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Abstract

Boron Neutron Capture Therapy is a unique and rapidly developing area of anti-cancer

research. The successful treatment of tumours refractory to all conventional forms of

cancer therapy has created much interest in the field. However, BNCT is currently

limited by a lack of suitable target compounds and the synthesis of new classes of

compounds with potential use in BNCT is of great importance. Derivatives of the

icosahedral boron clustels known as carboranes (dicarba-closo-dodecaboranes) are of

much interest due to their useful properties such as high boron content and stability.

This thesis describes the synthesis of carborane-containing ligands and their

platinum(tr) complexes. Preliminary studies of the interaction of selected complexes

with DNA are also presented.

Chapter 1 presents an overview of BNCT. The importance of targeting tumour cells

and, in particular, tumour cell DNA with the BNCT agents is emphasised. DNA-

targeting by boron-containing metal complexes is unprecedented. Platinum complexes

in cancer chemotherapy are reviewed briefly with a focus on the archetypal, metal-

based drug cisplatin. The structure-activity relationships and development of new

generations of platinum anti-cancer complexes are discussed.

The syntheses of 1-(aminoalkyl)-1,2-carborane ligands are described in Cl'npter 2.

Attempts at the preparation of the corresponding series of 1-(aminoalkyl)-1,7-carborane

ligands are described.

The complexation reactions between the (aminoalkyl)carborane ligands and

platinum(tr) precursor complexes usually resulted in the reduction of the complexes to

platinum metal. It was found that hydroxylic solvents, high pH and the use of tigands

with short alkyl linkers, were amongst those factors promoting reduction of the

platinum(tr) centre by the carborane-cage. Despite these problems, the first examples of

carborane-containing analogues of cisplatin and transplatin were successfully prepared.

In Chapter 3, the preparation of (thioalkyl)carborane ligands and their corresponding

platinum(tr) complexes is described. Complexes with the potential to act as DNA

XI



metallointercalators were of particular interest. The results of UV-vis studies of the

interaction between calf-thymus DNA and selected complexes are discussed. All

complexes tested exhibited electronic interactions with DNA, consistent with an

intercalative mode of DNA-binding. To our knowledge, this is the first time that boron-

containing metal complexes have been shown to undergo intercalative interactions with

DNA.
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Chapter I : Introduction

Introduction

Overview

This chapter comprises a brief introduction to cancer and conventional therapies and a

detailed review of two areas of anti-cancer research, Boron Neutron Capture Therapy

(BNCT) and platinum drugs. The origins of both of these important fields of research

are discussed, as is their ensuing development and recent innovations leading to

improvements in cancer therapy.

1.1 Cancer

Cancer is a large and complex family of diseases resulting from abnormal gene

expression. Although it is a disease commonly associated with ageing (with diagnosis

most commonly occurring around the age of 67), cancer can strike both young and old,

and frequently from undefined causes. Symptoms commonly affecting patients are

cachexia or severe body wasting, haemonhaging and infection. In westem countries,

cancer is the leading cause of death after cardiovascular disease.l Malignant tumours or

neoplasms (new growth) have several distinguishing features:l

i) they are usually fast growing,

ii) they tend to be anaplastic, that is less differentiated than normal tissue,

iii) their development occurs in tissue with cells capable of division,

iu) they invade and destroy the adjacent normal tissue,

v) they metastasize through the lymphatic channels or blood stream to vital organs,

and in particular to the liver and lungs.

The fact that tumours are typified by having a large number of cells undergoing division

at any time provides the basis for the principle behind many of the cancer treatments

available today. Active cellular division leads to an increase in the cellular uptake of
various essential chemicals, including: amino acids and peptides, lipids, carbohydrates,

and lipoproteins, and to an increased number of receptor sites for these molecules on

1



Chapter I : Introduction

tumour cells, compared with normal cells. Various therapeutic strategies utilising these

features will be discussed in this chapter.

1.1.1 Current Cancer Therapy

The three main conventional treatments of cancer today are surgery, radiotherapy and

chemotherapy. Combinations of these treatments can also be used. Each of these has

its limitations. Surgery is useful for solid tumours when safe removal is possible but

there! can be no certainty that all of the cancerous cells have been removed.

Radiotherapy works on the premise that cancer cells are more sensitive to high intensity

radiation than healthy cells, however, this is not infallible, and the dose is limited by the

tissue tolerance of nearby normal cells. Chemotherapy also affects normal cells and

dosage is limited by local toxicity and tissue tolerance.2 A fuither problem is that many

tumours can become resistant to the drugs used.

Binary Systems1.1.2

The deficiencies in conventional cancer treatment have led to the development of new

cancer therapies, known as binary systems, where two innocuous components are

combined in the tumour cells to achieve a cytotoxic effect. Binary systems have the

advantage that each of the components can be manipulated independently, and only one

must be confined to the tumour cells.3 The binary systems being developed to treat

cancer include: Photodynamic Therapy,o Photo.t Activation Therapy,t and Neutron

Capture Therapy (NCT), which is based on the neutron capture reaction, and will be the

focus of this discussion.

t.t.2.l The Neutron Capture Reaction

The ability of an atomic nucleus to capture a neutron is not dependent on the mass of the

nucleus but on a quality known as the effective nuclear cross-section, expressed in barns

(l bam : l0-2a cm2)- There a number of nuclides possessing high nuclear cross-

sections, including gadolinium with the ts76¿ isotope having an enorïnous nuclear

cross-section of 240 000 barns; and boron, with the l0B nucleus possessing a nuclear

cross-section of 3 837 barns.6

2



Chapter I : Introduction

However, despite the fact that many nuclides have large effective nuclear cross-sections,

few are suitable for use in NCT, either due to their toxicities (e.g. "tU), instability (e.g.

6Li;, or unacceptably high radioactivity.3 The nature of the fission products is of vital

importance for NCT, since the intention of the binary process is to treat only the tumour

cells, only nuclides with fission products that affect none but the cells in which they are

generated are suitable. tttcd, for example, is limited in its potential use in NCT

because its fission gives rise to y rays, and Auger and Coster-Kronig electrons of low

energy. The electrons are too low in energy to damage chromosomal DNA and other

cellular components, and the y rays are not confined to the cell.3

Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is based on the reaction between a thermal

neutron and the 'oB ,r.r"l"us (19.8 Yo naturalabundance), and leads to the production of

the highly energetic and short-lived 7Li3* and 4He2* ions.7 The major reaction (94 %) is:

r0B + rn --' [t'B-] - 
oH.'* +7Li3* + 2.31 Mev

Eq 1.

In 1936, G. L. Locher of the Bartol Research Foundation (Franklin Institute,

Philadelphia) first postulated the potential medical applications of Boron Neutron

Capture.s In this therapy, compounds containing 
toB 

u." selectively accumulated in

tumour cells and then bombarded with thermal (- 0.025 eV) or epithermal (0.5 - 10

keV) neutrons. The highly energetic fission products have a range of only 5 and 9 prm

for the 7Li3* and oiHe'* ions, respectively, which is equivalent to approximately one cell

diameter.e In addition, the high LET (linear energy transfer) of the fission products

causes immense damage to cellular components via ionisation processes, confined to the

cell in which the loB was located.e

1.2

t.2.1 The Advantages of BNCT

BNCT has the advantages over conventional therapies in that (a) no radioactive

materials are involved, (b) it is a binary processl0 i.e. the BNCT agent is cytotoxic only

when activated by neutron irradiation,ll and (c) healthy cells located near the tumour

J



Chapter I : Introduction

cells remain relatively unharmed when the target compounds are delivered selectively to

the tumour cells.l2 Furthermore, l0B has a reasonably high natural abundance, and it

can be incorporated into a multitude of different types of stable molecules.u I.t

particular, its small size allows it to replace carbon in organic molecules, including

bioactive species.3

1.2.2 Optimisation of BNCT

In order to optimise the conditions for BNCT in therapeutic applications, a number of

requirements must be fulfilled. It is important that a sufficiently high concentration of
toB 

i, attained.13 About 10-30 pg of 'oB p". gram of tumour (10e target atoms per cell,

depending on proximity of 'oB to nucleus of cell) is necessary.l4'ls The attainment of
such concentrations requires the use of suitable boron compounds with a high number

of l0B atoms per molecule. These boron-containing compounds must be capable of
selective delivery to the tumour tissue, within close proximity to the cell nucleus.13

Fewer BNC events are required for cell death when the l0B nuclei are located near the

chromosomal DNA of cells.12 Therefore, the optimal l0B carrying compounds are those

that enter the cell and bind to intracellular components.l2 The l0B content in blood must

be minimised during therapy.l6 Although the neutron capture cross-section of l0B is

much higher than that of elements in normal tissue (for example, 160 1.9 x 10a barns,
t'C 3-5 x 10-3 bams, tH 3.33 x 10-l barns, and laN 1.83 barns)|7, the very high

concentration of hydrogen and nitrogen present in biological systems leads to a

significant contribution to the total radiation dose by the laNln,p;rac and the rHin,y¡2H

reactions.6 Therefore, it is essential that the tumour has a high l0B concentration in

order to maximise the 'oB(n, o,)7li reaction. Researchers have estimated that with a

concentration of '08 of 20-35 pg per gram of tumour tissue, 85 % of the dose results

from the BNC reaction.3

A supply of a controllable and usefully high flux (ì 5 x l0r2 neutrons cm-2s-l¡r2 of
epithermal (1 eV - 10 keV) neutronsl8 is imperative, as is an accurate knowledge of the

tumour location.l2 Such a neutron supply is currently available only from a nuclear

reactor.'e Ho*euer, in recent years there has been rapid progress in the development of

4



Chapter I : Introduction

accelerator neutron sources based on the 7li1p,n¡ reaction, which is a source of mono-

energetic neutrons.2o The 2s2cf isotope is also receiving some attention as a potential

neutron ,ouace.2t

Deep-seated tumours, in particular, require neutron beams of high energy, which can

penetrate deeply into tissue and thermalise once in the region of the tumour.l8 It is

generally accepted that while advances in the target compounds will lead to

improvements in the efficacy of the therapy, the full potential will not be realised

without an optimised neutron sou.ce.'8

1.2.3 Application of BNCT

Although it is feasible that BNCT could be used to treat other types of cancers, the focus

of research has been on the terminal brain cancer, glioblastoma multiforme, and to a

lesser degree, malignant melanoma. Brain tumours in general can have a dramatic

effect on the central nervous system, leading to localised weakness, sensory loss,

aphasia (speech and understanding difficulties), epileptic seizures and, if untreated,

death.l Glioblastoma multiforme is the most malignant form of glioma, completely

resistant to all conventional forms of treatment.lT Brain tumours are unusual in that

they rarely metastasise to other organs but are highly aggressive in their spread within

the brain. Conventional forms of treatment, such as chemotherapy, are rarely

successful, largely due to the presence of the blood-brain barrier.

1.2.3.1 The Blood-Brain Barrier

The blood-brain banier (BBB) is a poorly understood concept, but is thought to protect

the brain from toxins whilst allowing access to essential nutrients and chemical signals;

in this capacity it hinders the supply of many potential medicines to the brain.2z The

BBB, which is not a single entity but made up of multiple structures at several sites in

the brain, separate-s the brain interstitial fluid and the blood.23 The permeability of the

BBB is regarded as being similar to the cell, lipophilic molecules gain access whilst

polar molecules have restricted access depending on their size and shape, and ionic

molecules, such as water-soluble drugs with molecular weights > 180 D, tend to be

prevented from crossing altogether.2 However, the transport of essential nutrients is

5



Chapter l : Introduction

often a carrier-mediated process, allowing the passage of molecules such as amino

acids, which do not conform to these rules, across the membrane.23

1.2.4 Early Trials of BNCT

The first application of BNCT was an attempt to destroy malignant glioma cells

remaining at a site following a surgical operation.ó Sweet, Farr and co-workers used an

early form of BNCT to attack glioblastoma multiforme.24'2s A simple selectivity was

achieved based on the hydrophilic nature of the brain tumour contrasting with the

hydrophobic nature of normal brain tissue. The blood-brain barrier limited the amount

of boron-containing compound present in the blood stream. 'oB-en iched sodium borate

(N%BoOr), a small hydrophilic species, was chosen for the trial. The researchers found

that tumourl0B concentration was three times that of normal brain tissue (up to 50 pg

g-l tumour).26 However, no enhancement of patient survival time was observed in this
n

early study.2a lìu*' h't¡t,) 'i ¿{' *'"'/ 7

In the 1950's and 60's Soloway and co-workers evaluated approximately 140

compounds as potential BNCT target compounds, including the newly-discovered

polyhedral sodium decaborate (Na2B¡6H¡6) which was found to have low host toxicity,

and was thought to be a potentially useful BNCT target compound.r2 In 1962,

NazBroHro underwent an unsuccessful trial on human brain tumours. Autopsies later

revealed the presence of radiation necrosis and vascular lesions resulting from high

concentration of boron in the blood during irradiation.2T

Soloway's team then produced a second generation of candidate compounds, which they

evaluated for tumour selectivity, effective clearance of the vasculature, and low toxicity.

Of these, sodium borocaptate (BSH) NqB,rH,rSH I appeared to be the most suitable.l2

6
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L

2Na

O:BH

9:B

In 1968, the Japanese neurosurgeon Hiroshi Hatanaka initiated a clinical trial of BSH I

on 38 patients with glioblastoma multiforme, in which necrosis of normal brain tissue

was not observed following treatment.2s It *as postulated that since BSH was a small

hydrophilic anion, strong complexation with high molecular-weight proteins, unable to

cross the BBB, prevented BSH from crossing the barrier.l2 It has also been suggested

that the thiol group of BSH forms disulfide bonds with thiol groups of serum and

tumour proteins.2e

In Hatanaka's trial, the patients fared quite well considering the terminal nature of the

disease. The mean survival time of all patients was 44 months, the median was 26

months, and three long-term survivors were still alive in 1993.6 Without BNCT, the

survival time of patients afflicted with this disease is about 6-12 months.tT The reactor

,/H
2-

1

that Hatanaka accessed had a neutron flux of only l0 Despite this

shortcoming, Hatanaka demonstrated that BSH could be used successfully as a target

compound for BNCT. Unfortunately, BSH has the disadvantage of being readily

oxidised to the disulfide dimer (B,zH,,S)ro-, and although this species accumulates more

effectively in tumour tissue, it is much too toxic to be considered as a target compound

t2
for BNCT.

9-2
neutrons cm s
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r.2.5 Recent Advances in BNCT

1.2.5.1 The Carboranes

It was realised that higher concentrations of l0B in tumours could be achieved with the

use of target molecules comprising multiple boron atoms. The class of compounds

known as carboranes a.re electron-deficient boron cage compounds, in which one or

more carbon atoms form part of the electron-delocalised boron framework.3O The most

well-known carboranes, the dicarba-closo-dodecaboranes, consist of three isomers of

the form CzBroHlo, where the two carbon atoms may be located in three different

positions in the vertices of the icosahedron, i.e. in the 1,2-, 1,7- and l,l2- positions.

The term'closo'(from the Greek for'cage') refers to carboranes having a closed

polyhedral cage structure. Open cage boron frameworks, where one BH vertex has been

removed from the c/oso structure, also exist, and are known as nido (from the Latin for

'nest') carboranes. Throughout this Chapter and Chapters 2 and 3 in this thesis, the

dicarba-closo-dodecaborane moiety will be referred to as carborane.

Most of the research into carborane-containing target molecules for BNCT has involved

l,2-carborane 3. However, recently, the increased stability of the 1,7- 4 and 1,12- 5

isomers has attracted interest. The carboranes, themselves, are very lipophilic but the

addition of appropriate functional groups can provide derivatives with suitable aqueous

solubility to make them potentially useful as BNCT agents. Due to their high boron

content, carborane derivatives are an attractive area of research for new BNCT agents.

O =BH

O :CH

1,2-c2BnHr2

3

1,7-C2BrcH1¡2

4

l,l2-C2BrcH¡2

5
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1.2.5.2 Types of BNCT Agents

There are now considered to be three different types of agents for use in BNCT: global,

tumour-selective, and DNA-targeting agents. Global agents often have very high boron

content, are non-toxic, and are unable to cross the BBB.2e These agents have a low

selectivity for tumour cells and are administered in very high doses, and the cytotoxic

selectivity for the tumour is provided only by the precise orientation of the neutron

beam.29

Tumour-selective agents (e.g. BSH 1) differ in their boron content, and accumulate

somewhat selectively in or near tumour cells, attaining concentrations of >20 pg l0B g-l

tumour, greater than three times that accumulated in normal tissue.3l Phase I trials were

recently conducted on BSH in Japan and at Petten in The Netherlands.'n Th" only other

BNCT target compound to have recently undergone Phase I trials is another tumour-

selective agent, 4-borono-L-phenylalanine (BPA) 2, which will be discussed later in this

chapter (Section 1.3.1.2). There are currently new BNCT clinical facilities under

construction in England and California.32 Clinical trials have recently been performed

in new facilities in Sweden and Finland.

DNA-targeting agents contain a structural feature which specifically binds to a portion

of the targeted cancer cell, in order to place the agent as close as possible to the

chromosomal DNA of the tumour cell.2e These agents are arguably the most important

because they could result in the most effective BNC events. DNA-targeting agents are

not necessarily selective for tumour cells, and may require assisted transport to the

target cells. Agents of this type are discussed later in this Chapter (Section 1.4)'

H

HO

H{

2
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1.3 Tumour Selective Agents

The selective localisation of boron-containing compounds in tumour cells remains the

most challenging area of BNCT investigation.33 It has long been known that BNCT is

far more effective if the neutron capture events occur within the cell nucleus. Indeed,

the cytotoxic effect is reported to be two to five times higher if the neutron capture

reaction occurs in the cytoplasm rather than in the cell membrane.3a Recently, there

have been many reports documenting the synthesis of various boron compounds, known

as the 'third generation' drugs, with the potential to selectively target cancer cells by

hamessing the physiological properties and exploiting biochemical pathways unique to

these cells.3'35

These new compounds belong to the following classes:

a. Cellular building blocks

b. Lipoproteins

c. Liposomes

d. Receptor / Antigen binders

Porphyrins are also known to selectively target tumour cells.

Cellular Building Blocks1.3.1

These compounds are viewed as the analogues of biochemical building blocks. Unlike

normal cells, tumour cells proliferate rapidly and thus have an increased rate of

requirement for constituents used in cell replication.l Therefore, these boron

compounds are designed with the aim of emulating naturally-occurring compounds

required for cell replication and thus utilising the biochemical mechanism to achieve

selective boron incorporation.3

These types of potential BNCT agents can be described as being in one of the following

categories:

i) Boron-containing nucleic acid precursors,

ii) Boron-containing amino acids and peptides,

10
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iii) Boron-containinglipidsandphospholipids,

iu) Boron-containing carbohydrates

Boron-Containing Nucleic Acid Precursors1.3.1.1

Of the cellular building block analogues the design and synthesis of nucleic acid

precursors has received the most widespread chemical effort.3 These compounds should

have the capacity to compete with naturally-occurring nucleic acid precursors and

become incorporated into cellular nucleic acids, or become entrapped in the malignant

cell, due to conversion to 5'-monophosphates by phosphorylating enzymes.36

It is proposed that boronated nucleoside derivatives may enter cells through facilitated

transport or passive diffusion. Phosphorylating enzymes specific for these nucleosides

have elevated activity in malignant cells, making them an important targetfor BNCT.36

The first boron containing nucleoside 5-(dihydroxyboryl)-2'-deoxyuridine 6, was

synthesised by Schinazi and Prusoff in 1985.37 Soloway and co-workers are currently

working on the synthesis of nucleosides containing carborane clusters, including the

thymidine mimic, 2'-O-l(1,2-carboranyl)methylluridine (CBU-2'), the first carborane-

containing nucleoside to be described.38 However, the cellular uptake of CBU-2' was

found to be high for both healthy and tumour cells, i.e. no tumour selectivity was

achieved.3e

In 1992, Yamamoto reported the synthesis of 5-( 1,2-carboranyl)-2'-deoxyuridine (CDU)

7, one of the first nucleosides to be prepared with the nucleic base containing a

carboranyl group,ao and the first boron containing nucleoside to undergo

phosphorylation.rs In vitro studies on CDU indicated that it was rapidly taken up and

H

)z

6
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effrciently phosphorylated to form CDU-monophosphate which, importantly, was

retained in the cells for up to 48 hours, and achieved an incorporation estimated to be

5.5 times greater than that required for BNCT.a' CDU 7 was also found to have low

toxicity, and accumulated in glioma cells to levels of over 100 times the extracellular

concentration.a2

O=C
a =BH

Boron-containing nucleotide analogues, such as nucleoside boranophosphates, in which

borane (BH¡) replaces an isoelectronic non-bridging phosphoryl oxygen atom in a

nucleotidyl phosphodiester, have been synthesised recently.a3 These include adenosine

5'-(Po-boranodiphosphate) and guanosine 5'-(Po-boranodiphosphate) 8, which are

boronated analogues of the naturally occurring nucleoside diphosphates ADP and GDP,

respectively.aa Some Po-boranotriphosphates (ATPoB and GTPoB) have also been

prepared, and have been found to be good substrates for DNA and RNA polymerases.aa

o
ilHO-P-O-

H

OH

7

o

H3o-
I

B
R
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Carborane-containing oligonucleotides have also been synthesised. Kane and

Hawthorne reported the synthesis of I,2-closo-carboranyl oligophosphates, containing

up to 400 boron atoms, using a conventional automated DNA synthesiser.as

Hawthome's group have also synthesised carborane-containing oligomeric (and

monomeric) phosphate diesters, also using automated techniques.a6'a7

r.3.t.2 Boron-Containing Amino Acids

It is believed that rapidly growing tumour cells have an increased requirement for amino

acids and take them up preferentially.as The first boron containing amino acid to be

synthesised was the phenylalanine analogue p-boronophenylalanine (BPA) 2.t' It is
thought that L-BPA mimics L-tyrosine in the early stages of melanin biosythesis and, as

it is not fuither metabolised, accumulates in melanoma cells to give a boron

concentration high enough for effective treatment.3s BPA probably enters the cell via an

amino acid transport process.2e BPA has the favourable quality of evoking no toxic

reaction in mammals, which allows the administration of high doses.l6 Notably, only

the para isomer of BPA has undergone extensive biological evaluation.3

Phase I trials in Tufts/MIT on melanoma patients and at Brookhaven National

Laboratory on glioblastoma multiforme patients have been performed with BPA, using

its water-soluble fructose ester to overcome its low aqueous solubility.2e'ae p-BPA can

cross the BBB, and can potentially reach infiltrating tumour cells in grossly normal

brain tissue beyond the BBB associated with the primary tumour mass.s0 However, in

the recent study at Brookhaven, the survival time of the patients was only between4.4

and 14 months.s0 Mishima has reported more encouraging clinical results forp-BPA in

the treatment of melanoma.5l BPA has the obvious disadvantage of only containing one

boron atom per molecule, however, several groups have recently published

diastereoselectives2 and enantioselectives3 syntheses ofp-BPA.

The hrst carborane-containing amino acid to be reported was the L-phenylalanine

analogue, L-o-carboranylalanine l3-(I,2-carborane-l-yl)-2-aminopropanoic acid] 9 (L-

o-Car). L-o-Car was first synthesised independently by

al.5s

zakaa{net. al.sa and Brattsev ¿r

k
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co2H
O =BH

HzN H o:c

L-o-Car 9 is a potential candidate for BNCT in its own right and when incorporated into

peptides.só It has been shown, for some cases? that enzyme and receptor binding was

preserved when the carborane cage replaced the phenyl group.sT However, L-o-Car was

found to have no tumour selectivity.3 L-o-Ca, has also been shown to undergo

spontaneous degradation to the correspondi"g 4iqr-lgleomeric nido-analogue in aqueous

solutions.ss The more lipophilic 1,7- and 7,12- analogues of L-o-Car have also been

prepared recently.56

Several groups are currently working on the synthesis of carborane-containing amino

acids. One novel approach has been taken by Kahl's group, which has synthesised 1,2-,

1,7- and 7,12- carboranyl amino acids with both the amino- and carboxy- group being

attached to the carbon atoms of the carborane cage.se

Kabalka's group has reported the synthesis of l-aminocyclobutanecarboxylic acid

derivatives of closo-\,7-carboranela and nido-\,7-carborane.60 These potential BNCT

agents were modelled on l-aminocyclobutanecarboxylic acid, which has been shown to

localise and persist in intracerebral tumou.s.'o'uo Although nido-carborane derivatives

have the advantage of being water soluble, studies have shown that the ionic nature of
the cage can cause problematic reactions with proteins and other reactive centres present

in vivo.60'6' More recently, the group has synthesised a water-soluble closo-1,7-

carborane cyclobutanecarboxylic acid derivative by substitution of the remaining

carborane carbon with a cascade polyol.as The use of cascade polyols to improve the

aqueous solubility of carborane derivatives had been reported earlier by Wilson's
g.oup.ó' Sjoberg and Hawthorne have collaborated to produce enantiomerically pure

carboranyl amino acids using asymmetric syntheses.62

9
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Nakamura and co-workers prepared a 1,2-closo-carborane glutamic acid derivative, 4-

[N,N-formyl-(1,2-carboranylmethyl)amino]benzoyl-L-glutamic acid 10, which they

proposed would be taken up in cancer cells, due to its similarity to the coenzyme folic

acid.63 In vitro testing indicated that this compound was accumulated in melanoma B-

16 cells at significantly high levels.63

H

O:BH

O:C
HN ,,rrr\CO2H

10

1.3.1.3 Lipids, Phospholipids and Carbohydrates

Various lipids have a proclivity for, and persist in, a variety of tumours, which is

partially attributed to the absence of O-alkylglycerol monooxidase in tumours.3 This

observation encouraged Lemmen and collaborators to synthesise a carborane-containing

phospholipid.óa However, the results of cell-culture and animal studies were not

particularly encouragin g.6s'66

The carbohydrate composition of a tumour cell differs significantly from that of normal

healthy cells, and Lemmen proposed that this could lead to a basis for targeting tumour

cells. Boron-containing carbohydrates were designed following the rationale that they

may achieve high concentrations in tumours through the glucose transport system.3

This method had the advantage that the carbohydrate moiety introduced hydrophilicity

to the highly lipophilic carborane species.35 Carborane derivatives of glucose, mannose,

ribose and gulose have been synthesised.3 A series of carbohydrates containing the

BSH moiety have also been prepared.3

Tietze and co-workers synthesised a series of 1,2-carborane glycosides and lactosides,

including a maltose derivative which was found to accumulate in tumour cells and

N

H
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exhibited low toxicity and high water solubility.6T Palmisano,Panza and co-workers

synthesised glycoside derivatives of 1,2-carborane in the hope of achieving high-affrnity

recognition by cellular lectins.6s It has been discovered that lactose-binding lectins,

found on tumour cell surfaces, are responsible for metastatic growth, and several p-

lactosyl derivatives have been found to accrue preferentially in tumours.6s

Pharmacological studies are underway to evaluate the usefulness of these compounds as

potential BNCT compounds.6s

1.3.2 Lipoproteins

Research into the use of low-density lipoproteins (LDLs) as cancer-targeting drug

carriers was stimulated by the discovery that leukaemic cells had 3 to 100 times higher

LDL receptor activity than normal white blood cells.6e Kahl and co-workers pioneered

the adaptation of LDL as a boron carrier for BNCT in 1989.70 The cholesterol core was

extracted and reconstituted with a number of carborane compounds.l2 The boronated

LDL was found to be strongly taken up into cultured hamster Y79 and CHO cells,

achieving therapeutic concentrations,T' but in vivo studies of xenografts of the same cell

types in mice did not indicate selective localisation of boron in the cells.72 In 1996,

Setiwan, Moore and Allen reported that they had used LDL as a selective boron delivery

system for the first time, using n-octyl-[l0B]-carborane, following the suppression of the

non-autonomous LDL receptors in mice.72 However, LDL particles have been shown to

be unable to cross the BBB, compromising their effectiveness in treating tumour cells

protected by this barrier.3

1.3.3 Liposomes

Liposomes may be viewed as synthetic vesicles related to LDLs.3 Small unilamellar

liposomes are known to penetrate the tumour cell membrane and localise within the

cell.3 The differentiation of small liposomes (< 70 nm) for tumour tissue compared to

normal tissue is between 5:l and 20:1,2e due to their ability to seep through the leaky

and immature capillaries unique to rapidly proliferating tumow cells.73 Unilamellar

liposomes of specific composition have been demonstrated to deliver '08 in sufficiently

high concentration for therapy in small animal models.73

l6
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Hawthome's group was able to þlúe-a large number of molecules containing boron K
cluster ion cages (e.g. Na2(n-BzoHrs)) in the aqueous core of liposomes. These

molecules have the ability to bind to proteins within the cancer cell and, therefore,

persist in the cell.Ta A further advantage of using liposomes as a boron delivery

modality is that the effective toxicity of the compounds is reduced upon their

encapsulation.12 The concentration of the solution of polyhedral borane ions inside the

liposome (750-900 mOsM) is limited by the effect on the stability of the liposome

bilayer formulation (i:1 cholesterol and DSPC mixture).73 Recently, Feakes and co-

workers synthesised lipophilic cholesterol derivatives of carborane for incorporation in

the liposome bilayer encapsulating the hydrophilic boron compounds. This allows for

an increase in the concentration of boron delivered to the tumour cell. without

compromising the integrity of the bilayer.T3

Hawthome's group has synthesised alkylated polyhedral anions as candidates for

incorporation into the liposomes bilayer.Ts These compounds resemble fatty acids as

they consist of a charged boron cluster head-group and lipophilic alkyl tail.Ts

Hawthorne's group has also prepared carborane phosphate diester oligomers with long

hydrocarbon tails.a5'46 The tails anchor into the liposome bilayer and the anionic

phosphate diesters sprout from the surface giving rise to a liposome with a strong

negatively-charged surface, which prevents the uptake of the liposome by the liver.Ta

t.3.4 Receptor / Antigen Binders

Tumour cell walls are known to carry a variety of receptor sites or antigens for the

recognition and binding of immunoglobins. Many antigens are overexpressed by

tumour cells, or are specific to certain types of tumour cells,12 making them an attractive

target for the specific delivery of BNCT agents. However, since there is a maximum of
about 106 antigenic sites of any one idiotype on each tumour cell, each antibody must

carry about 103 
l0B atoms in order to achieve the therapeutic level of 10e 

l0B per tumour

cell.l2
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There are currently three types of macromolecular species being studied to determine

their potential to deliver boron selectively to tumour cells for BNCT:

i) Antibodies

ii) Growth factors

iii) Hormones

1.3.4.1 Antibodies

ln 1952, Bale first proposed the possibility that antibodies could be used to transport r0B

to tumours.Tó His group initially linked BSH anions to a polyclonal antibody directed

against human thymocytes, achieving an incorporation of approximately 140 tOB atoms

per antibody molecule and the retention of most of the immunoreactivity of the

antibody.6 When the group used an alternative boron source, such as N-succinimidyl-3-

(undecahydro-closo-dodecaboranyldithio)propionate 11, they were able to include as

many as 1500 l0B per antibody molecule. However, in these cases most of the

immunoreactivity of the antibody was lost due to the large extent of site modification.6

.=BH
o =B

1l

It was determined that in order for this proposal to be successful, the number of
incorporated l0B atoms must be maximised with minimal alteration to the antibody

structure. Various research groups have now attached boron rich oligomers containing

up to 200 boron atoms each to the amino and thiol groups of monoclonal antibodies

(Mabs).|2 Unfortunately, experiments on mice have shown these modified Mabs to be

highly concentrated in the liver and not in the tumour.'2 Research in this area continues,

but it is proving to be very complicated, and it is questionable whether the use of
antibodies to carry therapeutic levels of l0B will ever be a viable process.

s/
o
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1.3.4.2 Growth Factors

Growth factors (GF) appear to play an important role in the conversion of healthy cells

into cancer cells. Hence, GF receptors are over-expressed in some tumour cells, leading

to the interest in the use of GFs as potential selective BNCT agents.3 Some tumour

cells. such as those of some gliomas, breast cancers, and squamous carcinomas, have

increased receptor amplification for Epidermal Growth Factor (EGÐ.77 EGF has been

the subject of the most research in this area since it was first proposed to be used as a

boron carrier by Carlsson and co-workers.78 Malmquist and Sjöberg synthesised

aminoalkyl carboranes and amino acid carborane derivatives with the view to couple

them to EGF via a suitable spacer group such as dextran, following their discovery that

EGF-dextran conjugate binds to cultured human glioma cells.Te Unfortunately, animal

studies indicated that, like their antibody counterparts, the boronated EGFs tested to

date were retained in the liver, with very little accumulated in the gliomas.so

1.3.4.3 Hormones

The formation and growth rate of many tumours, such as breast cancer, is hormone

dependent and, significantly for this work, steroidal hormones have receptors in the cell

nucleus.sl In 1981, Sweet reported the synthesis of the first carborane-containing

derivative of estradiol.s2 Recently, Endo and co-workers synthesised estrogenic

agonists, bearing 1,7- and l,I2-carborane groups, inciuding 1-hydroxymethyl-12-(4-

hydroxyphenyl)-l,l2-carborane 12, which were found to be a potent estrogenic agonist

with a greater activity than l7p-estradiol.83 The authors also found that 1-(4-

hydroxyphenyl)-l ,L2-carborarte 13 was a potent estrogenic agonist, having a similar

activity to I 7p-estradiol.sa

O:C
O:BH
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Studies continue on the structure-activity relationships of such molecules. Once again,

this methodology is limited by the very large number of I0B required per cell, since there

are only about 104-10s estrogenic receptors each tumour cell.3 Compounds like 12 and,

13 would only attain levels of about 105-106 '0B atoms per cell, far short of the required

10e.

