample tubes, with a premium
shielded Agilent Varian 500 MHz (operating at 500.13 and 125.75 respectively). The
'H and 3C chemical shift was referenced to the residual impurity of the solvent.
Infrared (IR) spectra were recorded in the region 4000-400 cm™ on a Perkin Elmer
precisely spectrum 100 FT/IR spectrometer. The solid samples were run using ATR.
An extensive biological evaluation of the activity of all the compounds was performed

in human osteosarcoma cell line in vitro models as reported below.
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5.6 Experimental procedures

5-[[(1,1-Dimethylethoxy)carbonyllamino]-1,3-benzenedicarboxylic acid (5.6)

(o) (o) o) o

HO OH HO OH

NH, NHBoc
5.5 5.6

5-Aminoisophthalic acid (5.5) (1.0 g, 5.5 mmol) was dissolved in aqueous NaOH (1N,
10 mL) at 0 °C. Di-tert-butyl dicarbonate (1.32 g, 6.05 mmol, 1.1 equiv.) was dissolved
in 1,4-dioxane (12 mL), which was added dropwise to the other solution over 2 h. The
reaction mixture was stirred at 0-5 °C for 3 h, and then left to stir overnight at room
temperature. The reaction mixture was evaporated to half its original volume in
vacuo and then cooled in an ice-bath. The solution was acidified to pH 5 with a 20 %
aqueous KHSOs (w/v, 20 g in 100 mL) solution. The precipitated was filtered and
washed with water. The product was allowed to dry in the fumehood overnight to

give the pure product (5.6) as an off-white solid (1.24 g, 80 %).

1H NMR (500 MHz, DMSO) & 13.23 (s, 2H, COOH), 9.80 (s, 1H, NHBoc), 8.30 (d, J = 1.2
Hz, 2H, Ar-H), 8.07 (t, /= 1.5 Hz, 1H, Ar-H), 1.49 (s, 9H, C(CH3)3) ppm.

The NMR data is in agreement with data reported in the literature [325].

N,N’-di(prop-2-yn-1-yl)-5-[[(1,1-Dimethylethoxy)carbonyl]aminolisophthalamide
(5.7)

HO OH /H H/\\\

NHBoc NHBoc
5.6 5.7

5.6 (1.12 g, 3.99 mmol) and TBTU (2.67 g, 8.31 mmol, 2.1 equiv.) were dissolved in
anhydrous DMF (10 mL) under N2and NEt3 (1.2 mL, 8.31 mmol, 2.1 equiv.) was added.
After 10 mins, propargylamine (0.53 mL, 8.31 mmol, 2.1 equiv.) was added. The
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reaction mixture was allowed to stir for 24 h. The solution was then poured over ice
(50 mL in 200 mL of water) and stirred for 20 minutes. The precipitated product was
then collected by vacuum filtration and dried in vacuo. The product was isolated as

an off white solid and used without further purification (1.07 g, 3.01 mmol, 76 %).

1H NMR (500 MHz, DMSO) & 9.67 (s, 1H, NHBoc), 8.92 (t, J = 5.4 Hz, 2H, NHCH,CCH),
8.04 (d, J=1.3 Hz, 2H, Ar-H), 7.85 (t, J = 1.5 Hz, 1H, Ar-H), 4.04 (dd, J = 5.3, 2.4 Hz, 4H,
CH2CCH), 3.13 (t, J = 2.5 Hz, 2H, CH2CCH), 1.49 (s, 9H, C(CH3)s) ppm.

The NMR data is in agreement with data reported in the literature [325].

N,N’-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"’-tert-tbutoxycarbonyl-5-aminobenzene-1,3-dicarboxamide

(5.8)

OAc
OAc
AcO 3 0 AcO
=z N H/\\\ OAc %N/YH H/Y\IN\M
217 AcO OAc N=N N=N OAc
—_—
NHBoc NHBoc
5.7 5.8

Copper sulphate pentahydrate (60 mg) and sodium ascorbate (120 mg) were added
to a solution of 2.17 (1.267 g, 3.39 mmol, 2.1 equiv.) and 5.7 (0.574 g, 1.62 mmol) in
acetonitrile/H,0 (4 mL/ 2mL). The reaction was allowed to stir at room temperature
for 16 h. The solvent was removed in vacuo. The residue was dissolved in DCM (30
mL), washed with water (20 mL x 3), and dried (MgS04). The mixture was filtered,
and the solvent was removed in vacuo to yield the crude product, which was purified
by silica gel column chromatography (DCM:MeOH 98:2-93:7) to give the pure
product (5.8) as a white solid (1.15 g, 1.04 mmol, 65 %)

1H NMR (500 MHz, DMSO) & 9.65 (s, 1H, NHBoc), 9.00 (t, J = 5.7 Hz, 2H, 2x NHCH,-
triaz), 8.14 (s, 2H, 2x triaz-CH), 8.05 (d, J = 1.2 Hz, 2H, Ar-H), 7.90 (t, J = 1.4 Hz, 1H, Ar-
H), 6.24 (d, J = 9.3 Hz, 2H, H-1), 5.60 (t, 2H, H-2), 5.46 — 5.40 (m, 4H, H-3, H-4), 4.56
(t,J = 7.3 Hz, 2H, H-5), 4.51 (d, J = 5.7 Hz, 4H, 2x CHx-triaz), 4.12 (dd, J = 11.6, 5.0 Hz,
2H, H-6), 4.00 (dd, J = 11.6, 7.3 Hz, 2H, H-6), 2.18 (s, 6H, 2x CH3 of OAc), 1.98 (s, 6H,
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2x CH; of OAc), 1.94 (s, 6H, 2x CH; of OAc), 1.81 (s, 6H, 2x CH; of OAc), 1.48 (s, 9H,
C(CHs)3) ppm.

The NMR data is in agreement with data reported in the literature [325].

N,N’-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-

ylmethylamide)-5-aminobenzene-1,3-dicarboxamide (5.9)

AcO oAc N-N OAc N*
NHBoc
5.8

aco ORC _ 0 o - onQAc aco OAe o o - oaQAc
NH,
5.9
5.8 (0.500 g, 0.453 mmol) was dissolved in DCM (5 mL) and was cooled to 0 °Cin an
ice-bath. TFA (1.5 mL) was added, and the reaction mixture was stirred at rt for 2 h.
DCM (40 mL) was added to the reaction mixture, it was washed with sat. NaHCOs (40
mL) and brine (40 mL), and dried (Na;5S04). The mixture was filtered, and the solvent

was removed in vacuo to yield the product (5.9) which was used without further

purification as a pale-yellow solid (0.443 g, 0.442 mmol, 97 %).

14 NMR (500 MHz, CDCls) & 7.98 (s, 2H, 2x triaz-H), 7.74 (t, J = 5.8 Hz, 2H, 2x NHCH,-
triaz), 7.47 (d, J = 1.3 Hz, 1H, Ar-H), 7.24 (d, J = 1.4 Hz, 2H, Ar-H), 5.95 (d, J = 9.2 Hz,
2H, H-1), 5.57 = 5.50 (m, 4H, H-2, H-4), 5.32 - 5.28 (m, 2H, H-3), 4.74 (dd, J = 15.2, 5.8
Hz, 2H, H-6), 4.60 (dd, J = 15.2, 5.7 Hz, 2H, H-6’), 4.34 — 4.29 (m, 2H, H-5), 4.17 (ddd,
J=27.2,11.5, 6.5 Hz, 4H, 2x CH2-triaz), 4.04 (s, 2H, NH2), 2.23 (s, 6H, 2x CHs of OAc),
2.03 (s, 6H, 2x CH3 of OAc), 2.01 (s, 6H, 2x CH3 of OAc), 1.83 (s, 6H, 2x CH3 of OAc)
ppm.

The NMR data is in agreement with data reported in the literature [325].

216



Chapter 5 Multivalent Platinum(IV) Glycoconjugates

N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"’-(2-acetamido)-pentanoic acid-5-aminobenzene-1,3-

dicarboxamide (5.10)

[e] OAc
C
OAc N N N=y OAc

ENH

OAc N N
HO o

5.9 5.10

5.9 (0.513 g, 0.512 mmol) and succinic anhydride (0.102 g, 1.024 mmol, 2 equiv.) was
dissolved in DCM (15 mL) and stirred at room temperature overnight. The organic
phase was treated with 1M HCI, dried with NaSO, filtered and the DCM was
evaporated in vacuo. The product was isolated as a white solid and used without

further purification (0.457 g, 0.414 mmol, 81%)
Rf= 0.65 (DCM:MeOH 9:1)

'H NMR (500 MHz, DMSO) 6 11.43 (s, 1H, NHCOCH), 9.17 (t, J = 5.6 Hz, 2H, 2x NHCH>-
triaz), 8.22 (s, 2H, Ar-H), 8.16 (s, 1H, 2x CH-triaz), 7.98 (s, 1H, Ar-H), 6.23 (d, J = 9.3
Hz, 2H, H-1), 5.61 (t, J = 9.5 Hz, 2H, H-2), 5.45—5.39 (m, 4H, H-3, H-4), 4.58 — 4.48 (m,
6H, H-5, 2x CHx-triaz), 4.12 (dd, J = 11.6, 5.0 Hz, 2H, H-6), 4.00 (dd, J = 11.6, 7.3 Hz,
2H, H-6’), 2.47 (t, J = 6.4 Hz, 2H, CH2CO0), 2.29 (s, 2H, NHCOCH), 2.17 (s, 6H, 2x CHs of
OAc), 1.97 (s, 6H, 2x CH3 of OAc), 1.93 (s, 6H, 2x CHs of OAc), 1.81 (s, 6H, 2x CH; of

OAc) ppm.

13C NMR (125 MHz, DMSO) 6 176.6 (NHCO), 172.4 (CH,C0), 170.1 (CO of OAc), 170.0
(CO of OAc), 169.5 (CO of OAc), 168.6 (CO of OAc), 166.1 (2x CONHCH,CCH), 145.5
(2x C-triaz), 139.9 (Ar-C), 134.9 (Ar-C), 122.6 (2x CH-triaz), 120.7 (Ar-CH), 120.2 (Ar-
CH), 84.2 (C-1), 73.0 (C-5), 70.6 (C-3), 67.6 (C-2), 67.4 (C-4), 61.6 (C-6), 34.8 (2x CH»-
triaz), 34.1 (CH2CO), 33.2 (NHCOCH,), 20.5 (2x CHs of OAc), 20.4 (2x CHs of OAc), 20.3
(2x CH3 of OAc), 20.1 (2x CH3 of OAc) ppm.

IR(ATR) 1743.22, 1368.10, 1211.41, 1045.48, 905.66 cm™.

HR-MS (+): m/z calcd for CagHssN9O23 + H [M+H]* 1102.3489, found 1102.3477. HR-
MS (+): m/z calcd for CagHssN9O23 + Na* [M+Na]* 1124.3308, found 1124.3295.
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N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"’-(3-oxopropyl-(2,5-dioxypryyolidin-1-yl))-5-aminobenzene-1,3-
dicarboxamide (5.11)

Ac0 OAc Aco A
C!
/Y\ AcO 0Ac
OAc N N N=py
OAc N N
E oM
HO” YO

5.10 5.1

5.10(0.217 g, 0.196 mmol) and NHS (0.027 g, 0.236 mmol, 1.2 equiv.) were dissolved
in DCM (9 mL) under N2 and in a separate flask, EDCI (0.045 g, 0.236 mmol, 1.2 equiv.)
was also dissolved in DCM (3 mL) under N, and added to the solution of 5.10 via
cannula addition. This reaction was allowed to stir overnight. The organic phase was
then treated with 0.1M HCI, and brine, dried with Na2SO4 and filtered. The DCM was
removed in vacuo and the product was isolated as a white solid (0.193 g, 0.178 mmol,

81%).
=0.77 (DCM:MeOH 9:1)

14 NMR (500 MHz, DMSO) 6 9.22 (t, J = 5.7 Hz, 2H, 2x NHCH,-triaz), 8.41 (t, J = 1.5
Hz, 1H, Ar-H), 8.19 (s, 2H, 2x CH-triaz), 7.93 (d, J = 1.5 Hz, 2H, Ar-H), 6.23 (d, J = 9.3
Hz, 2H, H-1), 5.61 (t, J = 9.6 Hz, 2H, H-2), 5.46 — 5.39 (m, 4H, H-3, H-4), 4.57 — 4.50 (m,
6H, H-5, 2x CH;-triaz), 4.12 (dd, J = 11.6, 5.0 Hz, 2H, H-6), 4.00 (dd, J = 11.6, 7.3 Hz,
2H, H-6’), 2.82 (s, 4H, CH2CH3-succ), 2.17 (s, 6H, 2x CH3 of OAc), 1.98 (s, 6H, 2x CH; of
OAc), 1.93 (s, 6H, 2x CH3 of OAc), 1.81 (s, 6H, 2x CH3 of OAc) ppm.

13C NMR (125 MHz, DMSO) & 176.8 (2x CO-succ), 170.1 (CO of OAc), 170.0 (CO of
OAc), 169.5 (CO of OAc), 168.6 (CO of OAc), 165.0 (2x CONHCH,CCH), 145.2 (2x C-
triaz), 135.1 (Ar-C), 133.1 (Ar-C), 129.1 (Ar-CH), 125.8 (Ar-CH), 122.6 (2x CH-triaz),
84.2 (C-1), 73.0 (C-5), 70.5 (C-3), 67.7 (C-2), 67.4 (C-4), 61.6 (C-6), 34.9 (2x CH»-triaz),
28.6 (CH2CHa-succ), 20.5 (2x CH3 of OAc), 20.5 (2x CHs of OAc), 20.4 (2x CHs of OAc),
20.1 (2x CH3 of OAc) ppm.

IR(ATR) 1743.99, 1709.30, 1368.49, 1211.23, 1046.24, 922.75 cm™™.
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HR-MS (+): m/z calcd for CagHs3N9O22 + H [M+H]* 1084.3383, found 1084.3383. HR-
MS (+): m/z calcd for CagHs3N9O22 + Na* [M+Na]* 1106.3203, found 1106.3207.

N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"-(2-bromoacetamido)-5-aminobenzene-1,3-dicarboxamide

(5.16)

Ac! OAc O._NH

J

5.16

o o one Aco OAc o o o OAOAc
OAc OA ~ N Aw
AcO o N, AcO %N\/YH H/Y\N o
N\/\(\H H/Y\N ) AcO OAc N/N N:N OAc
o 0Ac N=N N=p .
NH,
5.9

Br

5.9 (1.04 g, 1.03 mmol) was dissolved in dry DCM (20 mL). NEt3 (0.175 mL, 1.24 mmol)
was added to this solution. Bromoacetyl bromide (0.11 mL, 1.25 mmol) was dissolved
in dry DCM (5 mL) in a separate round-bottom flask. The first solution was added to
the second dropwise via a cannula and the resulting reaction mixture was allowed to
stir for 16 h. The reaction mixture was washed with water (20 mL), HCI (1M, 20 mL),
sat. NaHCOs solution (20 mL), followed by brine (20 mL). The organic phase was dried
(NazS0a4), and the solvent was removed in vacuo to obtain the pure product (5.16)

without further purification as a white solid (0.951 g, 0.846 mmol, 82%).

'H NMR (500 MHz, DMSO) & 10.68 (s, 1H, NHCOCH,Br), 9.11 (t, J = 5.7 Hz, 2H, 2x
NHCH,-triaz), 8.19 (d, J = 1.4 Hz, 2H, Ar-H), 8.17 (s, 2H, 2x CH-triaz), 8.05 (t, J = 1.4 Hz,
1H, Ar-H), 6.24 (d, J = 9.3 Hz, 2H, H-1), 5.61 (t, J = 9.3 Hz, 2H, H-2), 5.48 — 5.38 (m, 4H,
H-3, H-4), 4.60 — 4.47 (m, 6H, 2x CHx-triaz, H-5), 4.12 (dd, J = 11.6, 5.0 Hz, 2H, H-6),
4.06 (s, 2H, CH2-Br), 4.00 (dd, J = 11.6, 7.3 Hz, 2H, H-6’), 2.18 (s, 6H, 2x CH3 of OAc),
1.98 (s, 6H, 2x CHs of OAc), 1.94 (s, 6H, 2x CHs of OAc), 1.81 (s, 6H, 2x CHs of OAc)

The NMR data is in agreement with data reported in the literature [325].
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N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"-(2-azidoacetamido)-5-aminobenzene-1,3-dicarboxamide

(5.17)

Aco OAC o o oaAc aco OAC o o oaQAc
O, AcO AcO
A e Le ], NN NN Lo
AcO oAc N=N N=y OAc AcO 0Ac N=N N=N OAc
oj/NH ., Oj/NH
Br Ny
5.16 517

5.16 (0.970 g, 0.8638 mmol) and NaN3 (0.112 g, 1.727 mmol, 2equiv.) were purged
with Nz in a rbf and dissolved in anhydrous DMF (20 mL). The solution was refluxed
at 80°C overnight and the solvent was removed in vacuo. The resulting redisue was
redissolved in DCM (20 mL) and washed with Brine (20 mL x 3). The organic phase
was dried with Na S04, and the solvent was evaporated to yield the yellow solid

product which was reacted without further purification (0.688 g, 0.634 mmol, 73%).

14 NMR (500 MHz, DMSO) & 10.49 (s, 1H, NHCOCH,Ns), 9.12 (t, J = 5.7 Hz, 2H, 2x
NHCH,-triaz), 8.21 (d, J = 1.4 Hz, 2H, Ar-H), 8.18 (s, 2H, 2x CH-triaz), 8.06 (d, J = 1.3
Hz, 1H, Ar-H), 6.25 (d, J = 9.3 Hz, 2H, H-1), 5.61 (t, J = 9.8 Hz, 2H, H-2), 5.46 — 5.39 (m,
4H, H-3, H-4), 4.58 — 4.50 (m, 6H, 2x CH»-triaz, H-5), 4.12 (dd, J = 11.6, 5.0 Hz, 2H, H-
6),4.08 (s, 2H, CH»-N3), 4.00 (dd, J=11.6, 7.4 Hz, 2H, H-6"), 2.18 (s, 6H, 2x CH3 of OAc),
1.98 (s, 6H, 2x CHs of OAc), 1.94 (s, 6H, 2x CH3 of OAc), 1.81 (s, 6H, 2x CH3 of OAc)

The NMR data is in agreement with data reported in the literature [325].
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N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"’-(2-acetamido-1,2,3-triazol-4-yl)-propanoic acid-5-

aminobenzene-1,3-dicarboxamide (5.18)

Aco OAC o o oadAc
O, AcO
0 o one A uﬁﬂ.ﬁ\i
Aco OAc o OA AcO oAc NN N=y OAc
AcO
%NM” N/Y\Nm 0. _NH
N=y’ OAc

AcO oAc NN

e

Oj/NH N N
N

3

5.17 5.18

5.17 (0.5 g, 0.46 mmol) and 4-pentynoic acid (0.067 g, 0.691 mmol, 1.5 equiv.) were
dissolved in equal volumes of ACN, t-BuOH, and H;0 (8:8:8 mL). CuSO4-5H,0 (0.200
g) and sodium ascorbate (0.260 g) were added to the solution, and all were stirred at
room temperature for 16 h. The solvent was evaporated, and the residue was
redissolved in DCM, washed with brine, dried with Na;SO4 and concentrated in
vacuo. The crude product was purified using flash chromatography (9:1 DCM:MeOH)
to yield the product as a white solid. (0.245 g, 0.207 mmol, 45%)

Rr=0.22 (9:1 DCM:MeOH)

1H NMR (500 MHz, DMSO) & 10.96 (s, 1H, NHCOCH,-triaz), 9.16 (t, J = 5.5 Hz, 2H, 2x
NHCH;-triaz), 8.22 (s, 2H, 2x Ar-H), 8.17 (s, 2H, 2x CH-triaz), 8.12 (s, 1H, Ar-H), 7.86 (s,
1H, CH-triaz), 6.24 (d, J = 9.3 Hz, 2H, H-1), 5.60 (t, J = 9.6 Hz, 2H, H-2), 5.45 — 5.39 (m,
4H, H-3, H-4), 5.31 (s, 2H, NHCOCH-triaz), 4.58 — 4.49 (m, 6H, H-5, 2x CHx-triaz), 4.11
(dd,J=11.6, 5.0 Hz, 2H, H-6), 3.99 (dd, /= 11.6, 7.3 Hz, 2H, H-6’), 2.86 (s, 2H, CH,CO),
2.40 (s, 2H, triaz-CH.), 2.17 (s, 6H, 2x CHs of OAc), 1.97 (s, 6H, 2x CH3 of OAc), 1.93 (s,
6H, 2x CH3 of OAc), 1.80 (s, 6H, 2x CH3 of OAc) ppm.

13C NMR (125 MHz, DMSO) & 175.4 (C0), 170.0 (CO of OAc), 169.9 (CO of OAc), 169.4
(CO of OAC), 168.5 (CO of OAc), 165.6 (CONHCH.-triaz), 164.7 (NHCOCH,-triaz), 145.3
(2x C-triaz), 138.6 (Ar-C), 135.1 (Ar-C), 123.3 (CH-triaz), 122.4 (2x CH-triaz), 121.2 (Ar-
CH), 121.1 (Ar-CH), 84.1 (C-1), 72.9 (C-5), 70.4 (C-3), 67.6 (C-2), 67.3 (C-4), 61.5 (C-6),
52.1 (NHCOCH;-triaz), 34.7 (2x CHz-triaz), 27.5 (CH3), 24.7 (CH3), 20.4 (2x CHs of OAc),
20.4 (2x CHs of OAc), 20.3 (2x CH3 of OAc), 20.0 (2x CHs of OAc) ppm.
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IR(ATR) 1744.06, 1651.74, 1538.48, 1368.01, 1211.40, 1048.83, 922.71 cm™.

HR-MS (+): m/z calcd for CagHsgN12023 + HY [M+H]* 1183.3816, found 1183.3804. HR-
MS (+): m/z calcd for CagHssN12023 + Na* [M+Na]* 1205.3635, found 1205.3609.

N,N'-di-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N"’-((2-acetamido-1,2,3-triazol-4-yl)-(3-oxopropyl-(oxy(2,5-
dioxypryyolidin-1-yl))))-5-aminobenzene-1,3-dicarboxamide (5.19)

oAc o o onQAC
OAc o Q ondhe gt O ~ N N AcO
AcO o o N \/\ﬁ N N /Y\N o
%N&(\ﬁ H/T\N S AcO oAc NN N=N OAc
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AcO oAc N=N

O _NH
0. _NH j/
j/ N.

NN
N. — -
NN
5 0
o [o]
o h
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5.18 5.19

5.18 (0.1 g, 0.0845 mmol) and TSTU (0.03 g, 0.101 mmol, 1.2 equiv.) were dissolved
in DMF (5 mL) under N2. NEts (0.014 mL, 0.101 mmol, 1.2 equiv.) was added and the
solution was stirred overnight. DCM (100 mL) was added and treated with cold water
(100 mL x 2), the organic phase was then dried with NaSO, filtered and the DCM
was evaporated in vacuo. The final product was obtained as a brown solid and used

without further purification. (0.087 g, 0.067 mmol, 81%).
Rf= 0.35(9:1 DCM:MeOH)

14 NMR (500 MHz, DMSO) & 10.76 (s, 1H, NHCOCH.-triaz), 9.09 (t, J = 5.7 Hz, 2H, 2x
NHCH,-triaz), 8.19 (d, J = 1.3 Hz, 2H, Ar-H), 8.15 (s, 2H, 2x CH-triaz), 8.06 (s, 1H, Ar-
H), 7.95 (s, 1H, CH-triaz), 6.23 (d, J = 9.3 Hz, 2H, H-1), 5.60 (t, J = 9.6 Hz, 2H, H-2), 5.42
(dt, J = 6.0, 3.5 Hz, 4H, H-3, H-4), 5.32 (s, 2H, NHCOCH,-triaz), 4.57 — 4.51 (m, 6H, H-
5, 2x CHx-triaz), 4.11 (dd, J = 11.6, 5.0 Hz, 2H, H-6), 4.00 (dd, J = 11.6, 7.3 Hz, 2H, H-
6'), 3.08 (dd, J = 11.0, 4.1 Hz, 2H, CH,CO), 3.04 — 3.00 (m, 2H, triaz-CHz), 2.81 (s, 4H,
CH>CHz-succ), 2.17 (s, 6H, 2x CH3 of OAc), 1.97 (s, 6H, 2x CHs of OAc), 1.93 (s, 6H, 2x
CH3 of OAc), 1.80 (s, 6H, 2x CH3 of OAc) ppm.
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13C NMR (125 MHz, DMSO) & 170.2 (CONCO-succ), 170.0 (CO of OAc), 169.9 (CO of
OAc), 169.5 (CO of OAc), 168.5 (CO of OAc), 168.3 (CO-succ), 165.6 (CONHCH,-triaz),
164.6 (NHCOCH,), 145.3 (2x C-triaz), 144.3 (C-triaz), 138.5 (Ar-C), 135.1 (Ar-C), 124.0
(CH-triaz), 122.4 (2x CH-triaz), 121.3 (Ar-CH), 121.1 (Ar-CH), 84.1 (C-1), 72.9 (C-5),
70.5 (C-3), 67.6 (C-2), 67.3 (C-4), 61.5 (C-6), 52.2 (NHCOCH.-triaz), 34.7 (2x CHa-triaz),
29.8 (CH2CO), 25.4 (CH2CH3-succ), 20.5 (2x CH3 of OAc), 20.4 (2x CHs of OAc), 20.3 (2x
CHs of OAc), 20.2 (triaz-CHy), 20.0 (2x CH3 of OAc) ppm.

IR (ATR) 3298.31, 2936.07,1736.84, 1655.92, 1368.49, 1210.43, 1048.45, 922.32 cm"

1

HR-MS (+): m/z calcd for C53H51N13025 + H* [|V|+H]+ 1280.3980, found 1280.3960. HR-
MS (+): m/z calcd for Cs3sHe1N13025 + Na* [M+Na]* 1302.3799, found 1302.3777.

N,N'-di-(B-D-galactopyranosyl-1,2,3-triazol-4-ylmethylamide)-N"’-(2-acetamido-
1,2,3-triazol-4-yl)-propanoic acid-5-aminobenzene-1,3-dicarboxamide (5.20)

H
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5.18 5.20

5.18 (0.503 g, 0.425 mmol) was dissolved in MeOH (5 mL) and H,0 (3 mL). NEts (0.3
mL) was added, and the solution was stirred at 45°C overnight. The MeOH was then
evaporated and amberlite H* was added to the solution, which was stirred at room
temperature for 40 minutes. The amberlite was filtered and the remaining water was

removed by lyophilisation. The product was recovered as a white solid and was used

without further purification. (0.355 g, 0.419 mmol, 99%).

1H NMR (500 MHz, D,0) 6 8.21 (s, 2H, 2x CH-triaz), 7.96 (s, 2H, Ar-H), 7.89 (s, 1H, Ar-
H), 7.85 (s, 1H, CH-triaz), 5.65 (d, J = 9.2 Hz, 2H, H-1), 5.37 (s, 2H, NHCOCH-triaz),
4.65 (s, 4H, 2x CHa-triaz), 4.18 (t, J = 9.5 Hz, 2H, H-2), 4.06 (d, J = 3.0 Hz, 2H, H-4), 3.97
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(t,J = 6.1 Hz, 2H, H-5), 3.85 (dd, J = 9.8, 3.3 Hz, 2H, H-3), 3.75 (d, J = 6.1 Hz, 4H, H-6,
H-6'), 2.98 (t, J = 7.2 Hz, 2H, triaz-CH.), 2.74 (t, J = 7.2 Hz, 2H, CH2CO) ppm.

13C NMR (125 MHz, D20) 6 177.0 (CO), 168.6 (2x CONHCH,-triaz), 166.3 (NHCOCH,-
triaz), 146.3 (C-triaz), 144.8 (2x C-triaz), 137.5 (Ar-C), 134.7 (Ar-C), 124.9 (CH-triaz),
122.9 (2x CH-triaz), 122.5 (Ar-CH), 122.4 (Ar-CH), 88.1 (C-1), 78.3 (C-5), 72.9 (C-3),
69.7 (C-2), 68.5 (C-4), 60.8 (C-6), 52.4 (NHCOCH,-triaz), 35.1 (2x CH-triaz), 32.9
(CH,CO), 20.1 (triaz-CH;) ppm.

IR(ATR) 3261.88, 1641.32, 1541.50, 1219.11, 1091.17, 1053.88, 890.30 cm™.

HR-MS (-): m/z calcd for Cs3Ha2N1015 - HY [|\/|-H]+ 845.2814, found 845.2815.

N,N'-di-(B-D-galactopyranosyl-1,2,3-triazol-4-ylmethylamide)-N"’-((2-acetamido-
1,2,3-triazol-4-yl)-(3-oxopropyl-(oxy(2,5-dioxypryyolidin-1-yl))))-5-aminobenzene-
1,3-dicarboxamide (5.21)

oH o o onOH
OH 0 a on9H " 0 ~r N N HO
HO o Ho NTH H/T\N )
x = =N
HO oH N-N N=p OH 0. _NH

0._NH j/

j'/ N-n
N- . N_
NN
o
o o  °
o
5.20 521

5.20 (0.1 g, 0.118 mmol) and TSTU (0.039 g, 0.129 mmol, 1.1 equiv.) were dissolved
in DMF (10 mL) under N2. NEt3 (0.017 mL, 0.129 mmol, 1.1 equiv.) was added and the
solution was allowed to stir at room temperature for 20 minutes. The DMF was
evaporated in vacuo and the product was precipitated using DCM and washed with
diethyl ether. The light brown product was dried using a schlenk line and used

without further purification. (0.084 g, 0.088 mmol, 76%)
Rf= 0.47 (60:35:5 DCM:MeOH:H,0)
14 NMR (500 MHz, DMSO) & 10.79 (s, 1H, NHCOCH,-triaz), 9.12 (t, J = 5.6 Hz, 2H, 2x

NHCHa-triaz), 8.21 (s, 2H, Ar-H), 8.10 (s, 1H, Ar-H), 8.07 (s, 2H, 2x CH-triaz), 7.97 (s,
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1H, CH-triaz), 5.46 (d, J=9.2 Hz, 2H, H-1), 5.32 (s, 2H, NHCOCH-triaz), 5.20 (d, J=5.9
Hz, 2H, OH of C-2), 4.99 (d, J = 5.3 Hz, 2H, OH of C-3), 4.69 (t, J = 5.3 Hz, 2H, OH of C-
6), 4.63 (d, J = 5.5 Hz, 2H, OH of C-4), 4.58 — 4.48 (m, 4H, 2x CHa-triaz), 3.99 (td, J =
9.2, 5.8 Hz, 2H, H-2), 3.74 (s, 2H, H-4), 3.68 (t, J = 6.1 Hz, 2H, H-5), 3.54 — 3.43 (m, 6H,
H-3, H-6, H-6’), 3.08 (dd, J = 10.9, 4.0 Hz, 2H, CH,CO), 3.04 —3.00 (m, 2H, triaz-CH>),
2.81 (s, 4H, CH>CH;-succ) ppm.

13C NMR (125 MHz, DMSO) & 170.2 (CONCO-succ), 168.3 (CO-succ), 165.6 (2x
CONHCH;-triaz), 164.6 (NHCOCH,-triaz), 144.9 (2x C-triaz), 144.3 (C-triaz), 138.6 (Ar-
0), 135.1 (Ar-C), 124.0 (CH-triaz), 121.7 (2x CH-triaz), 121.18 (Ar-CH), 121.16 (Ar-CH),
88.0 (C-1), 78.4 (C-5), 73.7 (C-3), 69.4 (C-2), 68.5 (C-4), 60.4 (C-6), 52.2 (NHCOCH>-
triaz), 35.0 (2x CH;-triaz), 29.8 (CH,CO), 25.5 (CH2CH»-succ), 20.3 (triaz-CH3).

IR(ATR) 3323.40, 1731.87, 1647.83, 1541.47, 1212.10, 1091.07, 1061.64, 891.89 cm"

1

HR-MS (+): m/z calcd for C37HasN13017 + HY [M+H]* 944.3135, found 944.3128. HR-
MS (+): m/z calcd for C37Ha5N13017 + Na* [M+Na]* 966.2954, found 966.2947.
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6.1 Conclusion

The aim of the research described in this thesis was to develop novel glycosylated
Pt(IV) pro-drugs using CUAAC “click” chemistry and to evaluate their potential as
anticancer agents. As cancer cells overexpress the GLUTs receptors to increase the
glucose uptake for ATP production (Warburg Effect), a series of glyco-functionalised
Pt(IV) pro-drugs were developed with the aim to enhance the selectivity for tumoral

tissues with respect to healthy cells.

In Chapter 2, four novel mono-functionalised Pt[IV]-glycosides based on the cisplatin
scaffold were synthesised and fully characterised. The sugar moiety and the metal
centre are connected through a triazole linker via ‘CuAAC’ click chemistry, which is
used due to its versatility, mild reaction conditions and the triazoles ability to act as
a bioisostere for amide bonds. The complexes were screened against a panel of
different OS cell lines and showed very promising activity when compared to the
reference cisplatin. The complexes were also particularly active towards CSCs (Cance
Stem Cells) with the most promising activity shown by Complex 4, a galactose
derivative. This preliminary study displayed that functionalisation with the sugar
ligands, improved the anticancer activity as well as the drug internalisation compared
to cisplatin (demonstrated by the uptake experiments in CSCs). The increased activity
could be due to the protected acetyl sugar ligands, leading to an increase in
lipophilicity and a higher cellular accumulation. This could mean that these
acetylated complexes are internalised into the cell by passive diffusion rather than

via the GLUTSs transporters.

Based on the results obtained, in Chapter 3 we synthesised the deprotected
derivatives of these complexes. The complexes were tested on a panel of two 2D and
3D OS cell lines as well as on healthy OS cell. All the complexes showed very
promising activity, comparable to the reference cisplatin, demonstrating that the
presence of a monosaccharide does not hamper the anticancer effect. Notably, the
complexes are much less active against the healthy line, showing a promising
selectivity for these OS cell lines, with respect to cisplatin. The complexes were also

particularly active on the 3D model, a more reliable system compared to 2D, with the
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most promising activity shown by complexes 2 and 4 with galactose substituents.
While the role of the free sugars as targeting vectors is not completely confirmed yet,
the selectivity showed in 2D studies is a solid base to hypothesise that the
carbohydrate moieties play an important role in targeted therapies. More specific
biological studies should be conducted, but this selectivity was indeed not observed
in the protected-Pt(IV) analogues reported in Chapter 2. While all the complexes
showed very promising activity, the discrimination between the two linkers is not

evident.

In Chapter 4, to improve the overall potency of our complexes, we functionalised the
sugar at the C2 position. This had been previously shown to greatly increase cellular
uptake in comparison to the other positions on the hexose ring [135]. In this series
of complexes, the sugar targeting vector is linked to the platinum core at the C2
position always via CuAAC “click” chemistry. This series of Pt(IV) complexes
contained both protected and deprotected sugar moieties, whose function was to
improve drug selectivity, cellular uptake and cytotoxicity. This is the first time in
literature that these kind of C2 glycol-conjugated Pt(IV) prodrugs containing
carbohydrates conjugated at this C2 position have been reported. The complexes
were tested against a panel of OS cells, a triple negative breast cancer cell line and a
glioblastoma cell line, and they showed excellent activity in comparison to cisplatin.
These complexes were particularly effective against OS cell lines, U-2 OS and MG63;
and the triple negative breast cancer cell line, MDA-MB-468. In comparison to the
complexes synthesised in previous chapters, it seems that the C2 functionalised
sugars were more effective targeting vectors than the carbohydrates modified in the
anomeric C1 position, in line with what was reported by Patra et al. [135]. While the
results of the MTT assays show good cytotoxic activity from complexes 1 — 4, it is
important to note that healthy cell lines were not used yet in these assays and for
the moment the selectivity of these drugs for cancer cells has not been assessed. At
the time of writing, no cellular uptake or GLUT inhibition experiments have been

conducted either, but all these studies are planned.

In addition to our original cellular target of glucose transporters, we attempted to

synthesise two novel, multivalent glycoconjugated Pt(IV) pro-drugs (Chapter 5) for
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the treatment of hepatocellular carcinoma (HCC). HCC is a primary liver cancer which
overexpresses the asialoglycoprotein receptor (ASGPR), a lectin selective for
galactose which is primarily found on cancer cells and to a lesser extent in healthy
cells. Our goal was to synthesise both the acetylated and free divalent galactose
derivatives of this complex, to see if the presence of the galactose moieties would
increase the cellular uptake through multivalent interaction with the ASGPR lectin.
Unfortunately, we were unable to synthesise these complexes in high purity and the
conditions we have attempted have left us with the opinion that steric bulk
associated with the divalent galactose ligand, hampers its reactivity with the axial
hydroxyl group of oxoplatin. To overcome this issue, we recommend the use of a
longer linker joining the platinum centre and the galactosylated ligand, possibly

through the use of a polyethylene glycol-based linkage.

Future prospects for this research include conducting a more detailed uptake study,
both to determine which of the discussed complexes are more preferentially taken
into the cells; and also, to determine if drug uptake is facilitated by GLUTs, through
the use of GLUT inhibition assays. Other than this, analysing these drugs against
different cell lines might show superior activity when compared to the osteosarcoma
cell lines that have been tested thus far. For instance, other platinum glycoconjugates
have been tested against prostate and cervical cancer cell lines and have shown

promising activity [91,135].

Other than biological tests, platinum scaffolds different to cisplatin could be
employed (carboplatin/oxaliplatin) to take advantage of their different redox
potentials and modes of activity. Platinum in the +2 oxidation state could also be
used. For example, taking an oxaliplatin scaffold and functionalizing the bidentate
dicarboxylic acid ligand with an azide or alkyne would provide a route to link a
suitable carbohydrate moiety to the ligand. When coupled to oxaliplatin, this ligand

can target cancer cells and is then hydrolysed to activate its anticancer activity.

Finally, mannose, a C2 epimer of glucose could be functionalised in the axial C2
position rather than equatorial to compare the activity of our complexes synthesised

in Chapter 4. As discussed previously, the C2 position does not take part in the

229



Chapter 6 Conclusion

binding of carbohydrates in the GLUT binding site, making it a suitable sugar for

glycoconjugation to Pt anticancer drugs.
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Biological Figures
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Figure 1S. 2D in vitro screening of complexes 1-4 on MG63 cell line by MTT assay and ICso
(M) values. Dose-response curves used to generate ICso (LM) for complexes 1 (a), 2 (b), 3
(c) and 4 (d), and for cisplatin (e) inhibitor activity on cell viability of MG63 cell line. The
Log[concentration] in uM and the normalised response (%) of survival fraction of cells are
reported on X and Y asses, respectively. For each complex, the curve interpolation with 50%
survival cells is highlighted in Y dotted line and correspond to its LoglCso. A comparison of all
dose-response curves is reported (f).