1.3.5 Porphyrins

Porphyrins are known to have high selectivity for tumour cells, and are retained for the

long term.6'8s'86 LDL receptor sites may allow porphyrin endocytosis through initial

hydrophobic binding.r2 Porphyrins have been used in another binary cancer treatment

system, known as photodynamic therapy (PDT),4'85 in which they produce singlet

oxygen upon exposure to red light and, hence, act as photosensitizers.3s Another reason

porphyrins may be of particular value in BNCT is that some porphyrins, such as

H2TmpyP-4 (tetrakis(4-N-methylpyridyl)porphine), have been found to intercalate DNA

in the GC regions, and to bind externally to AT regions.sT'88 Thus boron-containing

porphyrins may have the potential to act as DNA targeting agents for BNCT.

The haematoporphyrin derivative BOPP 14 (boronated protoporphyrin) (the tetrakis-

carboranylcarboxylic acid ester of 2,4-(a,þ-dihydroxyethyl)deuteroporphyrin)) canies 40

boron atoms per molecule, and shows promise as a tumour selective agent in vitro.ze

BOPP 14 was first synthesised by Kahl's group, and has been shown in rodent models

to attain concentrations several hundred times higher in tumour cells than in healthy

brain cells.Ta BOPP has recently been undergoing trials in Australia to evaluate it for

use in photodynamic therapy.a'to Ho*"rrer, some in vivo studies on rats, in conflict with

earlier tests, indicate that BOPP is highly toxic at the levels required to obtain

therapeutically useful concentrations. This compromises the potential usefulness of this

compound as a BNCT agent.se
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Miura and Gabel synthesised a porphyrin with four aryl ether nido-carborane derivatives

attached, with and without zinc bound in the porphyrin cage.ss The compound without

complexed zinc was found to attain high cellular uptake in vitro but it was too toxic to

administer in a high-enough dose to attain therapeutic levels in preliminary

biodistribution studies.ss Park and co-workers synthesised a similar compound to

BOPP 14, where the bis-1,12-carborane moiety replaces 1,2-carborane groups in BOPP,

to obtain a porphyrin containing eight carborane cag"s.86 Most boron-containing

porphyrins synthesised to date have been derivatives of tetraphenylporphyrin (TPP).85

Vicente and co-workers have synthesised several porphyrin derivatives containing four

or eight 1,2-closo- and nido- carborane cages, which are unique in having the carboranyl

substituent either attached directly, or via a methylene linker, to the meso-phenyl

substituent of the TPP.eo

A study carried out on a range of carboranyl-containing porphyrins, at the Brookhaven

National Laboratory, to ascertain the toxicities and tumour-targeting abilities of these

compounds, found that lipophilic water-insoluble TPP were generally less toxic and

delivered more boron to tumour cells than haeme analogues.ló One compound in

particular, NiTCP (nickel(Il)-5,10,15,2O-tetrakis-(3 -11,2-carboranyllmethoxy)phenyl-

porphyrin-2,3,7,8.12,13,17,18-octakis(carboxymethyl)octamethyl ester) 15, is the least

toxic known porphyrin to have been administered in mammals at doses suitable for

2t
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BNCT, and yielded a boron concentration with a higher tumour to blood ratio and a

higher tumour to brain ratio than either BSH 1 or BPA 2.16

R

15:

16:

R:CHzCO zCHt, Y:OCHzC2HB ¡ sH 1 e

R:H, Y:OCHzCzHBloHlo

NiTCP 15 is insoluble in water and it was the first reported lipophilic boronated

porphyrin to be delivered in vivo with an emulsifring agent.ló The most promising

porphyrin of that particular study was the water insoluble NiTCP-H (nickel(If-

5,10,15,20-tetrakis-(3-[,2-carboranyl]-methoxy)phenylporphyrin) 16, which had a low

toxicity and delivered a higher tumour/brain boron concentration ratio than BSH 1, BPA

2 or BOPP 14.16

1.4 DNA Targeting Agents for BNCT

The development of boron-containing DNA binding agents was spurred by the

important calculation that if a boronated species could be incorporated into, or attached

to, the tumour cell's DNA, the capture reaction will be two to five times more effective

than if the species was located in the c¡oplasm.rs l0B placed within the DNA leads to

certain cell death upon the neutron capture reaction, which causes double-stranded

cleavage of the DNA.ls

22



Chapter I : Introduction

The DNA-binding potential BNCT agents can be classified in the following categories

i) Alkylating agents,

ii) Intercalators,

iii) Groove binders,

iv) Polyamines,

v) Nucleic acid precursors, and

vi) Oligonucleotides (see Section 1.3.1.1)

t.4.1 Alkylating Agents

Nitrogen mustards and other alkylating agents are electrophiles that are covalently

incorporated into DNA and interfere with its replication.3 Some boron-containing

analogues have been synthesised, such as the nitrogen mustard 17, but preliminary

biological studies were not promising, with the boron concentration insuffrciently high

for effective BNCT.3 There are currently few-reported potential alkylating agents for

BNCT in the literature.

N
O:C
o :BH
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1.4.2 DNA Intercalators

Intercalators are small molecules containing a planar aromatic moiety that is able to

insert and stack between the base pairs of double-helical DNA.87 Acridine dyes are

well-known intercalators.33 The first known boron-containing acridine was synthesised

by Snyder and Konecky, and contained two aryl dihydroxyboryl groups.3 Although this

compound was found to be too toxic for potential use in BNCT, it led to the synthesis of
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other less toxic acridine derivatives.3 More recently, Sjöberg, Tjarks and co-workers

synthesised a carboranyl acridine-spermidine derivative and a carboranyl

dispermidine.33 The group also synthesised a number of phenanthridium compounds,

derivatives of the well-known DNA intercalator ethidium, with l,l2-carborane and

nido-carboranyl substituents.el'e2 They found that substituents at the 5 and 6 positions

had little effect on the DNA intercalating capacity of the phenanthridium chromophore;

except when a negatively charged group was used.e2 Th" compounds were evaluated

with respect to their DNA-binding capacity using human glioma cells and calf thymus

DNA. In particular, a propyl-I,12-carboranyl substituted ethidium derivative 18 was

found to have DNA-binding comparable to ethidium.e2 'Tumour delivery' systems may

have to be employed for these compounds, as they are not expected to be selective for

tumourspe, sr.9'

BPh4-
,BsHs

(c)
BsHs

o =c
o =BH5

18

I

Another group of well-known DNA-intercalators a¡e the naphthalimides.3a Researchers

have found that the presence of a nitro or amino substituent on the chromophore is

essential for antitumour activity and DNA-binding.'o Sjöberg and Ghaneolhosseini

synthesised a water-soluble boronated naphthalimide, containing a l,l2-carborane and a

spermidine moiety, to be evaluated as a potential BNCT DNA-intercalating agent, and

suggested that this compound could be selectively delivered to tumour cells by

encapsulation in liposomes.3a Porphyrins, as discussed earlier (Section 1.3.5), can also

act as intercalators and may have the potential to become DNA-targeting BNCT agents.

1.4.3 Groove Binders

Kelly, Martin, and colleagues have synthesised a series of 1,2-closo-carboranyl

'btbenzimidazole 
derivatives, based on the known DNA minor-groove binder, Hoechst
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33258.e3 The interaction of these compounds with DNA was assessed by UV

absorption and circular dichroism spectroscopy but was found to be very poor, probably

due to steric interference between the boron cage and the minor groove of DNA.e3

Hansen and co-workers prepared t'Sr-lub.ll"d 1,2-carborane-containing

bibenzimidazole derivatives, with the purpose of facilitating the uptake and

biodistribution studies of these potential BNCT agents in patients by positron emission

tomography (PET).ro

1.4.4 Polyamines

Polyamines such as putrescine, spermidine (SPD) and spermine (SPM) are essential for

cell growth and differentiation and are found in elevated concentrations in rapidly

proliferating tumour cells.ea In particular, cationic polyamines bind to DNA via an

electrostatic interaction.es Soloway and Cai have synthesised I,2-closo-carboranyl

derivatives of SPD and SPM, and a second series of compounds with alkylated terminal

nitrogens to prevent their degradation to toxic primary amines .eu h vifro studies have

shown that these compounds displace ethidium from calf thymus DNA, and are rapidly

taken up by F98 glioma cells. However, they were more toxic than SPD or SPM,e6

which may limit their usefulness as potential BNCT agents.

1.4.5 Nucleic Acid Precursors

Nucleic acid precursors containing boron may be considered as DNA-targeting BNCT

compounds because, as discussed earlier, (Section 1.3.1.1), they have the potential to

become incorporated into cellular nucleic acids, and thus bring the boron to the ultimate

target of BNCT - chromosomal DNA.

1.5 Bacþround of Platinum Anti-Cancer l)rugs

There are a number of ways that metal complexes can bind to DNA (and RNA), as

shown in Figure 1. There a¡e three types of complexes which bind DNA non-

covalently: groove-binders, which are stabilised by hydrophobic, electrostatic, and

hydrogen-bonding interactions;e7 external electrostatic binders, which are complexes

that bind by coulombic attraction;e8 and intercalators, which contain a planar
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heteroaromatic moiety that is able to slide in between DNA base pairs.eT Metal

complexes can also bind covalently to DNA. For example, square planar platinum(Il)

complexes such as cisplatin (crs-DDP, crs-[PtCl2(NH¡)]) 19 have labile ligands which

are able to be replaced (following activation by hydrolysis) with N-donor atoms in the

DNA bases to form strong covalent bonds.

In the following sections, only the covalently-binding cisplatin analogues and the non-

covalent metallointercalators will be discussed as they are of direct relevance to the

work described in this thesis.

Groove Binding

Intercalation

Covalent Binding

Figure l: Some of the modes by which metal complexes can bind to DNA.e8

1.5.1 Cisplatin

One of the most successful and widely used anticancer drugs today is cisplatin 19.ee'100

Cisplatin was first synthesised in 1844 by Peyrone, but its tumour-inhibiting qualities

were only discovered in 1969 by Barnett Rosenberg.ee Cisplatin was first administered

to cancer patients in 1971, and it has been available for general use as a

chemotherapeutic agent since I 978. 
l0l

cl
I

H3N-Çt-ç¡
I

NHs

t9
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1.5.1.1 Activity and Action of Cisplatin

Cisplatin 19 is found to be successful in the treatment of a wide variety of cancers,

including tumours of the head and neck, bladder and ovarian cancer.l02 In particular,

testicular cancer, which was previously resistant to all attempts at treatment, is now

considered to be curable in most cases with the use of cisplatin.l03'104

The activation of cisplatin 19 within a cell occurs with the stepwise hydrolysis of the

chloro ligands,ee followed by their replacement on the platinum centre with suitable N-

donor sites in DNA. 'e5Pt n.m.r spectroscopy studies have indicated that the rate

limiting step of the slow reaction between cisplatin and DNA is the first aquation step,

\n- 7.9 h. The monoaquated complex then binds rapidly to a N-donor atom of a DNA

base, such as the guanine N7 atom. The hydrolysis of the second chloro ligand, \¡2-2.1
h, is followed by rapid attack of another N-donor atom of an adjacent DNA base to form

bifunctional adducts. r05

Although the ammine ligands can be displaced under certain specific conditions, it is
generally accepted that only the chloro ligands are exchanged.ee This does not occur

until the complex crosses the cell membrane and moves into the cytoplasm of the cell,

due to the high chloride ion concentration in the plasma.l06

The guanine N7 atom is the most electron-rich site in DNAIoo and is, therefore, the most

favourable site for metal ion binding by DNA.t07 About 70 o/o of DNA-bound cisplatin

is involved in bidentate binding to two neighbouring guanine bases (G-G intrastrand

crosslinks).ro2 The other major adduct of cisplatin with DNA is guanine-adenine

intrastrand crosslinks.l02 Interstrand crosslinks are thought to be much less common,

accounting for only I Yo of the platination of DNA.I02 The intrastrand adducts cause

steric distortion of DNA, causing it to bend by 35 - 40' in the direction of the major

groolre,I00 see Figure 2, and. disrupt the hydrogen bonds which usually occur between

the base pairs guanine and c¡idine, and adenine and thymine, leading to the unwinding

and local denaturation of the DNA structure.lOs The crosslinks also block DNA

replication and RNA transcription. I 05'106
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It is thought that the bioactivity of cisplatin may be due in part to the affrnity of proteins

containing high mobility group (HMG) domains for cisplatin-lesioned kinked DNA.

7A]J

l2]

n
22

0 7t\

s
r.q

t1

t0

Figure 2: Stereo image of one duplex of d(ccrcG*G*Tcrcc).d(GGAGACcAGAGG) where
the -G*G* site has been modified by cisplatin.l

It is proposed that these proteins stabilise the structure of severely distorted DNA by

binding to the minor groove surface at the lesioned site, and thus mask the adduct from

repair.l0T'l0e Alternatively, these proteins may displace tumour-specific regulatory

DNA-binding proteins leading to tumour cell death.r07

1.5.1.2 Problems Associated with the Use of Cisplatin in Cancer Therapy

Cisplatin 19 is not selective for tumour cells; the basis for its therapeutic effect is due to

the high proportion of cancerous cells dividing at any one time; and they are thus more

sensitive to changes in DNA structure and function than normal cells. Unfortunately,

this lack of selectivity results in severe side effects, such as emetogenesis (nausea and

vomiting), ototoxicity (ear damage), nephrotoxicity (kidney damage), and

neurotoxicity.'ot DNA is not the only target of cisplatin in the cell; platinum(Il) is a soft

Lewis acid and, therefore, it has a higher affinity for sulfur than nitrogen, and readily

28



Chapter I : Introduction

binds to thiols and this may be the major cause of its nephrotoxicity.lr0 Cisplatin also

binds to N- and S-donor atoms in peptides, phospholipids in the cell membrane,

mitochondria,ll0 and enzymes such as certain oxidoreductases.l0s

Many tumours that are initially sensitive to cisplatin can become resistant to it over

time.l06 There are three major mechanisms of this resistance:

i) altered uptake of cisplatin by the cell,

ii) over-exposure to thiols and thiol-transferring enzymeslOs

-increased levels of glutathione (a thiol indispensable in protecting cells from

the effects of some toxins),106 metallothionein, and thyrnidylate synthase activity

have been detected in cisplatin-resistant cells.l ' ' Resea.chers have also shown

that glutathione reacts more rapidly with monofunctional adducts of transplatin

and DNA. This is thought to prevent the formation of the cytotoxic bifunctional

adducts, thus accounting in part for the decreased activity of the /rans isomer.l I I

iii) The most important mechanism of resistance is an increase in the capacity of the

cell to repair DNA adducts.roó

1.5.2 New Generations of Platinum Anti-tumour Complexes

The severe side-effects of cisplatin and the acquired resistance of tumours to cisplatin

has led to the development of a second generation of anti-tumour complexes with

lowered toxicity and a broader range of activity.

Rosenberg, in collaboration with researchers at the Johnson Matthey Research Centre

in Reading,l06 developed the only one of the cisplatin analogues to have appreciable

advantages over cisplatin, and achieve worldwide approval for cancer treatment to date,

carboplatin (diammine(1,1-cyclobutanedicarboxylato)platinum(Il) 20.101

20
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1.5.2.1 Carboplatin

Clinical trials began on carboplatin 20 in 1980 at the Royal Marsden Hospital in

London.l0l Carboplatin is now the second most widely used anticancer d*g." In

carboplatin, the labile chloro ligands of cisplatin 19 are replaced by the more stable 1,1-

cyclobutanedicarboxylate moiety, which is hydrolysed more slowly in vivo. This is

thoughtto be one of the reasons forthe lowtoxicity of the d*g.to' The presence of the

carboxylate groups also increases the aqueous solubility of the drug. The reduced organ

toxicity of 20, allows it to be administered in much higher doses than cisplatin 19.102

The reduced nephrotoxicity of carboplatin allows outpatients to be treated without

forced diuresis.r06 Unlike cisplatin, the dose-limiting toxicity of carboplatin was found

to be myelosuppression.lOl Despite the success of carboplatin, it has not increased the

spectrum of activity of platinum anti-cancer drugs,'06 as it has a similar activity

spectrum to cisplatin. Further, cross-resistance has been observed in some cancers.t06

1.5.2.2 other analogues of cisplatin and carboplatin - structure-Activity

Relationships

Researchers wishing to increase the activity spectrum of platinum anti-cancer drugs

have developed further analogues of cisplatin 19 and carboplatin 20. Extensive studies

on cisplatin and analogues have resulted in the recognition of a series of structure-

activity relationships (SARs), which are used in the design of new potential anti-cancer

platinum drugs. The SARs are as follows:r12

i) the complex should be neutral (since neutral complexes are known

to travel more readily across the cell membrane),

ii) the platinum complex should be in the cls stereoconfiguration,

iii) the platinum centre may be divalent or tetravalent (however the

former tends to be the more active),

iv) at least one amine or firmly bound ligand must be present (with

complexes comprising primary amines being the more active), and

v) leaving groups of suitable lability under biological conditions

must be present.
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Amongst the complexes designed on the basis of the SARs is oxaliplatin (trans-L-

diaminocyclohexaneoxalateplatinum(ll)) 21, which was first synthesised by Kidani and

co-workers in Japan. 
l06

o

o
2t

The spectrum of activity of oxaliplatin 2l is also similar to cisplatin. However, it does

have a greater activity against leukaemia, and it does not induce cross-resistance with

other platinum complexes.ll3 Phase II studies on 21 found it most successful on

patients with cisplatin and carboplatin resistant ovarian cancer.lOl The dose-limiting

toxicity of oxaliplatin was peripheral sensory neuropathy.ll3

JM-216 (bis-acetatoamminedichlorocyclohexylamineplatinum(IV)) 22 was the first

platinum anticancer agent to be developed for oral administration.l0l JM-216 has been

found to be active against tumour cell lines resistant to cisplatin and does not produce

the nephrotoxic and neurotoxic effects of cisplatin, and is less emetic.ll3

H3Nlra,

HzN

))

Phase I trials of JM-216 22 commenced in 1992 in the UK. Like carboplatin, the dose-

limiting toxicity was myelosuppression.l0l The most positive results were observed in

small cell lung cancer and hormone-refractory prostate cancer.'0
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1.5.2.3 Discovery of Cytotoxic Complexes Violating the Structure-Activify

Relationships

It was originally thought that only complexes with chloro ligands in the cis-

configuration were active against tumours. However, recent work by Farrell's group has

indicated that the cytotoxicity of trans- platinum complexes can be greatly enhanced by

the replacement of the ammine ligands with planar heterocyclic amine ligands, such as

pyridine, thiazole or quinoline.lla These bulky amine ligands slow down the

substitution of the chloro ligands and render these complexes less reactive to biosulfur

compounds, reducing intracellular detoxification. I la

Another series of platinum(Il) anti{umour agents which appeff to violate the structure-

activity relationships determined by Rosenberg and co-workers were discovered in the

late 1980's, and have a monovalent cationic charge.ll0 These complexes were of the

form cis-[Pt(NIH3)2(A)Cl]*, where A is a heterocyclic N-donor ligand, such as pyridine,

pyrimidine, purine or piperidine, or their derivatives.ll5

1.6 The Need for Further Research into Anti-Cancer Drugs

Although it is obvious from the work detailed in this Chapter that much progress has

been made in the fields of BNCT and platinum(Il) anti-cancer complexes, it can be seen

that far more research in these fields is required in order to attain drugs with optimised

effrcacy of use, reduced side effects and inconvenience to patients, whilst maximising

their survival time and recovery.

It has been well documented in the literature3'6'12'33'34'el that the efficacy of the neutron

capture reaction in BNCT is greatly enhanced when l0B-containing compounds are

placed in close proximity to the tumour cell DNA. Although the design and synthesis of

boron-containing compounds with the ability to target DNA is the subject of much

research, the suitability of existing compounds specifically designed for this purpose is

yet to be demonstrated.

Reedijk suggests that in the design of new metal-based anti-cancer drugs,

chemotherapeutic compounds, such as radiation sensitizers, could be attached to

32



Chapter I : Introduction

existing DNA targeting agents in order to obtain a synergistic effect.ro2 Research into

compounds like these may lead to the development of new drugs with far higher activity

than is currently obtained.

The incorporation of boron-containing moieties into selected platinum(Il) complexes

may lead to enhanced tumour cell destruction as a result of combining the DNA-binding

ability of the platinum centre with the neutron capture events of the l0B nucleus. It is
also possible that a synergistic therapy of tumours may be achieved with agents of this

type.

Although transition . metal complexes containing carboranes (usually thioalkyl

derivatives, and some phosphine and silicon derivatives) have been reported in the

literature recently (synthesised by groups with interests including their photochemical

activity,l16 materials science,llT and catalytic activityl18¡ the use of metal complexes

bearing boron-containing ligands to target DNA for BNCT is unprecedented.

1.7 Project Aims

The study detailed in this thesis investigated the synthesis and potential of platinum(Il)

complexes of 1,2- and l,7-carborane to target DNA for potential use in BNCT, an area

of resea¡ch that is without any precedent.

The aims of the study were as follows:

i) To prepare amine and thiol derivatives of 1,2- and l,7-carborane for use as

ligands, and to synthesise and characterise the corresponding platinum(Il)

derivatives containing the (aminoalkyl)- or (thioalkyl)carborane ligands, and

ii) To assess whether interactions occur between the new platinum complexes and

DNA in vitro.

The following chapters in this thesis describe the synthesis of the aminoalkyl and

thioalkyl ligands containing carboranes and, ultimately, the synthesis of the

corresponding platinum(Il) complexes. The preparation and characterisation of
(aminoalkyl)carborane ligands and their platinum(Il)-amine derivatives are discussed in
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Chapter 2. The factors influencing the reduction of the platinum(Il) centre by the

carborane cage, encountered in the complexations between the platinum precursors and

carborane ligands, are also explored in Chapter 2.

The preparation of (thioalkyl)carborane ligands and their platinum(Il) derivatives is

discussed in Chapter 3. The DNA-intercalation studies performed on selected

metallointercalators are also presented in this chapter.
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Chapter 2: (Aminoalkyl)carborane Ligands and

Their Platinum(Il) Complexes

A number of transition metal complexes containing carboranes have recently been

reported in the literature. A significant proportion of these complexes are

metallocarboranes, where the metal centre forms a vertex in the carborane cages.lle

They are usually prepared from the nido dicarbollide ligand CzBqHr 12-. One example is

[3,3'-Co(1,2-CzBsHn )z]- which, due to its robustness, has attracted attention as an agent

for nuclear waste remediation and is an effective l37Cs sequestering agent.l2O Other

metallocarboranes in which only one carborane cage is complexed to the metal centre

have also been synthesised, such as the platinum complexes [P(SePhXPEt¡Xn5-n-Seph-

7-CBroHro)l (n:8 or 9),r2r and [Pt(CNBut¡211s-7,8-C2BeHe)].r22 The preparation of
metallocarboranes containing other metal centres have also been reported, such as the

iridium complex U,2-PlÞ-3 - {Cp. } -3,I,2-IrC2BeHel . 
I 23

Metal complexes containing 1,2-carborane-containing ligands have been reported in the

literature, such as transition metal derivatives of the chelating ligand bis(1,2-carborane)

(C2B¡eH¡s)2, [M4-{(C2BroHro)z}z]n- where M : Co(II), Ni(ID, and Cu(III),t2a the

bis(silyl)platinum complex [Pt(1,2-(SiMez)z-l,2-CzBroHr6)(pph3)2],rr7 and a 1,2-

carborane derivative of the MRI contrast agent, gadolinium-DTPA complex (DTPA =

diethylenetriaminepentaacetic acid) known as Magnebist@, which may allow the facile

measurement of the accumulation of boron carriers in tumour tissue for use in BNCT.I25

Other transition metal complexes containing carboranes (usually thioalkyl derivatives,

and some phosphine and silicon derivatives) have been reported in the literature

recently, with potential applications in photochemistry,ll6 materials science,llT and

catalysis.rrs The preparation of some silver(I), platinum(Il), and gold(l) and gold(III)

complexes containing thiol derivatives of I,2-carborane have also been reported.llT'126-
r28 These will be discussed later in the thesis (Chapter 3).
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2.1 The (Aminoalkyl)carborane Ligands

One of the major aims of this project was to prepare aminoalkyl ligands containing the

1,2- and l,7-carborane moieties, ffid to study their corresponding platinum(Il)

derivatives. The platinum complexes that were chosen were analogous to the well

known covalent DNA-binder, cisplatin 19 (or the trans- isomer). It was envisaged that

these new complexes would retain some of the structure-activity features established for

platinum-amine anticancer drugs,l12 and thus show avid DNA-targeting properties (see

Section 1.5.1, and Section 1.5.2.2).

The facile complexation of platinum(Il) with N-donor ligands is well established, with

countless examples in the literature. There are many platinum(Il) complexes containing

two monodentate (or one bidentate) N-donor ligands that are able to target DNA and

many of these also possess anticancer activity. There are also some platinum complexes

containing three N-donor ligands able to bind DNA, and a few of these have been

reported to display cytotoxic activity against several types of tumour cells.l07'll-'

The boron-containing aminoalkyl ligands prepared in this study are derivatives of the

icosahedral 1,2- and 1,7-carboranes, chosen for their high boron content, their reputation

for excellent kinetic stability, and their relative ease of incorporation into organic

molecules.l2 In this project, a series of 1-(aminoalkyl)-1,2-carboranes and 1,7-

carboranes were examined in order to determine whether there were any effects on

metal complexation and on the DNA-targeting ability of the resulting metal complexes,

particularly when the size of the alkyl linker or the nature of the carborane cage was

varied. Throughout this thesis, the icosahedral closo 1,2- and l,7-carborane cages will
be represented, in both schemes and figures, using a shorthand notation as depicted in

Figure 3.
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R1
R2

O =BH

O=C
R2

Figure 3

3 Rr=H 4 R2=H

Shorthand representation of 1,2-carborane 3 and I,7-carborane 4.

The general synthesis of |,2-carborane derivatives involves the reaction of nido-

decaborane (BroHr+) with a Lewis base (L), such as acetonitrile or an alkylsulfide, to

form a bis-Lewis base adduct B¡6H¡¡L2. Treatment of the adduct with an appropriate

acetylenic compound gives the corresponding carborane derivative (Scheme 1).30'l2e

R

Hz(s) * 2L

toHro

Scheme 1

The condensation reaction between an alkyne and a Lewis base adduct of decaborane is

often a fairly low-yielding process, with yields of less than 60 o/o frequently reported in

the literature.6l'7e'130'l3l Functional groups such as hydroxyls and amines degrade the

decaborane cage. Therefore, acetylenes containing these groups fail to give the

expected carborane products,30 and so prior protection of these groups is required.

Alternatively, |,2-carborane derivatives may be prepared by metallation of the parent

\,2-carborane 3 with a reagent such as n-butyllithium, followed by treatment with an

appropriate substrate, such as an alkyl bromide (Scheme 2),in solvents such as diethyl

ether, benzene, or benzene-ether mixtures.

L¡

RBr

BtoHr¿ * 2L -H2-

v

BlsH12L2

uLi -

roHro

+

BroHro

3

Scheme 2

BroHro

37



Results and Discussion: Chapter 2

An analogous procedure may be employed in the preparation of isomeric 1,7-carborane

derivatives from the parent 1,7-carborane 4 (Scheme 3).

B B Li
RBr

z-BuLi-.

He He

Scheme 3

2.1.t Synthesis of 1-(Aminoalkyl)-1,2-carborane Ligands

A series of (aminoalkyl)-1,2-ca¡borane ligands was prepared in this work. Wilson and

co-workers reported the synthesis of the hydrochloride salts of amines 23 and 24 in the

early 1990s to allow the covalent incorporation a carborane moiety into structures with
potential use in BNCT.I32 Their procedure was investigated for the synthesis of these

compounds for our research.

NHz

NHz

oHlo

RBH

o

4

NHz

23

BroHro

24

BroHro

34

The hydrochloride salts of the amine ligands (aminomethyl)-1,2-carborane 23 and

(aminopropyl)-1,2-carborane 24 were prepared in three steps from the corresponding

(phthalimidoalkyl)acetylene.r32 The amine functional group was protected as a

phthalimide in order to prevent it from degrading the decaborane cage. The

(phthalimidoalkyl)acetylenes 25 and 26 \À/ere prepared by treatment of the

corresponding (haloalkyl)acetylene 27 and 28 with potassium phthalimide 29,t33 as

shown in the first step of Scheme 4. The (phthalimidoalkyl)acetylene 25 or 26 was then

treated with the acetonitrile adduct of decaborane,'34 also shown in Scheme 4, to
produce the (phthalimidoalkyl)carborane, in 69 %o and 38 % yield for 30 and 31,

respectively. The former yield is unusually high for this type of reaction.
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(c

o
25 n=l
26 n=3

B¡eH¡r(CH3CN)2

toluene

A

29

(CHz

Hro

30 n=l3l n=3

Scheme 4.

The molecular structure of (phthalimidomethyl)-1,2-carborane 30 was determined using

X-ray diffraction, and it is shown in Figure 4.r3s

o
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Figure 4: The molecular structure of 30 showing50% probability ellipsoids.

It was not possible to use this procedure to prepare 1-(2-phthalimidoethyl)-7,2-

carborane 32, due to the unavailability of the appropriate alkyne precursor. The

precursor for an alternative synthesis was i/-(2-bromoethyl)phthalimide 33, which was

prepared following Samant's procedure,''u by treatment of l,2-dibromoethane with

potassium phthalimide29 as shown in Scheme 5.