(a) complex1 (b) Complex 2 (c) Complex3 (d) Complex 4

:,:150‘ E‘W' ;:150 E"EU
5 5 5 H
E 2 2 E
g 100 g 100 } g 100 } g 00

i i 24
£ £ £ £
£ s0 £ s0 Z 50 Z s
s s s :

3 3 3

3 —t & —— S et}

45 00 0§ 10 15 20 25 05 00 05 10 15 20 26 05 00 05 10 16 20 25 05 00 0§ 10 15 20 25

Log[cone (M) Loglconc (uM)] Loglconc (:M)] Log(cone (1M)]
(e) cisplatin (f) 1Cs

- 180
3150 E‘ 0
5 M Complex 1
2 3 — Complax 2 @
= 100 2 4004 — Complex3
g g — Complex 4
& 8 — Cisplatin
£ £
2 80+ o o 50
£ £
= 3
> <
3 . 3

0.5 0.0 05 1.0 15 20 2 0.5 0.0 05 10 15 20 25
Loglconc ()] Log[conc (M)

Figure 2S. 2D in vitro screening of complexes 1-4 on SAOS-2 cell line by MTT assay and ICso
(M) values. Dose-response curves used to generate ICso (LM) for complexes 1 (a), 2 (b), 3
(c) and 4 (d), and for cisplatin (e) inhibitor activity on cell viability of SAOS-2 cell line. The
Log[concentration] in uM and the normalised response (%) of survival fraction of cells are
reported on X and Y asses, respectively. For each complex, the curve interpolation with 50%
survival cells is highlighted in Y dotted line and correspond to its LoglCse. A comparison of all
dose-response curves is reported (f).
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Figure 3S. 2D in vitro screening of complexes 1-4 on hFOBs cell line by MTT assay and ICso
(1M) values. Dose-response curves used to generate ICso (UM) for complexes 1 (a), 2 (b), 3
(c) and 4 (d), and for cisplatin (e) inhibitor activity on cell viability of hFOBs cell line. The
Log[concentration] in uM and the normalised response (%) of survival fraction of cells are
reported on X and Y asses, respectively. For each complex, the curve interpolation with 50%
survival cells is highlighted in Y dotted line and correspond to its LoglCso. A comparison of all
dose-response curves is reported (f).

Complex 1 Complex 2 Complex 3 Complex 4 Cisplatin

Cells only

C

Figure 4S. Actin and DAPI staining of 2D in vitro screening of complexes 1-4. The cell
morphology evaluation of MG63 (A — F), SAOS-2 (G — N) and hFOBs (O —T) cell lines cultured
with complexes 1-4 and cisplatin are reported in the figure. For SAOS-2 and hFOBs 30 uM
concentration was selected for the analysis, while 60 uM is reported for MG63 cells. F-actin

filaments in Phalloidin (Green) and cell nuclei in DAPI (Blue). Scale bars 200 um.
Complex 1 Complex 2 Complex 3 Complex 4 Cisplatin 3D cells only

Figure 5S. Actin and DAPI staining of in vitro 3D OS model. Cell morphology evaluation 3D
OS model of MG63 cells after 72 hours in the presence of Complex 1 (a;g), 2 (b;h), 3 (c;i), 4
(d;1) and cisplatin (e;m), and without any drug (f). F-Actin filaments in green (FITC) and cell
nuclei in blue (DAPI). Scale bars 50 um.
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Figure 6S. Anti-cancerous effect of cisplatin on 3D OS model versus 2D cell culture. Cell
viability evaluation at day 1, 4 and 7 of culture by MTT assay. Data are reported in the graph
as percentage (%) mean + standard deviation. Significant differences of cisplatin cytotoxicity
between different cell culture systems are reported in the graph at each time point ****p
value £ 0.0001.
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NMR spectra of 4.17
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NMR spectra of Complex 1
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NMR spectra of Complex 2
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NMR spectra of Complex 3
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NMR spectra of Complex 4
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Reduction study

T-72Hr

T=48 Hr

T=24 Hr

T=240mins

T-180 mins L o M

T=120 miﬂSJL l | M
T=60minSJﬁL 1 ] L Mo

T=42 mins _j:nl‘\__ 1 Nl A |
T=35 mins Jﬂk ! Ml S
T:28mins__jﬂlk | _.JJL___,_,..;_;_,.__/J“\._’,..J

T=21mins JﬂL \ M. . ‘I
T=14 mins _Jlﬂl‘\_, \ LMM_J”'V A
T=7 mins _J I‘\_n . V. MM

T=0 mins N L

4.20 FINY,

T T T T T T
125 120 11,5 110 105 100 95 90 &5 80 75 70 65 60 55 50 45 40 35 30 25 20

T T T T T T T T T T T T T T T T T
1.5 1.0 05 00 -0.5

f1 (ppm)

Complex 3: H-NMR spectra of the Complex 3 with addition of 10 eq. of ascorbic acid. NMR
spectra were collected every 7minutes for 60 minutes and then every hour for 3 hours and
finally left to reduce for 3 days.

T=24Hr

T=120mins

T=60 mins

T=42 mins

T=35 mins

T=28 mins

T=21 mins

T=14 mins

T=7 mins

PR RFEEREE

T=0 mins

4.22

T
12.0 115 110 105 100 95 9.0

65 60 55
f1 (ppm}

Complex 4: *H-NMR spectra of the Complex 4 with addition of 10 eq. of ascorbic acid. NMR
spectra were collected every 7minutes for 60 minutes and then every hour for 2 hours and
finally left to reduce for 1 day.

342



Appendix

Chapter 5
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NMR spectra of 5.19
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The selactivity vs. cancer cels has always been a major challange for chemotherapeutic
agents and In particular for cisplatin, one of tha most important anticancer drugs for the
treatment of saveral types of tumors. One strategy to overtake this challenge is to modify
the coordination spheare of the metallic canter with specific vactors whose receptors are

OPEN ACCESS  overexprassed in the tumoral cell membrane, such as monosaccharides. In this papar, we
o report the synthesis of four novel glyco-modified PH{IV) pro-drugs, based on cisplatin
Mawo m scaffold, and ther biological activity against osteosarcoma (OS), a malignant tumor
Unwersta dol Femonte Crentai tay - affecting in particular adolescents and young adults. The sugar molety and the Pt
Reviewed by:  scaffold are inked exploiting the Copper Azide Alkyne Cycloaddition (CUAAC) reaction,
N ;,“‘:sm “  \uhich has become the flagship of click chemistry due to its versatility and mild conditions.
Sngaporw  Cytotoxicity and drug uptake on three different OS cell ines as well as CSCs (Cancer Stem
YoofengHa. Cofl) are describad.
East Crwm Universty of Soience and
Technabgy, Cana PHIV) ugs, sugars, cancer stem oells, click chemistry
*Carrespondence:
mancavoes INTRODUCTION
monica.mondesstoc.orv £
frinciad Vol=co Tomps— Despite the large success of cisplatin and of the second generation Pt(ll) anticancer drugs
IiidisscClomEsiTAR (valilplatin and carboplatin) for the of tumors, several drawbacks and side effects are
ey 290 M Jimiting their use (Figure 14) (Johnstone et 2L, 2013). The main concern is the fack of selectivity of
Pt(11) based drugs, and in the last 2 decades a large interest has grown in the development of selective
Speciatty section: targeted metal-based anticancer drugs (Jung and Lippard, 2007).
T articls was submaied © A very promising strategy that has been successfully adopted is the use of carbohydrates, such as
Mediona! and Pharmacoutical glucose and galactose, as targeting vectors, exploiting the Warburg effect (Koppenol et al, 2011; Wu
Chamisty, et al, 2016). Tumoral tissues require a higher demand of numenls such as sugars, to maintain the
@ secton of the jounsd fast proliferation rate, and many cancer cells are ucose p s (Jang et al,
Frootiers in Chamisty 3013). Several metal-based complexes have been modified with carbohydrates with the aim to
Received: 1% October 2021 Increase selectivity versus cancer cells, including platinum, palladi gold, rutheni copper,
Accepted: 08 November 2021 cobalt, and tin (Pettenuzzo et al. 2016). Many glyco-modified Pl(ll) complexes are reported (Kenny
Publishod: 07 Docomber 2021 1y Marmion, 2019) but the literature on Pt(IV) functionalized with sugars mainly refers to the
ting works reported by Wang et al. (Ma et al, 2016; 2017a; 2017b, 2018). P(IV) complexes

Moyrthan E, Bassi G, Rutini A
Panseri S, Montesi M,
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Drugs for Traxdmant of Ostoosarcoma.
Front. Cham. 5795897
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show several advantages with respect to Pt(II) counterparts, being more stable and less prone to
substitution reactions (Harper et al, 2010). Pt(IV) species are also called pro-drugs because they
must be activated by intracellular reduction with the release of the Pt(Il) scaffold and the axial ligands
(Harper et al. 2010), and dual-action Pt(IV) pro-drugs are obtained when the axial positions are
occupied by another relevant biological molecule (another drug, an enzyme inhibitor, a vector, etc)
(Neumann et al., 2014; Ma et al, 2015; Wexselblatt et al., 2015; Gibson, 2016; Lee et al., 2018; Lo Re

355




Appendix

HyN_ CI HiN 0o o
G O UL
HN ol HNT O N a
cisplatin carboplatin oxaliplatin
8 OAc
AcO Q
o AcO -
‘{‘--..__..--—"'O Ac
A{:O-;"_,.‘—-_:L___.. linker
Hy I acelylated glucose
HJ 1
AcO OAC
9]
linker: Pﬂ o ':'5" AcO - -
t __,M\,)‘-- “"D‘/\"-"N\}"‘

acetylated galactose
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Pfiv) complesns based on cisplatin scaficd and funcionalsed with acetylted plucose and gaboioss

et al., 2018; Montagner el

1., 2018; Petruzzella ef 2

et al, 2018; Almotairy et al, 2020; Gabano et
work, we present a facile synthesis of mono glyco-functionalised
PHIV) complexes based on cisplatin scaffold and their bological
applications against ostessarcoma cell lines. Osteosarcoma (05)
b the main primary bone malignant entity affecting adolescents
and young adults, and it is an aggressive tumor with a tendency to
metastasize and invade para-carcinoma tissues (Heymann et al,
20119}, The primary treatment for this tumor s a combination of
surgery and chemotherapy but unfortunately, the prognosis
remains poor due to chemoresistance and early metastasis
(Han et al, 2019). The absence of specific and targeted
strategies for the treatment of O8 increased the scientific
interest i designing and synthesizing new drugs able to
selective target OF cancer cells. Cisplatin s a standard drug
for osteosarcoma therapy but the effectiveness of the therapy
is often limited by the chemaresistance and the absence of drug
specificity (Ll et al, 2018). As most of the tumoral kssues, also O35
cancer cells exhibit increased glycolytic activity and accumulate
greater quantities of sugars, compared to normal tissues
(Cifuentes et al, 2011; Cura and Carruthers. 2012 Ogawa
et al, 2021). It has been shown that the overexpression of
sugar receptors in OS5 s predominantly assockated with the
likelihood of metastazis and poor patient prognosis (Medina
and Owen, JW2).

For the first time, the carbohydrates and the platinum
scaffold are linked. exploiting the Copper Azide Alkyne
Cycloaddition (CUAAC) reaction, which has become the
flagship of click chemistry. Click chemistry is becoming a
very promising and emerging tool in synthetic medicinal
chemistry because its versatility and mild conditions allow
the conjugation of a plethora of functional groups (Pathak
et al., 2014; Wirth et al, 2015; Lauria et al, 2020). Triazole
linkers are very attractive biolsosteres that can often replace the
amide bonds with increased metabolic stability (Valverd al.,
2013; Bonandi et al. 2017; Farrer and Griffith, 1.
Modification of the axial positions of a Pi(IV) scaffold with
targeting vectors can be achieved using several synthetic
strategies (reaction between the free carbooylic acld and
oxoplatin in the presence of a coupling reagent, or reaction
of an activated acyl chloride with oxoplatin) but ofien the final
Pt{IV) compound requires purification (Zhang et al.. 2013). In
this paper, we will show how CUAAC chemisiry can be used as a
tool to link targeting carbohydrates to a Pt scaffold. We report
the asyntheses and characterization of four novel PuIV)
complexes based on  cisplatin and  functionalized  with
acetylated glucose and galactose. Acerylated carbohydrate
derivatives have been often found to have higher anti-cancer
activity than their deprotected counterparts, likely due to an
increase in lpophilicity that facilitates diffusion through cell
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membranes (Morris et al.. 2011; Upadhyaya et al, 2016; Wang
etal., 2018). In addition, we investigated the effect of the linker
connecting these structural moleties by the formation of
anomeric N-telazolyl or O-ethylene glycosides (Figure 1B).
Anomeric trizzoles can offer additional sites of interaction
for glucose transporters and hence enhance the activity of
these types of derivatives compared to  conventiomal
Blycosides (Brito et al, 202 Ottoni et al, 2020). The
anticancer activity and the cellular uptake of the complexes
have been tested against three different osteosarcoma cell lines
and in a model of enriched-cancer stem cells, in order to
compare i vitre the effectiveness with standard cisplatin,

EXPERIMENTAL

Materials and Methods

All reagents and resctants (5 and &) were purchased from
commercial sources. The two sources used were Sigma- Abdrich
amd Fluorochem. All solvents were used without further
purification. Cisplatin  and oxoplatin  were synthesized as
previously reported (Dhara, 1970; Brandon and Dabrowiak,
1944).

The elemental analysis studies (carbon, hydrogen, and
nitrogen) were performed by means of a PerkinElmer 2400
series I amalyzer. ESI Mass Spectra were recorded with a
Waters LCT Premier XE Spectrometer. NMR: 'H, “C. and
Pt NMR spectra were obtained in a solution of CDCls or
DMSO-dy at 300K, in 5-mm sample tubes. with a Bruker
Advance 500 MHz spectrometer (operating at 500,13, 12575,
and 107.49 MHz, respectively). The 'H and "*C chemical shift
was referenced to the residual impurity of the solvent. The
external referemce wias NaaPtCl in D60 (adjusted to § =
—1628ppm from Na.PrCL) for Pt The stability was
followed using high-performance liquid chromatography
(HPLC) with a Phenomenex Luna C18 (5 pM, 100 A, 250 mm
® 460 mm Ld) column at room temperature at a flow rate of
L0 mlimin with 254 nm UV detection. Mobile phase containing
Bl:20 scetonitrile (01% trifluorcacetic acid): water (0.1%
trifluorcacetic acid): the complexes were dissolved in DMSO
(05 ml) and diluted to a final concentration of 0.5 mM using
acetonitrile  and  water solution  (1/1) and 2mM  4-(2-
hydroxyethyl)piperazine- 1-ethanesulfonic acid (HEPES) buffer
(pH 6.8). Infrared (IR) spectra were recorded in the region
4,000-400 em ™ on a Perkin Elmer precisely spectrum 100 FT/
IR spectrometer. The solid samples were run using ATR.
Compounds 7, 8 (Troppe 2). 9 (Mangunuru et al,
2015}, and 13-16 (Reddy et al, 2017) were prepared according to
reported procedures. An extensive biological evaluation of the
activity of all the compounds was performed in human
ostesarcoma cell line in vitro models, as reported below.

Synthesis

Synthesis of N-(2,3.4,6-Tetra-0-Acetyl--D-
Glucopyranosyl-1,2,3-Trazol-4-yl}-Propanoic Acid (9)
Compound 7 (0.98 g. 3.412 mmol) and 4-pentynodc acid (0.2 g,
2038 mmol) were dissolved in a mixture of tetralydrofuran

(6ml), tert-Butancl (6ml), and delonized water (4 ml).
Separately, copper(ll) sulphate pentalydrate (0.1 g, 0,08 mmol)
and sodium ascorbate (0.161 g 0.325 mmal) were dissolved in
delonized water (2 ml). added to a reaction flask, and allowed to
stir at r.t. overnight (16 h). The solvent was removed in vacuo and
the residue was dissolved in DCM (15 ml) and washed with brine
(2ml % 20 ml). The oeganic phase was deled with MgSO., filtered
and the solvent was evaporated. The crude product was purified
by column chromatography (1:1. petroleum ether: ethyl acetate)
to yield a white solid (0,615 g, 1.304 mmol, 64%). Ry=0.92 (90:10
DCM: MeOH) [a] - 17.14 (2 0.7, MeOH). 'H NMR (500 MHz,
CDCL) & 7.62 (s, 1H, triaz-H), 5.85 (d. | = 90 Hz 1H. H-1).
546-5.37 {m, ZH. H-2. H-3), 5.24 (1. ] = 9.95 Hz, 1H, H-4), 429
(dd. | = 126, 5.0 Hz, 1H, H-6), 4.14 (dd. | = 12.6, 2.1 Hz, 1H, H-
6']. 3.99 (ddd, | = 101, 5.0, 2.1 Hz. 1H, H-5), 3.05 (1. ] = 73 Hz,
2H, triaz-CH:), 2.78 (1, ] = 7.3 Hz, 2H, CH:C0). 208 (s, 3H, CHs
of (rAc), 2.06 (s, 3H. CH, of DAc), 2.02 (s, 3H, CH, of OAc), 1.85
(s, 3H. CH, of OAc) ppm. “C NMER (125 MHz. CDCL,) § 176,93
(COOH), 17070 (00 of DAC), 170,08 (OO of Oic), 16954 (00
of CAc), 16913 (OO of OAc), 147.04 (triaz-C), 11981 (triaz-CH),
B5.BO (C-1), 7522 (C-5), 7281 (C-3). 7030 (C-2), 6788 (C-4).
61.70 (C-6). 3324 (CH,COOH), 20.83 (2 = CH, of Q). 2068 (2
® CHy of (Ac), 2024 (triaz-CH,) ppm. IR (ATR) 296647,
173808, 170108, 1429.63, 1369.28, 1218.46, 109644, 1037 86,
91837, B38.17 e~ . HR-MS (+): my/z caled for CoHa N0y, +
Na* (M + Na)* 494.148%, found 494.1383. HR-MS (+): mv/z caled
for CppHyMa0y, + HY (M + HY* 4721489, found 4721564,

Synthesis of N-(2,3,4,6-Tetra-0-Acetyl-[-D-
Galactopyranosyl-1,2,3-Triazol-4-yl}-Propanoic

Acid (10)

Compound 10 was prepared according to the method reported
for compound 9 (Yield 0.713 g, 1.512 mmol, 74%). Rr= 033 (955
DCM: MeOH) [a]3®-1.51 (c 0.66, MeOH). 'H NMR (500 MHz,
CDCl) & 7.65 (s, 1H, trlaz-H), 5.81 (d, | = 94 Hz, 1H. H-1),
5.57-5.50 (m, 2H, H-2, H-3). 523 (dd. | = 10.3, 3.4 Hz, 1H, H-4),
4.24-4.10 {m, 3H. H-5, H-6, H-6"), 3.05 (t, | = 7.4 Hz, 2H, triaz-
CH,). 279 (L. | = 7.4 Hz, 2H, CH,CO), 2.21 (s, 3H. CH, of OAc),
203 (s, 3H, CH, of OAc), 1.99 (s, 3H, CH, of OAc), 186 (s, 3H,
CH, of OAc) ppm. “C NMR (125MHz, CDCL) & 17714
(COOH), 170.52 (CO of QAc), 17013 (CO of OAc), 16997
(OO of OAC), 169.25 (0O of OAC), 146.91 (triaz-C), 119.88 (triaz-
CH], 86.31 {C-1), 74.11 (C-5), 70.93 (C-4), 67.88 (C-2). 67.02 (C-
3). 6131 (C-e) 3327 (CH.OOOH), 2081 (triaz-CH.). 2078
(CH, of OAc), 2076 (CH, of OAc), 2061 {CH, of OAc),
20.32 (CHs of OAc) ppm. IR (ATR) 3087.65, 173480, 171592,
1436.51, 1366.99, 1216.01, 1045.12, 923,00, 850.50, 71778 cm™'
HR-MS (+): m/z caled for CoHa NGOy, + HY (M + H) 4721489,
found 472.1564. HRE-MS {+): m/z caled for C,.H, N 0y, + Na*
(M + Ma)” 494.1489, found 494.1384.