O BTCH"CH,BT Br
K

29 33

Scheme 5

l,2-ca¡borane 3 was then deprotonated at a carbon centre with n-Bul,i in DME,

followed by treatment with the alkyl bromide 33 to furnish the carborane 32 in 57 %

yield (Scheme 6). r3i

0

o

DMF
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N

BroHro2

3 o
N 32

Scheme 6

The lH and l3C n.m.r. spectral data corresponded closely to that reported previously.l3T

However, the melting point of 172-176 "C was significantly higher than that claimed in

the literature (140 - I42 'C), and the rrB n.m.r. spectrum differed significantly also,

with the peaks generally appearing fuither upfield than that reported previously. The

following peaks were observed in the "B n.m.r. spectrum: E -2.9 (28), -5.4 (lB), -9.4

(3B), -11.6 (48), comparedwiththe literature reporr of ô 1.26 (18), -1.20 (18), -5.15
(28), -7.36 (48) and -9.06 (2B). Both spectra were run in do-DMSO, but the literature

values were recorded at 128.4 MHz whereas in this study the spectrum was recorded at

96.30 MHz. However, it is not expected that this would account for the significant

differences in the two spectra.

X-ray analysis confirmed the molecular structure of the carborane 32'38 lFigure 5).

Br

o
33
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ct0

cil

ol

Figure 5: The molecular structure of 32, showin g 50 % probability ellipsoids

The syntheses of the amine ligands 23 and 24 were then completed by following a

literature procedure.l32 The preparation of 34 by this particular method had not been

reported previously, so a similar procedure was adapted for the preparation of this

compound. The synthetic pathway for the preparation of the hydrochloride salts of
compounds 23,34, and24 from their corresponding phthalimido derivatives is shown in

Scheme 7. Treatment of the (phthalimidoalkyl)carborane with NaBH4 resulted in facile

ring opening at the amide to give 35, 36 and 37 in 90, 86, and 9l % yield. respectively.

Acid-catalysed cleavage of 35, 36, or 37 gave the hydrochloride salts of the amine

ligands 23,34, and 24, in 78, 85, and 92 % yield. respectively. Typical distinguishing

signals in the lH n.m.r. spectra (d6-DMSO) of the amine hydrochlorides were the amine

signal at approximately ô 8.5, and the signal due to the proton on the unsubstituted

carborane carbon at approximately ô 5.4. The BH protons were characterised by avery

c8

c9

C7

c6

t2

02
NI

c4

c3

B3

B2

B8

B6

B4

BI

B9

B7

B5 810
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broad signal in the region ô 1.2 - 3.2. In the '3C ,r.-.r. spectra of the amine

hydrochlorides, the signal due to the unsubstituted carborane carbon appeared at ca. õ

63,and the substituted carborane carbon gave rise to a signal atca.872. The amine

hydrochlorides gave characteristic rrB n.m.r. spectra, comprising of four peaks in the

ratio 2:l:3:4, between ca. E -2. to -12.

The (aminoalkyl)-1,2-carborane hydrochloride salts of 23-34 were produced in high

yield and purity. The free amines were liberated directly prior to complexation with
platinum(Il) using an aqueous solution of KzCO¡. The presence of a small amount of
acetone facilitated the dissolution of the hydrochloride salt.

NaBHa
_->

19 'ProH. Hro

H
N

(c
10

o

35 n:l
36 n:2
J/ N:J

n:I
n=2
n=3

30
32
3l

o

AcOH, HCI

Hzo

NH3Ct

toHro

23.HCl n=l
34.HCl n:2
24.HCl n=3

Scheme 7

2.1.2 Synthesis of 1-(Aminoalþl)-1,7-carborane Ligands

The synthesis of the isomeric series of 1-(aminoalkyl)-1,7-carborane ligands 38 - 40

was also investigated. These compounds were expected to be particularly useful as

ligands due to the increased robustness of the I,7-carborane cage compared with 1,2-

carborane.l4'30 Indeed, |,7-carborane 4 has been calculated to be 75 kJ mol-l more

stable than 1,2-carborane 3.13e
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z)n
NH3Ct

He

38 n=l
39 n:2
40 n=3

2.1.2.1 Attempted Syntheses of l-(2-Phthalimidoethyl)-1,7-carborane 39,

and 1 -(3-Phthalimidopropyl)-1,7-carborane 40

It was initially anticipated that the ligand hydrochloride salts 38, 39, and 40, could be

prepared víq the corresponding phthalimides, prepared, in turn, using a procedure

similar to l-(2-phthalimidoethyl)-1,2-carborane 32,by treatment of 1,7-carborane 4 with

n-Buli, followed by the addition of an appropriate (bromoalkyl)phthalimide to yield the

desired (phthalimidoalkyl)-1,7-carborane. An adaptation of Wilson's procedure,r32

similar to that shown in Scheme 7, was expected to complete the conversion of this key

intermediate into the ligand hydrochloride salts 38 - 40. The syntheses of l-(2-
phthalimidoethyl)-1,7-carborane 41 and 1-(3-phthalimidopropyl)-1,7-carborane 42 from

I,7-carborane 4 and N-(2-bromoethyl)phthalimide 33 and N-(3-

bromopropyl)phthalimide 43, respectively, were attempted as shown in Scheme 8.

l. r-Buli / DME---\+* (c

2

o4

ss.{=z

/46 
n=3

,¡

{¡ ¿.

33 n=2
43 n=3

Scheme 8

The general procedure presented in Scheme 8 failed to give a clean reaction in any of
the reactions studied in this work. T.l.c. analysis indicated that the crude product of the

reaction of 7,7-carborane 4 with N-(2-bromoethyl)phthalimide 33, or N-(3-

bromopropyl)phthalimide 43, consisted of a mixture of numerous components. lH and

'3C n.-.. spectroscopy did not indicate any signals that corresponded to the starting

materials or the desired products.
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2.1.2.2 Attempted Preparation of 1-(3-Hydroxypropyl)-1,7-carborane 44

vra a Silyl-Protected Intermediate

An alternative general synthetic pathway for the preparation of the aminoalkyl-1,7-

carborane ligands 38 - 40 was investigated, as shown in retrosynthetic form in Scheme

9. The alcohol44,45, or 46 is first converted to the bromide 47,48, or 49, then to the

iodide 50, 5l or 52, and then to the BOC protected product 53, 54, or 55 and then finally

converted to the hydrochloride salt of the amine ligand 38, 39, or 40. This procedure

was adapted from the synthesis of 1,12-bis(3-aminopropyl)-1,12-carborane reported by

Sjöberg et al.et The first step involved the preparation of the appropriate starting

material, 1-(hydroxyalkyl)-1,7-carborane 45, 46, or 44 (n : 1, 2, or 3, respectively),si

and is presented in Scheme 10, for the case where n: 3.

Hz)n )n

NH"CIe 

-yt

N(BOC)2

He BgHg

B

Br

He

47
48
49

B

38
39
40

45
46
44

s3
54
55

0

50
5l
<t

n=l
n:2
n=3

n=l
n=2
n=3

Hz)nc

n=l n:l
n=2
n:3

0

Scheme 9

The first step of this synthesis involved the protection of one carborane carbon atom

with the TBDMS group (Scheme 10). This reaction proved to be unselective, and a

mixture of the desired monosilylated product 56 and the disilylated derivative 57 was

2
J

HB

OH

9

n:l
n:2
n=3
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formed. A disubstituted l,7-carborane cage can be distinguished easily from a mono-

substituted cage by examination of the "B .t.*... spectrum. The spectrum of the

disubstituted product is composed of a large resonance at ca. õ -l l, flanked on either

side by much smaller peaks at ca. ô -8 and -13. However the spectrum of a mono-

substituted product will comprise at least four signals resulting from the decreased

degeneracy of the llB atoms within the cage, as compared to the disubstituted cage.

The low selectivity of the silylation reaction has some precedence in the literature.

Gomez and Hawthorneto0 reported that, although the adjacent carbons in l,2-carborane

3 are sufficiently close to make the disilylation reaction sterically unfavourable, this is

not the case for l,7-carborane 4 which gives rise to a mixture of silylation products.

Gomez and Hawthorne were able to obtain a yield of only 40 % of the mono-protected

product 56 in a large-scale synthesis. A yield of even this calibre was very difficult to

reproduce on the small scales used in this study, which were limited by the prohibitive

expense of the l,7-carborane precursor. It is unclear, by this reasoning, why the

silylation of \,l2-carborane 5 (having its carbons even further separated than 1,7 or I,2-

carborane) with TBDMSCI should be selective at all, as was reported by Malmquist and

Sjöberg in their enantiomeric synthesis of (,$-1,12-carboranyl alanine.sT

The 3-hydroxypropyl moiety was incorporated into the 1,7-carborane by treatment of the

silyl-protected carborane 56 with n-B:uLi, followed by the addition of oxetane to give

the protected product 58. Deprotection with BuaNF, followed by work-up and

purification, afforded the desired product 44, but only with the irreproducible yield of
18 %. The low yield was largely due to the inefficiency of the initial silyl-protection

step.
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BH

Me

7
I rtBu

l. ¡¿-BuLi / THF

2. TBDMSCI

Me

!
Me

l. n-Buli\'Me ---=*
2.

He

4

BuaNF

58

I

56

+

tBrl"

Me

44

Scheme 10

The conversion of the alcohol 44 to the hydrochloride salt of ligand 40 was envisaged to

take place via the intermediates 49, 52 and 55, as shown in the retrosynthetic Scheme 9.

However, the expense of the starting material, |,7-carborane 4, and the high number of
synthetic steps required, meant that this was unlikely to be a viable synthesis due to the

low yield of the precursor 44. ln order to achieve a suitably efficient preparation of 40,

the synthesis of 44 required optimisation, or an altemative method.

2.1.3 Attempted Mono-Alkylations of \7-Carborane 4 Without prior

Protection.

2.t.3.1 Attempted Synthesis of 1 -(3-Hydroxypropyl)-1,7-carborane 44

Without Prior Protection of |,7-Carborane 4

Since the silyl protection of l,7-carborane 4 was not particularly selective, it was

anticipated that the direct conversion of 4 to 44, as shown in Scheme 11, might afford a

higher yield of the desired product because the number of steps in the conversion was

reduced. despite the competitive formation of the disubstituted product 59.

MeI
g¡.,rrltBu
I'Me

57
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BHI r-Buli
2.

44

BH

+ OH

Scheme 11

However, the yield of the monosubstituted product 44 was low (-15 o/o), and the

disubstituted product 59 was usually the major component isolated from the reaction

mixture. As a result, this strategy was abandoned.

2.1.3.2 Attempted Synthesis of l-(2-Hydroxyethyl)-1,7-carborane 46

An attempt was made to prepare l-(2-hydroxyethyl)-1,7-carborane 46 by a procedure

analogous to that shown in Scheme 11, in order to investigate the effect, if any, of

varying the alkyl chain length on the outcome of the reaction (Scheme 12). However,

the yield of the monosubstituted product 46 was very low indeed (- 3 %), and in this

case the disubstituted product 60 was the major product (82 %).

l. z-BuLi / THF

2. ethylene oxide
He

+H OH

Hs

60

Scheme 12

2.1.3.3 Attempted Synthesis of 1-(1-Hydroxymethyl)-1,7-carborane 45

Srivastava reported the successful monoalkyation of l,7-carborane 4 with an allyl

halide, without prior protection of one carborane carbon, with the unusually high yield

of 84 yo.ta Gomez and Hawthornela0 reported the successful preparation of l-

BH

4

H

59

464
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(hydroxymethyl)-1,2-carborane via the silyl-1,2-carborane carboxylic acid methyl ester.

It was proposed, on the basis of these two precedents, that l-(hydroxymethyl)-1,7-

carborane 45 could be prepared from l,7-carborane 4 and methyl choroformate viathe

7,7-carborane carboxylic acid methyl ester derivative 61, followed by reduction with

LiAlH4. The synthetic pathway is illustrated in Scheme 13.

o

l. n-Bul-i / THF LiAlH4

-+

OH
2. methyl chloroformate

6l 45

OMe

62

Scheme 13

Following work-up and purification, the yield of 6l was disappointingly low (Il %\
and the disubstituted product 62 was found to be the major product (38 %). As a result,

the reaction was not pursued further.

2.1.3.4 Attem pted Syn thes es o f I -(2-Hyd roxyethyl-2 -(te rt-butyl-

diphenylsilyl) ether)-1,7-carborane 63 and 1-(3-Hydroxypropyl-3-

(te rt-butyl-diphenylsilyl)-1,7-carborane 64

It was envisaged that l-(2-hydroxyethyl)-1,7-carborane 46 could be prepared via the

rcrr-butyldiphenylsilyl ether protected intermediate,63, which in turn could be prepared

from 1,7-carborane 4 and Br(CH2)2OTBDPS (2-bromoethyl)-l-(tert-butyldiphenyl)silyl

ether 65. The synthetic pathway is shown in Scheme 14.

4

+
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TBDPSO/

63 n:2
64 n=3

He (CHz)n

TBDPSO,. \
4

NBuaF
THF

46 n=2
44 n=3

Scheme 14

The silyl ether 65 was prepared from 2-bromoethanol 66 in 65 %o yield (Scheme 15).r4r

The corresponding TBDMS protected compound was also prepared, using a similar

procedure adapted from a silylation reaction reported by Corey.lat Ho*"u.r, the yield

of the TBDMS ether was lower (42 %) than that of the TBDPS ether, and the separation

of the product from the starting material proved to be much more difficult. This result

was not surprising. It has been documented that the TBDPS group has the advantageous

presence of a chromophore allowing easy detection and separation of its products, as

well as a higher stability than TBDMS.ra3

1.2.2 eq. imidazole

H X 2.1.1 eq. TBDPSCI

DMF

TBDPS X

Scheme 15

I,7-Carborane 4 was then converted to the corresponding silyl ether 63 by deprotonation

with ¡¿-BuLi, followed by treatment with a solution of the bromide 65 to give the pure

product 63 (Schem e l4), following purification by flash chromatography, in 14 Yo yield. ,;

The lH, l3C and llB n.m.r. spectral data were recorded in CDCI¡ and corresponded well

to that expected for the structure. The ItB n.m.r. spectrum comprised four peaks in the

ratio 1:5:2:2 which was found to be indicative of the mono-substituted l,7-carborane

cage. The l3C n.m.r. spectrum displayed peaks atõ 19.75 and ô 27.44 corresponding to

(CHz)n

o/\
65 n:2, X:Br
68 n:3, X: Br
70 n:3, X=Cl

66 n:2, X:Br
67 n=3, X:Br
69 n:3, X=CI

(CHz)n

o/\
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the tert-bttyl group, at õ 39.74 corresponding to the methylene carbon adjacent to the

carborane cage, at E 53.74 and73.79 corresponding to the unsubstituted and substituted

carborane carbons, respectively, and at ô 63.28 corresponding to the methylene carbon

adjacent to the silyl ether. Aromatic carbons were observed in the region õ 128.42 -
136.16. The IH n.m.r. spectrum displayed a singlet at õ 1.09 (9H) conesponding to the

tert-butyl protons, a triplet at õ 2.21 (2H) corresponding to the methylene protons

adjacent to the carborane cage, a broad singlet at õ 2.91 (1H) conesponding to the

proton attached to the unsubstituted carborane carbon, and a triplet at õ 3.65 (2H)

corresponding to the methylene protons adjacent to the silyl ether. Peaks in the region ô

7.42 - 7.70 corresponded to the aromatic protons.

The silyl group was then cleaved with fluoride ion to afford 1-(2-hydroxyethyl)-1,7-

carborane 46 (Scheme l4). Following chromatography, the alcohol 46 was obtained in

only 9 o/o yield. The major product was unidentified, but it had only two peaks in the

"B n.m... spectrum indicating alarge degree of degeneracy of the boron atoms. It is
possible a third peak could have been masked, thus indicating the disubstitution of the

carborane cage. Unfortunately, the overall yield of the alcohol 46 was much too low to

proceed with the synthesis to the desired aminoalkyl ligand 39.

The synthesis of the corresponding propyl chain compound 64 was also attempted,

using an analogous procedure to that described above, in order to examine whether

varying the alkyl chain length had any effect on the yield of the synthesis. In this

procedure, the starting material was 3-bromopropanol 67, which was converted to the

silyl ether 68, upon treatment with TBDPSCI (Scheme l5). However, this reaction \ryas

not as clean as for 65, giving rise to a mixture of the desired product and other

unidentified materials.

It was envisaged that a less complicated reaction mixture might be obtained if the less

reactive substrate 3-chloropropanol 69 was used (X : Cl, Scheme l5). 3-

Chloropropanol 69 was treated with TBDPSCI and the imidazole catalyst. After work-

up and purification, the pure silyl ether 70 was obtained in 72 %o yield. The mono-

alkylation of 7,7-carborane was then attempted using a procedure similar to that adopted

for the preparation of 63, (Scheme 14). It was postulated that in this reaction the

formation of the mono-alkylated product would be more favourable due to the lower
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reactivity of the 3-chloropropylsilylether 70 than the bromide 65. After refluxing for

several days, (as opposed to 24 h for the reaction with the 2-bromoethylsilylether 65),

t.l.c. analysis indicated that there was still a large amount of the unreacted chloride 70.

Following purification, the desired product 64 was obtained in only 5 %oyield.

2.1.3.5 Attempted Synthesis of 1-(4-Butylacetate)-1,7-carborane 7l

A final attempt at the monoalkylation of l,7-carborane 4 was made using 4-

iodobutylacetate 72 as the alkylating agent, in an attempt to prepare the carborane 71.

As discussed previously, 1,7-carborane 4 was deprotonated by n-Bul.i at 0 'C, followed

by the dropwise addition of the alkylating agent 72 and subsequent refluxing (Scheme

16). After 20 h, t.l.c. analysis had indicated that only a small amount of 4-iodobutyl

acetate 72 remained.

l. r-Buli

2.

7l

72

benzene I ether 2:1

Scheme 16

llB n.m.r spectroscopy indicated that disubstitution of the carborane cage did not occur

in this reaction, probably due to steric effects associated with the considerable size of
the group being added to the carborane cage. However, in this case the crude product

proved to be very diffrcult to purifu, and the reaction sequence was not pursued.

It appeared that all attempts to prepare the mono-substituted l,7-aminoalkyl ligands

were likely to be fruitless, due to the diffrculty in obtaining the mono-alkylated product

of the first step in sufficiently high yield to carry on with the remaining reaction

sequence (Scheme 9). As a result, the synthesis of these types of ligands was finally

abandoned.

4
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Synthesis of a Hetero-Disubstituted l,7-Carborane Ligand2.1.4

2.1.4.1

Precedence was found in the literature for a heterosubstituted carborane containing an

amine functionality. Ghaneolhosseini and Sjöberg reported the synthesis of l-(3-
iodopropyl)-l,12-(3-aminopropyl)- l,l2-carborane hydrochloride from 1,12-bis(3-

iodopropyl)-1',7-carborane.et This procedure was adapted to prepare the corresponding

1,7-compound 73. It was envisaged that further functionalization such as conversion of
the iodide to a group such as sulfonate or a carboxylic acid could introduce useful

properties into the ligand, such as increased water solubility.

Synthesis of 1 -(Iodopropyl)-7-(aminopropyl)-1,7-carborane

Hydrochloride 73

The disubstituted carborane 73 was obtained from 1,7-bis(3-hydroxypropyl)-r,7-

carborane 59 in four steps as shown in Scheme 17. The alcohol 59 was treated with

carbon tetrabromide, followed by the dropwise addition of PPh3, in CHzClz at 0 "C to

form the corresponding bromide 74 in 85 % yield following purification by

chromatography. The bromide 74 then underwent Finklestein halide exchange, upon

treatment with NaI, to form the corresponding iodide 75 in 8l % yield following

purifi cation by chromatography.

An as yet unpublished procedure by Woodho.rselo4 (adapted from a preparation of the

corresponding l,I2-carborane derivative reported by Ghaneolhosseini and co-workers)el

was adopted for the conversion of the alcohol 74 to the bromide, and subsequently to

the iodide 75. The iodide 75 then underwent a phase transfer alkylation effected by

treatment with one equivalent of di+ert-butyliminocarboxylate, one equivalent of
tetrabutylammonium hydrogen sulfate, and two equivalents of 2 M aqueous NaOH in

CHzClz to yield the pure disubstituted compound 76 in 26 o/o yield following

purification by column chromatography.

The BOC-protecting groups were then removed using a procedure adapted from that

reported by Ghaneolhosseini33 by treatment of the protected product 76 with 3 M HCI in

ethyl acetate, to give the pure amine hydrochloride 73 in 28 % following

recrystallization from MeOH / diethyl ether. The r3C n.m.r. spectrum displayed signals

at ô 1.83 corresponding to the methylene carbon atom adjacent to the iodine, ô 45.61
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corresponding to the carbon atom adjacent to the amine group, and four signals in the

region õ 25.95 to õ 35.55 corresponding to the remaining methylene groups. A signal at

õ 73.2I corresponded to the two substituted carborane carbons, which \ryere

coincidental.

Nal

74

75

acetone

Br

N(BOC)2

NH3Ct

BuaNHSOa
2M NaOH /
HN(BOC)2

CH2Clr

4MHCI
EtAc

73

Scheme 17

76

I
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2.t.5 Synthesis of an (Aminoalkyl)-1,2-dicarba -nído-undecaborane Ligand

The nido- compound, 7-(amoniomethyl)-nido-7,8-dicarba-undecaborate 77, was

prepared in order to investigate the effect of replacing the closo carborane cage with the

anionic nido cage in the reaction with platinum(Il) precursors. The internal zwitterionic

amine 77 was generated from the amine 23, upon its treatment with NaOH, as shown in

Scheme 18, following the method reported by Malmquist and Sjöberg.ras

NH" NaOH€ O =BH

O=c

23 77

Scheme 18

')) Cis- a n d tr ans-fPtcl2(NH3)21 Derivatives Containin g

(Aminoalkyl)carborane Ligands

This section describes our efforts in the preparation of new platinum(Il) complexes

containing the (aminoalkyl)carborane ligands described in Section 2.1. Such complexes

would possess the necessary structural features for DNA-binding, namely a divalent

platinum centre, the presence of at least one primary amine ligand, and leaving groups

of suitable lability. I r2

2.2.1 Attempted Syntheses of a Carborane-Containing Analogue of
Cisplatin

2.2.1.1 Method l- Adaptation of Dhara's Method

The synthesis of a carborane-containing analogue of cisplatin was attempted using the

(aminopropyl)carborane ligand 24. Preliminary analysis indicated that an adaptation of
Dhara's methodlaó could furnish the desired product, as proposed in Scheme 19. An

aqueous solution of K2[PtCl4] 78 was converted to the corresponding tetra-iodo

complex 79 by treatment with four equivalents of KI. The strong trans effect of the

tro

EtOH
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iodo ligands ensures that the subsequent reaction with the amine ligands will afford a

platinum(Il) complex with the cls configuration. This reaction involved the treatment of
the iodo complex [PtIo]2- with two equivalents of the hydrochloride salt of ligand 24 in

the presence of a few drops of 10 % NaOH in order to liberate the free amine. After
heating the solution for a few minutes, a black precipitate of elemental platinum was

formed, indicating that reduction of the platinum(Il) centre had occurred. The desired

carborane-containing complex 80 was not obtained.

NH3Ct

K2[Ptcl4] o *t, 
[ptt4]2-

7847s
Hzo

l0 % NaOH

Hzo

2 B1eH1s 0 '\/
Pt

l'/ \

NHz

NHz

NHz

BroHro

BroHro

BroHro

roHro

80

J;
AgNO3
KCI

cl

c NHz

8l

Scheme 19

2.2.1.2 Method 2- Adaptation of Kukushkin's Method

An adaptation of Kukushkin's methodl4T was also trialled in order to prepare the

cisplatin analogue 81. A mixture of Kz[PtClo] 78, KCl, and the hydrochloride salt of
ligand 24 was refluxed in water. On removal of the solvent, a pale orange powder was

obtained, and its'H n.m.r. spectrum did not contain any of the peaks expected forthe
product. It appeared that the powder contained a mixture of the precursor complex 78,

and an unidentified boron-containing compound which gave rise to a single resonance at

ô 20 in the llB n.m.r spectrum. This signal appeared in the region characteristic for a

number of compounds of the form BX3 (for example, X: oH and ocH:).108 The l,B

n.m.r. spectrum indicated that complete degradation of the carborane cage had occurred.
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2.2.1.3 Attempted Syntheses of the Cisplatin Analogues 83 and 84 from

[PtCt3NH¡)l- 82(a or b)

A systematic study was performed on the reactions between the monoammine

platinum(Il) complex K[PtCI3NH3)] 82a or PPh¿[PtCl:(NH¡)] 82b and the amines 23

and24 (or their hydrochloride salts), (see Scheme 20) where the solvent, counter-ion (in

order to optimise the solubility of the platinum complex in va¡ious solvenfs), alkyl chain

length of the ligand, and pH of the reaction solvent, were varied in order to examine the

effect of each of these parameters upon the formation of the target complexes 83 and 84.

The temperature was also varied in a small number of cases but it did not appear to have

a major effect on the outcome of the reactions.

ïrlcr-Tt-cr
X@ H3N

I
Hz)n

NH2 ------+ ç¡

roHro
BroHro

ct
83 n=l
84 n=3

Scheme 20

t'B and 'esPt n.m.r. spectroscopy were extremely valuable tools in assessing the identity

of the products. llB n.m.r. spectra are very sensitive to changes in the cage structure of

the carborane. In the closo carborane cage, the llB nuclei come into resonance within a

fairly narrow range of ca. ô -2 to -I3.1e't37't4e'150 In contrast, the range is much larger

for the nido carborane cage, typically around ô -10 to -36.las'l4e'lsl-ls4 Particularly

diagnostic of the nido cage is the presence of two signals lying between about ô -30 and

-36 ppm in the "B n.m.r. spectrum, which correspond to Bl0 and Bl (see Figure 6). In

the nido cage, an open pentagonal face incorporating two carbon and three boron atoms

is present, with three bonding and two anti-bonding molecular orbitals directed towards

the empty apical position centred over the pentagonal face. Although the assignment of
rrB signals is generally quite complicated with many factors at play, it is widely

accepted, on the basis of the pH and edge rules devised by HeÍmanek, that the presence

of this electron cloud in the place of the missing BH vertex leads to these two most

upf,reld signals in the spectrum of the nido compounds.la8

+
,9

NHz

n=l
n=3

23
24

ct

82a X=K
82b X = PPh4
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O -Bl
O:C

9

5 2

Figure 6: Atonr nurnbering of the nido-carborane cage.

Despite its value, the utility of llB n.m.r. spectroscopy is lirnited by the broaclness of the

peaks due to the quadrr-rpolar nature of the I lB nucleus, and the general insensitivity of

the technique to substituents present on the carborane carbon atoms.

'"'Pt n.m.r. spectroscopy was also a very useful structural probe in this work, due to its

high serrsitivity to changes in the coordination sphere of the platinurn centre. The

cl-remical shift of the resonances is highly dependent on the donor properties of ligating

atoms, and on the number of each type of ligand.'t' The great change in chemical shift

with ligand type results in part from the very large range over which 'o5Pt ,esonances

may be observed. which has been reported as being greater than 1 5 000 ppm. 'tt'''"

The lesPt chenrical shift is known to vary regularly with the increased substitution by a

palticular type of ligand.l5s The region around -1800 pprn is characteristic of a

platinurn(Il) con-rplex containing three chloro ligands and one (rnonodentate) N-donor

ligancl. For example, Pregosin reported ôresPt _1715 ppm for [PtCl3(NH3;] .160 The

region around -2100 ppm is characteristic of a platinum(ll) centre with two chloro

ligands and two (monodentate) N-donor ligands. For example, Motschi and co-workers

reported ôr"sPt (CDCI3) _2130 pprn for trans-lPtCl2(NH2(CH2)sCH:)zl,r5e and Pregosin

reported ô'etPt -2097 ppm fol cisplatin.r60 The region around -2400 ppm is

characteristic of a platinum(Il) cornplex with one chloro ligand and three (nonodentate)

N-donor ligands, ftrr example Pregosin leported õlesPt _2354 ppm for [PtCl(NH3)r]*.'uo

'ntPt r-r.,-r-,., spectroscopy is also quite sensitive to solvent and concentration.l5s For

example, the lesPt chemical shift of Na2[PtCl4| in aqueous solutior-r varies by 24 ppm

between 2.3 and 0.13 mol dm-3 solutions.'5t This elfect is particularly pronounced if the

cornplex is dissolved in a good donor solvent, however it is not great enough to move
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the le5Pt signal out of the regions expected for the ligand environment about the

platinum(Il) centre and it does not compromise the utility of the technique.

The results of the systematic study are presented in Table 1

Table l: Results of platínum(ll) complexation trials under various conditions (T : 298 K).

A signal at - õ -1827 ppm was observed in the n.m.r. spectrum (or - ô -1750 ppm in DMF
2a or 82b.

t n.m.r. spectrum, corresponding to the products 83

erved in the le5Pt n.m.r. spectrum.
firmed the closo cage was intact.
icated that the nido cage was evident.

s Black precipitate of platinum metal was obr..u.d. 
t'

'NC' indicates that no complexation occurred.

In these experiments, reduction was easily identified by the observation of a black solid

consisting of platinum metal. Several trends can be seen from the selected experiments

presented in Table 1. The polarity of the reaction solvent had a profound effect on the

rate of reduction. For example, when ligand 24 was used, the time taken for reduction

varied from 2 h in l:1 MeOH I H2O, to four days in MeOH, and was not observed after

2.5 weeks in CH2CI2 at room temperature. For ligand 23, a similar trend was observed,

with the time taken for reduction to occur varying from 17 h in MeOH to 24 h in DMF,

and it was not observed after 3 weeks in CHzClz at room temperature.

" t.\/' - :i , I
( N't" ,/

Entry Ligand /
salt

Solvent Complex
Counterion

Base Results: evidence of
reduction / product
formation?

I 24, HCI salt cH2cl2 PPh4t g2b proton
sDonge

2.5 weeks - 3: I mixture''D

2 24, HClsalt l:l MeOH / H"O PPh4* 82b proton
sDonqe

24 h - reductions

3 24, HCI salt MeOH PPh¿* g2b none 4 days - reductions
4 cF3co2-24'

salt
cH"cl, PPh4* g2b K2C03 l2 h - mixture''d

24 h -reductionB
5 24 CH,CI, PPh4- 82b none somel0 mins

reduction.s
4 days - NC"

6 24 l:l MeOH/H,O K* 82a none 2 h - reduction.rs
7 23 DMF PPh4* 82b none l2 h - mixtureu'o''

24 h -reductions
8 23 CH"Clr PPh4- 82b none 3 weeks: NCU
9 23 MeOH PPh4t g2b none l2 h-productformedD

l7h-reductionls
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The alkyl chain length in the (aminoalkyl)carborane ligand also had a significant effect

on the complexation reaction. When the complexation reaction was attempted in

MeOH, the time taken for reduction was 4 days for ligand 24 but reduction occurred in

only 17 h for ligand 23 at room temperature. This was even more rapid than the

reduction which occurred when ligand 24 was used in 1:1 MeOH / HzO (24 h). This

can be rationalised by the fact that in the cases where the propyl ligand 24 is used, the

longer alkyl chain results in the carborane cage being quite far removed from the

platinum(Il) centre and, therefore, the ease of reduction of the platinum(Il) centre by the

carborane cage is reduced. In the cases where the methylene linker is used, the

separation between the carborane cage and the platinum(Il) centre is much less and

reduction would appear to be a much more facile process.