Synthesis of N-[2-0-(2,3,4,6-Tetra-0-Acetyl-[-D-
Glucopyranosyl)-ethyl-1,2,3-Triazol-4-yl]- Propanoic
Acid (17)

Compound 17 was prepared according to the method reported
for compound 9 (Yield 0,147 g 0285 mmol, 44.24%). By = 035
(DCM: MeOH 95:35) lali®—857 (c 0.7, MeOH). 'H NMR
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(500 MHz, CD}CL) & 744 (s, 1H, triaz-H), 519 (1. J= 9.5 Hz, 1H,
H-3), 506 (t, ] = 9.7 Hz, 1H, H1), 497 (dd, | = 9.6, 8.0 Hz, 1H, H-
1), 4.55 (dt, | = 144, 3.8 Hz, 1H, CH-triaz), 4.50-444 (m, 1H,
CH'-triaz), 443 (d, = 79 Hz, 1H,H-1), 4.24 (dd, J = 124, 4.7 Hz,
IH. H-a), 4.19 {dt, [ = 10.6, 4.0 Hz, 1H, OCH), 411 {dd. ] = 124,
22 Ha, 1H, H-6"), 3.95-387 (m, 1H, OCH"), 3.68 (ddd, [ = 10.0,
4.6, 23 Hz, 1H, H-5), 3.02 (t. | = 70 Hz, 2H, triaz-CHs), 257 (L
I'= 67 He, 2H, CH,CO). 207 (s, 3H, OdAc), 201 (s, 3H, OAc),
199 (5, 3H, DAc). 1.96 (3. 3H, OAc) ppm HC NMR (125 MHE,
CD(1,) & 176,42 (CO0OH), 17078 (00 of OAc), 17048 (C0 of
OAc), 169.5% (C0 of OAc), 169.54 (C0 of OdAc), 146.25 (C-triaz),
12283 (CH-triaz), 100066 (C-1), 7267 (C-3), 7204 (C-5), 7117
(C-2), 68.28 (C-4). 67.89 (OCH,), 61.85 (C-6), 50.20 (CH,-triaz),
3354 (CHCOO0H), 20,88 (triaz-CH,), 20084 (CH, of Ode), 20,70
{2 % CHs of OAc), 20,68 (CHy of OAC) ppm. IR (ATR) 3136.33,
25403, 175342, 174208, 172047, 142859, 1367.14, 125130,
1221.16, 116723, 1046.93, 1031.50, 91047, £26.13 cm~'. HR-MS
{+): myz caled for C3 HagMN0ys + HY (M + H)* 516.1751, found
516.1826. HR-MS (+): m/z caled for CoHaNsDys + Na®* (M +
Ma)® 538.1781, found 538.1644.

Synthesis of N=[2-0+(2,3,4,6-Tetra-0-Acetyl-p-D-
Galactopyranosyl}-ethyl-1,2,3-Triazol-4-yl]-Propanoic
Acid (18)

Cormpound 18 was prepared according to the method reported
for compound 9 (Yield 0500 g 0.969 mmol, 47%). Ry = 0.41
(DCM: MeOH 95:5) Jali-145 (¢ 068, MeOH). 'H NMR
(500 MHz, CDClLy) & 746 (s, 1H, wiaz-H), 538 (dd, | = 34,
0.9 Hz, 1H, H-4).5.17 (dd, | = 105,79 Hz, 1H, H-2), 5.01 {dd, [ =
105, 3.4 Hz, 1H, H-3), 457 (dt, [ = 7.7, 3.4 Hz, 1H, CH-triaz),
449 (ddd, J = 14.5. 8.8, 3.4 Hz, 1H, CH'-triaz), 4.41 (d, J= 7.9 Hz,
IH, H-1), 4.21 (dt. ] = 106, 39 Hz, 1H, OCH), 4.13 (gd. J = 11.3,
6.7 Hz, 2H, H-6, H-6"), 3.95-3.87 {m, 2H, H-5, OCH'), 3.04 (1, [ =
7.1 Hz, 2H, triaz-CH,), 2.79 (. ] = 7.1 Hz, 2H, CH,CO}, 2.16 (s,
IH. CH, of QAc). 2.04 (s, J = 3.6 Hz, 3H, CH, of OAc), 1.97 (d. [ =
21Hz, 6H. 2 x CH, of OAc). "C NMR (125 MHz, CDCL) &
17626 (COOH), 17059 (00 of OAc), 170032 (2 = OO of OAC)
169.79 (CO of OAc), 146.22 (C-triaz), 122.91 (CH-triaz), 101.07
(C-1), 70.98 {C-5), 074 (C-3), 68.78 (C-2), 67.77 (OCH.), 67.04
(C-4), 61.32 (C-a), 5022 {CH,-triaz), 33.4% (CH,COOH), 2092
(triaz-CH:), 20.82 (CHs of OAc), 20080 (CH» of QAL). 20.77 (CH5
of OAc), 20069 (CHs of OAc) IR (ATR) 2940.25, 1730.44,
143024, 136799, 121432, 104351, 95529, 91632, 85050,
EI784, 7398 cm~'. HRE-MS {+): miz caled for CoHaN,0,s
+H* (M + HJ* 516.1751, found 516.1826. HR-MS (+}: m/z caled
for CaHaeNeOyz + Na® (M + Na)® 5381781, found 538.1664.

Synthesis of N-(2,3,4,6-Tetra-0-Acetyl-f-D-
Glucopyranosyl-1,2.3-Trazol-4-yl)j-{3-Oxopropyl-
[oay(2.5-Dioxopyrrolidin-1-yl]} (11)

Compound 9 (02 g 0424 mmol) and N-hydroxysuccinimide
(0058 g, 0604 mmol) were dissolved in anhydrous DCM
(7ml) and purged with N, A solution of EDCI (0097 g,
0.607 mumol) in anhydrous DCM (2 ml) was added wa cannula
over an ice bath and the solution was stirred for 45 min. The
reaction was warmed to r.t and stirred for a further 16 h. The
organkc layer was washed with 0.1 M HC (2 x 10 ml) and drled

with MgS0,, filtered, and concentrated in vacuo. The product was
obtaimed as a white solid which was reacted on without further
purification (0.185 g, 0.325 mmel, 77%). B,= 0.72 (DCM: MeOH
95:5) [a] 1" -9.85 (¢ 0.71, CHCL). "H NMR (500 MHz, CDCL,) &
7.74 (s, 1H, CH-triaz), 5.83 (d, ] = 9.2 Hz, 1H, H-1), 5.40-5.35 {m,
1H, H-2 and H-3), 5.24-5.18 (m, 1H, H-4), 425 (dd, | = 125,
5.1 Hz, 1H, H-6), 4.11 (dd, | = 12.6, 2.1 Hz, 1H, H-8"), 4.01-3.94
(m, 1H, H-5), 314 (td, | = 7.1, 3.2 Hz, 2H, triaz-CH), 3.00-295
(m, 2H, CHCO), 281 (s, 4H, CH,CH,-succ), 2.03 (5, 3H, OAc),
202 (s, 3H, DAc), 198 (s, 3H, OAc). 1B (5, 3H, OAc) ppm. C
BMR (125 MHz, CDCls) § 170068 (00 of OAC), 170007 (00 of
O], 169,52 (C0 of OAc), 16924 (00 suce x2), 16905 (00 of
OAe), 167.77 (0O, 145.83 (C-triaz), 120.27 (CH-triaz), 85.79(C-
1), 7520 (C-5), 7291 (C-3). 7035 (C-2), 67.87 (C-4), 61.76 (C-6),
3099 (CH2CO), 2573 (CH:CHa-succ), 210110 (CH:-triaz), 2083
(CH. of OAc), 20,69 (CHa of OAc), 20066 (CH. of OAc), 2027
{CH, of OAc) ppm. IR (ATR) 2045.90, 173216, 143040, 1367 42,
130335, 1064.13, 1035.83, 924.03, 813.55, 736.68 cm™". HR-MS
{+): my'z caled for CasHuNaOws + H' (M + H)® 5691653, found
560.1727. HR-MS (+): mvz caled for CasHasMNaOns + Na* (M +
Ma)” 591.1653, found 591.1554.

Synthesis of N<(2,3,4,6-Tetra-0-Acetyl=[i-D-
Galactopyranosyl-1,2,3-Triazol-4-yl)-{3-Oxopropyl-
[oxw(2,5-Dioxopyrrolidin-1-y)T} (12)

Compound 12 was prepared according to the method reported
for compound 11 (Yield 0,131 g. 0.230 mmaol, 54%). Rf =015
{pet. ether: EtOAc 1:1) [a]p"+1.42 (e 0.7, DCM). 'H NMR
{500 MHz, CDCL) & 779 (s 1H, CH-triaz), 581 (d. | =
93 Hz, 1H, H-1), 555 (dd, | = 12.5, 70 Hz, 2H, H-2 and H-
4). 522 (dd. ] = 10.3, 3.3 Hz, 1H, H-3), 4.23-4.12 (m. 3H. H-5, H-
6 and H-67), 3.18 (t, | = 7.1 Hz, 2H, wiaz-CH,), 3.04 (1, ] = 7.1 Hz,
IH, CHCO), 2.84 (s, 4H, CHaCHa-suec), 2.23 (s, 3H, OAc), 2.05
(5. 3H, OAc), 2.01 (s, 3H, OAc), 1.88 (s, 3H, OAC) ppm. “C NMR
(125 MHz, CDCLL) & 17052 (00 of OAc), 170018 (CO of OAc),
17000 {C0 of OAc). 16917 (OO of OAc), 169.14 (00 Succ x2),
L6784 (CO), 14584 (C-triaz), 12027 (CH-triaz). 86.35 (C-1),
FLO08 (C-5), 7107 (C-3) 67.95 (C-2). 67.01 (C-4), 61.38 (C-6),
30,67 (triaz-CH,), 25.73 (CH,CH,-suce), 2101 (CHLCO), 2081
(CH, of OAc), 20.78 (CH, of OAc), 20066 (CH, of OAc), 2038
[CHs of OAC) ppe. TR (ATR) 2044.04, 1731.92, 1430.13, 1368.12,
1205.23, 104544, 923,03, 812,54, 74466 cm ™" HR-MS (+): m/z
caled for CayHaug N0y, + H (M + H)* 569.1653, found 569.1726.
HR-MS (#): m/z caled for O Ho N0y, + Na® (M + Na)*
591.1653, found 591.1547.

Synthesis of N-[2-0-(2,3,4,6-Telra-0-Acetyl-f-D-
Glucopyranosylj-ethyl-1,2,3-Triazol-4-yl]-
{3-Oxopropyl-[oxy|2,5-Dioxopyrrolidin-1-yl)[} (19)
Compound 19 was prepared according to the method discussed
for compound 11 (0.126 g. 0.205 mmal, 87.5%). R;(: 075 (DCM:
MeOH 95:5) [a|g S+1.42 {c 07, DCM). "H NMR (500 MHz,
CDC,) & 749 (s, 1H, treiaz-H), 5.11 (t.] = 9.5 Hz, 1H. H-3), 5.02
(t, ] =497 Hz, 1H, H-4), 492 {dd. | = 9.6, 7.9 He, 1H, H-2}), 451
(ddd. | = 145, 4.6, 3.7 Hz, 1H, CH-triaz), 4.48—4.43 (m, 2H, H-1
and CH'-triaz), 4.21-4.11 {m, IH, H-6" and OCH), 4.06 (dd. ] =
123, 2.3 Hz, 1H, H-6), 3.88 (ddd. ] = 10.7, 8.4. 3.6 Hz, 1H. OCH),
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3,66 (ddd, | = 10.0, 4.8, 2.4 Hz, 1H, H-5), 3.09 (dd, ] = 10.7, 4.1 Hz,
3H, trizz-CHa), 3.00-2.95 (m, 2H, CHACO), 280 (d, | = 5.7 Hz,
4H, CH,CH,-succ), 202 (s, 3H, OAc), 196 (s, 3H, OAc), 193 (s,
3H, OAc), 190 (s, 3H, OAc) ppm. “C NMR (125 MHz, CDCL,) &
17076 (CO of DAc), 170.28 (00 of OAc), 169.54 (€0 of DAc),
169.42 (€O of DAC), 169.22 (00 suce x2), 168.06 (CO), 144.96
(C-triaz), 12304 (CH-triaz), 100,70 (C-1), 72.69 (C-3), 7206 (C-
g}, 7111 (C-2), 68.37 (C-4), 67.98 (OCH,), 61.92 (C-8), 50.08
(CH,-triaz), 30.95 (CH,CO), 25.72 (CH.OH, -succ), 21.00 (triaz-
CH,), 2087 (CH, of OAc), 2071 (+ x CH, of OA) ppm. IR
(ATR) 295580, 1733.40, 143016, 136633, 1208.17, 103360,
007,61, §12.61, 733,58, 700.28 cm ™. HR-MS (ESI+): m/z caled
for CyeHyaN, 0y, + HE (M + H) 6131915, found 613.1985. HR-
MS (ESI+): miz caled for CagHuN,Oy, + Na* (M + Na)*
£35.1915, found 635.1806.

Synthesis of N-[2-0-(2,3,4,6-Tetra-0-Acetyl-f-D-
Galactopyranosylj-ethyl-1,2,.3-Triazol-4-y(]-
{3-Oxopropyl-[oxy(2,5-Diexopyrrolidin-1-yl)} (20)
Compound 20 was prepared according to the method reported
for compound 11 (Yield 0.106 g, 0.173 mmol, 79%). R, = 0.69
(DCM: MeDH 95:5) |n|f)‘"—l_+9 (¢ 067, DCM). 'H NMR
(500 MHz, CD(CL,) § 748 (s, 1H, triaz-H), 533 (d. | = 2.7 Hz,
IH, H-4), 5.12 (dd, [ = 105, 7.9 Hz, 1H, H-2), 493 (dd, J = 10.5,
34 Hz, 1H, H-3), 453 (dt, | = 144, 3.9 Hz, 1H, CH-triaz),
449442 (m, 1H, CH'-triaz), 440 (d. | = 7.9 Hz, 1H, H-1),
419 (dt, | = 104, 4.1 Hz, 1H, OCH"), 4.08 (ddd. ] = 25.0, 11.3,
6.6 Hz, 2H, H-6, H-6"), 3.93-3.85 (m, 2H, H-5, OCH), 3.11 (t.] =
6.8 Hz, 2H, wriaz-CH.), 3.03-2.97 (m, 2H, CH.CO), 280 (3, [ =
122 He, 4H, CH,CH-suce), 211 (s, 3H, CH; of OAc), 2.00 (s,
3H, CH, of OAC), 1.92 (s, 3H, CH, of OAc), 1.91 (s, 3H, CH, of
DAc). "CNMR (125 MHz, CDCL) 8 17053 (00 of OAc), 170.33
(C0 of CAc), 17021 (OO0 of OAc), 16957 (00 of OAL). 169.19
(00 suee x2), 168.10 (OO, 144.95 (C-triaz), 123.03 (CH-triaz),
101.11 (C-1), 7098 (C-5), 7077 (C-3). oBaes (C-2h 67.79
(OCH,), 67.03 (C-4), 61.32 (C-6), 5007 (CH.-triaz), 30.89
(CH:C0), 2573 (CH:Hz-swoc), 2099 (triaz-CH), 2082 (2 =
CH, of OAch, 3081 {CH, of OAC), 20069 (CH, of OAc) IR (ATR)
HM59A3, 173272, 142993, 136759, 121191, 1M5.63, 91563,
B1219, 73178 em™'. HR-MS (+): m/'z caled for CoHeN Oy,
+H" (M + H)" 6131915, found 613.1983, HR-MS (+): m/z caled
for CasHasNyO + H' (M + H)" 635.1915, found 635.1804.

Synthesis of Complex 1

Compound 11 (0.140 g 0246 mimol) was added to a suspension of
cxoplatin (0,086 g, 0.270 mmol) in DMSO (5 ml) and stirred at
60°C for 16 h. Residual oxoplatin was filtered through cotton wool
and the solvent was remvoved by lyophilization. The olly residue was
disgolved in acetone and the product was precipitated with diethyl
ether and collected by centrifugation. The vellow-white solid was
washed with diethyl ether and dried in viecio (0,083 g, 0.105 mmol,
43%) [a] - °~10.34 {c 0.58, DCM). "H NMR (500 MHz, DMS0) &
8.16 (s, 1H, CH-triaz), 6.25 (d, ] = 8.8 Hz, 1H. H-1), 5.96 (be. t, 6H,
2w MH.), 5.60-5.49 (m, 2H, H-2 H-3),5.12 (. ] = 9.6 Hz, 1H, H-4),
434 (ddd, J= 1000, 52, 22 Hz, 1H, H-5), 4.13 {dd, [ = 125, 54 Hz,
IH, H-a), 4.08-4.03 (m, 1H, H-&"), 2.80 {t, | = 76 Hz, 2H, triaz-
CH,). 246 {t. ] = 77 He. 2H, CH,CO), 201 {s. 3H, OAc), 1.99

(5. 3H, DAc), 1.95 {5, 3H, OAc), 1.78 (5. 3H, DAc) ppm. *C NMR
{125 MHz, DMS0) & 17990 ((00OPE), 17034 (00 of OAC), 169.82
(00 of OAc), 16961 (00 of D), 16880 {00 of Qi) 14732
((C-triaz), 121.44 (CH-triaz), B389 (C-1), 73.40 [C-5), 7229 [C-3),
7030 (C-2), 67.74 (H-4)_ 61 91 (C-6), 35.93 (CH.O0), 21,95 (triaz-
CHy), 2073 (CHy of OAc), 20.54 (CH, of OAc), 2042 (CH, of
OAc), 2009 (CHs of OAc) ppm. "“Pri'H) NMR (108 MHz,
DMS0) & 104175 ppm. R (ATR) 321246, 174640, 162732,
136746, 121523, 103551, 92448, 82296 cm™. HR-MS (-} m/z
caled for €, H,, CLNLO, Pi-H- (M-H)~ 7864840, found 786 0898,
El Anal Caled. for CrHa CLNaO P % C= 282 H= 347 N =
B89; found: % C = 2888; H = 41& N = 852,

Synthesis of Complex 2

Complex 2 was prepared according to the method reported for
complex 1 (Yield 0,085 g, 0.082 mmal, 35.9%) |a]}*-2.85 (c 0.7,
DCM). "H NMER (500 MHz, DMSO) 8 8.12 (s, 1H, riaz-CH), 6.18
(d, ] = 9.2Hz, 1H, H-1), 595 (be. t.. 6H, 2 x NH,), 5.58 (1. | =
1001 Hz, 1H, H-2), 5.45 (dd, ] = 10.1, 35 Hz, 1H, H-3), 5.40 (dd,
J=34,10Hz, 1H, H-4), 459-4 56 (1, ] = 6.75 Hz, 1H, H-5),4.13
(dd, ] = 11.6, 5.1 Hz, 1H, H-5), 401 {dd. ] = 11.5, 7.3 Hz, 1H, H-
6, 282 (t, ] = 725Hz, 2H, triaz-CH.), 247-246 (m, 2H,
CHCO). 219 (s, 3H, CH, of OAc), 1.99 (s, 3H, CH, of OAZ),
1.94 (s, 3H, CH, of QAc), 182 (s, 3H, CHy of 0Ac) ppm. °C
NME (125 MHz, DMSO) & 17968 (COOPH, 17003 (00 of
DAc), 16994 (00 of i), 16948 (00 of OAC), 16856 (00
of Odc), 14712 (C-triaz), 12144 (CH-triaz), 84.19 (C-1), 72.80
(C-5), 7043 (C-3), 67.78 (C-2). 67.29 (C-4). 61.58 (C-a), 3592
(CH,CO), 21.79 (trkaz-CH,), 20051 (CH, of OAc), 2047 (CH, of
OAc), 20.34 (CH, of OAc), 2002 (CH, of OAc) ppm. "Pt{'H}
NMRE (108 MHz, DMS0) & 1044.64 ppm. IR [ATR) 320792,
174825, 162563, 136800, 1214.56, 1050.93, 92278 cm™". HR-
MS (+): m/z caled for CiHuCLNaOwPL + H™ (M + H)Y®
Te 4640, found  TEA.1041. ElL Amal  Caled.  for
CroHy CLNLOLPE % C = 2898 H = 397 N = 88% found:
% C = 28.4% H = 4.18: N = 852 7Ra.09%4.

Synthesis of Complex 3

Complex 3 was prepared according to the method reported for
complex 1 (0005 g 0.060 mmol, 29%) [a)5-1.66 (c 0.6, DCM).
'H NMR (500 MHz, CDCLs) § 7.76 (s, 1H, telaz-CH), 5.87 (br 1,
6H, 23 NH), 5.23 (t, | = 9.6 He, 1H, H-3), 4.80 (t, ] = 9.7 Hz, 1H,
H-4), 481 (d, ] = 80Hz. 1H, H-1). 4.75-4.69 (m, 1H, H-2),
4.53-4.40 [m, 2H, CH,-triaz), 4.18 (dd, ] = 12.3,5.0 Hz, 1H, H-6),
408 (dt, [ = 89, 4.1 Hz, IH, OCH), 4.02 (dd, J =122, 2.1 Hz, 1H,
H-6"), 3.98 (ddd, [= 9.9, 4.9, 2.4 Hz, 1H, H-5), 3.89 (ddd, /= 11.4,
7.8, 4.0 Hz, 1H, OCH"), L81-2.77 (m, 2H, traz-CH,), 2.48-2.43
{m, 2H, CH.CO), 2.02 (s, 3H, CH, of DAg), 1.97 (s, 3H, CH, of
OAc), 1.92 (g, 3H, CH, of OAc), L& (s, 3H, CH, of OAc) ppm.
'C NMR (125 MHz, CDCLL) & 179.88 (0OOPT), 170,08 (€0 of
CHAc), 169.53 (00 of OAc), 16928 (00 of OAC). 16895 (00 of
QAC), 14614 (C-triaz), 12247 (CH-triaz), 9920 (C-1), 7190 (C-
3), 70,64 (C-2), 70.59 (C-5), 68.08 {C-4), 67.45 (OCH,), 61.64 (C-
6), 49.06 (CHx-triaz), 36.16 (CH2C0), 2197 (triaz-CHa), 2054
[CH, of OAc), 20038 (CH; of OAc), 2029 (CH: of OAc), 2027
(CH, of OAc) ppm. "“Pr{'H} NMR (108 MHz, DMSO) &
1047.09 ppm. IR (ATR) 321482 174513, 162673, 143032,
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FAGURE 2 | Structuns of the four noval ghyco-Paiy) compleses {1=4).

136592, 121735, 103485, 90882, 699.33 cm'. HR-MS (+): m/z
caled for CaHwCLNaOPL + HY (M + H)* 8325170, found
E3L1316. HR-MS (#) m/z caled for Cay HasClNaOysPL = Na™ (M
+ H)" 8545170, found 8541134, El Anal Caled. for
CaHyCLNOLPE % C = 3033 H = 4.24; N = $.42; found:
% C=307% H = 4.61: N = 8.90.

Synthesis of Complex 4

Complex 4 was prepared according to the method reported for
complex 1 (0.07 g, 0.084 mmol, 38%) [a]215+43.1 (c 0.58, DCM).
'H NMR {500 MHz, DMSO) § 7.75 (s, 1H, triaz-CH), 582 (br t,
6H, 2 x MH:), 524 (dd, | = 35, 08 He, 1H, H-4), 5.12 {dd, | =
104, 3.6 Hz, 1H, H-3), 4.88 (dd. ] = 104, 8.0 Hz, 1H, H-2), 4.71
(d, /= 8.0 Hz, 1H, H-1), 4.52-4.40 (m, 2H, CH,-triaz), 4.19 (dd,
/=72 63Hz, 1H, H-5), 4.12-4.00 (m, 3H, H-6, H-8", OCH),
3.93-386 (m, 1H, OCH'), 282-2.78 (t, ] = 7.25 Hz, IH, triaz-
CH;), 247 (dd, | = 8.6, 6.9 Hz, 2H, CH,CO), 2.11 (s, 3H, CH, of
OAc), 201 (s, 3H, CH, of OAc), 1.90 (s, 3H, CH, of DAc), LES (s,
3H, CH, of OAc) ppm. “C NMR (125 MHz, DMS0) § 179.86
(COCPT), 169.93 (C0 of OAc), 169.91 (CO of OAc), 16948 (CO
of OAch 169,05 (C0 of OAc), 146.13 (C-triaz), 122,43 (CH-triaz),
9967 (C-1), 7007 (C-5), 69.94 (C-3). 68.34 (C-2), 6730 (C-4),
67.26 (OCH,). 61.23 (C-5), 49.09 (CH.-triaz), 36.13 (CH,CO),
297 (triaz-CHa). 20052 (CHa of OAc), 3040 (CHa of OAc), 2032
(2xCH: of OAc) ppm. "“Pt{'H} NMR (108 MHz, DMSO) &
1047 15 ppm. IR (ATR) 321492, 174041, 163139, 142952,
136730, 121781, 117303, 104552, 95253 cm~'. HR-MS (+)
ez called for Cyy H o CLN,O P+ H* (M + H)* 8325170, found
B54.1139. HR-MS (+): muz caled for CoyHaaClLN«Oy P+ HY (M
+ Na)® B545170, found 8541315, EL Anal Caled. for
CyHaCLNGOPE % C = 3033; H = 424; N = 842; found:
% C=2998;H =469 N = 8.01.

In vitro Biological Evaluation

In witro tests of cisplatin-based drugs were performed to evaluate
the cellular behaviors in response to the different compounds
(1-4) compared to cisplatin. All the drugs were reconstituted in
Dimsethyl Sulfoxide (DMSO) at 1 mg/ml final concentration, and
then dissolved in the culture media at different concentrations:
15, 30, and 60 ph. Three different osteosarcoma cells lines
(MG63, SADS-2, U-208) and an i vitro model of osteosarconma
stemn cells {enrched-CSCs) were malntained in culture with and
without the drugs for 72 h.

Call Culture

Hurman Osteosarcoma cell lines MGE3 (ATCCT CRL1427™), U-
205 (ATCCT HTB-96™), and SAOS-2 (ATCCT HTB-85™),
purchased from American Type Culture Collection (ATCC), were
used. MGE3 cell lime was cultured in DMEM F12-GlutaM AX™
Maodified Medium (Gibeo) supplemented with 10% Foetal Bovine
Seram (FBS) (Gibeo) and 1% of penicillin/streptomyein mixture
(penjstrep) (100 Ural— 100 pgfml, Gibea). SAQS-2 and U-205 cell
lines were cultured in McCoy's SA Modified Medium (Gibeo)
supplemented with 15 and 0% FBS, respectively, and 1% pen/
strep. Cells were kept in an incubator at 37°C under controlled
humidity and 5% CO, atmosphere conditions. Cells were detached
from culture flaks by trypsinization and centrifuged The cell
number and viability were determined by Trypan Blue Dye
Exclusion test and all cell handling procedures were performed
under a laminar fow hood in sterility conditions. For the
experiment, all cell lines were seeded 50 x 107 cellsfwell in
96 well-plates and 5.0 »x 10° cells/well in 6 well-plates.

Enriched-CSCs Culture

Enriched-cancer stem cells (CSCs) were obtained under specific
culture conditions as reported in the literature (Brown et al 2007,
Bassl et al,, 2020) as a sarcosphere-forming method starting from
a human MG&3 osteosarcoma cell line. The MGa3 cell line was
seeded in Ultra-Low Attachment T25 flasks (Corning Inc. NY)
with a density of 2.0 x 107 cellsfem® in serum-free DMEM F12-
GlutaMAX™ Modified Medium supplemented with a specific
cocktail of factors: 10 pL/ml N2 {Gibco), 20 pL/ml BI7 (Gibco),
0.1 plfml human Basic-Fibroblast Growth Factor (bFGF)
(Invitrogen), and 0.01 pl/ml human Epidernsal Growth Factor
(EGF) (PeproTech). The cocktail was added to each flask every 2/
3 days for a total of 10 days of culture. After their formation, the
CSCs were collected and centrifugated for 10 min at 130 x g; the
pellet was resuspended in the same medium conditions, well
mixed, and directly seeded in Ultra-Low Attachment 96 well-
plate and Ultra-Low Attachment & well-plate with 200 pliwell
and 1.5 mlwell volume of cell culture medium, respectively. The
factors” cockiadl was added every 2/3 days during the experiment
following the above-reported manufacturer’s instructions.

MTT Cell Viability Assay
A quantitative analysis of cell viability and proliferation was
carried out by MTT assay on cell cultures, by using the cells
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FIGURE 3| MTT assay of SADS-2, U-2 OS, and MGE3. Percentage of cofl viabiity (mean + SEM) respect to calls only is reparted In the graphs for SAOS-2 (A), U2
S (B) and MGE3 (C) atter 72 h of drug exposure. Statisscally sgnficant dferencas respect 1o cisplatin are reported in e graphs (o value < 0.08, “pvalue < 0.01,™p

value 5 0,001, ™"p value < 0.0001).

only as a negative control. At 72 h, the MTT assay was performed
according to the manufacturer’s instructions. Briefly, MTT

metabolically active cells. For CSCs, the total media was
centrifugated and the deposited crystals were directly
ded in DMSO. After 15-min of incubation under

reagent  [3-(4,5-dimethylthiazol-2-y1)-2.5-diphenyl 5
bromide] (5mg/ml) was dissolved in Phosphate Saline
Buffer 1X (PBS 1X). At 72h, the cells were incubated with
10% media volume MTT solution for 2 h at 37°C, 5% CO,, and
controlled humidity conditions. The cell culture media was
removed and substituted with DMSO (Sigma) dissolving
formazan crystals derived from MTT conversion by

slight stirring conditions, the absorbance of formazan was
read at 570nm by using a Multiskan FC Microplate
Photometer (Thermo Scientific). The values of absorbance
are directly proportional to the number of metabolic active
cells in each well. The experiment was carried out with three
biological replicates for each condition.
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Cell Morphology Evaluation

Cells treated with and without the drugs (30 pM) were fixed in 4%
buffered Paraformaldehyde (PFA) following
instructhons.
0.1% (wiv) Triton X-100 (Sigma) for 5 min at room temperature
and F-actin filaments were highlighted with a red fluorescent
solution of Rhodamine Phalloidin (Actin Red 555 Ready
Probes™ Reagent, Invitrogen), following the company
indications, for 30 min at room temperature. DAPL (600 nh)

he manufacturer's

‘he fixed cells were permeabilized in PBS 1X with

counterstaining was performed for cell nuclel identification,
following the manufacturer’s instructions. The lmages were

acquired by using an Inverted Ti-E Fluorescent Microscope.

Inductively Coupled Plasma-Optical Emission
Spectromatry

The ICP-OES {Agilent Technologies 5100 ICP-OES, Santa Clara,
United States) was performed on Enriched-CS5Cs culture to
quantify intermalization of drugs, following the
manufacturer’s instructions. At 72 h, cells were mechanically
by 50-100 times p200 pipetting to disaggregate spheroid,

cellular

counted by Trypan Blue Dye Exclusion t, and collected in
Abvpl. PBS 1X. ICP-OES was used for the gquantitative
determination of platinum lons content per cell derived by
cisplatin-based drugs, by using cells only 35 a negative control.
Briefly, the samples were dissolved in 500 pl nitric acid (65 wi)

and 2.1 ml of milliCy water followed by 30 min of sonbcation in an

of Pt was

ultrasonicator bath. The analytical wavelemgth
265945 nm. Ome experiment was carred out and for each
condition, the amount of drug per cell was quantified in
biological triplicate. The data are represented in the graph.

Statistical Analysis
Statistical analysis was performed by using GraphPad Prsm
Software (B.0.1 version). The results of the MTT assavs are

reported in the graphs as mean percentage of cell viability with

respect to c only + standard dewiation, and they were
amalyzed by Two-way analysis of varance (Two-way
ANOVA) and Tukey's multiple comparisons test. 1C,, walues
were calculated as loglinhibitor] versus mean percentage of
dead cells with respect to cells only, and the obtained values
are reported in the graphs + 95% confiden A1) for
each cell line. The resulis of MTT assays on s are reported in
the graph as mean percentage of cell viability with respect to

ntery

cells only + the standard error of the mean, and they were
analyzed by Unpaired i-test setting the p value < 0.05 1o
determine statistically significant differences. The ICP-OES
data were elaborated as prLograms of fron bons per cell and
reporied in the graph = standard error of the mean. The results
were analyzed by One-way analysis of varkance (One-way
ANOVA) and Dunnett’s multiple comparisons test (*p value
= 005 **p value = 0.01, g value = 0.001, R value =
0.0001).

363



Appendix

"
-
Il

% cell Viability respect to cells only

o < < < o

Cc
Cells only Cisplatin Complex 1
g Complex 3 ’

FIGURE 5| Cisplasn and

palce

409

104

204

109

A &
& R
Sl

o'
o ol & & éﬁ

<
& &0 o o o

yM of cinugs. (A} MTT as

r o

RESULTS AND DISCUSSION

The four novel glyco-Pt(IV) complexes are shown in Figure 2.
Complexes 1 and 2 are P-anomeric triazolyl N-glycosides
which have the trizzole group directly attached to the anomeric
carbon (1, glucose, and 2 galactose) while complexes 3 and 4
have an additional O-ethylene linker (3, glucose, and 4
galactose).

The synthetic route for complexes 1 and 2 can be seen in
Scheme 1. Briefly
were transformed to the corresponding B-azides at the anomeric

e per-acetylated glucose 5 and galactose 6
carbon, 7 and 8 respectively (1 2), by reaction
with azidotrimethylsilane and tin tetrachloride. Compounds 7
and 8 were then reacted with pentynoic acid, wsing CUAAC

conditions at room temperature, to produce the carboxylic acids 9

and 10 ( ). These latter carboxylic acids are
activated, forming NHS esters 11 and 12, respectively, that were
reacted with oxoplatin to produce the final desired compounds 1
and 2.

For complexes 3 and 4, with an O-ethylene spacer between the
anomeric carbon and the triazole ring, the synthetic route
requires one more step, as shown in Scheme 2,
per-acetylated sugars 5 and 6 were reacted with chloroethanol in
the presence of boron trifluoride diethyl etherate to produce 13
and 14 (! ¢
corresponding azides 15 and 16 before being reacted with
pentynoic acid CUAAC
previously, to give acids 17 and 18. Activation to form NHS

whereby the

). They are then transformed to the

under similar conditions used

esters 19 and 20 followed by reaction with oxoplatin produced the
final desired complexes 3 and 4.
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All the intermediate compounds (5-20) have been obtained
with moderate to good yields and have been characterized with
multinuclear NMR, IR and LCTHR)-MS. The final complexes
containing platinum  (1-4) have been characterized with
multinuclear NMR ('H, "'C, and ™Pt), HR-MS. and Elemental
Analyses to assess the purity. All the data and spectra can be found
in the Experimental Section and the Supplementary Materfal.

The physiological stability has been evaluated with HPLC in
DMSCOVHEPES at pH 6.8 buffer and the complexes are stable
(little decomposition of 5% observed after 1 week al ri, see
Supplementary Material for complex 4).

The bislogical effect of the complexes 1-4, in comparison with
the effect of clsplatin has been evaluated on different osteosarcoma
cells lines. All the drugs showed a dose-dependent anticancer effect
(Figure 3) in all the tested cancer cell lines. A statistically significant
decrease of cell viability induced by all the drug concentrations
(p value < 0.0001) has been reported with respect to the cells grown
without drugs (cells only). Most excitingly. starting from 30 pM,
the complexes showed a significantly higher cytotoxicity with
respect to cisplatin. Looking in detall at the single-cell lines, it
was posilble to observe phenotyplc-dependent behaviors in

to the different complexes. In detail, the viability of
SADS-2 (Figure 3A) was significantly decreased in the presemnce
of the four complexes with respect fo cisplatin when supplied at
MpM (p value < 0.0001) conversely the viability of U-2 O3
(Flgure 3B) was significantly reduced only in the presence of 3
and 4 compared to cisplatin at 30 uM (p value < 0.0001), and only
in the presence of complex 4 at 60 uM (p value < 005). All the
complexes seem to be more effective with respect to cisplatin in the
M3 cell line (Figure 3C), starting from 30 uM and at higher
concentrations, the anticancer effect greatly increases (p value <
0.0001). The 1Cy, values (uM) reporied in Table 1, confirmed the
phenotypic-dependent effect of the different complexes. In fact, in
SAOS-2 the most effective drug is complex L. showing a 1Cy, of
1648 (- 1.84: +2.08), while in U-2 OF and MG63 complex 3 has the
best Iy, values of 18.57 (—1.3; +1.4) and 1488 (-0.91; +0.98),
respectively (see Supplementary Material).

The gualitative analysis of cell morphology confirmed the
cytotoxicity results (Figure 4). As shown in the panel, the number
of all the cells treated with cisplatin and complexes 1-4 drastically
decreased compared to cells only which, on the contrary, showed
a higher cell density. The different behaviors observed among the
osteosarcoma cell lines, induced by the different drugs, are
ascribable to the well-known different degrees of genetic
complexity of each cell line, inducing cell-specific biological
behaviors (e, tumorigenicity, colony-forming  ability,
invasive/migratory  potential, metabolism, and proliferation
capacity) (Lawvrak et al, 200% Liu et al, 2008).

Furthermore, even cancer stem cells (CSCs), unipotent cell
population presents within the tumor microenvironment, have
the ability to alter thelr metabolism responding to specific bio-
energetic and biosynthetic requirements (Deshmukh et al, 2006
Brown et al, 2007). C5Cs are key tumor-initiating cells that play
an integral role in the metastatic process. and tumor recurrence
even after chemotherapy. It is easily understood why CSCs, in the
last years, have gained intense interest as a specific target for new
therapeutic strategies.

Based on this evidence, a preliminary s wire study of the
tested drug effect on the enriched ostensarcoma stem cell viability
and on the drug uptake has been performed. Very promising
outcormes indicated that the complex 4 has a statistically
significant higher effect on CSCs, p value < 005 (Figure 5A),
strictly related to the observed increased quantity of platinum
inside the cells (371 pgicells, p value < 0.01), compared to
cigplatin (Figure 5B). The morphological evaluation showed a
reduction of the dimension of the spheres, typical morphological
markers of C3Cs, confirming the cytotoxicity results (Figure 5C)
(Bouchet and Akhmanova, 2007).

CONCLUSION

Four novel glyco-modified PUIV) pro-drugs based on cisplatin
scaffold were synthesized, linking the sugar molety and the metal
center via CUAAC dick chemistry. The complexes were tested on
a panel of different 08 (Ostensarcoma) cell lines and showed very
promising  activity compared to the reference clsplatin,
demonstrating that the presence of a monosaccharide strongly
increased the anticancer effect. The complexes resulted also
particularly active toward CSCs (Cancer Stem Cells) with the
most promising activity shown by complex 4 with a galactose
substituent. The interplay of galactose in the metabolism of
cancer stem cells is attracting high atention because of
potential diagnostic and therapeutic possibilities (Valle et al,
2020; Zheng et al, 2020). At the moment, it ks not possible to
affiem with certainty if the sugar in the complexes described
herein is playing the role of active vector because more specific
biclogical studies (] the scope of this work) should be
conducted (Le., inhibition of the GLUTSs receptors), but it is clear
that the presence of the sugar s increasing the anticancer activity
and the drug internalization. & demonstrated with the uptake
experiment in C3Cs (this could be due to the higher lipophilicity).
All the complexes showed very promising activity but
the discrimination between glucose and galactose and between
the two linkers Is not evident yet and this could confirm the
hypothesis that these species are internalized by passive diffusion.
Ideally, the sugars should be deprotected in order to be better
recognized by the receptors, and our group b working in this
direction, even if the synthesis is not trivial. We are planning to
speculate on the role of the sugar scaffold by developing
analogous complexes where the carbohydrate is conjugated
wig the C carbon (not the anomeric carbon) that was
demonstrated to be the best in terms of cellular recognition
(Patra et al,, 2016). Finally, we are conjugating these species,
through specific linkers, to magnetic nanoparticles that will act
as a delivery platform to increase the drug selectivity and cellular
internalization.
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Abstract: thpih:lh: ST LS unpm'lm of risrplatin as a dﬂmlhnﬂpeuﬁr agent, i applirnl:inn
ix impacted l:v_y dum—li:n:iling side effects and lack of nelecﬁvit)r for cancer cells. Researchers can
overcome these isswes by faking a.d\'mta.;!;e of the Fﬂ)—d.l'u!; nature of the P-JatinLuni IV} oxidation
state, and by modifying the coordination sphere of the metal centre with specific vectors whose
recepions are overexpressed in tumour cell membranes (e.g., carbohydrates). In this paper we report
the synthesis of four novel carbohydrate-modified PHIV) pro-drugs, based on the cisplatin scaffold,
and ﬂu:i.rbiu]ngical activity against csfeosarcoma {05), a ma|.ir|1'|ar|t tumour which is most common
in adolescents and }'nur\sadldlx. The mrhhyd:ﬂ'be—hrﬁﬂinﬁ wectors and Pt scaffold are Enktduxing
cupperﬂta]}'md a.:.i.dl.-—alk}'nr c}thsﬂddiﬁm {Cuﬁﬁﬁ:]chnn:ixtrx, which iz SEYTUITY IS with mild
and robust reaction conditions. The novel complexes are characterised using multinuclear 10-200
MME ('H, BC and 'Ft), IR, HR-MS, Elern. Analyses, and CV. Cyiotoxicity on 200and 30 and cell
morphology studies on OF cell lines, as well as non-cancerous human foetal osteoblasts (hFOBs),
are discussed.