The observations made in this study are not without literature precedents. The reduction

of a palladium(Il) complex to palladium metal, and the accompanying oxidation of the

1,2-carborane cage, during the attempted complexation between [PdCI2(CH3CN)2] and

2,6-bis(2'-methoxycarbonyl-1',2'-carboranyl-1'-thiomethyl)pyridine 85 \vas reported

recently by Teixidor and co-workers.lsl

oHro oHro

Teixidor and co-workers attempted the reaction in a variety of hydroxylic solvent

systems, such as EtoH, 1: I CH¡CN i EtoH, 1: I MeoH I CClq, and found in each case a

large amount of palladium metal and a nido cluster-containing compound was

formed.lsl The researchers surmised that, due to the electron-withdrawing nature of the

substituents on the carborane carbons, the spontaneous degradation of closo to nido

could be due to either the nucleophilic alcohol solvent or to the palladium(Il) centre. In

this example, the electron-withdrawing substituents made 83 and B6 particularly

susceptible to attack by nucleophiles such as the alcohol solvent.lsl Their work

provides supporting evidence to our result that hydroxylic solvents promote the

degradation of the closo carborane cage by the metal centre.

85
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In this case, Teixidor and co-workers were interested in the development of new

potential candidates for organic membrane carriers. Notably, with an equivalent ligand

set, the reduction potential of palladium(Il) (e.g. [PdCl4]2- +0.62 V) is lower than that of
platinum(Il) (e.g. [PtCL]2- +0.73 V). Hence, the reduction of platinum(Il) to platinum

metal in our work is not surprising.

Vinas, Teixidor and co-workers also atternpted the complexation of aryl, alkyl and

alkoxy substituted carboranyldiphosphines with the precursors [PdCl zLzf (L: PPh3,

PhCN, PMePhz) in EtOH and MeOH, and again found that the partial degradation of the

closo to the nido cage took place in all cases.lls'ls4 The authors noted that, in particular,

charged metallic cations seemed to promote the decomposition reaction.l5a They

advised that care should be taken in attempting the synthesis of transition metal

complexes involving 1,2-C2B1¡H¡s containing ligands, because deboronation appears to

be the preferred process in the presence of nucleophiles. Hence, nucleophilic solvents

such as alcohols must be avoided.lls In these examples, however, they did not observe

the accompanying reduction of the palladium(Il) centre to palladium metal. The reasons

for this will be explored later in this thesis (Section 2.2.1.5). Teixidor's team reported

that the partial degradation of the closo cage occurred on coordination of the closo

ligand to the metal centre, and attributed this to the dissipation of electron density from

the carborane to the metal centre by Cc-P-M or Cc-S-M (M : transition metal, Cc :
carborane carbon) bonds making the cage more susceptible to nucleophilic attack. This

conclusion was based on measurements of E0 values in metallocarboranes containing

Cc-S bonds.lsa

From our work it appears that complexation of the closo carborane-containing ligand to

the metal centre is not a necessary requirement for reduction. This was easily

demonstrated by the addition of the parent |,2-carborane 3 to an aqueous solution of

Kz[PtCl¿] 78. Rapid reduction of the platinum centre to platinum metal ensued, despite

the fact that complexation was not possible. However complexation of the

(aminoalkyl)carborane ligands was observed in some cases by 'etPt n.m.r. spectroscopy

prior to reduction taking place.(See entries 4,7, and 9 in Table 1).

Teixidor's group also noted that the reaction of the electron-rich dlO metal ions

copper(I), silver(I) and gold(I), as well as metal ions such as (d6) rhodium(Ill) and (d8)
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palladium(Il), with l' ,2'-(I,10-dithio-4,7-dioxadecane)-l' ,2'-carborane in degassed

EIOH lead to pafüal degradation of the closo carborane cage.ts3

It is well documented that the \,2-carborane cage can be converted to the corresponding

nido cage upon treatment with a strong base, typically by refluxing the closo-carborane

with excess KOH in MeOH or EtOH,ss't4s't6t-t64 or NaOH in EIOH.las The conversion

is also effected by amine bases,l65 and by anhydrous fluoride ion.l66 Indeed, it has been

shown by both calculations of charge densities by various methods,l6T and by 'H n.-.,
spectroscopy experiments,l66 that the boron atom adjacent to both carbon atoms in the

closo cage (denoted B3) is the atom removed in the conversion to the nido cage (see

Figure 7).

l0 ll
9

Figure 7:

l2

Atom numbering of the 1,2-carborane cage.

It has been demonstrated that the CH units have a õ+ charge due to donation of part of
their electron density to the 26 delocalised skeletal electrons, and therefore the boron

adjacent to the CH units is the most electropositive and hence the most susceptible to

nucleophilic affack.l67 Furthermore, the hydrogen atom attached to 83 bears significant

anionic charge and is most likely to be involved in the reduction of the platinum(Il)

centre (formally as hydride ion) in our work. The enhancement of the reduction rate in

hydroxylic solvents is consistent with the favoured degradation of the closo cage in

these solvents.

There are numerous reports in the literature detailing the unintentional degradation of

the closo carborane cage under mild conditions. For example, Tjarks, Sjöberg and co-

workers reported the self-degradation of a carborane-containing phenanthridium

derivative (the I ,2-carborarre analogue of 18, see Section 1.3.2), when it was left to

stand in an aqueous methanolic solution at room temperature for several days. The

2
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authors speculated that the degradation of the cage structure was due to the weakly basic

nature of the amine g.oups.e2 Malmquist and Sjöberg also reported the spontaneous

self-degradation of L-o-Car 9 in aqueous solution due to nucleophilic attack of the

carborane cage by the carboxylate and amine gro.rps.tt The rate of degradation was

found to be at a maximum around the isoelectronic point.sT'60 This was probably

because the stability of hydrophilic substances, in general, tends to be at a minimum at

the isoelectric point.ló8 Sjöberg and co-workers performed a kinetic study on the

degradation reaction and found it to be a unimolecular process with the rate dependent

upon the pH of the solution, with a broad maximum around pH 5.s8 On the basis of
these results, the effect of pH on the reaction of the (aminoalkyl)carborane ligands 23

and24 with the platinum(Il) precursors \¡/as investigated.

2.2.1.4 Investigation of pH-Dependence of the Reduction of Ptatinum(Il)

Complexes to Elemental Platinum by (Aminoatkyl)-1,2-carborane

Ligands 23 and24

A series of trial reactions was conducted in order to determine whether the reduction of
the platinum complexes to platinum metal, by the action of the (aminoalkyl)-1,2-

carborane ligand, in preference to complexation, could be rnitigated by varying the pH

of the reaction mixture. (Aminomethyl)-I,2-carborane 23 or (3-aminopropyl)-1,2-

carborane 24 was dissolved in acetone and added to a solution of K[PtCI¡(1..IH¡)] S2a

containing various concentrations of HCI (0 - 6 M), and the reaction mixture was

monitored for the appearance of platinum black as a function of time. The results of
these experiments are summarised in Table 2. Unfortunately, we were unable to extract

reproducible kinetic data from these experiments.
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Table 2: Effect of pH on the reaction between ligands 23, or 24, and K[PtCl3(NH3)] 82a at room

temperature.

A signal at-2156 ppm was observed in the n.m.r. spectrum of the reaction mixture, corresponding
to the product 83 or 84.

b A yellow precipitate believed to be 83 or 84 was observed.
" The rrB n.m.r. spectrum of the reaction mixture confirmed the closo cage was intact.
d A signal at -1863 ppm observed in the 'ntPt n.m.r. spectrum of the reaction mixture, corresponding to

the stafing material, K[PtCl3(NH3)] 82a.
" Ligand hydrochloride salt crystallized out of solutton.
r At very high acid concentrations (i.e. [HCl] ¿ 0.1 M) the hydrochloride salt of the ligand was used.
'NC' indicates that no complexation occurred.

From Table 2, it is readily apparent that lowering the pH of the solution significantly

retards the reduction of the platinum(Il) complex to platinum metal. However, the very

high acid concentrations required to obviate the reduction process also ensured that the

alkylamine ligand was protonated to such an extent that complexation was inhibited.

Furthermore, the hydrochloride salt of the ligand crystallized out of the solution at the

two lowest pH experiments.

The extent of ligand protonation at a particular pH can be illustrated using Eq.2.tun

%o Ionised = 100
1 -u 16(nH-rKa)

Eq.2

Sjöberg reported a value for the pKa of 2-12-(3-aminopropyl)-7,2-carborane-1-

ylmethoxy]-1,3-propanediol of 8.5.170 One can reasonably assume that the pKa of 23 or

24 is similar to this value. Hence, it can be seen using E,q.2, that the ligands would be

approximately 100 % ionised atpH2.

Ligand finalf HCU (in
solution)

Evidence of
Platinum(Il)
oroduct formation?

Entry Approx. time
complete reduction
Platinum(Il) species

for
of

I x l0-r M: oH2 Yesou"23 r.5 h
2 24 l x l0-'M; pH 2 Yeso r8 h

ta I x l0-'M; pH I Yeso' 15 h

4 24 lxl0-' M; pHl Yeso' 50 min
5 23 lMl pH0 Yesot 2.s h
6 24 IM: pH0 Nof r8 h
7 24 2M;. pH -0.3 Nodr, NC 5d
8 24 3 M; pH -{.5 Nodr, Nc 6d
9 24 4M; pH -0.6 Nodr, NC 7d

5 M; pH -0.7l0 24 Nod"f, Nc 6d
24 6 M; pH -0.8 Nodtr, Ncll no reduction observed
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Since both reduction and complexation were prevented at high acid concentrations, a

similar trial was performed using K[PtCI3NH3)] 82a and ligand 24 and HOTf, instead

of HCl, to see if a suitable acid concentration could be found for preparative

experiments without the inhibitory effect of the high chloride ion concentration on the

rate of the (aminoalkyl)carborane ligand complexation. Once again, the reduction of

K[PtCI3NH3)3] was inhibited to some extent with decreasing pH, however, the

complexation reaction was also inhibited at low pH due to the extent of protonation of
the amine ligand at high acid concentrations. It also became apparent that it would not

be possible to store the target complexes if they were isolated from solution, since they

quickly decomposed on standing.

2.2.1.s Further Investigations into the Factors Controlling the Reduction

of the Platinum(Il) Complexes by (Aminoalkyl)carborane Ligands

The results so far in the above experiments had shown that the rate of reduction of the

platinum(Il) centre was dependent on the solvent used, the length of the alkyl chain, and

on the pH of the reaction solvent. Experiments were then carried out to further explore

factors that might be important in controlling this process, such as the effect of using the

open-cage nido ligand 77, instead ofthe closo cage, and using the 1,7-carborane ligand

73 opposed to ligands bearing the l,2-carborane cage. The effect of varying the ligands

around the precursor platinum centre was also investigated with selected nido

(aminoalkyl)carborane ligands and platinum(Il) precursors. The appeal of the use of
nido complexes in potential compounds for BNCT is the water-solubility of the anionic

nido cage as opposed to the hydrophobic closo cage. The results are summarised in

Table 3.

Table 3: Effect ofcarborane cage structure and platinum(ll) centre on the rate ofreduction

(r = 2e8 K)

" Complexation performed in the presence of K2CO3
" The ligand was deprotonated with K2CO¡ prior to complexation.

Entry Carborane ligand Platinum(II)
precursor

Solvent Approximate time for
complete reduction of
Platinum(II) species

77^ K2[PrCl4] 78 MeOH / HrO instant
2 77 KIPtClîCNH3)l 82a MeOH 30s

77 IPtCL(dmso)r] MeOH 0.5 h
4 730 K[PtCl3(NH3)l 82â MeOH / H,O 20h
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It is readily apparent when comparing the result of the complexation between 7-

(amoniomethyl)-nido-7,8-dicarba-undecaborate 77 and K[PtCl:G.fH¡)] 82a (Table 3)

and the reaction between the same complex and23 (Table l), that the nido cage reduces

the platinum complex to elemental platinum much more rapidly than the corresponding

closo cage, probably as a consequence of the anionic charge associated with the nido

structure. It was expected that, due to the increased stability of the l,7-carborane cage

compared with the l,2-carborane cage, reduction would be inhibited in the reaction

between the carborane ligand and K[PtCI3(NH3)] 82a. However, this was not the case

(see Table 3, entry 4 c.f. Table 1, entry 2).

It can also be seen that the coordination environment about the platinum(Il) centre also

has a dramatic effect on the onset of reduction. That is, when the platinum coordination

sphere consisted only of chloro ligands, the reduction to platinum metal was extremely

rapid (Table 3, entry l). However, when a chloro ligand was replaced by a

monodentate N-donor ligand, the rate was somewhat slower, and was further decreased

when the chloro ligand was replaced by a S-donor ligand such as dmso (Table 3, entry

3).

There are many reports in the literature on the influence of changing the ligand

environment about a metal centre upon its reduction potential, E0. Gassman and co-

workers studied the electronic effects of replacing Cp with the more electron-rich Cp.

(Cp* : CpMe5) in a large series of complexes, including ferrocenes, and found there to

be a systematic decrease in the reduction potential of the metal centre with increased

Cp- substitution.rTr This is illustrated by selected examples in Table 4.

Table 4: Effect of increasing substitution of Cp rings by Cp" groups on the reduction potential of iron

complexes.

Complex EU (V)
CpuFe 0.31

CpCp-Fe 0.04
Cp-zFe -0.23

The increase in electron density as a result of inductive effects renders the metal centre

much less susceptible to reduction in the Cp- comple*es.'t2 Robbins and co-workers

also reported that Cp*zM complexes (M = Cr, Fe, Co and Ni) were much more easily

oxidised than their metallocene counterparts as a result of the electron donating-
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properties of the methyl grorrps.tT3 Mach and co-workers reported the decrease in

reduction rate of titanium halides, CpTiCl3, again when the Cp ring was replaced with

Cp*, due to inductive and hyperconjugative effects leading to increased electron density

at the metal centre.lT4

Further examples of the effect of changing the ligand environment on the electron

density of the metal centre and, hence, the reduction potential of the metal centre

include a report by Assis and co-workers, who discovered that when electron-

withdrawing nitro groups were introduced into iron-porphyrin complexes, the electron

density on the metal centre decreased with increasing substitution, leading to facile

reduction of the metal centre.lTs Martin and co-workers also reported an orderly

variation of E0 with changing substituent within a series of nickel(Il) complexes.rT6'177

The reduction potential of platinum(Il) centres have been shown to vary greatly with a

change of coordination environment, for example, in acidic solution the reduction

potentials of [PtBr+]2- and [PtCl a]2- are +0.58 V and +0.73 V, respectively. Clearly, the

less electronegative bromo ligands stabilise the platinum(Il) centre toward reduction.

On the basis of the above results, it was concluded that the preparation of carborane-

containing derivatives of cisplatin comprising of three monodentate N-donor ligands

should afford complexes with higher stability toward reduction than those discussed in

Sections 2.2.1.1 to 2.2.1.5, due to the increase in electron density on the metal centre as

a greater number of the highly electronegative chloro ligands are replaced by the less

electronegative and more electron-donating ammine ligands. This effect accounts for

the fact that Teixidor's group did not observe reduction of [PdC12L2] (where L = PPh3,

PhCN or PMePhz) to palladium metal on treatment of the complex with closo-

carboranyldiphosphines.ll8'ls4 The phosphine ligands are electron-rich and donate

suffrcient electron density to the palladium(Il) centre to inhibit the reduction to

palladium metal by the carborane moiety.

'r7', Preparation of Platinum(Il) Derivatives Containing Three

Monodentate N-Donor Ligands

Although the most well known of platinum(IÐ DNA-targeting agents are bifunctional

(i.e. having two labile chloro ligands available for substitution by nucleoside bases
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following hydrolysis), there are a number of mono-functional platinum complexes in the

literature which are also capable of targeting DNA. Two important examples are

[PtCl(dien)]Cl S6 and [PtClQ.üH3)3]Cl 87 , which bind to the N-7 of guanine.rT8'r7e The

monofunctional adducts which result upon the binding of these complexes to DNA are

significantly distorted, and the DNA is destabilised leading to a significant decrease in

its melting temperature.rTs [Pt(dien)Cl]* 86 has been used extensively as a model for

the first step in the binding of cisplatin to DNA. However, it is inactive as an

antitumour agent. 
I 80'18 I
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The synthesis of a series of platinum(Il) complexes, containing the

(aminoalkyl)carborane ligands 23, 24 and 34 and a total of three monodentate N-donor

ligands, was attempted. The structures of the target complexes 88 - 93 are shown

below.
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The target complexes were prepared from the corresponding platinum(Il) precursor

complex, cisplatin 19 (for 88 - 90) and transplatin 94 (for 91 - 93). In general,

precursor 19 or 94 was treated with one equivalent of AgOTf in DMF solution in order

to selectively remove one chloro ligand. A solution of the appropriate

(aminoalkyl)carborane ligand was then added to the resulting species cis-

[PtCl(NH3)r(dmÐ]* (identified in the 'esPt n.m.r. spectrum by a signal at ô -1808)rrs or

trans-[PtCl$lH3)2(dmÐ]* 95, as shown for the cases when 94 was used as the precursor

complex in Scheme 2l- An analogous procedure was adopted for the reaction involving

19 or the hetero-disubstituted ligand 73. As expected, the propensity for reduction to

platinum metal was much less for complexes 88 - 93.

@ -lo oI rro
AgOTf

NH3 + HgN-
DMF

dmf

I

c
I

cr

9t
92
93

95

(c
H2

n=l
¡=2
n=3

'10
NHs

cl

94

Scheme 2l

In general, the yields obtained for complexes 88 - 93 were fairly modest, largely owing

to the difficulty encountered in their isolation and purification as a result of their

inherent instability toward reduction. The yields for the complexes with propyl ligands

were the highest, with yields of 64 o/o, 56 Yo and 52 % for complexes 89, 90 and 93
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respectively, and the yields of the complexes with ligands containing the methyl or ethyl

linkers were significantly lower. This is consistent with the earlier finding that when the

carborane cage is further removed from the platinum(Il) centre, as in the case of the

propyl ligand 24,the reduction of the platinum(Il) centre to platinum metal is less likely

to occur. Therefore, the complexes containing the propyl ligand 24 are more stable than

those with ligands containing shorter linkers.

2.2.2.1 Characterisation of the Platinum(Il) Derivatives Containing Three

Monodentate N-Donor Ligands

Where possible, the lH and l3C n.m.r. spectra were acquired for each of the new

complexes. In the '3C tt.rn... spectra of the complexes containing the propyl ligands 89

and 93, a significant downfield shift was observed for the carbon o to the bound'

nitrogen (C5), of 7.95 ppm from õ 37.58 to ô 45.53 for 89 and9.73 ppm from ô 37.58 to

õ 47.31 for 93. The carbon atom located p to the nitrogen atom (i.e. C4) was also

shifted significantly downfield, i.e. 3.39 ppm for 89 (from ô 26.81 to ô 30.20) and 4.43

ppm for 93 (from ô 26.81 to ô 3l .24). Ther3C chemical shift of C2 was very similar to

that of the corresponding atom in the free ligand, as was the shift of Cl for complex 93.

However, Cl in 89 underwent a downfield shift of 2.30 ppm from E 63.21 to ô 65.61 .

The C3 atom also underwent a small downfield shift of 1.06 ppm from ô 33.31 to

õ34.37 in the spectrum of 89 and 1.83 ppm from ô 33.31 to ô 35.15 for 93. These

results are similar to those of Reilley and co-workers who,'tt in their study of

[Pt(bipy)(substituted 1,2-diaminoethane)]2* complexes, reported that the carbon atoms o

to the coordinated nitrogen atom showed a downfield shift of 2 - 10 ppm, however, the

shifts of the aliphatic carbons were very similar to those of the free ligand They

attributed this effect to the electron withdrawal occurring on the donation of the nitrogen

lone pair of electrons to the platinum(Il) centre.

In the t3C n.m.r. spectrum of the complex containing the hetero-disubstituted ligand 73,

90, the r3C chemical shift of the o, carbon, C8, was very similar to that of the free ligand.

The p carbon, C7 underwent a significant downfield shift of 3.65 ppm from ô 25.95 to

õ29-60. Carbons C4 and C5, which appear coincidentally in both the free and

complexed ligand, underwent the most significant downfield shift of 4.59 ppm from
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õ 73.21to ô 77.80. The õ r3C of C2 and, C6 were very similar to that of the free ligand.

Interestingly the carbon atom furthest from the platinum(ll) centre, Cl, underwent a

significant downfield shift of 3.69 ppm from ô 1.82 to õ 5.52, and C3 underwent a small

upfield shift of 1.83 ppm from ô 35.55 to õ 33.72.

The signals in the 'H n.-.r. spectra of 88 and 91 were very similar to that obtained for

the free ligand. Only in the l3C n.m.r. spectra of complexes 89 and 93, could satellites

due to le5Pt-l3c coupling be seen between C4 and the platinum(Il) centre,3J:63H2

and 60 Hz, respectively. Again, these values are simila¡ to those observed by Reilley

and co-workers (3-rPt-Cg of 20 - 50 Hz).r82

ThellB and'etPt n.m.r spectra were also run for all complexes. The complexes

displayed the characteristic signal at around ô -2400 ppm in the resPt n.m.r. spectrum,

consistent with a platinum coordination environment containing one chloro and three

monodentate N-donor ligands. The llB n.m.r. spectra of all complexes were very

similar if they were acquired in the same solvent, but they were found to be very solvent

dependent. The llB n.m.r. spectra of complexes 88 and 89, and gl -g3,run in /1-DMF

or DMF / d6-benzene, displayed the expected number of resonances for closo-

carboranes with four signals at approximately ô -7, -I0, -13, and -16 in the ratio

2:7;3:4. Spectra run in THF / d6-benzene displayed four signals in the ratio 2:1:3:4,

appearing at approximately ô -3, -5, -I0, and -12.

The cationic nature of complexes 88 - 93 allowed for their characterisation by ESI mass

spectrometry. ESIMS were mn in 5 %o DMF / MeOH solutions for complexes 88 to 93.

The isotopic distributions of the molecular ions were calculated, using Isotope Pattern

Calculator Version 1.6,tt' and were compared to the patterns obtained experimentally.

As shown in Figures 8 to 17, the correlation between experiment and theory was very

good. The pattems also confirmed that the molecular ions bore a single positive charge,

since the lines in the patterns \¡/ere each separated by one mass to charge unit.

Impurities can be seen clearly in the mass spectrum of the molecular ion of c¡'s-

diamminechloro((aminomethyl)-1,2-carboraneplatinum(Il) triflate 88 (Figure 8). They

may be the result of partial decomposition of the complex upon its isolation, or perhaps

is an artifact of the MS experiment.
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433 435 437 439 441 443 445

Figure l0: Theoretical isotopic distribution of the molecular ion peak of the

diamminechloro((aminomethyl)-1,2-carborane)platinum(ll) triflate complexes gg and

91.

The MS/MS of the m/z 437 peak observed for complex 9l gave rise to the

fragmentation pattem shown in Figure 11. The loss of a chloro ligand to give the peak

at m/z 402, was followed by loss of an ammine ligand to give the peak at m/z 384,

further confirming the structure of this compound.
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Figure I l: Experimentally determined MS/MS or mlz 43i peak for compound 9l

The MS/MS observed for the molecular ion of the corresponding crs complex 88 gave

rise to the same fragmentation pattern. There was no observed difference in the

behaviour of the cis and trans isomers under these conditions.
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trqns-Figure l2: Experimentally determined isotopic pattern for the molecular

diamm inechloro((2-aminoethyl)- 1,2-carborane)platinum(l I) triflate 92.
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Figure l3: Theoretical isotope distribution of the molecular ion of lrans-diamminechloro((2-

aminoethyl)- 1,2-carborane)platinum(ll) triflate 92.

The molecular ion peak of trans-diamminechloro((2-aminoethyl)-1,2-

carborane)platinum(Il) triflate 92 is shown in Figure 12, and, the theoretical isotopic

distribution is shown in Figure 13. The MS/MS on the molecular ion peak (m/z 451)
gave rise to peaks at m/z 434 due to loss of an ammine ligand, m/z 415 corresponding to
loss of a chloro ligand, and m/z 398 due to the loss of the second ammine ligand.
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Figure l4: Experimentally determined isotopic distribution of the molecular ion peaks of cis-

diamminechloro((3-aminopropyl)- 1,2-carborane)platinum(l I) trifl ate g9.

The MS of the molecular ions of c¡s- and trans-diamminechloro((3-aminoprcpyl)-I,2-

carborane)platinum(Il) triflate 89 and 93 arc shown in Figure 14 and Figure 15,

respectively, and the theoretical isotopic distribution for these ions is shown in Figure

16.

Figure l5:
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Experimentally determined isotopic distribution of the molecular ion peaks of trans-

diamminech loro((3-aminopropyl)- 1,2-carborane)p latinum(l I) trifl are 93.
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Figure l7: Experimentally determined MS/MS of m/z 466 peak of compound g9

The MS/MS of the molecular ion m/z 466 oî complex 89 gave a fragmentation pattem

corresponding to loss of one ammine ligand (m/z 449), followed by the consecutive loss

of a chloro ligand, as shown in Figure 17. The same result was observed for the

corresponding trans complex 93.

2.2.2.2 DNA-Binding studies of the Platinum(Il) Derivatives containing
the (Aminoalkyl)carborane Ligands.

It was anticipated that the DNA-binding characteristics of selected complexes

(described in Section 2.2.2) could be investigated using gel electrophoresis techniques.

Unfortunately these complexes were reduced to platinum metal on contact with water,

thus rendering these studies impractical.

'r.l
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2.3 Summary

A series of three mono-substituted (aminoalkyl)- 1,2-carboranes, 23, 24, and 34, and one

hetero-disubstituted 1,7-carborane amine, 1-(3-iodopropyl)-7-(3-aminoprop yl)-l,7_

carborane hydrochloride 73, were prepared and used as ligands in platinum(Il)
complexes.

A study was performed on the reaction of various platinum(Il) precursors and the
(aminoalkyl)carborane ligands. Several trends were observed, as is illustrated by
Tables I - 3, and the following conclusions are drawn:

The platinum(Il) complexes are reduced to platinum metal by the

1-(aminoalkyl)-1,2-carborane ligands, and this occurs in competition with
the complexation reaction.

ll The reduction of the complexes is always accompanied by degradation of the

cafbOfanecage. ôi ¡:'ti{ro',',í 7

The relative rate of the reduction of the platinum centre by the carborane

ligand was found to be dependent on several factors:

lll.

a- Solvent.

The reduction of the platinum(Il) complexes to platinum metal occurred

more rapidly in hydroxylic solvents such as MeoH and Hzo. These

solvents are able to act as nucleophiles and attack the closo-carborane

cage at the 83 and B6 positions to form the nido-carborane cage, which

appears to be more reactive towards reduction of the platinum(Il) centre

than the closo carborane cage.

b. The length of the linker arm.

The rate of reduction was faster for complexations involving the methyl
ligand 23 than those involving the propyl ligand 24, probably because the

separation between the carborane cage and the platinum(Il) centre is

decreased, resulting in more facile reduction.
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c. The coordination sphere of the platinum(Il) precursor.

The rate of reduction of the platinum(Il) centre was decreased with an

increase in the number of N- or s-donor ligands coordinated to the

platinum(Il) centre. These electrón-donating ligands increase the

electron density on the platinum(Il) centre and stabilise it toward

reduction, which results in a decrease in the reduction potential of the

centre.

d. The structure of the carborane cage.

The reduction rate was found to be much greater when a ligand

containing the nido open-cage structure was used rather the closo-\,2-

carborane cage under the same conditions. This may be a result of the

anionic nature of the nÌdo-carborane cage.

e. pH.

The rate of reduction was decreased by lowering the pH of the reaction

medium. This is likely to be a consequence of the greater stability of the

closo-carborane cage at low pH. However, the high acid concentrations

required to prevent reduction also prevented the complexation reaction

because the alkylamine ligands were almost fully protonated under these

conditions.

These experimental findings allowed the development of a scheme for the successful

synthesis of carborane-containing platinum(Il) complexes from precursors containing

two N-donor ligands. The resulting complexes 88 - 93 were found to be much more

stable to reduction than those produced from precursors containing zero or one N-donor

ligand. However, the complexes were still inherently unstable and slowly underwent

reduction of the platinum(Il) centre, which caused some difficulties in their purification
and characterisation.
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Chapter 3: (Thioalkyl)carborane Ligands and

Their Platinum(Il) Complexes Including DNA

Metallointercalators

Introduction

3.1 Metallointercalators

There are a number of examples in the literature of platinum(Il) complexes containing

S-donor ligands that are capable of binding to DNA. Some of the most important

examples of these compounds are known as metallointercalators.

Intercalation was first proposed by Lerman to describe the interaction of acridine dyes

and DNA, where strong electronic interactions occur between the planar aromatic dye

and the DNA bases.l8a Lerman reasoned that this process would lead to an untwisting

of the double helix in order to provide sufficient space to allow an intercalator to insert

between two adjacent layers of nucleotides.l8a

3.2 DNA Metallointercalators

Metallointercalators are amongst the few synthetic complexes that are able to

specifically target the major groove of DNA.87 The fact that metal complexes could

bind to DNA by intercalation was first discovered when attempts were made to label the

sulfur atom of 4-thiouridine in E coli tRNA with [Pt(terpy)Cl]* 96. This resulted in a

shift in the absorption band of the resulting complex, a feature that was not observed for

metal complexes lacking planar aromatic ligands.lll
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Results and Discussion: Chapter 3.