Keywords: Fr(lV) Pﬂs—drul.;x; :ixplati:n: mbthyd:ﬂc; selective hrarﬁns;immmrmma; henlﬂi}r-neu;
click chemistry

1. Introduction

Cisplatin has been one of the most commonly used Flatinum(II) chemotherapeutic
drugs since its approval for clinical use over 40 years ago. However, issues associated
wilth acquired or innate resistance, as well as dose-limiting side effects, have stymied its
therapeutic potential [1]. Second and third generation PHIl}-based chemotherapeutics,
carboplatin and oxaliplatin, are used to combat resistance, by lowering hydration rates in
the case of carboplatin, and by a different mechanism of action that avoids cross-resistance
with cisplatin in the case of oxaliplatin [2]. While these drugs have helped to alleviate
cisplatin resistance in a variety of cancers, the main problem is still a lack of targeted therapy
to reduce the severe side effects associated with platinum-based drugs [3]. Platinum(TV)
complexes have the potential to overcome some of the drawbacks of currently available
Pyll) drugs. They are more kinetically inert in comparison to their PrIl) counterparts,
which results in lower toxic side effects for the patient. These complexes are referred to
as pro-drugs as they must be reduced from the inactive PUIV) complex to their active
Pyll} species by the reducing environment within cancer cells, which leads to a more
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targeted approach of drug delivery to the cancer cells [4]. The most promising PIV) drugs
are satraplatin [5,6], ormaplatin [7,8] and iproplatin [%,10] but, despite promising results,
none Lo date have been approved for widespread use in cancer treatments (Figure la) [3].
Promising strategies for imparting selectivity to P{IV) pro-drugs is the use of tumour-
targeting ligands. Carbohydrates, such as glucose and galactose, can be used to exploit the
Warburg effect [11], because cancer cells metabolise glucose differently from healthy cells.
Rapid proliferation of cancer cells leads to the imbalance in the intake of oxygen and results
in hypoxia, which drives cancer cells to choose anaerobic glycolysis to produce energy.
This method of energy production is inefficient and leads to the overexpression of glucose
transporters (GLUTs) on the cell membrane [12]. Several glyco-modified PHIV) complexes
have been reported in literature, mainly from the group of Wang and co-workers [ 13-17],
summarised excellently by Kenny and Marmion [3]. The most notable results were obtained
when the Pt scaffold was cisplatin rather than carboplatin or oxalilplatin [15]. It was
also determined that mono-functionalisation was more effective than bis-functionalised
complexes [14]. Platinum-based complexes are extensively used o treat osteosarcoma (5],
the mest common malignant primary bone tumour which affects adolescents and young
adults, with a second spike of incidence in those over 50, and which tends to metastasize
and invade para-carcinoma tissues [19]. Currently, treatment options incorporate surgery
and combination chemotherapy, which cures 7% of patients. However, for patients
with metastatic or relapsed 05, the modes of treatment have remained unchanged for
over 30 years and result in a significantly lower survival rate among patients [20]. This
reduction in survivability is partially because cisplatin is a standard drug in the treatment
of 05 and has limited effectiveness, stemming from chemoresistance and a lack of drug
selectivity. This lack of selectivity and a need to overcome cisplatin resistance has led many
o develop novel compounds to target specific molecular alterations in tumours, with the
objective of restoring chemosensitivity [21]. Recently, our group reported the synthesis
and biological evaluation against ostecsarcoma of four acetylated glyco-modified PHIY)
complexes, but, despite the promising resultis, the role of the sugars was not completely
clarified [22]. The glycosylated complexes proved to have an enhanced cellular uptake,
but this was probably due to the higher lipophilicity caused by the acetylated groups,
rather than due to recognition by GLUTs. Indeed, these protecting groups are prone (o
enzymatic hydrolysis in the body, ultimately making them pro-drugs themselves [23].
The crystal structures of various GLUTs have enabled researchers to focus their work on
the optimal presentation of their carbohydrates to target these transporters [24,25], and
free sugars are employed as they more closely mimic the structure of the compounds
recognised by various GLUTS that are overexpressed on cancer cell membranes. To try
to clarify this aspect, we decided to synthesise four glyco-derivatives (bwo with glucose
and two with galactose) for the previously reported complexes with the deprotected (free)
sugars and evaluate their biological activity against two ostensarcoma cell lines and a
non-cancerous human foetal osteoblast (hFOB), (Figure 1b). In this work we functionalise
our carbohydrate-targeting vector in  configuration at the anomeric position, since an
important factor for maintaining recognition is to conserve the sugars” ability o form
hydrogen bonds with the GLUT binding, site through the atom bound to the anomeric
position acting as a H-bond acceptor [26]. To maintain this H-bonding ability, we take
advantage of the copper-catalysed azide-alkyme cycloaddition (CuAAC) reaction due to
its versatile nature and mild reaction conditions for the conjugation of our carbohydrates
I the platinum core. The resulting 1,2, 3-Triazole is recognised as a strong bio-isostere for
many functionalities, including amide bonds, and has H-bonding acceptor properties [27].
Additionally, we wanted to investigate the use of both an anomeric O-ethylene linker
(which resembles naturally occurring glycosides) and N-triazolyl glycomimetics, to analyse
if there is a significant difference in the H-bond acceptor ability, and subsequent activity, of
either group (Figure 1b).
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Figure 1. (a) Structures of cisplatin (ci3-[(NH3)2PtCl;)) and of the three most promis-
ing PH{IV) complexes, satraplatin (¢is tnms,cis-{PtC1(OAc)(NH; ey clohexylamine]), ormaplatin

([PCly{cycloh 12-diamine)]), and iproplatin (¢ trums,cis-[ PHCL(OH), (isopropy lamine); ).
(b) General structure for the novel P{IV) complexes based on the cisplatin scaffold and functionalised
with ghicose and galactose.

The anticancer activity of the glyco-derivatives reported here have been investigated
in both standard 2D and in 3D scaffold-based OS in vitro models, using two different OS
cell lines (MG63 and SAOS-2) and osteoblast cells line (hFOBs) as healthy cells to compare
the effectiveness against a standard of cisplatin.

2. Results and Discussion
2.1. Synthesis and Characterisation

As described in the introduction, the aim of this work is to synthesise Pt(IV) anticancer
pro-drugs based on a cisplatin scaffold modified with free sugars (glucose and galactose)
that could act as delivery vectors to enhance selectivity for cancer cells, exploiting the
Warburg effect. With respect to our recent work [22], the sugars here are de-acetylated
to obtain a more reliable recognition by the GLUT receptors overexpressed on the cancer
cell membrane, as discussed in the introduction. The sugar moieties are connected to the
platinum centre via a triazolyl linker exploiting the versatility and mild conditions of click
chemistry copper azide-alkyne cycloaddition (CuAAC) reactions, producing four novel
complexes. The synthesis of the novel glycosylated P(IV) complexes proved to be rather
challenging; in fact, the direct deprotection of the corresponding acetylated glycosylated
precursor complexes, recently reported by us [22], did not produce the expected results. The
use of standard deprotection methods (i.e., NEt; in MeOH) resulted in the decompaosition
of the complexes, forming a series of impurities and a complex mixture which was very
difficult to purify and isolate. After several attempts and modifications, the final complexes
were successfully synthesised, as shown in Schemes | and 2.

Scheme | represents the synthetic mechanism route to produce the N-glycoside (glu-
cose and galactose) derivatives with shorter chains. The synthesis of compounds 5-10
has been reported by us previously [22). To summarise briefly, the per-acetylated glucose

370



Appendix

Int. ). Mol. Sci 2023, 24, 6028 dof18

5 and galactose 6 are transformed to the corresponding p-azides, 7 and 8, through reac-
tion with azidotrimethylsilane and tin tetrachloride. Following this, 7 and 8 are reacted
with 4-pentynoic acid, using CuAAC conditions at room temperature, to produce the
carboxylic acids 9 and 10. At this point, the acetylated sugars are deprotected with triethy-
lamine in a mixture of MeOH/H,0 at 45 “C to yield carboxylic acids 11 and 12. Many
standard coupling reagents and conditions were screened in order to identify a suitable
procedure that would allow for the synthesis of activated N-hydroxysuccinimide (NHS)
esters 13 and 14 in the presence of the hydroxyl groups in the deprotected sugars. Initial
attempts for the classic activation with NHS using EDCI or TBTU did not yield the desired
products. Finally, optimised reaction conditions with TSTU (N,N.N’,N'-Tetramethyl-O-(N-
succinimidyluronium tetrafluoroborate) produced the activated NHS-esters 13 and 14 with
good yield and purity. The advantage of using TSTU is that the reaction does not require
the use of an additional coupling reagent and vastly reduces reaction time to a mere 20 min.
The final complexes 1 and 2 were obtained through the dropwise addition of 13 and 14 to
oxoplatin in DMSO over 2 days. The final complexes were characterised using 'H, 1*C,
PI-NMR, mass spectroscopy and cyclic voltammetry, and the purity was assessed with
El Anal. And HPLC (See Experimental Section and Supporting Information).

monc
SR'=H  R?=0Ac(Glc) 7R'=H  RP=0lc(Glc)
8R'=0c R%=H (Gal) 8R'=00c R2= (Gal)
R1°H (")
wk/\;‘f: Nen RiOhC
H
o MOH (IID %ﬂw
MR'=H  RE=0H(Gk) 9 Rl=H R?=04c(Gk)
12R'=0H R2=H (Ga) 10R'=0hc RE=H (Gal)
(W)
RIOH ﬂrc' RIOH 5
"&%& V'V\E [ oS e
oH HN.JCl
b ™ n,n"{"cl
13R'=H  RP=OH(Glc) 1R'=H RP=OH(Gk)
14R'=OH RZ=H (Gal) 2R'=0H RR=H (Gal)

Scheme 1. Synthetic route for the complexes 1and 2: (i) TMSN;, SnCly, DCM, rt, 16 h, 91% (7), 89%
(8); (ii) 4-pentynoic acid, Cuso, sodium ascorbate, t-BuOH, THE, HyO, rt, 16 h, 64% (9), 74% (10);
(iii) TEA, MeOH, H10, 45 °C, 16 h, 95% (11), 97% (12); (iv) TSTU, TEA, DMF, rt, 20 min, 68% (13),
68% (14); (v) DMSO, 40 °C, 48 h, 59% (1), 35% (2).

Complexes 3 and 4, with a O-ethylene linker, were synthesised according to Scheme 2,
in a manner similar to the synthesis of the N-triazolyl derivatives 1 and 2, described ear-
lier. Compounds 19 and 20, recently reported by us [22], were hydrolysed under mild
basic conditions to afford deacetylated carboxylic acids 21 and 22. The same challenges
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described above remained for the synthesis of froe sugar complexes 3 and 4 and conse
quently, the same strategies were applied. The successful formation of the NHS active
esters 23 and 24 was achieved once again with the use of TSTU, and the final complexes
3 and 4 were obtained through the reaction of the activated deprotected sugar moieties
23 and 24 with oxoplatin in DMSO. These complexes were characterised using the same
techniques as for complexes 1 and 2. All the complexes show the typical features of
PY(IV) species based on a cisplatin scaffold, with a broad triplet around 6 ppm assigned
to the NH; groups in the "H-NMR spectrum, the "®Pt signal around 1600 ppm, typi-
cal of Pt in the oxidation state +4 and the typical Pt isotopic pattern in the mass spectra
(Supplementary Materials Figures S1-516).

R10Ac
0

. %

Scheme 2. Synthetic route for complexes 3 and 4: (i) 2-Chloroethanol, BF3.0Et;, 3 AMS,0°C tort,
DCM, 16 h, 39% (15), 40% (16); (ii) NaN;, DME, 80 “C, 16 h, 59% (17), 57% (18); (iii)CuSO,, sodium
ascorbate, t-BuOH, THE H;0, rt, 16 h, 44% (19), 47% (20); (iv) TEA, MeOH, H,0, 45°C, 16 h, 86%
(21), 96% (22); (v) TSTU, TEA, DME, 20 min, rt, 60% (23), 75% (24); (vi) DMSO, 40 °C, 48 h, 47 (3),
61% (4).

The stability in physiological conditions of complexes 1 and 3, taken as examples
for the different substituents at the anomeric position) was analysed over a period of
96 h via 'H, *C and *P1-NMR in a solution of DMSO containing PBS buffer (pH = 6.8)
and minimum decomposition was observed (Figure 517a-f in Supplementary Materials).
The redox behaviour of complexes 1 and 3 (cathodic processes E; (1), E; (II), Figure 2)
and of the corresponding axial glycol-ligands 11 and 21 (Ej (I}, Figure 2) was studied
via Cyclic Voltammetry with E%yyy pqny = —1.034 V and —1.002 V for 1 and 3, respec-
tively Ej, (II). The electrochemical reduction was irreversible, in line with previous re-
ported Pi{IV) species based on cisplatin [25], and no major difference was observed ac-
cording to the type of linker used to connect the carbohydrate moiety and the Pt centre
(Figure 2, Figures S18 and S19 in Supplementary Materials).
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For a confirmation of the activation through intracellular reduction that occurs in
PY(IV) species, the behaviour of the PYIV) pro-drugs was studied by means of the addition
of an excess of ascorbic acid into a solution of complex 3 [29]. The reduction process was
followed by "H-NMR with complete release of the carbohydrate axial ligand after 48 h,
as observed by the disappearance of the triazole proton at 8 = 7.93 of complex 3 and the

concomitant formation of the corresponding peak at & = 7.91 of the free carboxylic acid 21
(Figure 3 and Figure 520 in Supplementary Materials).

T=48Hr , Ll

T=24 Hr _ ,_,I.

_ T=180 mins,!
_T=120 mins}'l
=60 mins |

T=28 mins

_T=21 mins |

T=14 mins _"‘
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=0 mins

Lligand21 /I

L3} 80 7%

Figure 3. Reduction of complex 3 by a 10-fold excess of ascorbic acid. TH NMR spectraover 48 h
in DMSO.
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2.2. Biological Evaluation

The anticancer activity of the four complexes were tested in vitro in 2D and 3D against
two osteosarcoma cancer cell lines (SAOS and MG63) and also in 2D against a healthy
osteoblast cell line (hFOBs), to evaluate if the strategic use of glucose and galactose as
vectors is enhancing the selectivity.

The evaluation of cell viability demonstrated a dose-dependent cancer cell toxic-
ity exerted by all the drugs (Figure 4). Although no significant differences in the ICs;
(Table 1, Figures 521-523 in Supplementary Materials) were detected in the four complexes
compared to dsplatin, at high concentrations the complexes showed better performance
with respect to cisplatin. In MG&3 cells, the mean effect of the complexes 1-4 showed a
~3-fold reduction of the cell viability with respect to cisplatin, and ~1.5-fold reduction for
SAQOS-2 (Figure 4). The higher anticancer activity of all the complexes 1-4, with respect
to cisplatin, was statistically significant at 30 uM for SAOS-2 and 60 uM for MG63. The
different cellular behaviour between the cell lines can be attributed to the intrinsic biological
differences of the two osteosarcoma cell lines [30].

Most importantly, in the healthy cell hRFOBs, the cisplatin began to be extremely toxic
at very low concentration, 1.5 uM (p < 0.001 with respect to cells only), while complexes
1-4 showed a cytotoxic effect at much higher concentrations, > 15 uM (complex 1 p < 0.05;
2p < 0.001; 3 p < 0.0001; 4 p < 0.001 respect to cells only). The evaluation of the IC5,
values confirmed the cell viability results; in fact, in the hFOBs, the ICy, of the cisplatin
(i.e, 4.1 uM) was far lower compared to the ICy, values of complexes 1-4, which were
> 16 uM (Table 1). Moreover, it was shown that the toxic effect of the complexes is statis-
tically significantly lower, with respect to the effect of cisplatin, at 1.5 uM, 5 uM, 15 uM,
and 30 uM (Figure 4). The cell behaviours observed in the cell viability assay were also
confirmed using morphological analysis, where a reduction in cell density directly related
to the increase in drug concentration was detected (Figure 524 in Supplementary Materials).

The results demonstrated that complexes 1-4 all have selectivity for these cancer cells
and a lower toxic effect on healthy hFOBs. We believe that this selectivity could be ascribable
to the overexpression of the GLUT family members, specifically GLUT-1, observed in cancer
cells leading to an increased glycolytic activity [31,32]. The higher toxicity of all complexes
with respect to the cisplatin, observed in both MG63 and SAOS-2 at 30 uM and 60 uM,
strengthens the hypothesis of the role of the GLUT receptor overexpression in the uptake,
induced by the presence of sugar moieties connected to the drug, and consequently in the
increased anticancer effect.

In order to confirm these promising results, a proof of concept in vitro was performed
using more relevant cancer models. In fact, it is well known that the use of conventional 2D
approaches show some limitations because they fail to mimic a real tumour’s complexity,
leading to a low predictivity of preclinical results [33,34]. To overcome this limitation, and
to strengthen the results obtained in the previous 2D study, an MGA3 cell line was cultured
on a 3D scaffold that mimics the feature of the bone extracellular matrix (Figure 5C) from a
physical, chemical, and nanostructural point of view, as previously demonstrated [35,36].

After the seeding of the MG63 cell line, the cells were able to interact and colonise the
scaffold, providing a more mimetic 3D scaffold-based osteosarcoma model (3D OS model)
which was then used to test the effect of the proposed drugs. As shown in Figure 5A B,
MG63 cells easily adhered to the nanostructure of the biomimetic scaffolds and, 48 h
after seeding, the scaffolds were nearly completely covered by the cells, exhibiting their
characteristic morphology and a high level of cell/material interactions.

It is well known that the behaviour of the cells cultured in 3D condition is different
respect to the standard 2D model [37]. For this reason, before testing the complexes in
the 3D OS mode, a preliminary evaluation of the cisplatin effective concentration was
performed by comparing the toxicity of csplatin 15 uM in 2D and in the 3D OS model. As
shown in Figure 525 in Supplementary Materials, 15 uM of cisplatin did not compromise
the cell viability in 3D OS model, though it significantly reduced the viable cells grown in
2D standard culture conditions (p-value < 0.0001).
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Figure d. 2D drug screening of complexes 1-4 by MTT assay. Cell viability evaluation after 72 h
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Table 1. IC5 (M) values of the complexes 1-4 and cisplatin against MG63, SAOS-2 and hFOBs cells.

Cisplatin Complex 1 Complex 2 Complex 3 Complex 4

1Cso 95% 1Cs 95% CI 1Cs0 95% CI ICse 95% C1 ICso 95% CI

5 +3.1; o +33; - +3.2; g +4.2;
MG63 1220 = 1590 5 13.60 13.0 Py 1490 .
26 29 27 -3.5

SAOS-2 1370 +32; 12.94 +3.4; 19.00 34; 1518 +3.7; 7.2 +4.5;
L -2 370 27 2.9 30 9. 10 .18 31 7.22 7
+0.42 . o pe +1.92; +1.7 n +0.42

109 % 2. 208 : . 88 ; 20.91 x

hFOBs 10 047 36 0.85 21 16.8¢ 175 0.91 047

Figure 5. 3D scaffold-based osteosarcoma model (30D OS model). (A) Analysis of cell morphology
of 3D MG63 culture on bone-mimetic scaffold 48 h after seeding. F-Actin filaments in green (FITC)
and cell nuclei in blue (DAPI); scale bars 200 um. (B) Image enlargement (white square) of the cell
morphology details; scale bars 50 pum. (C) Representative image of the 3D bone-mimetic scaffold;
scale bars 4 mm.

Based on these results, the complexes 1-4 and the cisplatin were tested at 30 and 60 uM
in the 3D tumour model. At 60 uM, all the complexes showed higher toxic effect respect to
the cisplatin, and these differences are statistically significant for complexes 2 and 4 with
p value < 0.05 (Figure 6). Morphological analysis (Figure 526 in Supplementary Materials)
confirms the cell viability results.

This proof of concept highlights the cancer cells selectivity of the complexes for the con-
sidered OS cells, compared to the cisplatin action, and reinforces the data obtained in the 2D
in vitro study, demonstrating better performances of the complexes 1-4 as anticancer drugs.
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Figure 6. Anti-cancerous effect of 1-4 complexes on 3D OS model. Cell viability evaluation after 72 h
of incubation with compl using MTT assay. Data are reported in the graph as percentage (%)
mean + standard error of the mean. Statistical analyses with respect to cisplatin are reported in the
graph, * p value < 0.05.

3. Materials and Methods
3.1. General Methods

All reagents and reactants were purchased from commercial sources. The two sources
used were Sigma-Aldrich (St.Louis, MO, USA) and Fluorochem (Graphite way, Hadfield,
UK). All solvents were used without further purification. Cisplatin and oxoplatin were
synthesised as previously reported [35,39]. Compounds 7-10 and 15-20 were synthesised
as reported by us [22].

The elemental analysis studies (carbon, hydrogen, and nitrogen) were performed by
means of a PerkinElmer 2400 series Il analyser (Waltham, MA, USA). HR mass spectra were
recorded with a Waters LCT Premier XE Spectrometer (Milford, MA, USA). NMR: 'H, BC
and "**Pt NMR spectra were obtained in a solution of D,0 or DMSO-d;, at 300K, in 5 mm
sample tubes, with a premium shielded Agilent Varian 500 MHz (operating at 500.13, 125.75,
and 107.49 MHz, respectively)(Santa Clara, CA, USA). The 'H and "C chemical shift was
referenced to the residual impurity of the solvent. The external reference was NaxPtCly in
D,0 (adjusted to § = — 1628 ppm from Na,PtCl) for '**Pr. The stability was followed using
high-performance liquid chromatography (HPLC) with a Phenomenex Luna C18 (5 uM,
100 A, 250 mm x 4.60 mm i.d.) column (Torrance, CA, USA) at room temperature at a flow
rate of 1.0 mL/min with 254 nm UV detection. Mobile phase containing 80:20 acetonitrile
(0.1% trifluoroacetic acid): water (0.1% trifluoroacetic acid): the complexes were dissolved
in DMF (0.5 mL) and diluted to a final concentration of 0.5 mM, using acetonitrile and
water solution (1/1) and 2 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
buffer (pH 6.8). Infrared (IR) spectra were precisely recorded in the region 4000400 cm .
on a Perkin Elmer spectrum 100 FT/IR spectrometer (Shelton, CT, USA). The solid samples
were run using ATR. An extensive biological evaluation of the activity of all the compounds
was performed in human osteosarcoma cell line in vitro models as reported below.

3.2. Cyclic Voltammetry

Measurements were made using a Solartron SI2187 Electrochemical Potentiostat /Galvanostat
(Berwyn, PA, USA) and a CHI Instruments 1200 Potentiostat (Austin, TX, USA). Non-
aqueous voltammetry of 2 mM of each of 11, 21, 1 and 3 was carried out at a glassy carbon
working electrode (0.07 cm?) in a three-electrode configuration with Pt wire counter and
non-aqueous Ag | Ag' reference electrode in 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAPF;) supporting electrolyte in DMSO as solvent. The working electrodes were
prepared by polishing with 1 um microcrystalline diamond suspension on a micro-cloth,
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followed by rinsing in deionised water. Voltammograms were generated over the range 0.2
to -1.7Vvs. Ag/Ag" in a deaerated solution (N; bubbling 10 min), with a cathodic scan
direction at 100 mV-s ! in all cases.

3.3. Stability and Reduction Studies

The stahility was analysed via 'H, 3¢ and *Pr NMR Complaves 1and 3 (taken as
examples for the different substituents at the anomeric position) were dissolved ina 1/1
mixture of DMSO and PBS (pH = 6.8), and the spectra were collected after 0 and 96 h. The
reduction was followed by 'H-NMR. Complex 3 (5 mg, 7.53 umol) was dissolved in 500 L
of DMSO-d; and ascorbic acid (13 mg, 10 Equiv.) was added. 'H NMR spectrum was
recorded every 7 min for 30 min, then every hour until 24 h and then after 48 h.

3.4. In Vitro Biological Evaluation

In vitro tests of the four P(IV)-Carbohydrate derivatives complexes (1-4) were per-
formed to evaluate their biological activity towards two osteosarcoma cell lines (MG63
and SAOS-2) and a non-cancerous cell line of h foetal osteoblasts (hFOBs), compared
to cisplatin. The drugs were reconstituted in dimethyl sulfoxide (DMSO) at 1 mg/mL
concentration, before being diluted in culture media at the required concentration. A 2D
in vitro screening of all the drugs was performed at 72 h in a wide concentration range (0.5;
15, 5, 15, 30, 60 and 100 itM) on the three different cell lines in terms of cell viability, and the
ICx was calculated. The cell morphology in the p ce of the compl was evaluated
at 15 and 30 uM concentrations, for MG63 and SAOS-2 and hFOBs cells, respectively,
according to the ICs at 72 h. Moreover, as more predictive in vitro cell culture systems, 3D
tumour scaffold-based models of osteosarcoma were developed, and the anticancer activity
of cisplatin and complexes 1-4 on MG63 cells, in terms of cell viability and morphology,
was investigated at 30 and 60 uM concentrations after 72 h of culture. For the models, a
composite hydroxyapatite-based scaffold (MgHA /Coll), as a bone-like matrix, was used in
combination with MG63 cells. For both the 2D and 3D in vitro cell cultures, cisplatin was
used as a control group, and cells only were used as a negative control.

Cell culture. Human Osteosarcoma cell lines MG&3 (ATCCm CRL1427™), SAOS-2
(ATCC® HTB-85™), and Human Foetal Osteoblasts (hFOBs 1.19) (ATCC® CRL-11372)
were purchased from American Type Culture Collection (ATCC) and used for this study. The
MG63 cell line was cultured in DMEM F12-GlutaMAX™ Modified Medium (Gibco), sup-
plemented with 10% Foetal Bovine Serum (FBS) (Gibco) and 1% of penicillin/streptomycin
mixture (pen/strep) (100 U/mL-100 pg/mL, Gibco). The SAOS-2 cell line was cultured in
McCoy’s 5A Modified Medium (Gibco), supplemented with 15% and 10% FBS, respectively,
and 1% pen/strep. The hFOBs cell line was cultured in DMEM F12 no phenol red, with
L-glutamine supplemented with 10% FBS and 0.3 mg/mL Geneticin (G418, Gibco). Cells
were kept in an incubator at 37 °C under controlled humidity and 5% COz atmosphere
conditions. Cells were detached from culture flasks via trypsinization and centrifuged. The
cell number and viability were determined using the trypan blue dye exclusion test, and all
cell handling procedures were performed under a laminar flow hood in sterility conditions.

Synthesis of bone-mimetic scaffolds. The Mg-doped hydroxyapatite collagen composite
scaffolds were designed and synthesised at ISSMC of CNR of Italy [35]. In brief, 150 g of
collagen gel (1 wt%, Opocrin SpA, MO, Italy) was diluted into a phosphoric acid solution
(2.4 g in 500 mL; H3POy, 85 wt.%, Sigma-Aldrich) at room temperature to obtain an acidic
aqueous homogenous suspension. Separately, a basic aqueous suspension was obtained by
mixing 2.7 g of calcium hydroxide (Ca(OH),, 95 wi.%, Sigma) and 035 g of magnesium
chloride (MgCly-6H,0, 99 wt.%, Sigma) in 500 mL of milli-Q water at room temperature to
obtain a basic aqueous homogenous suspension. The acidic suspension was dripped into
the basic one at 25 + 2 °C under continuous stirring condition and maturated for 2 h. Later,
the slurry solution was rinsed thrice in milli-Q water and filtered through metallic sieve
(150 m) to exclude unreacted counter ions. The recovered slurry solution was cross-linked
with 2 wt.% BDDGE (respect to Collagen) at 25 + 2 °C for 24 h and at 4 °C for other
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24 h. Later, the solution was rinsed thrice in milli-Q water to remove any residues and
freeze-dried (—40 °C and +25 “C) for 48 h under 0.086 mbar vacuum conditions (LIO 3000
PLT, SPASCAL, Italy). The oblained scaffolds (8 x 4 mm), named bone-mimetic scaffolds,
were sterilised using 25 kGy y-ray irradiation before use.

3D scaffold-based osteosarcoma models (3D OS model). For the development of the in vitro
3D scaffold-based osteosarcoma model, bone-mimetic scaffolds were used as bone-like
matrix in combination with MG63 cells. The scaffolds were conditioned in culture media
for 24 h before the cell seeding. MG63 cell line was seeded with a density of 3.0 x 10°
per scaffold by dropping the cellular suspension on the material upper surface followed
by 30 min pre-adhesion at 37 °C before cell media addition. The 3D OS model has been
grown in the incubator under standard culture medium condition for 48 h to allow cell
colonization of the scaffold, then the medium was changed, and the drugs were added. The
in vitro 3D OS models were cultured in the presence of the drugs for 72 h at 37 °C under
controlled humidity and 5% CO; atmaosphere conditions; the cells grown in 3D in standard
condition, without the drugs, were used as control group (3D cells only). All cell handling
procedures were performed under a laminar flow hood in sterility conditions.

MTT cell viability assay. A quantitative analysis of cell viability was carried out by using
MTT assay, following the manufacturer’s instructions. For the in vitro 2D cell cultures, all
cell lines were seeded at a density of 5.0 x 107 cells /well in 96 well-plates. For in vitro 3D cell
cultures, see at the "3D scaffold-based models of osteosarcoma” paragraph of Materials and
Methods section. The MTT reagent [3-(4,5-dimethylthiazol-2-y1)-2 5-diphenyltetrazolium
bromide] (5 mg/mL) was dissolved in phosphate saline buffer 1X (PBS 1X). At 72 h, the
cells were incubated with 10% media volume MTT solution for 2 h at 37 °C, 5% CO; and
controlled humidity conditions. The cell culture media was removed and substituted with
DMSO (Merck) dissolving formazan crystals, derived from MTT conversion by metabolically
active cells. For the 3D scaffold-based models of osteosarcoma, each scaffold was transferred
into a 2 mL Eppendorf, and completely broken using pestles after DMSO addition. After
15 min of incubation under slight stirring conditions, the absorbance of formazan was read at
570 nm by using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific, Waltham,
MA, USA). The values of absorbance are directly proportional to the number of metabolic
active cells in each well. One experiment was carried out, and a biological triplicate for
each condition was performed. For the 3D tumour models, one biological experiment was
performed, and two scaffolds for each condition were used.

Cell morphology evaluation. For the in vitro 2D cell cultures, all cell lines were seeded
ata density of 5.0 x 10° cells/well in 96 well-plates, for the in vitro 3D cell cultures cells
were treated as previously described. Both the 2D and 3D cell cultures were fixed in 4%
buffered Paraformaldehyde (PFA) following the manufacturer’s instructions. The fixed
samples were permeabilised in PBS 1X with 0.1% (v/2) Triton X-100 (Merck) for 5 min at
room temperature and F-actin filaments were highlighted with Alexa Fluor 488 Phalloidin
(Invitrogen) for 20 min at room temperature in the dark. DAPI (600 nM) counterstaining
was performed for cell nuclei identification, following the manufacturer’s instructions. The
images were acquired by using an Inverted Ti-E Fluorescent Microscope.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism Software
(8.0.1 version). The results of the MTT assay of the in vitro 2D drug screening are reported
in the graphs as mean percentage of cell viability, with respect to cells only = standard
deviation, and they were analysed using two-way analysis of variance (two-way ANOVA)
and Dunnett’s multiple comparisons test. The MTT results were further analysed using one-
way analysis of variance (one-way ANOVA) and Dunnett’s multiple comparisons test. 1Cs
values were calculated as Log(inhibitor) versus mean percentage of dead cells, with respect
to cells only, and the obtained values are reported in the graphs +£95% confidence interval
(CI) for each cell line. The MTT results for the 3D tumour engineered models of osteosarcoma
were reported in the graph as percentage mean =+ standard error of the mean, and they were
analysed with two-way ANOVA and Dunnett’s multiple comparisons test. A further analysis
was performed using the unpaired !-test on all drugs, with respect to cisplatin.
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3.5. Synthetic Procedures

Compounds 7-10 and 15-20 were synthesised as reported by us [22].

N-(f-D-glucopyranosyl-1,2 3-triazol-4-yl)-propanoic acid (11)

9 (0.612 g, 1.29 mmol) was suspended in a mixture of methanol (6 mL) and water
(3 mL) and heated at 45 “C. NEt; (0.2 mL) was added, and the reaction was allowed to
stir overnight. The progress was checked using TLC (95:5 DCM:MeOH). The solvent
was removed under vacuum and the residue was redissolved in H,O and stirred with
Amberlite H' resin for 40 min. The Amberlite was filtered, and the residue was dried
via lyophilization and reacted in the following step without further purification (0.375
g 1.04 mmol, 95%). Ry = 0.40 (DCM:MeOH:H,0 60:35:5). [a|3 *+1.12 (c 0.825, MeOH).
*H NMR (500 MHz, D,0) § 7.97 (s, 1H, triaz-CH), 5.67 (d, | = 9.2 Hz, 1H, H-1), 395 (¢,
| =9.2Hz, 1H, H-2), 387 (dd, | = 124, 2.0 Hz, 1H, H-6), 3.77-3.64 (m, 3H, H-3, H-6', H-5),
3.62-3.56 (m, 1H, H-4), 2.96 (1, ] =74 Hz, 2H, triaz-CH,), 2.55 (1, | = 7.4 Hz, 2H, CH,C0). *C
NMR (125 MHz, D,0) § 180.90 (CO), 147.92 (triaz-C), 122.15 (triaz-CH), 87.35 (C-1), 78.79
(C-5), 75.87 (C-3), 72.22 (C-2), 68.92 (C4), 60.40 (C-6), 36.18 (CH,CO), 21.49 (triaz-CH,). IR
(ATR) 3256.84, 2915.58, 1567.38, 1396.39, 1042.54, 898.47, 599.49 cm '. HR-MS (+): m/z
caled for Cy HypN3Oy + H [M + H]' 304.1145, found 304.1140. HR-MS (+): m/z calcd for
CnHizN3O7 + Na* [M + Na]' 326.0964, found 326.0958.

N-(-D-glucopyranosyl-1,2, 3-triazol-4-yl)-(3-oxopropyl-(oxy(2,5-dioxopyrrolidin-1-

M) (13)
Y 11 (0.2 g, 0.659 mmol) was added to a flask containing TSTU (0.218 g, 0.725 mmol,
L1 equiv.) and placed under N,. Anhydrous DMF (10 mL) and anhydrous Triethylamine
(0.101 mL, 0.725 mmol, 1.1 equiv.) were added. The reaction was stirred for 20 min, and
reaction progress was monitored by TLC (60:355 DCM:MeOH:H;0). The solvent was
removed in vacuo and the residue was washed with DCM. The precipitate was collected
via centrifugation and dried, yielding a light pink powder (Yield 0.182 g, 0.454 mmol, 63%).
R; = 0.92 (DCM:MeOH:H20 60:35:5). [a]5*+ 3.75 (c 0.8, H20). 'H NMR (500 MHz, DMSO)
5 8.11 (s, 1H, triaz-CH), 548 (d, | = 93 Hz, 1H, H-1),5.32(d, | = 6.0 Hz, 1H, OH of C-2),
526 (d, | = 4.6 Hz, 1H, OH of C-3), 5.14 (d, | = 5.4 Hz, 1H, OH of C4), 4.62 (s, IHOH
of C-6), 3.74-3.66 (m, 2H, H-2, H-6), 3.43 (d, | = 7.6 Hz, 2H, H-¢', H-5), 3.39 (dd, | =89,
3.9Hz, 1H, H-3), 3.21 (dt, ] = 13.9, 7.0 Hz, 1H, H-4), 3.10-3.05 (m, 2H, CH,C0), 3.02-2.98
(m, 2H, triaz-CH,), 2.82 (s, 4H, CH,CH-succ) ppm. *C NMR (125 MHz, DMSO) 5 170.25
(CO suce x2), 168.38 (CO), 144.37 (triaz-C), 121.40 (triaz-CH), 87.44 (C-1), 79.92 (C-5), 76.95
(C-3), 72.16 (C-2), 69.60 (C-4), 60.74 (C-6), 29.58 (CH200), 2547 (CH2CH:2-succ), 20.27 (triaz-
CH;) ppm. IR (ATR) 3298.62, 2917.68, 1731.73, 1708.88, 1406.06, 1367.70, 1206.78, 1019.20,
818.67, 647.68 cm . HR-MS (+): m/z caled for CisHaoN3Os + H [M + H|* 401.1309, found
401.1300. HR-MS (+): m/z caled for CysHxNyOg + Na* [M + Na]* 423.1128, found 423.1119.

[PtV (NH3)2(11)(OH)Cl2] (1)

13 (0321 g, 0.801 mmol) dissolved in DMSO (15 mL) was added dropwise overnight
to a suspension of Oxoplatin (0.280 g, 0.841 mmol, 1.05 equiv.) in DMSO (5 mL) and
stirred in the dark at 40 °C for 48 h. The yellow suspension was filtered and the DMSO
was evaporated via lyophilization. The ining oil was treated with methanol (10 mL)
and the white/yellow precipitate that was formed was washed with DCM and diethyl
ether. The product was dried under reduced pressure (Yield 0.293 g, 0.473 mmol, 59%).
[a]F5+2.22 (¢ 0.9, H20). "H NMR (500 MHz, DMSO) 5 8.06 (s, 1H, triaz-CH), 6.17-5.79 (m,
6H, 2x NH3), 544 (d, ] = 9.3 Hz, 1H, H-1), 532 (d, | = 6.0 Hz, 1H, OH of C-2), 527 (d,
] =4.8Hz, 1H,OH of C-3),5.14 (d, | = 5.4 Hz, 1H, OH of C-4), 463 (1, ] = 5.6 Hz, 1H, OH of
C-6), 3.77-3.65 (m, 2H, H-2, H-6), 343 (dt, ] = 119, 4.9 Hz, 3H, H-6', H-3, H-5), 3.21 (dd,
| =89,5.2 Hz, 1H, H-4), 2.83 (1, | = 7.6 Hz, 2H, triaz-CH,), 2.49 {m, 2H, CH,CO). **C NMR
(125 MHz, DMSO) § 179.89 (CO), 146.33 (triaz-C), 121.23 (triaz-CH), 8§7.42 (C-1), 79.90 (C-5),
76.97 (C-3), 72.01 (C-2), 69.60 (C-4), 60.77 (C-6), 35.96 (CH,CO), 21.93 (triaz-CH,). "*Pi['H)
NMR (108 MHz, DMSO) & 1047.07 ppm. IR (ATR) 3221.35, 1619.15, 135111, 1094.74, 579.32,
438.05 cm ' HR-MS (+): m/z caled for Cy HyCLN<OxPt + H' [M + H|' 619.0644, found
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620.0639. El. Anal. Caled. for C;HysClhNsOgPE: % C =21.33; H =3.74; N = 1131; found: %
C=2185H=33%N=1182

N-(g-D-galactopyranosyl-1,2,3-triazol-4-yl)-propanoic acid (12)

Compound 12 was synthesised according to the procedure reported for compound
11 (Yield 0.098 g, 0.323 mmol, 97%). Ry = 051 (DCM:MeOH:H,0 60:35:5) [a)57+ 16 (¢
0.625, MeOH). "H NMR (500 MHz, D20) 5 7.96 (s, 1H, triaz-CH), 555 (d, ] = 9.2 Hz, 1H,
H-1), 4.11 (t, ] = 95 Hz, 1H, H-2), 399 (dd, | = 33, 0.7 Hz, 1H, H-4), 3.89 (d, ] = 6.0,
08 Hz, 1H, H-5), 3.78 (dd, | = 9.8, 3.3 Hz, 1H, H-3), 3.69 (d, | = 62 Hz, 2H, H-6, H-
6'), 2.89 (t, | = 7.4 Hz, 2H, triaz-CH,), 252 (t, | = 74 Hz, 2H, CH,CO). “C NMR (125
MHz, D;0) § 179.95 (CO), 147.63 (C-triaz), 121.90 (CH-triaz), 87.93 (C-1), 78.16 (C-5),
7292 (C-3), 69.63 (C-2), 68.52 (C-4), 60.78 (C-6), 35.46 (CH,CO), 21.20 (triaz-CH;). IR
(ATR) 3247.67, 156521, 1399.66, 1053.32, 883.22, 553.54 cm '. HR-MS (+): m/z caled for
C;iHizN3Oy + H* [M + HJ* 3041145, found 304.1138. HR-MS (+): m/z caled for
C11Hy3NsO; + Na' [M + Na|' 326.0964, found 326.0956.