@

ct

96

3.2.r

[Pt(terpy)Cl]+ 96 is able to both intercalate and, by loss of its chloro ligand, bind

covalently to DNA.l8s In order to overcome the competing covalent binding, Lippard

and Howe-Grant synthesised the prototype metallointercalator, [Pt(HETXterpy)]. ((2-

mercaptoethanolato-S)(2,2':6',2"-terpyridine)platinum(Il)) 97, where the labile chloro

ligand is replaced by the more inert S-donor ligand, 2-mercaptoethanol.lss

o

OH

97

tPt(HETXterpy)]* 97 was found to intercalate DNA, with a duplex unwinding angle

similar to that of the potent organic intercalator ethidium bromide. Furthermore, the

complex was not capable of covalently binding to DNA.l86 Complex 97 was to become

the first well-documented metallointercalator.lsT Terpyridineplatinum(Il) complexes are

now known to bind to G-c rich regions of duplex DNA.I88 The binding of
metallointercalators to DNA stabilises, lengthens, stiffens and unwinds the double helix,

resulting in a raised melting temperature and specific viscosity of the DNA.I I I
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3.2.2 Other Metallointercalators

Octahedral and square-planar metallointercalators containing a number of different

transition metal centres, e.g. rhodium(Ill), ruthenium(Il), rhenium(I), osmium(Il) and

palladium(Il), have now been synthesised. Cationic metal complexes containing planar

aromatic ligands tend to act as DNA intercalators and examples include the complexes

containing the l,lO-phenanth¡oline (phen) 98, and the phenanthrenequinone diimine

ligands (phi) 99, e.g. [Rh(phen)2(phi)]'*,'tn the 2,2'-bipyridyl ligand 100 and its
derivatives including the 4,4'-diphenyl derivative (dpb) l0l, e.g. [Rh(dpb)2phi]3*,re0 and

the dipyridof3,2-a:2',3'-clphenazine ligand (dppz) 102, e.g. [Ru(phen)2(dppr)]t*.'n'
Water soluble, spectroscopically-active metallointercalators are extremely valuable

probes of biological systems. For example, [os(phen)2 (dppr))2*, can act as a red-

emitting luminescent probe for DNA,re2 and [Re(co)3(pyXdppz)]* and

[Ru(bipy)(dppt))'* have been found to have "light-switch" capabilities.8T upon

introduction of B-form double-helical DNA, the quenching of their fluorescence in

aqueous solution is prevented due to the deactivation of the excited state by hydrogen

bonding between the intercalating ligands and the water molecules.8T

98

100

l0l

H

99
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N

102

Intercalators including mutagens, antibiotics, antibacterials, trypanocides,

schistosomicides, and anti-tumour agents are also of great interest due to their inherent

bioactivity.l I I

3.2.2.1 Platinum(Il) Intercalators

Platinum(Il) intercalator complexes are typically planar, cationic and contain two or

three fused heterocyclic aromatic rings.lll Much research has been conducted into the

role of the overall charge of the complex and the substituent groups present, in

determining non-covalent interactions between such intercalators and DNA.l87

Complexes containing the terpyridine 103, 2,2'-bipyndine 100 and 1,1O-phenanthroline

98 moieties tend to have excellent intercalating properties.ls6'le3'le4 The positive charge

on the complexes acts to enhance the interaction with DNA, primarily due to

electrostatic interactions with the (anionic) phosphate groups present in the DNA

backbone at physiological pH.ros

103

Some other examples of platinum(Il) complexes which have been found to intercalate

DNA include [Pt(phen)(en)]* and [Pt(bipy)(en)]'*'". A number of analogues of

[Pt(HETXterpy)]* 97 have been found to act as intercalators, including

[P(PhsXte.py)]*,teó and [Pt(cH3(cH2)3sxt".py)]*,'nt and the non-thiol derivatives
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[Pt(terpy)(CHr)],'tt [Pt(terpy)(py¡12*, [PtiterpyX2-CH:py)]2*, and [pt(4'-o-tolylterpy)(2-
CH:py)]2*.'nt V/akelin and co-workers have studied the enhancement of nucleotide-

sequence selectivity with the use of dinuclear terpyridine-platinum(Il) complexes, such

as the dimeric complexes [{Pt(terpy)}z(CHz)"Sz]t* (n = 4 - l0). They noted that the

progression from monofunctional to bifunctional intercalation was accompanied by a

signifi cant increase in the binding-affinity constants. I e7' I ee

Some groups have also linked DNA intercalators to covalent DNA binding agents. For

example, Lippard's group linked the potent organic intercalator acridine orange to

[PtCl2(en)] 104,200 and Wakelin's group have linked phenanthridium cations to

[Ptcl2(en)] 104.r05

H

ct

104

The high electron density of the platinum centre in intercalation complexes has allowed

their use as structural probes for nucleic acids and the intercalative binding mode, by X-

ray diffraction studies.les Platinum complexes containing terpyridine and

phenanthroline ligands have been found to inhibit the growth of L1210 leukaemia cells

in culture,le6 and are of great interest as potential anti-cancer drugs and DNA-targeting

agents. The intercalation process is far more rapid than any covalent process,'e8 because

it occurs without hydrolysis or substitution of ligands. For example, intercalation of
simple phenanthridines is usually complete within the millisecond time scale.rOs

Wakelin and co-workers have observed that platinum phenanthridium intercalators

produced a comparable level of damage to DNA in approximately 0.5 h, to that

produced by cisplatin 19 and [PtCl2(en)] 104 in t 8 h.

N

I

ct
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3.2.3 Platinum-Thiol Complexes Containin g 1,2- and 1,7-Carborane

Ligands

The syntheses of several types of transition metal complexes containing thiol carborane

ligands have already been published in the literature. Most complexes utilize the

monodentate thiol species 105 as the carborane-containing ligand.

SH

BroHro

105

For example, Artigas et a1.127 prepared a series of gold(I)-thiolato complexes [Au(l-S-
1,2-c2HB¡eHro)L] (L : PPh3, PPh2Me, SPPh3, AsPh3), which were found to be moisture

and air-stable. They also prepared the analogous dinuclear complexes [Au2(l-S-1,2-
czHBroHroÞ(p-PP)l (where PP : dppe, dppp) and a tetranuclear silver complex

[Ag¿(p:-sczBroHr¡)2(p-o3scF3)2(PPh3)a].'26 crespo et al.t28 reported the synthesis of
gold(III) complexes containing the bidentate 1,2-dithiolate-1,2-carborane ligand,

[Aucl(szc2B1sH¡¡)L] (where L:cHzPPh¡, cHzPPh2Me) and [AuX(S2c2BroHr0)eph3)]
(where X : Cl, CoFs). These complexes were not designed for the purpose of targeting

tumour DNA for BNCT, as is the purpose of this work, but rather for their potential

application in fields including the synthesis of polymers and homogenous catalysis.

Recently, Base and Grinstaff reported the synthesis of the platinum(Il) complexes

[Pt(dip)(l-S-1,2-C2BrcH¡)z] 106 and [P(dip)(l,2-Sz-1,2-CzBroHro)] 107 (dip = 4,7-

diphenyl-1,10-phenanthroline) and the X-ray structure of the former.lló The authors

cited an interest in the redox and photochemical properties in these types of complexes,

but no DNA-binding studies were reported.
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N

roHro oHro Hro

106 r07

Another example of a carborane-containing complex with similar structural features to

metallointercalators has been reported. Armspach et al.20t reported the synthesis of a
short series of carborane-derivatized terpyridine ligands, 4'-(3-propoxy-1,2-carboranyl)-

2,2':6',2"-terpyridine,4'-(1-methoxy-1,2-carboranyl)-2,2,:6',2,,-terpyridine and,4,_(1,2_

carboranyl)-2,2':6' ,2"-terpyridine, but the two former compounds were obtained in low
and irreproducible yields. The group also reported the synthesis of some corresponding

ruthenium(Il) complexes containing these ligands (e.g. r0g and 109).201

@

Hs

108

The loss of a boron vertex to afford the corresponding (anionic) nido species occurred

during the complexation reactions (which was performed in acetonitrile or methanol

solution) in some cases.
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20

r09

The authors were interested in the metallo-supramolecular chemistry of the carboranyl
ligands. In this instance, it would seem unlikely that the complexes could act as DNA
intercalators, as a result of the attachment of the bulky carborane cages to the potentially
intercalating moiety.

In the study described in this thesis, new (thioalkyl)carboranyl ligands were prepared
and their complexation reactions with cisplatin and its derivatives were studied. The
ligands were also complexed to terpyridineplatinum(Il) complexes with the aim of
producing carborane-bearing complexes with the potential to intercalate DNA, for
potential use as BNCT agents. Terpyridineplatinum(Il) complexes bearing
(thioalkyl)carborane ligands with the ability intercalate DNA have not been reported
previously.

3.3 (Thioalkyl)carborane Ligands

A series of 1,2-carborane thiol ligands, of varying chain length, was synthesised. one
l,7-carborane thiol ligand was also synthesised. Due to the insurmountable problems of
carborane disubstitution encountered in the attempted syntheses of mono-substituted l-
(aminoalkyl)-1,7-carborane amine ligands (see Chapter 2), the preparation of a similar
series of thiol ligands was not attempted in this work. The thiol ligands used in this
work include 105 and ll0 - ll3.

0
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(cHùn
SH

BtoHro
He

113

3.3.1 Synthesis of the 1-(Thioalþl)-1,2-carborane Ligands

3.3.1.1 Synthesis of 1-Sulfanylmethyl-1,2-carborane I l0

The synthesis of 1-sulfanylmethyl-L,2-carborane 110 is shown in Scheme 22. The first

step was to prepare the corresponding alkyne by a minor modification of the procedure

reported by Pourcelot and Cadiot.2o2 Propargyl bromide 27 was treated with a solution

of NaoEt and 2-methyl-2-propanthiol to give, after purification by flash

chromatography, the alkyne 114 in 66 o/oyield.

NaOEt / IBUSH

It4

BloHro(CH3CN)2

toluene

A12cló€-

SH

n:0
n:l
n:2
n:3

105
110lll
112

)1

oHro
coHe

toHro

lt0 ¡t5

Scheme 22

114 was then treated with the acetonitrile adduct of nido-decaborane,l3a following an

adaptation of HeÍmanek's procedure,r5o to give the protected thiol 115 in 30 % yield

following purification by column chromatography. The lH n.m.r. spectroscopic data

confirmed the retention of the protecting group by the presence of a singlet

corresponding to the nine tert-butyl protons at ô 1.30. The compound was then

deprotected by treatment with AlzClo in CoHe solution, again following a modification

of Heimanek's proced,rre'S0 to give ligand 110 in 55 %o yierd,. The lH n.m.r. spectrum
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of 110 displayed a broad singlet at õ 4.20 conesponding to the proton attached to the

unsubstituted carborane carbon. The methylene protons coupled to the thiol proton to

give a doublet atõ 3.37 (J:9.9 Hz), and a triplet with similar coupling was located at ô

1.40, and was attributed to the thiol proton. The I'B n.m.r. spectrum displayed five

peaks at õ -2.9, -5.7, -9.0, -10.9, -13.3 in the ratio 1:7;2;2;4, which is consistent with

the closo carborane cage.

3.3.1.2 Synthesis of 1-Sulfanylpropyl-1,2-carborane 1 12

It was proposed that the synthesis of l-sulfanylpropyl-1,2-carborane ll2 would be

similar to the method used for 1-sulfanylmethyl-I,2-carborane 110, as shown in Scheme

23. In the first step of this method, 5-chloropent-1-yne 28 was treated with an ethanolic

solution of NaOEt and 2-methyl-2-propanthiol to give the protected thiol 116 in30Yo

yield following work-up and flash chromatography. The rH and r3C n.m.r. spectra

correlated well with the structure of the desired product. In the 'H n.m.r. spectrum, the

terminal alkynyl proton appeared as a triplet at ô 1.97, the tert-butyl protons of the

protecting group appeared as a singlet at õ 1.33, and the aliphatic protons appeared

between ô 1.79 and õ 2.64. The r3C n.m.r. spectrum displayed peaks at ô 69.5 and õ

84.8 due to the unsubstituted and substituted alkynyl carbons, respectively, õ 42.7

corresponding to the tert-butyl quaternary carbon, ô 31.6 corresponding to the methyl

carbons of the tert-butyl group, and the alkyl chain carbon atoms appeared between õ

18.4 and õ29.3.

NAOET / TBUSH

il6

BtoHtr(CH3CN)?
toluene

A

AI'Clo

coHo

28

Br oHr o

tt2

oHro

ll7

SH

Scheme 23
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The alkyne 116 was then heated with the acetonitrile adducf of nido-decaborane in

toluene for 4 h, after which time t.l.c. indicated that the reaction mixture contained at

least seven components. As expected, the lH and l3C n.m.r. spectra of the mixture were

very complicated, but they did not appe¿¡.r to show any signals conesponding to the

starting material, or those predicted to be displayed by the desired product 117. Two

signals at ð -33 and ô -39 were observed in the "B n.m.r. spectrum, consistent with the

presence of the nido carborane cage. It appeared likely that intramolecular attack of the

cage by the thiol group had occurred at elevated temperatures, despite the protection by

the tert-bufyl moiety.

It was apparent that an alternative synthesis was required for the preparation of ligand

ll2. The precursor for the new synthesis was 1-bromo-3-(tert-butylsulfanyl)propane

f18. A modification of Anklam's procedure203 was employed to synthesise the

protected thiol 119. Treatment of 1,3-dibromopropane 120 with an ethanolic solution of

NaOEt and 2-methyl-2-propanthiol gave the bromide 119 in 5l Yo yield, as shown in

Scheme 24.

NaOEt / tBUSH
Br Br

120 lr9

Scheme 24

The identity of the product was confirmed by lH and '3C n.m.r. spectroscopy as well as

by EIMS, which displayed peaks conesponding to the molecular ion (m/z 210,212), as

well as a fragmentation (m/z 154, 156) corresponding to loss of the tert-butyl group. In

particular, the signal in the 'H n.-.t. spectrum corresponding to CHzBr shifted upfield

from ô 3.59 to õ 2.71, when the alkyl bromide was converted to the /err-butylsulfide.

As shown in Scheme 25, a solution of the bromide 119 in DME was then added

dropwise to l,2-carborane 3, which had been deprotonated with n-BuLi, to give the

protected thiol 117 in27 %o yield following workup and purification. The disubstituted

product was also isolated in this case. Deprotection of the product 117 with freshly

sublimed AlzClo in CoHe solution gave the ligand ll2 in28 % yield.

Br
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Scheme 25

ThelH n.m.r. spectrum of ll2 displayed apeak at ô 3.60 corresponding to the proton

attached to the carborane carbon. The thiol proton and the protons on the adjacent

methylene carbon were coupled ("r = 8.1 Hz), resulting in a quartet at õ 2.53

corresponding to the methylene protons, and a triplet at ô 1.37 corresponding to the thiol

proton. The r3C n.m.r. spectrum displayed peaks at õ 75.2 and ô 62.I, conesponding to

the substituted and unsubstituted carborane carbon atoms, respectively. The llB n.m.r.

spectrum comprised five signals between õ - 2.5 to ô -13.3 in the ratio I :I;2:4:2, which

was consistent with the closo-carborane cage. The identity of the product was

confirmed by elemental analysis.

3.3.1.3 Synthesis of 1-(2-Sulfanylethyl)-1,2-carborane I I I

A similar method to the synthesis described for thiol 112 (Scheme 25) was employed

for the synthesis of 111. 1,2-dibromoethane was treated with NaOEt and 2-methyl-2-

propanthiol in EIOH, in order to produce the precursor 2-[(2-bromoethyl)sulfanyl]-2-

methylpropane l2l- However, the IH n.m.r. spectrum of the isolated product displayed

only two peaks, one colresponding to the methyl protons of the tert-butyl group (ô 1.34)

and one methylene peak at õ 2.72, which indicated that both bromine atoms were

displaced to form the disubstituted product 122. Further support for disubstitution was

provided by the '3C ,t.-.r. spectrum, which displayed only one methylene signal at

õ 29.6.

H
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122

An altemative two-step synthesis of the bromide 121 based on a method reported by

Ranganathan2oo p.o,red successful. The addition of a solution of 2-methyl-2-propanthiol

in 20 % NaOH solution, to 2-bromoethanol 123 in the same solution, followed by

stirring, workup and purification gave the protected thiol 124 in77 %o yield. as shown in

Scheme 26. The identity of the product was confirmed by 'H and l3C n.m.r.

spectroscopy and EIMS. The alcohol 124 was then converted to the corresponding

bromide l2l, by treatment with CBr¿ and PPh3, in 55 %o yield following purification.

The lH n.m.r. and l3C n.m.r. spectra supported the structure of the product. The

methylene carbon adjacent to the thiol appeared at ô 31.7 inthe r3C n.m.r. spectrum, and

its protons appeared as a multiplet at ô 2.96 in the rH n.m.r. spectrum. Similarly, the

methylene carbon atom adjacent to the bromine appeared at ô 31.7 in thel3C n.m.r.

spectrum (which was distinguishable from the CH2Br signal), and the corresponding

protons appeared as a multiplet at ô 3.46 inthe lH n.m.r. spectrum. The methyl protons

of the terl-butyl group appeared at ô 1.34 in the rH n.m.r. spectrum.

1.20% NaOHaq
H

2. /-BUSH
124t23

l. CBra /CH2CI2

2, PPh3

Br

l2l
Scheme 26

The formation of the protected carborane and its subsequent deprotection to afford the

ligand lll was analogous to that of ligand ll2, and is shown in Scheme 27. 1,2-

Carborane 3 was deprotonated with one equivalent of n-BuLi in DME. A solution of
the bromide l2l, also in DME, was added dropwise to give the protected ligand 125 in

28 % yield. Deprotection with AlzCle in CeHo solution gave the ligand 111 in 52 %

yield following workup and purification.
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Scheme 27

The f H n.m.r. spectrum of III displayed signals at õ 3.67, corresponding to the proton

on the carborane carbon, and at ô 1.53 and ô 2.65, conesponding to the thiol proton and

the adjacent methylene protons, respectively, which were coupled to one another (J:
7.8H2). TherrB n.m.r. spectrum displayed five peaks between E-2.3 and õ -13.2
ppm, in the ratio 1:l:2:4:2, which was consistent with the closo-carborane cage. The

'3C n.m... spectrum was also consistent with the structure of the desired product, and the

elemental analysis confirmed the identity of the product.

3.3.2 Synthesis of a 1-(Thioalkyl)-1,7-carborane Ligand

As described earlier in the introduction to this chapter, attempts at the synthesis of a

series of I,7-carborane thiol ligands were not considered worthwhile. However, a

procedure for the synthesis of l-(sulfanylmethyl)-1,12-carborane was recently reported

by Ujváry and Nachm ãn,205 and it appeared suitable for adaptation to obtain the

isomeric 1,7-carborane ligand.

3.3.2.1 Synthesis of 1-Sulfanylmethyl-1r7-carborane 113

The first step in the synthesis of ll3 was to prepare the corresponding dithioester, l-
[(methylsulfanyl)carbothioyl]-1,7-carborane 126. 1,7-Ca¡borane 4 was deprotonated

with ¡¡-BuLi in DME, then treated with LiBr and CuBr, followed by CS2, and CH3I, as

shown in Scheme 28. Workup with KCN followed by column chromatography gave the

dithioester 126 in 55 %o yield.
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scH3

1. BH3.S(CH3)2, toluene
2. HCI

3. CS2
4. CH3

4 126

B

SH

113

Scheme 28

The rH n.m.r. spectrum of 126 comprised of a signal at ô 3.06, corresponding to the

proton on the carborane carbon atom, and at õ 2.60, corresponding to the methyl

protons. The thioyl carbon appeared downfield at õ 220.9, and the unsubstituted

carborane carbon atom was observed at ô 55.1 in the '3C n.-.t. spectrum. The

dithioester 126 was then reduced with BH3-(CH3)2S to give the ligand 113 in 52%yield

following purification. Once again, the rH n.m.r. spectrum displayed coupling (J: 9

Hz) between the methylene protons and the thiol proton, which appeared at ô 3.04 and

ð 1.82, respectively. The proton attached to the ca¡borane carbon atom appeared at ô

2.98. The '3C n.m.r. spectrum displayed only two peaks atõ 55.2,corresponding to the

unsubstituted carborane-ca¡bon atom, and at ô 30.9 corresponding to the metþlene

carbon. The substituted carborane-carbon atom was not observed, presumably due to its

long relaxation time. The llB n.m.r. spectrum comprised five peaks between õ -4.0 and

ð -15.7 ppm, which was consistent with a I,7-closo-carborane cage. Elemental analysis

confirmed the identity of the product.

He
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3.4 Platinum(Il) Thiol Complexes

In the work described in this section, the synthesis of a number of series of platinum(Il)

complexes was attempted using the thiol ligands described in Section 3.3, with the aim

of preparing complexes that could target DNA for use as potential BNCT agents. The

series of complexes 127 - 136 are shown below.
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Attempted Synthesis of IPtCIz(SRXNHTI- (R=I-SCH z-1,2-

CzHBroHro 127 or 1-SCH2-1,7-CzHBroHr0 128)

The general reaction scheme employed in our attempts to prepare Íptcl2e,z-
SCHzCzHBToHToXNH:)l 127 and [PtCl2(1,7-SCH2C2HBroHro)CIHg)] 128 from the

platinum(Il) precursor [PtCl3(NH3)]- 82a or 82b is illustrated in Scheme 29.

o

3.4.1

ct

82a X: K

82b X: PPha

_H@

110 R:\7

Results and Discussion: Chapter 3

Tt-t--.--

q HS\-_/,,R
o"@

N

I

NH.t"
R

ct

BroHro 127 R=v

113 R:
128 R=

BroHro

He

9

1' -l
Tt-t---

o

+ HsN- R

ct

137 R:
oHro

r38 R:

Scheme 29

The reactions were performed in CH2CI2, MeOH or DMF solution (in the presence of
KzCO¡), and the results were similar for both types of ligands. V/ith the exception of
the case where CHzcl2was used, where no reaction took place, a mixture containing at

least three major products was obtained, as determined by lesPt n.m.r. spectroscopy.

B
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The resonances at ô -2818 and õ -2869 are likely to correspondto trans- 137 and. cis-

[Pt0\rH3)Cl2(1,2-SCH2C2HB¡6H1 )]- 127, the latter existing as the major product. The

chloro ligand trans to another chloro ligand is strongly labilised, and is likely to be

replaced by the thiol ligands, due to the trans effect of the chloro ligand. Therefore, it
was anticipated that the c¡i product 127 was the major product. The assignment of the

remaining minor signal at õ -2928 was not made, but it may correspond to a dimeric or

polymeric species (vide infra). In all cases the 'lB n.m.r. spectra indicated thatthe closo

carborane cage had remained intact. Although it appeared that the desired products

were being formed, a mixture of the c¡s and trans isomers was being obtained, and the

accompanying formation of unknown by-products further complicated the reaction and

prevented the isolation of pure products. Various attempts at the isolation of a pure

product by precipitation and repeated recrystallizations proved unsuccessful.

3.4.2 Attempted Synthesis of tuans-fPtCl(SRXNH3)21

(R : 1,2-SCH2C2HBT oHr o 129 or 1,7 -CH2C2HB¡1H¡6 130)

The general reaction scheme for the attempted synthesis of trans-lPtCl(1,2-

scHzczHBroHroXNH¡)zl 129 and trans-lPtcl(1,7-scH2c2HB¡6H¡e)NH¡)l 130 is
shown in Scheme 30.

cr-Tt-cr
NHs

NH"

t"cl-Pt-s_ /.Rlv
NHs

12e R=v

H3N

I
L AgOTf

R

94

BroHro

BroHro

130 R=
113 R:

He

Scheme 30.

The reactions were attempted at room temperature with, and without, prior treatment

with one equivalent of AgoTf (to remove one chloro ligand) in l:2 H2o I DMF, or
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DMF solution. In most cases, the lesPt n.m.r. spectrum indicated that amixture had

formed, with up to three distinct resonances observed. When AgOTf was not used, two
peaks were located at ca. õ -2700, differing by ca.20 ppm were observed (cf. when

[PtCl3OtrH3)]- was used as the precursor complex). When one chloro ligand was

removed with one equivalent of AgOTf prior to the addition of the thiol ligand, a signal

at ca. õ -3 100 was observed as well as the two more downfield peaks at õ -2715 and ô -
2732. The signal at ca. ô -3100 was in the region corresponding to a platinum(Il)

complex with a PtN2scl core (e.g. [pt(lrlH3){s(oXCH3)z}cl]* ôre5pt -3147206), and.

was, therefore, assigned as the desired product 129 or 130. The I'B n.m.r. spectra

indicated that, in most cases, the closo cage had remained intact, with the exception of
the case where both AgOTf and base (KzCO¡) were used with the 1,2-carborane ligand,

where only one broad peak at about ô -13 was observed in the I'8 n.m... spectrum.

Since the ammine ligands are trans to one another in the starting complex 94, it was not

anticipated that they would be influenced by the strong trans labllising effect induced by

the thiol ligand. Therefore, only one product, 129 (or 130) was expected. The signals at

õ -2715 and ô -2732 were found at very similar chemical shifts to those obtained for the

reaction outlined in Section 3.4-1. The assignment of these signals is not

straightforward because there are a number of different processes that could have taken

place during this reaction. These include, for example, the loss of the ligand trans to the

thiol ligand, isomerisation of the complex, and formation of the dimeric species.

Thiol ligands are known to have a large trans effect and are able to activate the trans

ligand, which may result in its ultimate loss.207'208 It is feasible that the thiol ligand is

facilitating the replacement of the trons chloro ligand in trans-lptCl(l-SR-1,2-

C2HB¡eH¡sXNHs)z] by a solvent molecule, in this case DMF. The coordination of a

DMF molecule through its oxygen atom would result in the formation of trans-fpt(I-
SR-1,2-czHB¡6H¡6)(NH¡)z(dmÐ]* which could give rise to a signal in the respt n.m.r.

spectrum in the E -2700 region. It is known that platinum(Il) complexes with a ptNzSO

core give signals in this region; for example, Appleton reported ôlespt -2g13 for c¡s-

[Pt{S(OXCH:)z}(NH¡)z(HzO)]2*.'58 Howeuer, this process would account for only one

peak in this region, and it does not explain why two peaks with very similar chemical

shifts at õ -2715 and ô -2732 were observed in this case.
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It is also possible that the products of this reaction may have the same coordination

sphere (PtNSCl2) as those obtained in the reaction between [PtCl3Q.,lH3)]- S2a (or 82b)

and the thiol ligands, thus resulting in signals being located in the same region of the

'e5Pt n.-.t. spectrum. There are numerous examples in the literature of reactions

between cisplatin 19 and thiol ligands giving mixtures of products due to the labilisation

of the ammine ligands trans to the thiol ligand. Ismail and Sadler reported that the

reaction between cisplatin 19 and N-acetylmethionine (acmetH) gave a mixture of c¡s-

[Pt(acmetH-Ð(NH:)z]* and crs- [PtCl2(acmetH-S)(NH:)]* with the loss of ammonia.20e

However, in the reaction shown in Scheme 30 the ammine ligands were initially trans

to one another, so it is clear that an isomerisation process must also be occurring in the

attempted preparation of 129 in order to result in the loss of one of the ammine ligands.

A further alternative arising from an isomerisation process is the formation of a sulfur-

bridged dimer, such as 139.

oHro

l¡sN\

HsN

NHs

N H3

toHro

139

The formation of four-membered PtzSz rings is well known.2'0 Fo. example, Appleton

and co-workers reported the formation of [{Pt(NH3)2(accysHz-p-Ð}z}]2* 140 in the

reaction between cisplatin 19 and N-acetylcysteine (accysH3).21r
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R
HgN\

HsN

NHs

NHs
R

RS = accysH2

140

The re5Pt n.m.r spectrum of 140 displayed signals at õ -2750 and ô -2870 corresponded

to the non-equivalent platinum nuclei of the anti isomer.2tt These signals were within

the range of the peaks observed in this study.

3.4.3 Reactions Between [PtCl2(en)] 104 and Thiol Ligands

It was subsequently hypothesised that the reaction between the thiol ligands and c¡s-

[PtCl2(en)] 104 (en : ethylenediamine) might produce a more tractable product as a

result of the increased stability of the precursor platinum(Il) complex containing the

bidentate tigand ethylenediamine as a result of the chelate effect.zt2 Although chelating

ligands such as ethylenediamine can be lost when trans to a thiol ligand, this occurs

much more slowly than the loss of ammonia from ammine complexes.2ll Hence, the

reaction between [PtCl2(en)] 104 and the series of thiol ligands was attempted, as shown

in Scheme 31.
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3.4.3.1 Synthesis of fPtct(SR)(en)l (RSH = 105, lt0 or il3)

When 110 or 113 was used as the ligand in the complexation reaction with [ptCl2(en)]
104, the le5Pt n.m., spectrum contained only one resonance at ca. õ -2g11,which most

likely coffesponds to the desired product 132 or 133. However, the signals are also in
the region consistent with a PtN2SO coordination sphere, see Section 3.4.2, so the

corresponding products where a DMF molecule has displaced the chloro ligand (e.g.

P(1-scH2-1,2-c2HB¡eH¡6)(en)(d.nÐl*) may also give rise to signals in the region

observed. The l3C n.m.r specirum of the product when 113 was used as the ligand, was

consistent with the title structure 133, displaying a (broad) signal at ô 75.8 and a signal

at ô 56.3 corresponding to the substituted and unsubstituted carborane carbon,

respectively, in addition to a signal at õ 37.9 corresponding to the methylene carbon

atom of the thiol ligand, and signals at ô 49.6 and õ 47 .5 conesponding to the metþlene
carbons of the ethylenediamine ligand.

When 105 was used as the ligand in the complexation reactions, the le5pt n.m.r

spectrum indicated that a mixture had formed, displaying two signals at ô -2880 and at

õ -3224 in the ratio 2:1. There are a couple of possibilities that could explain these

signals' The signal at õ -2880 is again in the region corresponding to a ptN2SO core,

and, therefore, could correspond to [pt(l-S-1,2-czHBroH¡e)(en)(dmf¡]*. However, since
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the chloro ligand is not trans to a thiol ligand in this case, it would appear to be less

likely to be substituted than in the situation where transplatin was used as the precursor.

Alternatively, it is possible that this signal corresponds to the sulfur-bridged dimer l4l.

toHro

NH,,\

NHz

roHro

l4r

The peak at õ -3224 is in a similar ô lesPt region to where complexes with a ptN2SCl

core have been reported, as mentioned in Section 3.4.2. However, it is significantly

more upfield than the ôre5Pt signal displayed when 110 or 113 were used as the ligands.

There are two possible explanations for this. It may be that the signals assigned as 132

and 133 were actually due to the corresponding species where the chloro ligand had

been substituted by a DMF molecule, or altematively, the signal at E -3224 may

correspond to the disubstituted product where both chloro ligands were replaced by a

thiol ligand. However, a species with a PtNzSz core would be expected to appear

considerably more upfield, for example [pt(metH-Ðz0{H¡)]2+ ô respt 
-3639207 and c¡s-

lpt{sc(NHz)z}z(NH¡)21 ô -3400.2r 
I

The lH n.m.r. spectra of the crude products correlated well with the desired stmctures

131,132, and 133. Broad singlets at ô 8.34 corresponded to the amine protons, a broad

singlet at ca. õ 5.32 for the |,2-carborane ligands, and at ô 4.38 for the |,7-carborane

ligand, corresponding to the C-H proton of the carborane cage, singlets at ca. E 3.34

corresponding to the methylene protons of the thiol ligand for 110 and ll3, and a signal

at ca. õ 2.79 corresponded to the methylene protons of the ethylenediamine ligand.

However, it is possible that complexes such as 141 would give rise to very similar IH

n.m.r. spectral data. However, in the lH n.m.r. spectrum of the corresponding dinuclear

complexes where the ligands 110 or 113 were used, the methylene linker protons would
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be expected to appear as a l:8:18:8:l quintet, as a result of lesPt-lH coupling involving

platinum isotopomers. However, the signal at cq. ô 3.34 appeared as a broad singlet.

Nevertheless, this result is not conclusive since IesPt-lH couplings were frequently not

observed in this study. For all the complexations between the ligands and [PtCl2(en)],
the IrB n.m.r. spectra indicated that the closo carborane cages remained intact.

Although the n.m.r. spectroscopic data indicated that it was likely the title complexes (or

their dmf analogues) had been formed in the complexation attempts, it was not possible

to isolate sufficiently pure samples of the products to obtain elemental analysis even

though several attempts at recrystallization were made.

3.4.4 Reactions Between [PtBr(dien)lBr 142 and the Thiol Ligands

It was proposed that if the platinum(Il) centre in the precursor was complexed by a
tridentate N-donor ligand, such as in the case of [PtBr(dien)]Br 142, then the competing

reactions able to occur when both mono- and bidentate N-donor ligands are present in

the platinum(Il) precursor, should be limited even further, as only the bromo ligand

should be displaced from the platinum centre. The general reaction scheme that was

used is shown in Scheme 32.
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136 R: C
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3.4.4.1 Attempted Synthesis of [Pt(dienXSR)lOTf (RSH = 105, tlO, and

113)

When the ligands 105 and 113 were used, the le5Pt n.m.r. spectrum of the crude product

comprised of two peaks, õ -2712 and õ -3143, which corresponded to the precursor

complex 142,2t3 and to a complex with a PtN:S core, respectively, for example, ô le5Pt

-3150 for [Pt(dien){S(CH3)r}f'*"t, and [Pt(NH3)3{S(OXCH:)z}]2* ô respt 
-3213,207

which indicated that the desired complex 134 or 136 had been formed. V/hen 110 was

used in the reaction, the only signal observed in the te5Pt .r.m.r. spectrum was at

õ -3743, which corresponded to the desired complex 135.

In all cases, the llB n.m.r. spectrum corresponded to the intact closo carborane cage.

The l3C n.m.r. spectra of the crude products correlated well with the proposed structures

of the title complexes, with signals displayed at ca. E 75 and ca. õ 65 corresponding to

the substituted and unsubstituted carborane carbon atoms for the I,2-carborane ligands,

respectively, and ca. õ 57 and ca. ô 75 for the unsubstituted and substituted carborane

carbon of the l,7-carborane ligand, respectively. The methylene carbon atoms of both

the I,2- and I,7-carborane ligands appeared at ca. õ 35. Signals were also observed at

ô 53 and ô 52 corresponding to the methylene carbons of the dien ligand. Although the

spectral data indicated that the desired products had been formed, once again various

attempts at obtaining the pure products by crystallization proved unsuccessful.

103



Results and Discussion: Chapter 3

3.s Metallointercalators Contain in g the (Thioalkyl)carborane

Ligands

A series of terpyridineplatinum(Il) complexes 143 147 containing the

(thioalkyl)carborane ligands (Section 3.1) was prepared from fPtCl(terpy)]Cl 96.
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3.5.1 synthesis of the ((Thioatkyl)carborane)(terpyridine)pratinum(II)

Complexes

The general synthesis for the complexes with thioalkyl-derivatives of 1,2-carborane 3 is

shown in Scheme 33, and the synthesis for the complex bearing ligand ll3 is shown in

Scheme 34.
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In general, the precursor [PtCl(terpy)]Cl.2H20 96 was treated with slightly less than two
equivalents of AgOTf in DMF solution in the absence of light. Once the mixture was

filtered to remove insoluble AgCl, the filtrate was treated with a solution of the

appropriate ligand in DMF, which resulted in an immediate colour change from bright-
yellow to orange, red, or dark-red, depending on the particular thiol ligand being used.

The results are summarised in Table 5. As can be seen, the yields ranged from a

@ o _l
CI

oTf

c

N
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moderate 32 % for 146, to good for 144, which was obtained in 70 % yield. The

exception was 145, which was only obtained in 8 Yo yield. It is believed that complex

147 is the first example of a platinum complex containing a I,7-carborane ligand.

Table 5: Yields, colours, and counter-ions used, of the carborane-containing metallointercalators

Compound Counter-ion Colour Yield
143 orf orange 45%
144 OTf, bright-red 70%

145 BF¿ brick-red 8%
146 BF¿- brick-red 32%

147 orf* dark-red 45%

3.5.2 Characterisation of the Terpyridineplatinum(Il)

Metallointercalators

The terpyridineplatinum(Il) metallointercalator complexes were characterised by lH,

''C, "B and lesPt n.m.r. spectroscopy, as well as ESIMS and elemental analysis. l-D

'H and '3C n.m.r. spectroscopy were found to be insufficient for a complete assignment

of the a¡omatic proton and carbon resonances. Therefore COSY, HMBC and HMeC
experiments were employed for complexes 143, 144, andl47. The aromatic signals in

the remaining complexes in this study were assigned by direct comparison with these

complexes. The general numbering scheme for the complexes is shown in Figure 18.

o

4

4

5

6

3

5' 6'
62

3" 5

4"

Figure l8: General numbering scheme for the terpyridine-metallointercalator complexes
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3.5.2.1 Characterisation by N.M.R. Spectroscopy

The rH n.m.r' spectrum of 143 comprised six signals. The signal at õ  .glcorresponded

to the proton residing on the carborane carbon and the remaining signals corresponded

to the aromatic protons. It was observed that the õ lH for the C.ur.-H proton of the

complexes decreased with increasing alkyl-chain length.

The methylene protons appeared at ô 3.00 and at ô 3.49 for 145 and,l4T,respectively,

with the methylene protons appearing coincidentally in the 'H n.m.r. spectrum of 145.

The methylene protons appeared between ô 1.96 and ô 2.97 inthe lH n.m.r. spectrum of
146.

The rH n.m.r. spectrum of 144 displayed seven distinct resonances. The signals at

ô 3.56 and ô 3.10 conesponded to the proton attached to the carborane carbon atom and

the methylene group directly adjacent to the thiol, respectively. The remaining signals

in the spectrum of 144 corresponded to the aromatic protons. The data for the aromatic

protons for all the complexes are presented in Table 6. It can be seen that the aromatic

region of the lH n.m.r. spectra is very similar for complexes 143 - 147. The greatest

variation is seen with the resonance assigned to H6 and H6", which differed by about

0.3 ppm between the complexes.
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Table 6: ô rH and coupling constants (Hz) of the aromatic protons of the terpyridine-platinum(ll)

complexes 143 - 147 in d6-acetone solution.

The most downfield signal, õ 9.27, in the tH n.m... spectrum of 144 corresponded to the

protons attached to the carbon atoms directly adjacent to the nitrogen atoms, i.e. H6 and

H6"- This signal formed a cross-peak with the most upfield aromatic signal (ô g.00) in
the COSY spectrum, which indicated that the latter signal corresponded to the protons

on the adjacent carbon atoms, H5 and H5". The signal corresponding to H5 and H5',
also formed cross-peaks with the signals at ô 8.52 and õ 8.59 in the COSy spectrum of
144. These signals, therefore, must correspond to H4 and, H4,,, and H3 and H3,'.
However, the exact assignments cannot be made without further information.

The signals corresponding to the aromatic carbon atoms in the t3C .,.m.r. spectrum were

assigned using HMBC and HMQC n.m.r. spectra, and a¡e presented in Table 7. HMeC
is a very useful n.m.r. pulse sequence giving cross-peaks arising from one-bond

couplings between carbon and protons, i.e. I-lç¡1. Similarly, the related HMBC pulse

sequence gives cross-peaks arising from two or three bond couplings between carbon

and protons.

Complex H6, H6', H3
H5

t
)

)
H3, H3", H4' IJ ,H4" H5, H5"

143 9.47, d
3Jgss 5.4

¡3Jpr¿27.61

8.74,m 8.69, m 8.58, td

l-l¡1a.5 1.g,

'J6.a7.8

144 9.27, d
3-!ns.o 

5-9

f'Jp¡s37.51

8.62, m 8.59, m 8.52td
3^JÆ.ql.g

'.,/H+,s 1.8

8.00, ddd
3,
JH4.5

3,
JHs.6

4,
JH¡ s

1.8

5.9
9.6

145 9.32, d
3Jns.o 

7 .5
8.69, m 8.59, m 8.42,t

3J6.a7.5
7
3

89 t
7.5

)

146 8.54, m 8.46, m 8.41, m

147 9.18 d
3.!ns.o 5-4

\'JPH 37.51

8.63, m 8.59, m 8.49,td,
3Ja+.s 

1.2
3Jw.+ 

7 .5

7.98, ddd
3^Jnq.s 

1.2

'Jns.ø 5.4
aJnz 

s 7.8
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The HMBC spectrum of 144 would be expected to display a cross-peak arising from the

coupling between C6, C6 and H4, H4" as these nuclei are separated by three bonds, but

not between the signals corresponding to C6, C6" and H3, H3" because their separation

is equal to four bonds. The l3C n.m.r. signal corresponding to C6, C6- formed a cross-

peak with the signal at ô 8.52, which indicated that this signal corresponded to H4, H4,',

and therefore the signal at ô 8.59 must correspond to H3, H3". The latter signal was

also found (on the basis of information from the HMQC spectrum) to be coincident with
the signal corresponding to H4'. The signal at ô 8.62 was found to couple with the same

'3C n.m.r. signal in both the HMBC and the HMQC spectra, as was therefore assigned

as H3' and H5', because these are the only protons which are equivalent and have an

appropriate bond separation to give a cross-peak in the HMBC spectrum (i.e. a three

bond separation between C3' and H5').

The assignment of the aromatic protons of complexes 143 - 147 was similar to that

described above, and is also presented in Tabte 7.

Table 7: ô r3C and coupling constants (Hz) of the terpyridine metallointercalator complexes 143 -147 in
d1-acetone solution.

In the HMQC spectrum of M7 a cross-peak formed between the signal at ô 153.0 in the

''c n.-... spectrum and the signal at ô 9.1g in the 'H n.m.r. spectrum, which was

assigned as H6, H6". Since the cross-peaks in this spectrum correspond to a tJç¡1

coupling, the l3C n.m.r. signal was assigned as C6, C6". The signal at ô 143.5 in the I3C

n.m.r. spectrum formed cross-peaks with the signals at ô g.5g (H3, H3', or H4') and ô

8.49 (H4, H4"), which meant it could correspond to either C3, C3- or C4' ,as well as C4

and C4". In the HMBC spectrum of complex 147 this t3C n.m.r. signal coupled with the

Complex c2,
c2"

C2
c6

,
, c6,c6" c4, c4,,,

c4'
c5, c5' c3, c3" c3" C5'

t43 159.6 155.4 I 53.8 143.6
(c4,
c4")
144.3
(c4')

1 30.1 126.7 125.1

t44 r 60.0 1s4.7 I 53.3

[t.¡r," 3o.ol
143.6 130.4

l3Jo,c 4l -gl
127.0

[3Jp,c 31.41
125.4

r45 158.9 154.6 I 53.5 142.8 129.5 126.3 124.8
146 159.2 154.2 153.4 144.4,

144.1
r 30.8 127.2 125.7

147 159.7 154.3 r 53.0
12Jo,.21 .61

143.5 130.2

¡370," +:. t I
127.0

[3JPr 32.3]
125.4

[3Jprc 21.6]
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peak at ô 9'18 (H6, H6") in the lH n.m.r. spectrum, indicating that the carbon was

within three bonds of H6 and H6", confirming that the signal was due to C4 and, C4,,

because these atoms are sep¿ìrated from H6 and H6" by three bonds. The l3C n.m.r.

signal at õ 127.0 also formed a cross-peak with the rH n.m.r. signal at ô 8.58, indicating

that this peak could also correspond to either C3 and C3" or C4'. In the HMBC

spectrum of complex l47,the '3C n.m... signal atõ 127.0 formed a cross-peak with the
lH signal at ð 7.98 which corresponded to H5 and H5". Therefore, the l3c n.m.r. signal

must correspond to C3 and C3" because these atoms are within three bonds of H5 and

H5". Furtherïnore, the l3c signal at ô 143.5 must correspond to c4, c4,' and, c4' .

The r3C n.m.r. signal at ô 130.2 formed a cross-peak with the rH n.m.r. signal at ô 7.9g

(H5, H5") in the HMQC spectrum of 147, indicating that this signal corresponded to C5

and C5". This assignment was supported by the fact that the l3C n.m.r. signal formed

cross-peaks with therH n.m.r. signals at ô 9.18 (assigned as H6, H6"), and ô g.5g

(assigned as H3, H3") in the HMBC spectrum of 147, which are separated from this

carbon atom by two and three bonds, respectively. The l3C n.m.r. signal at õ 125.4

formed a cross-peak with the rH n.m.r. signal at ô 8.63 (H3', H5') in the HMec
spectrum of 147, indicating that this signal corresponded to C3' and C5'. In the HMBC
spectrum a cross-peak was found between these two peaks as they undergo three-bond

coupling. The l3C n.m.r. signal at õ 159.7 formed cross-peaks with the rH n.m.r. signals

corresponding to H6 and H6,H3'and H5', and H4 and H4,'in the HMBC spectrum.

However, it did not form any cross-peaks in the HMQC spectrum. This information

indicated that the signal corresponded to the quatemary carbons C2 and, C2,'. The l3C

n.m.r. signal at ô 154.3 also did not form any cross-peaks in the HMQC spectrum of 147

but in the HMBC spectrum it formed cross-peaks with the 'H n.m.r. signals

corresponding to H3', H5', and H4', indicating that the signal corresponded to the

quaternary carbon atoms C6' and C2'. The carbon atoms of complexes 143 - 146 were

assigned by a similar process using 2D n.m.r. spectroscopy.

Once again, it can be seen from Table 7 that the ô values obtained for the aromatic

carbon atoms for each of the complexes were very similar, as expected. The three-bond
le5Pt-l3c coupling constants (3J.,c) correlated quite closely with values reported for a
related compound, [Pt(terpy)(CH3)]Cl, for which 3Jprc : 29.3 Hz.t87 The ô 'rC of th"
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unsubstituted carborane-carbon atoms varied substantially between the complexes, with

õ 56.2 for 147 and ô 7I.1 for 143. However, the data for the other complexes were very

similar, (ca. õ 63). The õ '3C fo. the substituted carborane-carbon atom, was quite

similar for complexes 144 - 146 (ca. õ 76). In contrast, however, a very different value

was obtained for the S-bonded species 143, and the signal for this peak in 147 could not

be observed. The signals for the methylene carbon atoms were very similar for the

isomeric complexes,144 and 147, (ca. ô 37). 145 displayed methylene signals at õ 42.4

for the methylene carbon adjacent to the thiol group, and ô 29.8 for the carbon adjacent

to the carborane cage. Complex 146 displayed resonances between ô 37.1 and 30.6, the

most downfield signal corresponding to the carbon atom adjacent to the thiol group, and

the most upfield signal corresponding to the p-carbon atom in the alkyl chain.

3.5.2.2 Characterisation of the Terpyridine-Platinum(Il) Complexes by

ESIMS

Due to their charged nature it was possible to characterise the complexes by ESI mass

spectrometry. The isotopic distribution patterns of the molecular ions were calculated,

again using Isotope Pattem Calculator Version l.6,tt3 and were compared with the

patterns obtained experimentally. As shown in Figures 19 -26, the correlation between

experiment and theory was very good. The patterns also confirmed that the molecular

ions bore a single positive charge, since the lines in the patterns were each separated by

one mass to charge unit.
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Figure 2l: Experimentally determined isotopic distribution of the molecular ion peak of (1,2-

carborane-l-methanethiolato)(2,2':6',2'Lterpyridine)platinum(ll)triflate 144.
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3.5.3 Other Metallointercalator Complexes

Platinum(Il) complexes with l,lO-phenanthroline 98 or 2,2'-bipyridine 100 ligands,

such as [Pt(en)(phen)]2+ and [Pt(bipy)(en)]2*, have been shown to be DNA
intercalators.res'2r4 A series of [PtCl2(phen)] 148 and [PtCl2(bipy)] 149 derivatives

containing the 1 -sulfanyl-L,2-carborane ligand I 05 was synthesised.

6 5
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34 48
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The complexes 150 - f53 were prepared using a very similar method to that described

for the terpyridineplatinum(Il) complexes, as shown in Scheme 35. A solution of the

appropriate platinum(Il) precursor 148 or 149, in DMF, was treated with a solution of
AgOTf follow'ed by the addition of the (thioalkyl)carborane ligand 105 to give a bright
orange solution of the corresponding platinum-carborane derivative. The bright-yellow
or orange products were obtained by evaporation, followed by recrystallization from
acetone.
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ct

= phen 148

: bipy 149

l. AgOTf

)
cct

toHro

: phen 150

: bipy 152

Scheme 35

The reaction was also performed using two equivalents of the thiol ligand to give the

disubstituted products 151 or 153. Similar reactions were attempted using one

equivalent of the (thioalkyl)carborane ligands 110 and 113. However, in these cases,

mixtures of the monosubstituted and disubstituted products were obtained, from which

it proved diffrcult to isolate the pure constituents.

3.53.r characterisation of the phen and Bipy complexes 150 - 153

The new bipy and phen complexes 150 - 153 were obtained in fairly modest yields, the

monosubstituted complex lPtcl(l-S-1,2-C2B¡¡H1r)þhen)] 150, and the disubstituted

analogue [Pt(l-S-1 ,2-C2B1sH1r)zþhen)] 151 were obtained in 30 o/o and. 40 % yields,

respectively. Similarly, [Ptcl(l-s-I,2-c2Bls[lrXbipy)] ls2 and the disubstituted

analogue [Pt(1-S-1,2-C2B¡sH1r)z0ipy)] 153 were obtained (from the single reaction) in
33o/o and 16 % yields, respectively.

complex 150 displayed a single peak at ô -3145 in there5pt n.m.r. spectrum, and

signals at õ r49.7 (c2, c9), 148.7 (ct l, ct2),14r.0 (c3, cg), 131.4 (ct3, cl4), 12g.2

(C4, C7), 126-5 (C5, C6), corresponding to the aromatic carbon atoms, and at ô 78.0

(CH.uge-B), and at ô 69.6 (C.as.B-S) corresponding to the carbon atoms of the carborane

cage.

The disubstituted analogue 151 is very similar in structure to the complex reported by

Base and Grinstaff [Pt(dip)(l-S-1,2-czBroHrr)z] 106 (see section 3.2.3), which was

prepared by treating the platinum(Il) precursor [PtCl2(dip)] with the ligand 105 in
CHzClz solution in the presence of Proton Sponge. The authors did not remove a chloro

ligand with Ag* prior to complexation.r16 Complex 151 gave rise to a signal at õ -344g

BroHro

r0s
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in the 'e'Pt n.m.r. spectrum. It displayed peaks in the lH n.m.r. spectrum between ô 8.40

and ô 10.14 for the aromatic protons. The lesPt satellite signals were seen flanking the

signal corresponding to the Pt-NCH2 protons due to coupling between the proton and

the platinum(Il) centre,3JprH:23 Hz. The l3C n.m.r. spectrum displayed peaks between

ô 150.5 and ô 727.1 conesponding to the aromatic carbons, with no coupling observed

between the l3C and lesPt nuclei. The carborane cage carbon atoms appeared at ô 78.3

and ô 69.3.

The re5Pt n.m.r spectrum of the monosubstituted bipyridyl complex 152 displayed a

single peak at õ --2887. The aromatic proton signals were assigned using 'H-'H COSy

n.m.r. spectroscopy. The two most downfield signals, ô 10.07 and ô 9.57 corresponded

to the protons attached to the carbon atoms ortho to the nitrogen atorns, and coupled

with the lesPt nucleus to give 3JptH: 45.16 and 25.8 Hz, respectively. These values are

quite similar to those reported by Chow and Martin for the corresponding lH-lespt

coupling in the [Pt(en)(bipy)]2* system, with tJrrru: 33 Hz. The authors also reported

that the signal corresponding to these protons (which were equivalent in their system)

appeared as the most downfield.2ls The signal at õ 9.57 was assigned as the ortho

proton adjacent to the pyridyl N-atom H6' located trans to the S-donor ligand, because

the considerable trans influence of the S-donor lengthens the Pt-N bond opposite to it,

resulting in a decrease in the coupling between the lesPt nucleus and the ortho proton. It
was thought that an interaction between the proton signal corresponding to H6, and the

proton attached to the carborane carbon (CH..g.-B), which should be cis to one another

and, therefore, close in space, could be confirmed using RoESy 2D n.m.r.

spectroscopy. However, no such interaction was observed and the result proved to be

inconclusive.

once again, the combination of 2D- COSY, HMBC, and HMeC n.m.r. spectroscopy

was used to assign the signals in the aromatic region for both the lH and l3C n.m.r.

spectra of 152. The downfield signals mentioned earlier (ô 10.07 and ô 9.57) displayed

cross-peaks in the COSY n.m.r. spectrum of 152 with the signal at õ 7 -98, indicating

that this signal corresponded to the adjacent protons, H5' and H5, which appeared as

coincident peaks. The signal at ô 7.98 also formed a cross-peak with the signal at

ô 8.49, indicating that this resonance corresponded to H4 and H4', which were also

ll8
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overlapped. This signal also formed cross-peaks with the signals at ô 8.60 and ô 8.64.

The latter peak was assigned as H3' and the former as H3 because they also formed

cross-peaks with H5' and H5, respectively, in the COSY n.m.r. spectrum. Once all the

aromatic proton signals had been assigned, the HMQC n.m.r. spectrum allowed the

facile assignment of the corresponding carbon signals. In the t3C n.m... spectrum of

152, the two most downfield signals, at õ 158.0 and ô 157.4, corresponded to the

quaternary carbons at the fused ring positions. The most downfield signal corresponded

to the quatemary carbon atom on the ring trans to the thiol ligand (C2'). The ô l3C fo.

the aromatic carbons all correlated very closely with those values reported by Erickson

and Sarneskirs2 for a series of [Pt(bipy)(1,2-diamine)]2* complexes, indicating that the

nature of the other ligands about the platinum(Il) centre appeared to have little effect on

the ð '3C of the aromatic bipyridyl signals. For example, the authors reported the

following signals for [Pt(en)(bipy)]2*: ô 156.93 (C2) (c.f. 158.00, 157.34),151.62 (C6)

(cf 150.37, 148.37),142.97 (c.f. lal.0l, 140.07),129.52 (C5) (cl 128.44,128.14), and

125.19 ppm (C3) (c.f. 124.85,124.24 ppm). However, it can be seen by the significant

disparity between the signals corresponding to H6 and H6', that ôlH is affected by the

other ligands in the coordination sphere of the platinum(Il) centre. The resonance

corresponding to the unsubstituted carborane carbon (CH."ge-B) appeared at ô 67.8.

However, no signal corresponding to the substituted carborane carbon was observed,

probably due to its long relaxation time.

3.5.3.2 Molecular Structure of a Thiolato-Carborane Platinum(Il)

Complex

During the recrystallization of compound 152, a second crop of crystals was obtained

from the acetone filtrate. The lesPt n.m.r. spectrum of the crystals displayed one signal

at õ -3422, which was in the region corresponding to the product 153 with a PtSzNz

core. The molecular structure of the new complex was determined using X-ray

crystallography (Figu re 27).
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Table 8: Selected crystal data for [p(l-S-1,2-CzBroHr¡)(bipy)] 153

Empirical formula
Mol. wt.
Crystal system
Space group
a (Å)
b (,{)
c (.4)
d,

Þ (Dee)

^{

v (,{3)
Z
D" (g cm-3)

CrzH:oBzNzSzPt
677.79
orthorhombic
P222t
14.073 (t)
20.ss0 (6)
e.737 (3)
90
90
90
2816 (r)
4
1.599

r20
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Selected bond lengths (Å) and angles (') for [P(l-S-1,2-C2Br0Hr,):(bipy)] 153 (Full

details are given in the appendix.)

Bond Lengths (Ä.) Bond Angles ('l

Pt
Pt
Pt
Pt
s(1)
s(2)
c(11)
c(11)
c(l1)
c(t2)
c(r2)
c(13)
c(13)
c(13)
c(14)
c(14)

s(1)
s(2)
N(1)
N(2)
c(l1)
c(13)
c(t2)
B(1)
B(4)
B(1)
B(4)
c(14)
B(11)
B(r4)
B(11)
B(14)

2.2es(2)
2.2e0(2)
2.077(6)
2.044(6)
1.781(8)
1.772(8)
t.67(1)
r.76(1)
1.74(t)
1.72(r)
1.72(r)
1.73(t)
r.67(r)
r.73(1)
1.71(l)
1.80(1)

s(1) Pr
s(1) Pt
s(1) Pt
s(2) Pt
N(l) Pt
Pt S(

s(2)
N(1)
N(2)
N(l)
N(2)
c(l1)

8e.3s(8)
174.s(2)
es.6(2)
e6.t(2)
174.0(2)
106.1(3)
r07.6
60.1(s)
62.6(s)

l)
Pt S(2) C(13)
c(r2) c(l1) B(t)
c(14) c(l3) B(14)

Selected crystallographic data are given in Table 8, and selected bond lengths and

angles are reported in Table 9. The molecular structure confirmed that the product was

[Pt(1-S-1,2-CzBroHrl)2þipy)] 153. The pt-S (2.295(2) and 2.290(2) Ð and pt-N

(2.077(6) and2.044(Q Å) bond lengths were very similar to the values reported by Base

and Grinstaff for their dithiolate complex 106 (2.313(3), and2.2864!) 
^, 

and 2.032(8)

and2.078(7) .4., respectively).rt6 Th. C-S bond lengths were also similar to the values

reported by these authors, (1.773(9) and 1.806(10) ,4.) and to that of other metal

complexes containing thiolato-carborane ligands, (e.g. 1 .796(5) t26 and 1.797Ø)127 A)

The distance between the carborane carbon atoms, C(l1)-C(12) or C(I3þC(14), was

comparable with those values reported for other carborane-containing transition metal

complexes (e.g. I .640(6)126,1.695(5)rr8, and 1.65(2)tt7 

^).

3.6 Dimerisation Studies

An attempt was made to ascertain whether (1,7-carborane-1-methanethiolato)-

(2,2':6',2"-terpyridine)platinum(Il) triflate 147 followed Beer's law using uv-vis
spectroscopy, in order to discover whether dimerisation of the complex was occurring in

solution via n - æ stacking interactions. Dimerisation of the phenylthiolato-(2,2':6' ,2--

t2l
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terpyridine)platinum(Il) cation has been reported to give significant deviations from

Beer's Law which can be transformed to give linear plots in accordance with Schwartz's

dimerisation model.leu The complex 147 was dissolved in DMF I water mixtures but it

was found that at concentrations higher than 0.2 mM the complex precipitated out of
solution. Thus it was not possible to determine accurate absorbance readings at these

concentrations.

'H n.m.r. spectroscopic dimerisation studies were attempted on complex 147 to

determine the concentration dependence of the õ lH for the methylene signal. It was

expected that this peak would be strongly affected by the aromatic ring current, which

would result in an upheld shift as the concentration of the complex is increased. Arena

and co-workers reported a shift from õ 0.71 to ô 0.0 for the methylene protons of

[P(terpy)(CH¡)]* as its concentration in DzO was increased.lsT However, complex 147

was found to be too poorly soluble in DzO solution, even in the presence of small

amounts of solvents such as acetone, to record spectra sufficient to see whether a change

in the chemical shift of the methylene protons had occurred.

3.7 DNA Binding Studies of Metallointercalators

Intercalation causes a number of changes to the structure of double-helical DNA. The

DNA is lengthened and unwound by the untwisting of the base-pairs and helical back-

bone in order to accommodate the intercalating molecules.lll It is also stabilised and

stiffened as a result of the ordered stacking of the intercalators between the DNA base

pairs at 3.4 Ã separation.eT In addition, the planar moiety of the intercalator is held

perpendicular to the helical axis by TE - TE stacking and dipole - dipole interactions,

leading to distinct changes in the electronic properties of the intercalator.eT'216

The changes occurring to the structural features of the DNA upon intercalation may be

demonstrated by various techniques such as solution viscosity measurements of the bulk

DNA,2l7 sedimentation velocity and electrophoretic mobility of closed circular DNA,l8ó

thermal denaturation,ss and 3'P ,r.m.r. spectroscopy of the phosphodiester backborr".2l8

The changes in rigidity may be measured by circular and linear dichroism,lel or

luminescen ce polarization experiments.2 | e
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The electronic interactions between DNA and intercalators may be demonstrated by UV

- vis spectroscopy, displaying hypochromism and a bathochromic shift in the transition

of the intercalated chromophore,es'I87 changes in the emission of a luminescent

molecule, or an upfield shift in the lH n.m.r. spectrum of the aromatic protons of the

intercalator, resulting predominantly from the ring current of the nucleobases.lel

Monitoring the changes in optical absorbance is one of the most convenient methods to

detect interactions between intercalators and DNA.220 However, a positive result for

any one of the above experiments is insufficient evidence to prove an intercalative

interaction. It is possible for a non-intercalating molecule, for example a groove-binder,

to give misleading results if not all the aspects of the binding mode are explored.eT

In this study, a preliminary investigation into the DNA intercalating ability of selected

carborane-containing complexes was determined using UV - vis spectroscopy.

It

V

3.7.1 Preliminary Results of DNA-Intercalation for Selected Carborane-

Containing Terpyridineplatinum(Il) Complexes 143 - 147

UV - vis absorption spectroscopic titrations were performed on the complexes 143,144,

and 147. The UV - vis absorption spectra of the pure complexes in I mM phosphate

buffer solution are shown in Figures 28,32, and 30, respectively. The UV - vis spectra

also showed that these complexes were stable in the aqueous solutions for up to 18 h at

room temperature as no changes were observed in the spectra of the pure complexes

over this period. The UV - vis spectroscopic titrations of the complexes with increasing

concentrations of calf thymus DNA are shown in Figures 29, 31, and 33. In each

experiment a well-defined isosbestic point was obtained, indicating that a clean reaction

occurred between the DNA and the metal complex, i.e. it is most likely that only two

forms of the chromophore complex were present, free and intercalated.2l6 Both species

have the same absorbance at a certain wavelength. Therefore, changes in the relative

concentrations of each produce no change in absorbance at this wavelength.22o The

wavelength at which the isosbestic point occurred was almost identical for complexes

143, 144 and 147, with ), : 348.81 nm (e : 5 801 M-rcm-r;, 349.33 (e : 5 472 M-tcm't)

and348-67 (e:6 912 M-rcm-r), respectively.
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The UV - vis spectrum of a buffered solution of complex 147 containing CT-DNA 0.6

pM (rr: 20.8) displayed mærima at ),": 307.67, 326.00 and 341.33 nrn, with

corresponding e-values 10 880, l0 720, and 12 320 M-tcm-l. 'When 
the concentration of

the CT-DNA was increased to 4.0 pM (i.e. r¡: 3.13), the maxima shifted only slightly to

i', : 310.33, 325.00, and 340.33 nnr, respectively, Í'igure 3L. The e-values at these

maxima decreased significantly to 9 359, 8 879 and 8 240 lWrcrnl, respectively.
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Figure 31: UV - vis Spectroscopic changes associated with addition of increasing amounts of CT-

DNA (1.0 pM - 4.0 pM) to a 12.5 pM solution of complex 147 lrl'20 % MeOH solution

containing 1 mM phosphate buffer.

The spectrum of complex 144 displayed maxima at l, : 309.67 (e : 5 709 M-rcm-l),

326.00 (e: 5 909 M-lcrnt), *d 340.33 nm (e :6 621M-rcrnr; (Figure 32).
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Figure 32: UV - vis Spectrum of a 12.5 FM solution of complex 144 :rr'20 % MeOH containing

I mM phosphate buffer.

Of the three complexes studied, complex 144 displayed the greatest degree of shift

toward the red upon the addition of DNA, as shown in Figure 33. A solution of the

complex 144 containing 1.8 pM of CT-DNA (ie. r¡: 6.94) gave maxima at l.: 308.67,

326.00 and 340.00 nm, with e-values of 7 862,7 830, and 8 487 M-rcmr respectively.
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Spectral changes associated with addition of increasing amounts of CT-DNA (l.S - 5.0

pM)to a12.5 ¡tMsolution of complex l44in20 %MeOHcontaining l mMphosphate

buffer.

Figure 33:
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When the complex solution contained 5 pM (i.e. rr: 2.50) of CT-DNA, the maxima

underwent a bathochromic shift of 5.66, 6.00, and 9.33 nm, respectively. The

corresponding e at these values decreased to 6 541,5 877 and 5 444 M'tcm-t,

respectively.

The absorption maxima in the UV - vis spectra of pure complexes 143, 144 and 147

occurred at very similar )". The e-values at these maxima were very similar for

complexes 143 and l44,but complex 147 had significantly higher e-values. The spectra

of complexes 143 - 147 were found to be very similar to those of related compounds,

for example, [Pt(HET)(terpy)]* 97, X: 342 (e : 72 900 M-rcm-'¡, 327 (e = 10 700

M-rcm-r¡, and 311 nm (e : 10 300 M-rcm-r),r8s and [Pt(terpyXS(CHz):(CH¡)]1. L:343
(e : 13 200 M-rcm't¡,328 (e = l1 000 M-rcm-r), and 3l I nm (e : l0 700 M-rcm-r).re7

The e-values at the maxima of both these complexes were similar to those obtained for

complex 147 (X:347.33 (12 320 M-rcm-'¡,326.00(10720 M-rcm-r) and307.67 nm (10

880 M-rcm-')).

Addition of increasing amounts of CT-DNA (2.5 . .r. 20.8) to all three complexes

studied in this work resulted in hypochromism, or a decrease in absorption intensity.