N-{(-D-galactopyranosyl-1,2 3-triazol-4-yl)-{3-oxopropyl-{oxy (2, 5-dioxopyrrolidin-1-y1))) (14)

Compound 14 was prepared according to the method reported for compound 13 (Yield
0.204 g, 0.509 mmol, 68%). Ry = 0.9 (DCM:MeOH:H,0 60:355). [a|5* — 4.28 (¢ 0.7, H,0).
'H NMR (500 MHz, DMSQ) & 8.07 (s, 1H, triaz-CH), 5.44 (d, ] = 9.2 Hz, 1H, H-1),5.16 (d,
| =6.0Hz, 1H, OH of C-2),5.03 (d, | = 5.7 Hz, 1H, OH of C-3),4.70 (t, ] = 5.7 Hz, 1H, OH of
C-6),4.66 (d, ] =49 Hz, 1H, OH of C4),4.03-3.96 (m, 1H, H-2),3.76 (t, | = 3.75 Hz, 1H, H4),
3.70(t, ] = 6.1 Hz, 1H, H-5), 3.56-3.44 (m, 3H, H-3, H-6, H-6"), 3.09 (1, ] = 7.0 Hz, 2H, CH,CO),
3.02-2.99 (m, 2H, triaz-CH), 2.82 (s, 2H, CH,CH,-succ). C NMR (125 MHz, DMSO) §
170.23 (CO succ x2), 16839 (CO), 144.42 (triaz-C), 121.12 (triaz-CH), 88.06 (C-1), 78.37 (C-5),
73670 (C-3), 69.32 (C-2), 68.42 (C4), 6045 (C-6), 29.59 (CH2CO), 25.46 (CH2CH2-succ),
20.28 (triaz-CH,) ppm. IR (ATR) 3309.24, 2917.95, 1731.99, 1368.41, 1205.61, 1020.46, 891.00,
820.54, 647.48 cm 1. HR-MS (+): m/z caled for CysHagN Oy + HY [M + H|* 401.1309, found
401.1305. HR-MS (+): m/z caled for Cy;sHxN;Og + Na* [M + Na]* 423.1128, found 423.1127.

[PV (NH3)2120H)Cl2] (2)

Complex 2 was synthesised according to the method reported for complex 1 (Yield
0.111 g, 0.179 mmol, 35%). [a]5*+ 10 (c 0.9, H,0). "H NMR (500 MHz, DMSO) § 8.00 (s,
1H, triaz-CH), 6.11-5.80 (br. t, 6H, 2x NH;), 5.39 (d, ] =92 Hz, 1H, H-1),5.18 (d, | = 59 Hz,
1H, OH of C-2),5.03 (d, ] =5.6 Hz, 1H, OH of C-3), 4.70 (, | =5.6 Hz, 1H, OH of C-6), 4.64
(d, ] =5.1 Hz, 1H, OH of C4), 4.05-3.98 (m, 1H, H-2),3.75(t, ] = 3.6 Hz, 1H, H4), 368 (1,
] =5.9 Hz, 1H, H-5), 3.56-3.47 (m, 3H, H-3, H-6, H-6"), 2.83 (1, | = 7.45 Hz, 2H, triaz-CH,),
253-2.51 (m, 2H, CH,CO, overlaps with DMSO). **C NMR (125 MHz, DMSO) § 179.90
(CO), 146.35 (triaz-C), 120.97 (triaz-CH), 88.01 (C-1), 78.35 (C-5), 73.73 (C-3), 69.19 (C-2),
68.46 (C-4), 60.47 (C-6), 36.01 (CH,CO), 21.94 (triaz-CH,). "*Pt{'H} NMR (108 MHz, DMSQ)
5 1045.09 ppm. IR (ATR) 3224.69, 1617.95, 1352.08, 1090.21, 890.51, 563.88, 437.95 cm 1.
HR-MS (+): m/z calad for C;y Ha3ClaNsOyPt + HY [M + H' 619.0644, found 620.0634. EL
Anal. Caled. for C;HaaCINsOgPt: % C = 21.33; H=374; N = 11.31; found: % C = 21.64;
H=382;N=1172.

N-[2-0-(-D-glucopyranosyl)-ethyl-1,2 3-triazol-4-yl)|-propanoic acid (21)

Compound 21 was synthesised according to the procedure used for compound 11
(Yield 0.053 g, 0.152 mmol, 89%). Ry = 0.56 (DCM:MeOH:H,0 60:35:5). [a]F*+4.18 (¢
0.716, MeOH). 'H NMR (500 MHz, D,0) & 7.80 (s, 1H, triaz-CH), 457 (dd, | = 14.3, 35 Hz,
2H, CH;-triaz), 435 (d, | = 6.8 Hz, 1H, H-1), 4274.20 (m, 1H, OCH), 4.05 (dt, ] =62,
4.1 Hz, 1H, OCH"), 384 (d, | = 123 Hz, 1H, H-6), 3.67-3.60 (m, 1H, H-6"), 3.43-3.27 (m,
3H, H-3, H-4, H-5), 3.21-3.18 (m, 5H, H-2), 292 (d, | = 7.3, 1.3 Hz, 2H, triaz-CH,), 253 (t,
| =7.4 Hz, 2H, CH,CO). “C NMR (125 MHz, D,0) § 180.75 (CO), 14740 (triaz-C), 123.72
(triaz-CH), 102.38 (C-1), 75.87 (C-3), 75.55 (C-5), 72.89 (C-2), 69.51 (C4), 68.09 (OCH,),
60.65 (C-6), 50.11 (CHz-triaz), 36.01 (CH2CO), 21.38 (triaz-CHz). IR (ATR) 3334.48, 2885.68,
171154, 1553.96, 1358.20, 1219.58, 1030.84, 828.66, 494.93 cm . HR-MS (+): m/z caled
for C1aH2i1NsOy + H* [M + HJ® 3481407, found 348.1402. HR-MS (+): m/z calcd for
C13H N3Oy + Na* [M + Na]* 370.1226, found 370.1218.
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N-{2-O04(f-D-glucopyranosyi)-ethyl-1,2 3-triazol-4-yl) H3-oxopropyl-loxy(2 5-dioxopyrrolidin-
Ty (23)

Compound 23 was synthesised according to the procedure for compound 13. (Yield
0.380 g, 0.855 mmol, 80%). R, = 0.86 (DCM:MeOH:H,0 60:35:5). [a}32+ 1.07 (¢ 0.93, MeOH).
'H NMR (500 MHz, DMSO) § 7.99 (s, 1H, triaz-CH), 5.10 (d, | = 5.0 Hz, 1H, OH of C-2),
499 (d,J=48Hz, 1H, OH of C-3), 494 (d, ] =53 Hz, 1H, OH of C-4), 452 (dt, | = 6.8,
42 Hz, 3H, CH,-triaz, OH of C-6), 421 (d, ] = 7.8 Hz, 1H, H-1), 4.06 (ddd, | = 10.6, 59,
4.4 Hz, 1H, OCH), 3.86 (ddd, | = 112, 6.7, 44 Hz, 1H, OCH"), 3,67 (ddd, | = 11.5,59, 1.8 Hz,
1H, H-6), 3.43 (dt, | = 11.7, 59 Hz, 1H, H-¢'), 3.16-3.08 (m, 2H, H-3, H-5), 3.08-3.01 (m,
3H, CH,CO, H-4), 3.00-2.93 (m, 3H, H-2, triaz-CH;), 2.81 (s, 4H, CH,CH;-succ). “C NMR
(125 MHz, DMSO) § 170.20 (CO succ x2), 168.33 (CO), 144.17 (triaz-C), 123.18 (triaz-CH),
102.86 (C-1), 76.97 (C-3), 76.57 (C-5), 73.31 (C-2), 70.01 (CH), 67.31 (OCH,), 61.08 (C-6),
49.54 (CH,-triaz), 29.81 (CH,CO), 25.45 (CH,CH,-succ), 20.37 (triaz-CH,). IR (ATR) 3369.66,
2886.72, 1728.66, 1366.57, 1206.12, 1033.96, 813.22, 645.50 cm *. HR-MS (+): m/z caled
for CiyHuN4O1o + H' [M + H|' 445.1571, found 445.1561. HR-MS (+): m/z calcd for
CyH2N; Oy + Na* [M + Na]* 467.1390, found 467.1384.

[PV (NH3)2(21(OH)CLz] (3)

Complex 3 prepared according to the method reported for complex 1. (Yield 0.218 g,
0.328 mmol, 47%). [a]3}*+ 15 (c 0.4, H,0). "H NMR (500 MHz, DMSO) § 7.93 (s, 1H, triaz-
CH), 598 (t, ] = 482 Hz, 6H, 2x NHj3), 5.10(d, | =49 Hz, 1H, OH of C-2), 498 (d, | = 4.7 Hz,
1H, OH of C-3), 4.93 (d, ] = 5.2 Hz, 1H, OH of C-4), 4.57-4.46 (m, 3H, CH;-triaz, OH of C-6),
421 (d, ] =7.8 Hz, 1H, H-1), 4.10-4.03 (m, 1H, OCH), 3.89-3.83 (m, 1H, OCH"), 3.67 (dd,
] =107, 44 Hz, 1H, H-6), 3.43 (dd, | = 114, 5.6 Hz, 1H, H-¢'), 3.16-3.09 (m, 2H, H-3, H-5),
3.03 (dd, | =9.0, 4.0 Hz, 1H, H), 2.98-2.93 (m, 1H, H-2), 2.80 (1, | = 7.2 Hz, 2H, triaz-CH2),
246 (d, ] = 7.3 Hz, 2H, CH,CO). BC NMR (125 MHz, DMSO) & 179.94 (CO), 146.18 (triaz-C),
122.90 (triaz-CH), 102.82 (C-1), 76.95 (C-3), 76.54 (C-5), 73.32 (C-2), 69.99 (C-4), 67.27 (OCH,),
61.06 (C-6), 49.42 (CHa-triaz), 36.12 (CH,CO), 22.01 (triaz-CH,). *Pt|'H} NMR (108 MHz,
DMSO) § 1047.34 ppm. IR (ATR) 3247.15, 1623.71, 1356.54, 1035.26, 578.92, 426.46 cm .
HR-MS (+): m/z caled for Cy3HaClaNsOyPE + H* [M + H]* 663.0907, found 664.0904. EL
Anal. Caled. for Cy3HprClaN<OgPt: % C = 23.54; H = 4.10; N = 10.56; found: % C = 23.27;
H=49;N=10.11

N-[2-O-(§-D-galactopyranosyl)-ethyl-1,2 3-triazol-4-yl)|-propanocic acid(22)

Compound 22 was prepared according to the procedure reported for compound 11
(Yield 0.231 g, 0.665 mmol, 9%6%). R; = 0.30 (DCM:MeOH:H,0 60:35:5). [a]3%+ 4.24 (c 0.707,
MeOH). "H NMR (500 MHz, D,0) § 7.85 (s, 1H, triaz-CH), 4.61 (t, | = 5.1 Hz, 2H, CH,-triaz),
431(d, ] =79Hz, 1H, H-1), 426 (dt, | = 11.5, 4.7 Hz, 1H, OCH), 4.09-4.04 (m, 1H, OCH"),
3.87(d, ] = 3.4 Hz, 1H, H4), 3.75-3.67 (m, 2H, H-6, H-6"), 3.62 (dd, ] =7.7, 4.6 Hz, 1H, H-5),
358 (dd, ] = 99,35 Hz, 1H, H-3),345(dd, ] =99, 79 Hz, 1H, H-2),296 (1, | = 7.3 Hz,
2H, triaz-CH,), 2.65 (t, | = 73 Hz, 2H, CH,CO). *C NMR (125 MHz, D;0) § 178.90 (CO),
146.93 (C-triaz), 123.87 (CH-triaz), 102.97 (C-1), 75.08 (C-5), 72.58 (C-3), 70.55 (C-2), 68.53
(C-4), 68.02 (OCHs,), 60.87 (C-6), 50.19 (CH-triaz), 34.49 (CH,CO), 20.72 (triaz-CH,). IR
(ATR) 3282.63, 2926.54, 1568.45, 1398.02, 1044.17, 78151, 533.03 cm ~'. HR-MS (+): m/z
caled for Cy3H N3Oy + H [M + HJ* 348.1407, found 348.1403. HR-MS (+): m/z calcd for
Cy3H2 N3Oy + Na* [M + Na|* 370.1226, found 370.1221.

N-[2-0-(5-D-galactopyranosyl)-ethyl-1,2,3-triazol-4-yl)|-(3-oxopropyl-(oxy(2,5-
dioxopyrrolidin-1-y1))) (24)

Compound 24 was prepared according to the procedure reported for compound 13
(Yield 0360 g, 0.810 mmol, 75%). R; = 0.84 (DCM:MeOH:H,0 60:35:5). [a]F*+ 5.5 (c 0.366,
MeOH). 'H NMR (500 MHz, DMSO) § 7.99 (s, 1H, triaz-CH), 4.95 (d, | = 4.6 Hz, 1H, OH
of C-2), 476 (d, ] = 5.3 Hz, 1H, OH of C-3), 4.59 (1, | = 5.7 Hz, 1H, OH of C-6), 451 (qdd,
] =143, 64,42 Hz, 2H, CH>-triaz), 4.39(d, ] =4.6 Hz, 1H, OH of C4),4.15(d, | =73 Hz,
1H, H-1), 4.05 (ddd, | = 107, 6.2, 4.3 Hz, 1H, OCH), 3.83 (ddd, ] = 11.1, 6.7, 43 Hz, 1H,
OCH"), 3.63-3.60 (m, 1H, H-4), 3.55-3.44 (m, 2H, H-6, H-6'), 3.34-3.24 (m, 3H, H-2, H-5,
H-3), 3.07-3.03 (m, 2H, CH,CO), 3.00-2.95 (m, 2H, triaz-CH,), 2.81 (s, 4H, CH,CH;-succ).
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C NMR (125 MHz, DMSO) 5 170.22 (CO succ x2), 168.35 (CO), 144.19 (triaz-C), 123.16
(triaz-CH), 103.48 (C-1), 75.37 (C-5), 73.30 (C-3), 7041 (C-2), 68.15 (C4), 67.20 (OCH,), 60.46
(C-6), 49.56 (CH,-triaz), 29.82 (CH,CO), 25.46 (CH,CH,-succ), 2038 (triaz-CHo). IR (ATR)
3378.02, 2939.53, 1728.86, 1366.45, 1206.01, 1046.41, 648.73 cm!. HR-MS (+): m/z caled
for CyyHayNyOyp + H' [M + HJ' 445.1571, found 445.1559. HR-MS (+): m/z caled for
Ci17H2eNiOqo + Na* [M + Na]‘ 467.1390, found 467.1385.

[Pt'V(NH;)»(22)(OH)C1,] (4)

Complex 4 was prepared according to the procedure reported for complex 1 (Yield
0.296 g, 0.446 mmol, 61%). [a|F%+ 3.36 ( 0.9, H;0). "H NMR (500 MHz, DMSO) § 7.93 (s,
1H, triaz-CH), 5.98 (t, ] = 48.4 Hz, 6H, 2x NH;), 496 (d, ] = 4.3 Hz, 1H, OH of C-3), 4.77 (d,
] =44 Hz, 1H, OH of C-2),4.59 (d, ] = 5.1 Hz, 1H, OH of C-6), 4.55-4.41 (m, 2H, CH-triaz),
440(d, ] =44 Hz 1H,OH of C4),4.15(d, | =7.1 Hz, 1H, H-1), 405 (ddd, ] = 144,94,
6.4 Hz, 1H, OCH), 3.84 (ddd, ] = 11.0, 6.5, 4.6 Hz, 1H, OCH"), 3.62 (s, 1H, H-4), 3.50 (dd,
| =122, 6.4 Hz, 2H, H-6, H-6'), 3.35 (s, 1H, H-5 overlaps with H,0), 330-3.27 (m, 2H, H-2,
H-3), 2.82-2.77 (m, 2H, triaz-CH3), 2.46 (d, | = 7.3 Hz, 2H, CH2CO). '*C NMR (125 MHz,
DMSO) & 179.93 (CO), 146.19 (triaz-C), 122.88 (triaz-CH), 103.48 (C-1), 75.37 (C-5), 73.27
(C-3), 70.43 (C-2), 68.15 (C4), 67.19 (OCH,), 60.46 (C-6), 49.46 (CH,-triaz), 36.12 (CH,CO),
2201 (triaz-CH,). "SPt['H} NMR (108 MHz, DMSO) § 1046.82 ppm. IR (ATR) 3215.30,
1618.19, 1358.28, 106149, 575.94 cm '. HR-MS (+): m/z caled for Cy3HayClNsOyPt + HY
[M + H]* 663.0907, found 664.0902. El. Anal. Caled. for Cy3HyClNsOsPE: % C = 23.54;
H = 4.10; N = 10.56; found: % C =23.18; H=475; N = 10.06.

4. Conclusions

Four novel PY{IV) pro-drugs, based on a cisplatin scaffold with carbohydrate vectors in
axial positions, were synthetised, linking the sugar moiety and the metal centre via CuAAC
click chemistry. These pro-drugs were functionalised with deprotected glyco-moieties that
act as real vectors to selectively target cancer cells. Most of the carbohydrate-functionalised
Pt-based complexes reported in literature contain protected acetylated sugars, due to an
easy synthesis and purification procedure. The complexes were tested on a panel of two
2D and 3D OS (Osteosarcoma) cell lines, as well as on healthy OS cells. All the complexes
showed very promising activity, comparable to the reference cisplatin, demonstrating that
the presence of a monosaccharide does not hamper the anticancer effect. Notably, the
complexes are much less active against the healthy line, showing a promising selectivity
for these OS cell lines, with respect to cisplatin. The complexes were also particularly active
in the 3D model, a more reliable system compared to 2D, with the most promising activity
shown by complexes 2 and 4 with a galactose substituent. The role of galactose in the
metabolism of cancer cells is attracting significant attention because of potential diagnostic
and therapeutic possibilities [40,41]. While the role of the free sugars as targeting vectors is
not completely confirmed, the selectivity shown in 2D studies is a solid base to hypothesise
that the carbohydrate moieties play an important role in targeted therapies. More specific
biological studies (beyond the scope of this work) should be conducted (i.e., inhibition
of the GLUTS receptors), but this selectivity was not observed in the analogue protected-
PHIV) pro-drugs, recently reported by us. While all the complexes showed very promising
activity, the discrimination between the two linkers is not observed. These complexes have
been conjugated to graphene oxide nanoparticles that act as delivering agents, to further
enhance the selectivity. The next step in our studies is the synthesis and characterisation
of analogous complexes, where the carbohydrate is conjugated via the C2 carbon (not the
anomeric carbon) that was demonstrated to be the best in term of cellular recognition [42].

S ! tary Materials: The following supporting information can be downloaded at: https:

wr
// www.andpicom /article/ 103390/ gmes24076028 /s1.
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