Complexes 143 and 144 also displayed a bathochromic shift, which was particularly

pronounced in complex 144. The magnitude of the bathochromic shifts obtained for

both complexes were comparable to those reported by Arena and co-workers, who

reported bathochromic shifts of 5 nm and l0 nm (for the 313 nm and 331 nm bands

respectively) in their study of the interaction of [Pt(terpy)(CH3)]* with CT-DNA (0.045

< rr < l). The authors did not state the magnitude of the slight bathochromic shifts

obtained for 2.65 4 rr< 20.8.187 Our results clearly indicate an extensive interaction

between the DNA base-pairs and the aromatic terpyridine ligands for complexes 143

and 144.

The results of the experiment for complex 147, were somewhat less conclusive. The

maxima did not undergo significant bathochromic shifts with increasing DNA

concentration, and in some cases the maxima actually underwent a very slight

hypsochromic shift. However, this complex did undergo significant hypochromism,

which indicates that an electronic interaction between the complex and the DNA did

occur. An experiment was also performed on complex 147 where 0.087 < rr < 0.44.
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However, at these much higher DNA concentrations bathochromic shifts and

hypochromicity were not observed. It is known that some intercalators with bulky

substituents, known as 'threading intercalators', achieve a less complete overlap with

the adjacent base pairs of DNA, due to the intercalator axis being orthogonal to the base

pair long axis, and as a result give smaller binding constants with DNA.2I7 Itis possible

that a similar effect is occurring in these experiments, where the carborane moiety

interferes with the intercalation of the terpyridine moiety owing to its close proximity.

This would explain the relatively high concentrations of platinum(Il) complex (high r)
required in order to observe any spectroscopic changes with DNA, compared with

known intercalators. For example, [Pt(HET)(terpy)]+ 97 has been demonstrated to

intercalate DNA for 0.22 q rr< 2.0.18ó It is also possible that the high ionic strengths

and the use of 20 % MeOH solutions may also contribute to the high concentrations of
platinum(Il) complex required.

In all cases, further investigation of the interaction between complexes 143, 144, and

147 and DNA is required to ascertain whether these complexes do indeed act as DNA

intercalators. However, the results of these preliminary studies are most encouraging.

It was anticipated that the interaction of complex 151 and DNA could be studied using

the UV-vis absorption titration method. However, the absorption maximum for this

complex occurred at ca. 270 rlrn, which was in the same region that the calf-thymus

DNA displayed an absorption maximum (258.24 nm), and so it was not possible to

obtain meaningful results. Arounaguiri and co-workers also reported this problem when

they attempted to monitor the DNA-binding of phenanthroline complexes of cobalt(Ill)

and nickel(Il) of the form [M(phen)2LL]"* (LL : phen or phen-dione, n : 2 or 3) by

absorption titration methods.22 I

3.8 Summary

A series of new l-(thioalkyl)-1,2-carborane and l,7-carborane ligands were synthesised

and characterised. The complexation reactions between these ligands and various

platinum(Il) precursor complexes were also studied. The complexes formed in the

reactions between the thiol ligands and the platinum centres had much higher stability

than those formed between the platinum complexes and the amine ligands discussed in
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Chapter 2. As predicted, no reduction of the platinum(Il) complexes to platinum metal

was ever observed as a consequence of the increased electron density at the metal centre

as a result of the electron-rich thiol ligands.

The reactions between [PtCl3QrlH3)]- 82a (or 82b), or transplatin 94, and the thiol
ligands usually produced intractable mixtures of complexes, possibly due to the strong

trans-labtlising effect of the thiol ligand which resulted in competing side reactions.

The assignment of signals observed in the ôresPt of the reactions between [ptCl3(NH3)]-
82a (or 82b), transplatin 94 or [Ptcl2(en)] 104 and the thiol ligands was ambiguous, as

many of the peaks appeared at chemical shifts that appeared in regions that

corresponded to a variety of significantly different platinum coordination spheres. In
addition, as mentioned in Section2.2.l.3, the ôlesPt is known to be sensitive to both

solvent and solute concentration, which can also lead to ambiguity in the assignment of
signals. It is clear that further techniques, such as '5N n.m.r. spectroscopy, would have

to be utilised in order to identifu these complexes with certainty. The reactions between

[PtBr(dien)]Br 142 and the thiol ligands were more successful and straightforward, but
purification of the products still proved diffrcult. As the purity of the products could not

be assured, DNA-binding experiments were not performed on any of these complexes.

A series of new platinum(Il) complexes containing the (thioalkyl)carborane ligands and

the terpyridine moiety was also synthesised and characterised. The tridentate nature of
the terpyridine ligand prevented competing side reactions from occurring, thus assisting

in the isolation of pure products. A small series of complexes containing the

phenanthroline or bipyridine moieties and ligand 105 were synthesised and the

molecular structure of complex 153 was also obtained.

The interaction between selected terpy complexes and calÊthymus DNA was analysed

by UV - vis spectroscopy, giving a positive indication that these complexes are able to

intercalate DNA. Complex 144 gave the most striking results, with bathochromic shifts

of up to 9.33 nm being observed. Further studies are required to probe these

interactions funher.

To our knowledge, this is the first time that boron-containing metal complexes of any

type have been shown to undergo intercalative interactions with DNA.
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Conclusions and Future \ilork

The preparation of carborane-containing platinum(Il) complexes was investigated with

the aim of preparing novel complexes with potential application as DNA-targeting

BNCT agents. The complexes chosen for this study were analogues of well-known

DNA-binders such as cisplatin 19, or of metallointercalators such as [Pt(HETXterpy)]*
97.

The successful synthesis of platinum(Il) complexes containing (aminoalkyl)carborane

ligands proved to be extremely challenging due to the sensitivity of the platinum(Il)

centres towards reduction to platinum metal by the carborane cage. However, extensive

investigations into the factors involved in the reduction process resulted in development

of a successful methodology for the synthesis of (aminoalkyl)carborane-containing

complexes. This methodology essentially involved the use of platinum(Il) precursors

with relatively low reduction potentials, and the use of non-hydroxylic solvents under

anhydrous conditions.

Novel (thioalkyl)carborane ligands were also prepared. The trans-labilising effect of
these ligands complicated the reactions with the platinum precursors 82, 94 and 104. It
was not possible to isolate any pure products, although the resulting complexes were

found to be much more stable to reduction than the amine complexes described in

Chapter 2- These problems were surTnounted by the use of platinum(Il) precursors

containing bidentate or tridentate aromatic ligands, such as bipy 100, phen 98 and terpy

103. The reactions between these platinum(Il) precursors and the ligands successfully

resulted in the formation of pure complexes with the potential to act as DNA-

intercalators. In addition, complex 147 is the first transition metal complex to contain a

1,7-carborane ligand.

Preliminary UV - vis spectroscopic studies were carried out on selected platinum(Il)

complexes containing the terpy moiety 103 and the (thioalkyl)carborane ligands. These

studies indicated that a signif,rcant electronic interaction was occurring between calÊ

thymus DNA and the complexes 143, 144 and 147, which is consistent with the

behaviour of known DNA-intercalators. It was noted that relatively high concentrations
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of the platinum(Il) complexes were required to observe an interaction between the

complexes and DNA. It is likely that steric hindrance resulting from the presence of the

bulky carborane group retards the DNA-binding of the complexes, and hence high r¡

values are required to shift the equilibrium toward the bound complexes. It is possible

that the use of carborane ligands with longer alkyl tethers may reduce the hindrance

resulting in greater interaction between the complexes and the DNA. This is certainly

worthy of further investigation. The association constant, K^.o.., of the various

complexes with DNA should also be determined.

Further studies, such as circular dichroism spectroscopy, thermal denaturation and gel

electrophoresis assays, are required to prove that these compounds are acting as DNA-

intercalators. If the DNA-intercalating ability is demonstrated, these complexes will be

the first examples of carborane-containing metallointercalators. Much further

investigation would be warranted in order to assess the potential application of these

complexes in BNCT.

Potential areas of investigation include in vitro studies of the accumulation, retention

and toxicity of the complexes in tumour cells, such as human glioma U-343MGa cells

or mouse B16 cells.66 In vivo toxicity and biodistribution studies could be carried out

on murine models. If these tests furnish positive results, l0B enriched complexes could

be prepared and their application in BNCT of tumours studied in murine models. It is
anticipated that the tumour cell destruction by BNCT will be enhanced with the use of
these compounds as a result of the location of the I0B nuclei within close proximity to

the DNA. To date, the use of transition metal complexes þr DNA-targeting is
unpr e c e de nt e d for B N CT.

Considerations for the future synthesis of platinum(Il) complexes containing carborane

ligands should include further functionalization of the complexes. This may result in

the introduction of useful properties such as increased water-solubility. Complex 90, for

example, could be further functionalised by conversion of the iodo functionality to more

hydrophilic groups such as sulfonates or carboxylates.
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The synthesis of complexes utilising the l,l2-carborane isomer (cf. the 1,2- and 1,7-

isomers) is another area worthy of exploration, as this species is likely to furnish metal

complexes with greater stability to reduction and attack by nucleophiles.
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Chapter 4: Experimental

4.1 General

Multinuclear l-D NMR spectra were recorded at 298 K on a Varian Gemini 2000 NMR

Spectrometer with Oxford 300 MHz magnet at room temperature, except where

otherwise indicated. 200 MHz tH NMR spectra were recorded on a Varian Gemini 200

instrument. 2-D NMR spectroscopy experiments were performed on a Varian Unity

INOVA 600 MHz NMR instrument. lH NMR chemical shifts are reported in parts per

million (ppm) relative to tetramethylsilane (TMS). 'esPt NMR chemical shifts were

referenced relative to a sealed extemal standard of 0.1 M Na2[PtCl6] in D2O. "B NMR

chemical shifts were referenced relative to a sealed extemal standard of BF:'OE|2, and

were recorded using the proton decoupled mode.

Coupling constants (nJ¡) are reported inHz- Peak multiplicities have been abbreviated

as s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m (multiplet)

(unassignable multiplicity or overlapping signals), br (broadened signal).

Melting points (uncorrected) were determined using a Kofler hot-stage apparatus

equipped with a Reichert microscope.

Elemental Analyses were performed by CMAS (Chemical and Microanal¡ical Services

Pty. Ltd.), Belmont, Victoria.

Electrospray Ionisation (ESI) mass spectra were obtained by means of a Finnegan LCQ

Mass Spectrometer using HPLC grade methanol, or 5o/o DMF / methanol. Electron

Impact (EI) mass spectra were recorded on an AEI-GEC MS3074 mass spectrometer.

Fast Atom Bombardment (FAB) mass spectra were recorded on a Vacuum Generators

ZAB 2HF mass spectrometer. The high resolution mass spectrum of (H48a)

(CH3)3CS(CH2)2-1,2-CzBroHr¡ wâs recorded on a Kratos Concept ISQ by Dr Noel

Davies, Organic Mass Spectrometry Facility, Central Science Laboratory, University of

Tasmania, Hoban.
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Infra-red spectra were obtained as nujol mulls or liquid films (neat) on NaCl plates

using a Perkin Elmer Spectrum BX FT-IR System spectrometer.

Electronic spectra were recorded on a Varian Cary 300 Bio UV visible

spectrophotometer.

Thin Layer Chromatography (t.l.c.) was performed on Merck DC-Alufolien Kieselgel 60

Fzs+ sheets. Visualisation of plates was achieved using 254 rnn UV light and by staining

with either 12 vapour or a KMnOa dip solution, followed by heating.

Squat and flash Column Chromatography were performed on Merck Kieselgel 60 (230-

400 mesh ATSM) silica gel.

All reaction solvents were dried and distilled prior to use. Purification and drying of all

reagents and solvents was carried out according to Perrin, Armarego and Penin.222

Anhydrous diethyl ether, dimethoxyethane (DME), and THF were obtained by

distillation from sodium benzophenone ketyl. Anhydrous toluene was obtained by pre-

drying with anhydrous CaSO¿, followed by distillation from sodium. Anhydrous

benzene, acetonitrile, hexane, and CHzCl2 were obtained by distillation from CaHz.

Anhydrous DMF was obtained by pre-drying with anhydrous MgSO+ and anhydrous

CuSO¿, following by distillation at reduced pressure. Ethanol was obtàined by

distillation from 12 I }l4.g. All anhydrous solvents not used directly after distillation were

stored under N2 over activated 4Å molecular sieves. All solvents used for column

chromatography were distilled before use.

All reactions were performed under an inert atmosphere of dry Nz utilising standard

Schlenk techniques.
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4.2 Materials and Methods

c¡s-[PtclzQllH¡¡2] lgto6, [Pt(NH3)4]c12223, trans-[Ptcl2Q{Hr)r) 94"t, K[Ptcl3OIH3)]

82a224, [PtCI3O{H3)]PP1ì4 82b225, monobromo(diaminodiethylamine)platinum(Il)

monobromide 142226, crs-dichloro(ethylenediamine)platinum(Il) 104227 ,

Chloro(2,2':6' ;2"-teÍpyridine)platinum(Il) chloride dihydrate 96r8s, Dichloro(1,10-

phenanthroline)platinum(Il) 148228 , and dichlo ro(2,2'-bipyridine)platinum(Il) l4g22e ,

were prepared according to literature procedures. 1,7-Bis(3-hydroxypropyl)-1,7-

carborane 59, 1,7-bis(3-bromopropyl)-1,7-carborane 74 and 1,7-bis(3-iodopropyl)-1,7-

carborane 75 were prepared following unpublished results,laa 1-sulfanyl-1,2-carborane

105 was supplied by Dr D. Caiazza. following a literature procedure.230

Kz[PtCl¿] 78 was obtained from Pressure Chemicals Co., Pittsburgh PA (USA), and

recrystallized from hot HzO containing a few drops of conc. HCI prior to use. Nido-

decaborane was obtained commercially from Strem Chemicals (USA) and sublimed

directly before use. I,2-Carborane 3 was obtained from Strem Chemicals (USA), and

l,7-carborane 4 was obtained commercially from Dexsil Chemicals (USA). Both

chemicals were used without further purification. n-BuLi (2.5 M) solution in hexanes

was obtained commercially from Aldrich Chemical Co. (USA), and titrated before use

with N-benzylbenzanride, following a literature procedure, to determine its exact

concentration.23l
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4.3 Synthesis of (Aminoalkyl)carborane Ligands

4.3.1 Monodentate 1r2-(Aminoalkyl)carborane Ligands

N-(4-Penfynyt)-phthatimide (26) t tt

o
8

7 ó5 3
9

N
4 ,

9 7 6

8
o

A solution of 5-chloro-1-pentyne 28 (4.10 g,40 mmol) in DMF (20 mL) was added to a

solution of potassium phthalimide 29 (7.50 g,40.4 mmol) in the same solvent (80 mL).

The mixture was heated at 100oC for t h, and then allowed to stir for 24 h at room

temperature. The mixture was then poured into ice-cold H2O (100 mL) to afford a white

crystalline precipitate, which was dried to afford the phthalimide 26 (7.41 g, g7 %).

Recrystallization of the crude solid (3.16 g) from 35 % EtOH lHrO gave colourless

needles, which were dried over P2O5 in vacuo to give the pure product 26 (2.69 g,85 o/o

recovery), mp 87 - 88 'C (lit.'" g5 - S6 "C). 'H n.m... (d6-DMSo) õ 7.g7 (bs, 4H, Ar-

H), 3.80 (t,tJros 6.6Hz,2H,H5),2.77 (s,lH, H1), 2.25 (t,3Jnt.q6.6Hz,2H,H3), l.g0
(quin,3Jn.q6.6Hz,2H,H4). r3c n.m.r. (75.48MHz,d6-DMSo) ô 167.g9 (c6),134.24

(c9), 131.65 (C7), t22.9t (C8), 83.57 (C2),7t.33 (C1), 36.70 (Cs),26.75 (C3), 15.52

(c4).
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1-(3-Phthalimidopropyl)-1,2-di carbz-c loso-dodecaborane (3 l)t t,
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Acetonitrile (20 mL) was added to nido-decaborane (1.64 g,13.4 mmol) and the mixture

was refluxed for 2 h. Upon cooling to RT, the solvent was removed in vacuo. N-

pentynyl phthalimide 26 (2.60 g, 11.25 mmol) and toluene (50 mL) were added to the

yellow residue, and the mixture was refluxed for 3 h, cooled and filtered. The solvent

was removed in vacuo to give a yellow oil, to which was added EtOH. The solution

was allowed to stir overnight, and then it was filtered off to give a pale cream solid,

which was dried over Pzos to give the carborane 3l (1.43 g,3B%). Mp. 176 - l7g.C

1lit.r32 200 - 202 "c). IR (nujol) u,oo 1716, 1764 (c=o str) 25gg cm-' qB-H str¡. 'H
n.m.r. (dó-DMSO) ô 7.84 (bs,4H, ArH),5.14 (bs, lH, H1), 3.54 (t,3Jao,.s6.6Hz,2H,

H5),2.33 (t,3Juz,q 5.4H2,2H,H3),1.74 (m,2H,H4),1.05-3.05 (b, BHs). t3C n.*...
(75-48 MHz, d6-DMSo) õ t67.95 (c6), t34.33 (c9), 131.72 (c7), 123.02 (c8), 75.99

(c2), 63.25 (cl), 38.66 (c5), 33.89 (c3), 2s.10 (c4). I'B n.m.r. (96.30 MHz, d6-

DMSO) õ -3.2 (28), -6.1 (tB), -9.7 (38), _1 1.6 (4B).

(((2-Hydroxymethyl)benzoyl)amino)propyl)-1,2-dicarba-closo-dodecaborane

(37)tt'

OH
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Sodium borohydride (0.81 g, 7.54 mmol) was added to a suspension of l-(3-
phthalimidopropyl)-1,2-dicarba-c/oso-dodecarborane 3l (1.4 g, 4.29 mmol) in 2-
propanol (a5 mL) and HrO (7 mL). The mixture was stirred for 23 h then the solvent
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was removed in vacuo to afford an off-white powder, which was extracted with HzO.

The solid was dried in vacuo to give the carborane 37 as a white microcrystalline solid

(1.31 g, gl%). Mp t44 - 147 "c 1lit.r32 t52 - 154 'c). IR (nujol) r^o3293 (o-H str),

2563 (B-H str), 1619 cm-r (C:O str). rH n.m.r. (d6-DMSO) ô g.42 (t, rJ"r,r" 6.3 Hz,

lH, NH), 7.33-7.57 (m, 4H, Ar-H), 5.28 (t, './",r.o" 5.4H2,1H, OH), 5.23 (bs, 1H, H1),

4.60 (d,, ',/r'r.o" 5.4 Hz,2H, Hl3), 3.22 (q, './"r.,u" 6.3 Hz,2H, H5), 236 (m,2H, H3),

1.70 (m, 2H,H4), 1.10-3.00 (b, BHs). '3C .r.m.r. (75.45 MHz, d6-DMSO) ô 16g.70

(c6), 140.19 (cr2), 135.06 (c7), 129.60, 127.40, t27.tt, 126.54 (Ar-c), 76.26 (c2),

63.12 (c1),60.96 (cl3), 38.66 (c5),34.26 (c3),29.06 (c4). rrB n.m.r. (96.30 MHz,
dó-DMSO) õ -3.0 (28),4.0 (18), -9.5 (38), _11.4 (48).

(Aminopropyl)-1,2-d icarba-closa-dodecaborane hydrochlo rid,e (24)132

J 5

1)

NH3Ct
4

BroHro

A solution of (((2-Hydroxymethyl)benzoyl)amino)propyl)-1,2-dicarb a-closo-carborane

37 (1.3 g, 3.89 mmol) in glacial acetic acid (20 mL), H2o (5 mL) and conc. HCI (5 mL)

was heated on a water bath for 5 h. The solvent was then removed in vacuo and the

yellow residue was stirred in CHrCl, (20 mL) for 2 h. White crystals were collected by

frltration, and dried in vacuo to give the hydrochloride 24 (0.95 g,92 %o). u¡¡¿¡ 3400

(N-H), 2597 cm-t (B-H). rH n.m.r. (d6-DMSO) ô S.07 (bs, 3H, NH¡*), 5.27 (bs, IH,
Hl), 2.74 (m, 2H, H5), 2.40 (m, 2H, H3), 1.73 (m, 2H, H4), L20-3.10 (b, BHs). '3C
n.m.r' (75.48 MHz, d6-DMSo) õ 75.64 (c2),63.2r (c1), 37.58 (c5), 33.31 (c3), 26.81

(C4). 'rB ,,.m.r. (96.30 MHz, d6-DMSO) ô -3.0 (28), -5.g (tB), -9.5 (38), -il.5 (4B).

ESIMS: (m/z) 202.3 (M+).
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N-proparryl phthalimide (25)
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This compound was prepared in a similar manner to that described for phthalimide 26.

Recrystallization from EtOH lH2O (1:1) and drying over P2O5 gave colourless needles

of the phthalimide 25 (6.34 g,76 o/o), mp 142 - 143 "C. D.* 3292 (C=C-H str), 1768,

l7l4 cm-t (C:O str). 'H .r.-.r. (CDCI3) ô 7.90 (m,2H, ArH), 7.75 (m,2H, ArH), 4.46

(d, oJrr,t 2.4 Hz, 2H, H3), 2-24 (t, aJn,s 2.4 Hz, lH, H1). '3C n.*... (75.4g MHz,

cDCt3) õ 168.06 (C4), 135.3r (C7),124.68 (C6), 133.15 (C5), 124.68 (C6),72.59 (Ct),

28.11 (C3). C2 was not observable.

(Phthalimidomethyl)-1,2-dicarb z-closo-dodecaborane (30)r 32

6

7 5 43
2

l
5 4 toHro

6 o

This compound was prepared in a similar manner to that described for carborane 31.

Extraction of the residue with EtOH, followed by drying in vacuo over P2O5, gave the

desired pure carborane as a white powder 30 (5.07 g, 69 o/o). The solid was

recrystallized from toluene to give colourless parallelopiped crystalS, op 172 - 176'C

1lit.l37 140 - 142 "C). The X-ray crystal structure of the compound was determinedr3s

(see Chapter 2) thus confirming the identity of the product. tH n.m.r. (d6-DMSO) S 7.94

(m, 4H, ArH), 5.33 (bs, lH, Hl), 4.38 (s, lH, H3), 1.20-3.00 (b, BHs). 'tC ,r.*.r.
(75.48 MHz, d6-DMSO) õ 167.42 (C4), 135.44 (C7), 131.51 (C5), 124.t2 (C6),74.09

(C2),62.68 (Cl), 42.28 (C3). rrB n.m.r. (96.30 MHz, d6-DMSO) ô -3.0 (28), -5.3
(lB), -9.s (38), -12.0 (48).
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(((2-Hydroxymethyl)benzoyl)amino)methyl)-1,2-dicarba-closo-dodecaborane

(35)ttt

H

8 l0 il

NH

9

6

J

2

7
5

12

4 oHro

o

This compound was prepared in a similar manner to that described for carborane 37.

Yield 1.82 g,90%. IR (nujol) on-,* 3250 (o-H str), 2547 (B-H str), 1716 cm-r (c:o str).
tH n.m.r. (d6-DMSO) ô 9.09 (t, './"r."" 6.7 Hz,lH, NH), 7.45 (m,4H, ArH), 5.2g (t,

'./",,.on 5.4Hz,lH, oH),5.10 (bs, lH, Hl), 4.61 (d,,-I",,.o" 5.4Hz,2H,Hll),4.02(d,

'J"r.*" 5.4 Hz,2H, H3), 1.25-3.00 (b, BHs). r3C n.m.r. (75.4g MHz, dó-DMSO) ð

168.78 (C4), 140.88 (Cl0), 133.45 (C5), 130.30, 127.51, 127.36, 126.6t (ArC), 76.20

(C2),61.89 (Cl), 60.86 (C11), 43.53 (C3). rrB n.m.r. (96.30 MHz, dó-DMSO) ð -2.8
(28), -5.6 (t B), -9.6 (38), -1 1.5 (48).

(Aminomethyl)-1,2-d icarba-c loso-dodecaborane hydrochloride (23) I 32

NH3Ct

BroHro

This compound was prepared in a similar manner to that described for ca¡borane 24.

Yield 0,96 g,78 %. rH n.m.r. (d6-DMSO) ð S.94 (bs, 3H, NH¡*), 5.54 (bs, lH, H1),

3.83 (s,2H,H3),1.20-3.20 (b, BHs). '3C n.m.r. (75.4SMHz,d6-DMSO) E7t.t3 (C2),

62.36 (Cl),42.38 (C3). I'B n.m.r. (96.30 MHz,d6-DMSO) ô -2.5 (28),-4.8 (tB), -9.5
(38), -11.9 (48).
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7-(Amonio methyl)-nido-7,8-dicarba-undecaborate (7 7)to'

H

J

4 32

N€ O :BH

o :c

(Aminomethyl)-1,2-dicarba-closo-dodecaborane hydrochloride 23 (0.20 g,0.93 mmol)

was dissolved in H2O (5 mL) and KzCO: (0.26 g,1.87 mmol) was added to the mixture.

The mixture was extracted with CHzCl2 (4 x 20 mL), washed with brine (2 x l0 mL),

and the organic layer was dried over NazSO¿ and concentrated in vacuo. The residue

was dissolved in EtOH, and finely ground NaOH (0.08 g, 2.00 mmol) was added to the

solution. The mixture was then refluxed for 28 h. Upon cooling to room temperature,

the solution was neutralised with dry ice and filtered through Celite filter aid. The

filtrate was concentrated in vacuo to give a colourless oil. The oil was purified by flash

column chromatography (MeOH) Ri 0.98 to give the title compound as a colourless

solid 77 (0.2 g,99 %). rH n.m.r. (CD3OD) õ 3.03 (d,'Jrr.r. 72.9H2,lH, H3), 2.81 (d,

'J^r3. 12.9 Hz,lH, H3'), 1.75 (bs, lH, H1). t3C ,r.m.r (75.45 MHz, CD3OD) E 5g.24

(C2), 49.98 (C3), 44.74 (Cl). rrB n.m.r. (96.30 MHz, CD3OD) ô -9.8 (28), -13.5 (28),

-r8.7 (28), -19.6 (lB), -31.5 (1B), -36.0 (1B). ESIMS: (m/z) 163.5 (M).

N-(2-Bromoethyl)phthalimide (33) ttu

2

5

6
Br

4 J

5

o

To a solution of l,2-dibromoethane (4.06 g,21.6 mmol) in DMF (20 mL) was added

solid potassium phthalimide 29 (2 g, 10.8 mmol) in small portions. When the addition

was complete, the reaction was heated to 100 'C and stirred for 3.5 h. After cooling, the

reaction mixture was filtered off and the solvent removed in vacuo to give a light orange
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solid. HzO (15 mL) was added, and the mixture extracted with CHCI z (2 * 1 5 mL). The

combined CHCI¡ extracts were washed with 0.1 M NaOH solution (2 x 10 mL) and H2O

(2 x 10 mL), and dried over anhydrous NazSO¿. The solution was concentrated in vacuo

and the residue recrystallized from EtOH lHzO (1:1) and dried to give colourless

needles of 33 (1 .48 g, 54 %). M.p. 83 - 84 "C 1lit.r36 81 - 82 "C). 'H n.m.r. (CDCI3) ô

7 -89 (m,2H, ArH), 7 .74 (m,2H, ArH), 4.I2 (t,tJrr.r, 6-8 Hz,H2),3.62 (t,tJ^r.r.6.8H2,

Hl). ''C n..n.r. (75.45}/rH2, CDCI3) õ 168.47 (C3), 134.88 (C6), 132.56 (C4),124.19

(C5), 40.00 (C2), 28.7 6 (C 1 ). IR (nujol): t^* 1726 cm-r 1C:O str¡.

1 -(2-Phthalimidoethyl)-1,2-dica rba-closo-dodecaborane (32)r37

I 6

6

54 2 1

3 roHro
8 5

7

o

A solution of n-BuLi in hexanes (1.97 M, 1.48 mL,2.91 mmol) was added dropwise to

a solution of 7,2-carborane 3 (0.4 g,2.77 mmol) in DME (10 mL) at O"C. The resulting

mixture was stirred at 0 "C for 30 min and then allowed to warm to room temperature

and stirred for an additional 30 min. A solution of N-(2-bromoethyl)phthalimide 33

(0.18 g, 0.69 mmol) in DME (2 mL) was added dropwise at 0 'C and the mixture was

then allowed to wafin to room temperature and stirred for 2 d. The solvent was

removed in vacuo and HzO (5 mL) was then added to the residue, and the mixture

stined for 2 h- The mixture was then filtered off and the fine white solid dried in air.

Unreacted |,2-carborane 3 was removed by sublimation (16 mm Hg). The residue was

purified further by recrystallization from MeOH to give colourless cubes of 32 (0.5 g,57

%). M.p. 172 - 176'C (lit.'37 140 - 142 "C). 'H n.m.r. (d6-DMSO) ô 7.84 (bs, 4H,

ArH), 5.35 (bs, lH, Hl), 3.66 (t,tJ^r,4, J 8.1Hz,H4),2.64 (t,'Jrr3 8.1Hz,H3), 1.05-

3.10 (b, BHs). '3C n.m.r. (75.48 MHz, d6-DMSO) ô 167.38 (C6), 134.47, l3l.5l,
123.07 (ArC), 73.27 (C2),63.42 (Cl), 36.14 (C4), 33.81 (C3). rrB n.m.r. (96.30 MHz,

d6-DMSO) õ -2.9 (28), -5.4 (18), -9.4 (3B), -11.6 (48). IR (nujol): t^*2923,2578
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(B-H str), 1690 cm-r (C=O str). An X-ray crystal structure of the compoundr3t *u.

obtained, which confirmed the identity of the product (see Chapter 2).

(((2-(Hydroxymethyl)benzoyl)amino)ethyl)-1,2-dicarba-closo-dodecaborane (36)

10

11 12
4

9

H
oHro

2

?

t

o

This compound was prepared in a similar manner to that described for carboranes 35

and 37. Yield 0.13 g, 86 %: mp 142 - 143 "C 1lit.r37 l2I - 124 "C). rH n.m.r. (d6-

DMSO) ô 8.43 (t,'J"4,n," 5.4H2,lH, NH), 7.44 (m,4H, ArH), 5.24 (bs,lH, H1),5.20

(t,3Jatz.os 5.7 lHz,lH, OH), 4.54 (d '/r,r.o" 5.7 Hz,2H,HI2),3.28 (m, 2H,H4),2.50

(t,3J^t.q 7.5 Hz, H3). '3C .,.-.t. (75.48 MHz, dó-DMSO) ô 168.67 (C5), 140.47,

134.52, t29.82, t27.47, 127.t0, 126.56 (tuC), 74.15 (C2),63.10 (C1), 60.90 (Ct2),

38.31 (C4),35.45 (C3). "B n.m.r. (96.30 MHz, d6-DMSO) ô -3.0 (28), -5.8 (lB), -9.5

(38), -11.4 (48).

(Aminoethyl)-1,2-dicarba-closo-dodecaborane hydrochloride (34)

I o
7

NH3Ct

4

roHro

This compound was prepared in a similar manner to that described for carboranes 23

and,24. Yield 0.08 g, 85 %. 'H n.m.r. (d6-DMSO) õ 8.22 (bs, 3H, NH¡*), 5.41 (bs, lH,

Hl),2.90 (m,2H,H4),2.66 (m,2H, H3). r3C n.m.r. (75.45}/rH2, d6-DMSO)õ72.61

(C2), 62.90 (Cl), 37.52 (C4), 33.42 (C3). I'B n.m... (96.30 MHz, d6- DMSO) S -2.9

(28),-s.6 (tB),-9.7 (38), -12.0 (48).
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Addendum

4.3.2.1 General Synthesis of Mono-Alkylated 1,7-Carboranes

H
C Hz)n

X

:OH
:OH
:OH
: OTBDPS: OTBDPS: oAc

To ¿r solution of I,7-catbotane 3 (0.1 g, 0.69 mmol) in dry THF (8 mL) at 0 'C, was

added clropwise ¡¿-BuLi in hexanes (1.98 M,0.39 n'rl-,0'76 mmol). The mixture was

allowed to stir at this tempetature for 0.5 h, f'ollowed by a further 0.5 h at room

tempelature. Tl-re nixture was then cooled to 0 "C again, and a solution of the

alkylating agent (e.g. methyl chlorofbrmate, oxetane, ethylene oxicle, or halide 65, 70 or

72) (0.69 mmol) in THF (a mL) was then added dropwise. The reaction mixture was

allowecl to warm to room tentperature and then refluxed for 36 h. The solvent was

temoved in vacur¡ a¡d HzO added (5 mL) to the residue. The mixture was extracted

with diethyl ether (or ethyl acetate) (3 x 5 mL) dried with anhydrous NazSO4 and the

solvent renroved in vucu<¡ to give a crude yellow oil, which was a mixture of 1,7 -

carborane, the title compound and the disubstituted product. The crude product was

pLrrifìed by colurnn chromatography (silica) to give the title compound.

14 n:3, X
45 n- I.X
46 n:2.X
63 n-2,X
64 n:3, X
7l n:4, X
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4.3.2 Synthesis of Hetero-Disubstituted (Aminoatþl)-1,7 -dicarba-closo-

dodecaborane Ligands

1-(3-Iodopropyt)-N,IÍ-di-tert-butyloxycarbonyl-7-(3-aminopropyl)-1,7-dicarba-

c los o-ilodecaborane (76)

il

3

BH
5o t0

This compound was prepared by a modification of the procedure reported by

Ghaneolhosseinier for the corresponding 1,12-substituted compound. A solution of di-

tert-butyliminodicarboxylate (0.13 g, 0.58 mmol) in CH2Clz (4.5 mL) was added to a

solution of tetrabutylammonium hydrogen sulfate (0.2 g,0.58 mmol) and 2 M NaOH

solution (0.53 mL) in CHzClz (14 mL) at room temperature. After vigorous stining for

30 min, a solution of 1,7-bis-(3-iodopropyl)-1,7-carborane 75 (0.28 g,0.58 mmol) in

CHzClz (7 mL) was added dropwise, and the reaction mixture refluxed for t h, then

cooled to room temperature. The aqueous phase was extracted with CH2CI2 (3 x 5 mL)

and the combined organic layers were concentrated under reduced pressure. The residue

was stirred with diethyl ether (35 mL) for I h to precipitate tetrabutylammonium iodide,

which was filtered off, and rinsed with diethyl ether (3 mL). The filtrate was dried over

Na2SOa, and concentrated in vacuo to give a crude yellow oil (0.28 g). The oil was

purified by flash chromatography (20% diethyl ether in n-hexane) to give the title

compound 76 (0.09 g,26 o/o). Rr 0.53. 'H n.m.r. (CDCI3) ô 3.45 (t, 3./Hz.s 7.2 Hz,2H,

H8), 3.06 (t,tJrr.r6.6Hz,2H,HI),2.00 (m, 2H,H3),1.88 (m, 4H,H2 +H7),1.66 (m,

2H,H6),1.48 (s, 18H, Hll). '3C r,.-.r. (75.45MH2, CDCI3) õ 152.gg (C9),83.01

(cl0), 75.95 (C4),74.94 (Cs),45.98 (C8),38.rs (C2),34.75 (C3),33.72 (C6),29.9r

(C7),28.64 (Cll), 4.87 (Cl). "B n.m.r. (96.30 MHz,CDCI3) ô -7.5 (28),-11.3 (6B),

-13.7 (28). This compound was not of a sufficient purity for a successful microanalysis

despite repeated attempts at purification.

I6

9

72
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1 -(3-Iodopropyl)-7-(3-aminopropyl)-1'7-di carba-c lo so-dodecaborane

hydrochloride (73)

NH3Ct
)

7-(3-Iodopropyl)-N,N-Di+ert-butyloxycarbonyl-1-(3-aminopropyl)-1,7-dicatba-closo-

dodecaborane 76 (0.2 g, 0.35 mmol) was stirred in 3 M HCI in ethyl acetate (4 mL) for 5

h at RT. The solvent was removed in vacuo to give a crude yellow residue, which was

recrystallized from MeOH / diethyl ether to give the title compound 73 (0.04 g, 28 %).

Mp 187 - 190'C. t'C n.-.t. (75.48 MHz, MeOH I dø-acetone) õ73.21 (C4 + C5),

45.61 (C8),37.18 (C2), 35.55 (C3), 31.52 (C6),25.95 (C7), 1.S3 (Cl). I'B n.m.r.

(96.30 MHz, MeOH I de-acetone) -6.64 (28), -10.41 (68), -12.70 (28). ESIMS: (m/z)

370.5 (M+). Anal Calcd for CsHzsBroClIN: C23.68,H6.21,N 3.45. Found: C23.75.

H6.43,N 3.47.

86J

5

'7

I
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4.4 Synthesis of Platinum(Il)-Amine Complexes

4.4.1 C¿.r- and Trans-lPtClz(NH¡)zl Derivatives Containing the

(Aminoalkyl)carborane ligands

The complexes prepared in this section were inherently unstable (see Chapter 2).

Purification by recrystallization or by other meons was generally unsuccessful. As a

result, suitable micro-analytical data could not be obtained in most cases, with the

exception of cis-diamminechloro((3-aminopropyl)-1,2-dicarba-closo-dodecaborane)

platinum(ll) triflate 89.

C¡b-diamminechloro((aminomethyl)-1,2-dicarba-closo-dodecaborane)platinum(II)

triflate (88)

@ê
Tfo-NHo

I

HeN-
Tt-

NHz

oHr o

To a stirred suspension of crs-[PtCl2(NH3)2] 19 (0.07 g, 0.23 mmol) in DMF (1 mL),

was added a solution of silver triflate (0.048 g, 0.19 mmol) in DMF (1 mL). The

mixture was then stirred in the absence of light for 48 h, and then filtered through Celite

filter aid. Solid KzCO3 (0.06 g,0.46 mmol) was added to (aminometþl)-1,2-dicarba-

closo-dodecaborane hydrochloride 23 (0.049 g,0.23 mmol) in distilled H2O (5 mL),

effecting immediate precipitation of a white solid. The mixture was extracted with

CHzClz (3 x 10 mL), and the combined extracts were washed with brine (20 mL), HzO

(10 mL) and dried with anhydrous NazSO¿. The free ligand (0.35 g, 2.02 mmol) was

then dissolved in DMF (l mL) and added to the above hltrate. The mixture was then

stirred for 12 h at room temperature. THF (2 mL) was then added to precipitate

unreacted cis-[PtCl2(lt{H3)2] 19, and the mixture filtered through Celite filter aid. The

filtrate was concentrated in vacuo and diethyl ether added to the residue to precipitate an

off-white product, which was collected by centrifuging, and dned in vacuo to give the

2t

c
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title complex 88 (0.012 g,lI o/o). rH.t.-.r. (d6-DMSO) ô S.SS (br s, 3H, NH:), 5.49 (br

s, lH, CH-B.us.), 3.80 (s, 2H, CH2). "B n.m.r. (96.30 ly'r[z, DMF / d6-acetone) õ -2..4

(28), -5.6 (lB), -9.0 (38), -12.21+n¡. 'esPt n.m.r. (64.39 MHz, DMF / d6-acetone) ô -
2413. ESIMS (5 % DMF / MeOH): m/z 438.1 (M*), 384.5 (M*- NH3 - Cl).

T r ans -diamminechloro((aminomethyl)-1,2-dicarba-c/os¿-dodeca borane)

platinum(Il) triftate (91)

H3
@r.o

)N

I 2l

ï'-*
H2

NHs roHr o

To a stirred suspension of trans-fPtClz(NH¡)zl 94 (0.07 g,0.23 mmol) in DMF (l mL)

was added a solution of silver triflate (0.048 g, 0.19 mmol) and the mixture was stirred

in the absence of light for 48 h, and then filtered through Celite filter aid. Solid KzCO:

(0.06 g, 0.046 mmol) was added to a solution of (aminomethyl)-1,2-dicarba-closo-

dodecaborane hydrochloride 23 (0.049 g,0.23 mmol) in distilled H2O (5 mL). The

solution was extracted with CHzClz (3 x l0 mL), and the combined extracts washed

with brine (5 mL) and dried with anhydrous Na2SO4, àîd the solvent removed in vacuo

to give the free amine (0.03 g, 0.17 mmol), which was dissolved in DMF (1 mL). The

solution was then added to the above filtrate containing Pt, and the mixture was allowed

to stir for 12 h. The mixture was concentrated in vacuo and THF (2 mL) was added to

the residue to precipitate uffeacted trans-lPtcl2(NlH3)z) 94, which was removed by

filtration through a Celite filter aid plug. Diethyl ether was added to the filtrate to

precipitate a fine beige powder, which was collected by centrifuging, to give the title

complex 91 (0.025 g,23 Yo). 'H n.m... (d7-DMF) õ 4.77 (br s, lH, CH-B"us.), 3.96 (m,

2H, CH2),3.47 (br s, 6H, NH¡), 4.27 (br s, 2H, NHzCHz). t3C n.m.r. (75.48 MHz, d7-

DMF) õ 75.67 (C2), 62.57 (Cl), 51.90 (C3). 'rB n.m.r. (96.30 MHz, d7-DMF) ô -2.8
(28), -5.0 (lB), -9.9 (38), -12.2 (48). 'esPt n.m.r. (64.39 MHz, d7-DMF) õ -2402.

ESIMS (5 % DMF / MeOH): m/z 437 .0 (M*), 400.9 (M*- Cl), 384.3 (M*- Cl - NH3).
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Trans-diamminechloro((2-aminoethyl)-1,2-dicarba-closo-dodecaborane)-

platinum(Il) triflate (92)

@ troo
NH"
I

4 2t

ct-

HgN- NHz

1t-NH,
NHs

3 oHro

oHr o

Trans-lPtClzG.JH¡)zl 94 (0.025 g, 0.83 mmol) was converted to the corresponding DMF

complex, (in this case trans-fPtcl(dmf)(NH¡)z]) 95, the free ligand (0.016 g, 0.09

mmol) obtained from the corresponding HCI salt 34, and the complexation and work up

were carried out using the same procedures as detailed above for complexes 88 and 91.

This yielded a somewhat sticky solid which was identified to be the impure title

complex 92 (0.08 g, 16 Yo). Attempted recrystallizations to give the pure compound

proved unsuccessful. "8 .t.-... (96.30 MHz, DMF / d6-benzene) ô -7.5 (28), -10.3
(18), -14.3 (38), -16.3 (48). resPt n.m.r. (64.39 MHz, d6-benzene) -2413. ESIMS (5

% DMF / MeOH): m/z 452.1 (M*), 434.3 (M*- NH3),4t5.1 (M*- Cl), 39g.3 (M*- NH3

- cl).

C¿b-diamm inechloro((3-aminopropyl)- 1,2- dicarba-c losa-dodecaborane)-

platinum(Il) triflate (89)

@ ,.ot5

2l

4

ct

The complexation procedure was carried out as described in the above examples 88, 91,

and 92, using (aminopropyl)-1,2-dicarba-closo-dodecaborane (0.055 g, 0.23 mmol).

V/ork up and recrystallization from THF / diethyl ether yielded colourless needles of the

title complex 89 (0.073 g,64Yo).'3C n.m.r. (75.4SMHzlCH3CN ld6-benzene)õ76.41

(C2),65.51 (Cl), 45.53 (C5),34.37 (C3), 30.20 ([3/0,. 63.0 Hz] C4),t rB n.m... (THF /

d6-benzene) õ -7.0 (28),-10.4 (lB), -13.9 (38), -16.1 (48). 'e5Pt n.m.r. (64.39MHz I
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d6-benzene) -2407. ESIMS (5 % DMF / MeOH): (m/z) 465.1 (M*), 447.9 (M*-NH3),

412.2 (M*-Cl), 395.3 (M*-CI-NH3). Anal Calcd for CoHzsBro CIF¡N¡O3PIS: C 71.71,

H 4.10, N 6.83. Found: C 71.75,H4.16,N 6.79.

Trans-diamminechloro((3-aminopropyl)-1'2-dicarba-closa-dodecaborane)-

platinum(Il) triftate (93)

oHr

@ ttoo
2

NH"
I

H2

T'-'
NHs

The procedure for the complexation was carried out as described in the above examples

88 - 92, yielding an off-white powder of the title complex 93 (0.075 g,52%o). 'H.,.-.r.
(d7-DMF) ô 5.48 (br s, lH, Hl),4.29 (br s, 2H, NHz), 3.60 (br s, 6H, NH:), 2.74 (t3Js¡1

12H2,2H,H5),2.48 (m,2H,H3),2.00 (m, 2H,H4). '3C n.m.t. (75.48}/IH2, CH¡CN /

d6-beruene) 6 76.45 (C2),63.49 (CI),47.31 (C5), 35.15 (C3), 31.24 (Í3Jptc 60Hzl C4).

'rB n.*... (96.30 }/fHz ld7-DMF) õ -3.0 (28), -6.1 (18), -9.6 (3B), -11.6 (48). resPt

n.m.r. (64.39 MHz I d7-DMF) õ -2412. ESIMS (5 % DMF / MeOH): m/z 465.1 (M*),

429.1(M*- Cl), 4t2.2 (M*- Cl -NH¡), 395.3 (M*- Cl -NH¡-NH¡).

Attempted synthesis of cis-diamminechloro(7-(3-aminopropyl)-1-(3-iodopropyl)-

1,7-dicarb a-closo-dodecaborane)platinum(Il) tetrafluoroborate (90)

N
I

H3 BFP8 6

54
HsN- NHz

BloHro

The procedure for the complexation between crs-[PtQrlH:)zClz] 19 (0.019 g, 0.062

mmol) and 7-(3 -iodopropyl)- 1 -(3 -aminopropyl)- 1 ,7-dic arba-closo-dodecaborane

hydrochloride 73 (0.024 g, 0.059 mmol) was carried out in the same manner as the

above examples 88 - 93 to yield a sticky residue. This material was dissolved in MeOH

c
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/ acetone (1:l) (3 mL) and solid sodium tetrafluoroborate (0.007 g,0.059 mmol) was

added to the solution. The mixture was allowed to stand at room temperature for 12 h.

Slightly sticky yellow needles were collected and recrystallized from MeOH to give the

title complex 90 (0.024 g,56 Yo). tH n.m.r. (d6-acetone) ô 4.56 (br s, 2H,NHz), 4.30 (br

s, 3H, NH:), 3.84 (br s, 3H, NH:), 3.22 (t3JHt.s2.l Hz,2H,Hg),2.75 (m,2H,HI),2.I3

(m, 2H, H3), 1.86 (m, 4H, H2 + H7),1.45 (m, 2H, H6).t3C n.m.r. (75.49 MHz, DMF /
dd-benzene) ô 77.80 (C4 + C5),45.73 (C8),37.25 (C2),33.72 (C3), 31.04 (C6), 29.60

(C7),5.52 (Cl). "B n.m.r. (96.30 MHz, DMF I d6-benzene) ô -12.0 (28), -15.9 (88).

'e5Pt n.m.r. (64.34 MHz,DMF I d6-benzene) õ -2413.
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4.5 Synthesis of (Thioalkyl)carborane Ligands

4.5.1 1 -(Thioalkyl)-1,2-carborâne Ligands

3-(Tert-butylsulfanyl)-1 -propyne (1 I a)

5

)
4

This compound was prepared by a modification of the method reported by Pourcelot and

Cadiot.2o2 Yield (3.16 g, 66 %). u".,* (Nujol) 3297, 2962,2119 cm-t (C=C). 'H n.m.r.

(CDCI3) ô 3.31 (d,oJrr.r3.0Hz,2H,H3),2.22 (t, a./Hr,: 3.0 Hz,lH, Hl), 1.41 (s,9H,

H5). '3C n.m.r. (75.48}/rH2, CDCI3) ô 81.84 (C2),70.71(Cl),43.60 (C4),31.00 (C5),

16.69 (C3). Rr 0.46 (1 %o ether).

l-l(Tert-butylsulfanyl)methyll -1,2-dicarba -closo-dodecaborane (1 I 5)

roHro

This compound was prepared by a modification of the method reported by HeÍmanek.l50

A solution of ll4 (2 g, 15.6 mmol) in toluene (5 mL) was added to a stirred solution of

the acetonitrile adduct of decaborane (3.15 g, 15.6 mmol) in toluene (25 mL) and the

mixture heated at 80 'C for 4 h. The solvent was removed in vacuo, and the residue was

extracted with ¡¿-hexane (4 x 20 mL) to give 115 as a white solid (1.13 g,30 %), mp

74 - 77 "C, Rr 0.39 (1 %o ether I 99 % n-hexane). u,n* (Nujol) 2922,2592 cm-t (B-H).

'H n.m... (CDCI3) õ 4.04 (br s, lH, Hl),3.29 (s,2H, H3), 1.30 (s,9H, H5). r3C n.-.r.
(7s.48ll4H2, CDCI3) õ73.77 (C2),59.31 (Cl), 44.s7 (C4),34.89 (C3),31.01 (C5). rrB

n.m.r. (96.30 MHz, CDCI3) ô -2.8 (18), -5.7 (1B), -9.3 (28),-10.7 (2B), -13.4 (4B).
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1-Sulfanylmethyl-1,2-dicarba-c/osa-dodecaborane (1 I 0)

H

oHro

This compound was prepared by a modification of the method reported by HeÍmánek.l50

Purification of the crude product by flash chromatography (10% CHzClz in n-hexane)

gave the pure title compound 110. Yield (0.13 g, 56 o ), Rr 0.30, mp 44 - 46'C 1lit.r50

55 "C). un,'u* Q.lujol)2920,2594 cm-t (B-H / S-H). IH n.m.r. (CDCI3) õ 4.20 (br s, Hl),

3.37 (d, '/"r.r" 9.9 Hz, H3), 1.40 (t,'./"r.." 9.9 Hz, SH). t3C n.m.r. (75.48MH2,

CDCI3) ô 75.03 (C2),59.66 (Cl),31.66 (C3). rrB n.m.r. (96.30 MHz, CDCI3) E-2.9

(lB), -5.7 (lB), -9.0 (28), -10.9 (28), -13.3 (48).

5-(Tert-butylsulfanyl)- I -pentyne ( I I 6)

) 7

12 6

4

This compound was prepared in a similar manner to that described for alkyne ll4. To a

stirred solution of NaOEt (1.38 g, 20.3 mmol) in EtOH (15 mL) was added 2-methyl-2-

propanthiol (2.09 g,23.2 mmol). After stirring for 15 min, 5-chloropent-l-yne28 (2.0

g,19.5 mmol) was added dropwise while the temperature was kept below 30"C. After

the addition was complete, the reaction mixture was stirred at room temperature for 4 h.

The reaction mixture was then poured into HzO (58 mL) containing conc. HCI (3 mL),

and extracted with hexane (3 x 30 mL), washed with NaHCO¡ solution (3 x 15 mL),

dried with anhydrous NazSO¿, and concentrated in vacuo to give a slightly yellow oil

(1.78 g). The oil was purified by flash column chromatography (n-hexane lCHzClz

10:1) to give pure 116 as a colourless oil (0.92 g,30%o ) Rr0.31, rH n.m.r. (CDCI3) ô

2.64 (t,3Juq57.2H2,2H,H5),2.32 (td,,3Js.a7-2Hz,alat.z2.4Hz,2H,H3), l.g7 (t,
aJnt.z2.4Hz,lH, Hl), 1.79 (quin,3Juz.q,7.2Hz,2H, H4), 1.33 (s,9H, H7). '3C.r.*...
(75.48 MHz, CDCI3) ô 84.18 (C2), 69.45 (Cl), 42.68 (C6), 31.62 (C7),29.31 (C4),

27.74 (C5), 18.43 (C3).
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l-13-(Tert-butylsulfanyl)propyll-1,2-dicarba-closo-dodecaborane (117) attempt I

7

t2 6

4

oHro

The preparation of this compound was attempted in a similar manner to that described

for carborane 115. To a stirred suspension of decaborane-acetonitrile adduct (0.65 g,

3.2 mmol) in toluene (10 mL) was added 116 (0.5 9,3.2 mmol) in toluene (3 mL). The

mixture was then heated at 80 'C for 4 h. After cooling, the solvent was removed in

vacuo and the residue extracted with n-hexane (5 x 5 mL) and concentrated in vacuo to

give a bright-yellow oil (0.26 Ð. N.m.r. and t.l.c. data indicated that the oil was a

mixture of many components, and n.m.r. spectroscopy indicated that the desired product

was not present.

1-Bromo-3 -(te rt-butylsulfanyl)propane (1 I 9)

3 5

4

')

This compound was prepared by a modification of a method reported by Anklam.203 To

a solution of 1,3-dibromopropane 120 (4.0 g, 19.8 mmol) in dry EtOH (50 mL), was

added dropwise a mixture of NaOEt (1.48 g, 21.8 mmol) and 2-methyl-2-propanthiol

(1.79 g, 19.8 mmol) in EtOH (20 mL). The mixture was then stirred at room

temperature for l8 h. H2O (100 mL) was then added, and the mixture extracted with

CHzClz (3 x 40 mL) and washed with brine (a0 mL). The organic layer was dried with

anhydrous MgSOa and concentrated in vacuo to give a yellow oil (4.01 g). The oil was

purified by flash chromatography (20 o/o CHzClz in n-hexane) to give the pure title

compound ll9 (2.15 g, 5l %o) Rr 0.37. tH n.*.r. (CDCI3) õ 3.53 (t,3Ju,.z 6.3 Hz,2H,

Hl),2.69 (t,3Juz.z 6.9 Hz,2H, H3),2.12 (m,2 H, H2),1.35 (s, 9H, H5). '3C n.-...
(75.48 MHz, CDCI3) ô 42.88 (C4),33.41 (C3), 33.23 (Cl), 31.65 (C5), 27.24 (C2).

EIMS. m/2212,210 (M*', 39 %);197,195 (Br(CHz)gSC(CH:)z); t56,154 (Br(CH2)S, 8

%);57 (C¿Hç, 100%);41 (C¡Hs).
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l-[3-(Tert-butylsulfanyl)propyl]-1,2-dicarba-closo-dodecaborane (117) attempt 2.

15

t¿

4

loHro

To a solution of |,2-carborane 3 (0.4 g,2.77 mmol) in dry DME (10 mL) at 0 "C was

added r¡-Buli in hexanes (2.5 M,1.11 mL, 2.77 mmol) dropwise. The reaction mixture

was then stirred at this temperature for 0.5 h, and then at room temperature for a further

0.5 h. A solution of 119 (0.59 g, 2.7'7 mmol) in DME (a mL) was then added dropwise

at 0 "C, and the reaction mixture was allowed to warm to room temperature and stirred

for 40 h. HzO (10 mL) was then added, and the mixture extracted with diethyl ether (4 x

5 mL), washed with brine (3 mL), and the organic extracts dried with anhydrous NazSO¿

and concentrated in vacuo to give a yellow oil (0.73 g). The oil was purified by flash

chromatography (5 % diethyl ether I n-hexane) to give the pure title compound 117

(0.21 g,27 %). Rr 0.26, mp 45 - 47 "C, un'* (Nujol) 2922,2594 (B-H),2352 cm-r 15-

H). 'H n.m.r. (CDCI3) ô 3.59 ( br s, lH, Hl), 2.51 (t,3Jnq.s 6.6H2,2H,H5),2.36 (m,

2H,H3),1.79 (m,2IH^,IH4),1.32 (s, gH,H7). '3C n.-.r. ô (75.43 MHz, CDCI3) ô 75.51

(C2),61.96 (C1), 43.01 (C6),31.59 (C7),29.97 (C3),27.94 (C4). I'B n.m... (96.30

MHz, CDCI3) õ -2.6 (18), -5.98 (18), -9.5 (2B), -11.8 (4B), -13.3 (2B). Anal. Calcd

for CqHzoB¡6S: C 39.38, H 9.55. Found: C 39.42,H9.69.

l-(3-Sulfanylpropyl)-1,2-dicarb a-closo-dodecaborane (1 12)

3

l2
SH

4

oHr o

This compound was prepared by a modification of the procedure reported by

Heimánek.r50 To a stined solution of ll7 (0.14 g, 0.52 mmol) in dry benzene (2 mL)

was added solid AlzCl6 (0.10 g,0.76 mmol) in small portions. After stirring the mixture

for 4 h the reaction mixture became brown in colour. After 24 h, the solvent was

removed in vacuo and HzO (5 mL) was added to the residue. The mixture was extracted

with n-hexane (4 x 5 mL), washed with brine (5 mL), dried with anhydrous Na2SOa and
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concentrated in vacuo to give a colourless oil (0.069 g). The oil was purified by flash

chromatography (20 % diethyl ether / n-hexane) to give colourless crystals of the title

compound 112 (0.031 g,28 o/o) Rr 0.28, mp 5l - 53 'C, 'H tt.-... (CDCI3) ô 3.60 (br s,

H1),2.53 (q,'./"r.r" 8.1 Hz,2H, H5), 2.39 (m,2H,H3), 1.83 (m, 2H,H4), 1.37 (t,

'Jrr,r" 8.1 Hz, SH). '3C n.m.r. (75.48 MHz, CDCI3) õ 75.21 (C2),62.05 (CI),37.23

(C5),33.75 (C3),24.27 (C4). "B n.m.r. ô (96.30 MHz, CDCI3) -2.5 (18), -5.9 (lB), -
9.5 (28), -l 1.9 (4B), -13.3 (2B). Anal. Calcd for C5H¡sBroS: C 27.50, H 8.31. Found:

c27.52, H 8.16.

2-(T e rt -bufylsulfanyl)- l -ethan o I (12 4)

) 4
H

This compound was prepared using a similar procedure to that reported by

Ranganathan.20o To a solution of 2-bromoethanol 123 (3.0 g, 24 mmol) in20 Yo NaOH

solution (7.5 mL) was added dropwise a solution of 2-methyl-2-propanthiol (2.I7 g,24

mmol) in 20 % NaOH solution ( 7.5 mL) and HzO (10 mL). When addition was

complete, the solution was refluxed for I h, and then allowed to stir at room temperature

for 12 h. The reaction mixture was extracted with diethyl ether (3 x l0 mL), dried with

anhydrous NazSO¿ and concentrated in vacuo to give the pure title compound as an

orange oil 124 (2.42 g,77 %). u,u" (neat) 3368 (OH),2960 (CH) cm-r. tH n.m.r.

(CDCI3) õ 3.71 (t,tJ^r.r.6.3 Hz,2H, Hl), 2.75 (t,3útt,z 6.3 Hz,2H,H2), L33 (s, 9H,

H4). ''C n.rn.r. (75.48 MH4 CDCI3) õ 62.08 (Cl),42.95 (C3),32.40 (C2),31.74 (C4).

EIMS. m/z 134 (O(CH2)2SC(CH¡)¡, 18 o/o), 57 (CaHs, 100 o/o),41 (C3H5, 42%).

J
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2- [(2-Bromoethyl)sulfanyl] -2-methylpropane (1 2 1)

I 4

J

To a stirred solution of 124 (l g, 7.4 mmol) in dry CHzClz (20 mL) and carbon

tetrabromide (3.07 g,9-26 mmol) at 0"C, was added dropwise a solution of PPh¡ (2.91 g,

11.1 mmol) in CHzClz (20 mL)- The reaction mixture was then stirred at room

temperature for 2 h. The solvent was removed to give a crude orange residue. The

residue was purified by squat column chromatography (2 % diethyl ether / n-hexane) to

give the title compound 121 as a colourless liquid (0.80 g, 55 %) Rr 0.69, un,'* (neat)

2961,738,612 cm-' 1C-B.1. 
rH.t.m... (CDCI3) ô 3.46 (m, 2H, Hl),2.96 (m,2H,H2),

1.34 (s, gH,H4). '3C n.m.r. (75.48l/flflr2, CDCI3) ô 43.84 (C3),31.76 (C4),3i.65 (C1,

C2).EIMS. m/2197,199 (M*, 6yo),58 (C+Hro, 100yo),41 (C¡Hs, 50%).

t-\2-(Tert-butylsulfanyl)ethyll -1,2-dicarb a-closo-dodecaborane (f 25)

6

3 5

l2

4

oHr o

To a solution of \,2-carborane 3 (0.3 g,2.08 mmol) in dry DME (8 mL) at 0 "C, was

added dropwise n-BuLi in hexanes (2.34 M, 0.89 mL, 2.08 mmol). The reaction

mixture was allowed to stir at this temperature for 0.5 h, followed by a funher 0.5 h at

room temperature. The mixture \ryas then cooled to 0 "C again, and a solution of l2l
(0.41 g, 2.08 mmol) in DME (a mL) was then added dropwise. The reaction mixture

was allowed to warrn to room temperature and stirred for 36 h. The solvent was

removed in vacuo and HzO added (5 mL) to the residue. The mixture was extracted

with dietþl ether (3 x 5 mL) dried with anhydrous Na2SOa and the solvent removed in

vacuo to give a crude pale yellow oil (0.43 g). The crude product was purified by flash

chromatography (5 o/o diethyl ether / n-hexane) to give the title compound as a

colourless solid 125 (0.15 g, 28 %) R¡ 0.3, mp 85 - 90 "C, u',* (nujol) 2921,2599 cm-l

(B-H). 'H n.m.r. (CDCI3) õ3.73 (br s, Hl), 2.64 (m,2H,H4),2.46 (m,2H,H3),1.33 (s,
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9H, H6). '3C n.m... (75.48MH2, CDCI3) õ 74.82 (C2),6L75 (Cl), 43.72 (C5), 39.08

(C4), 31.47 (C6),27.69 (C3). "B n.m.r. (96.30 MHz, CDCI3) õ -2.4 (lB), -5.8 (tB), -
9.6 (28), -11.9 (48), -13.2 (28). High-resolution MS m/z 260.2 (M*, 100%),245.2

((CH3)2CS(CHùz-l,2-C281çH1y,45 o/o),203.2 (CS(CH2)2-1,2-CzBrcH¡,45 o/o).

1-(2-Sulfanylethyl)-1,2-dicarba- closo-dodecaborane (l I 1)

t2

oHr o

4

This compound was prepared in a similar manner to that described for carborane ll2.
Purification by flash chromatography (10 % diethyl ether / n-hexane) gave the title

compound ltf (0.04 g, 52 o/o) R¡ 0.28, mp 104 - 108 'C, 109 - 1ll 'C, D** (nujol)

2924,2595 (B-H),2361 cm-' 1S-H;. 'H n.m.r. (CDCI3) õ 3.67 (br s, Hl ),2.65 (m,2H,

H4),2.52 (m,2H, H3), 1.53 (t, './"0,r" 7.8 Hz, SH). '3C n.m... (75.45 MHz, CDCI3) õ

72.22 (C2),6L 8l (C1), 42.75 (C4),23.68 (C3). ''B n.m.r. (96.30 MHz, CDCI3) õ -2.3

(18), -5.6 (18), -9.5 (28), -12.0 (4B), -13.2 (28). Anal. Calcd for CaH¡6B1eS: C

23.51, H 7.89. Found: C 23.52, H 7.90.

4.5.2 Synthesis of 1-(Thioalkyl)-1,7-carborane Ligands

f - [(Methylsulfanyl)carbothioyl] -1,7-dicarba-c loso-dodecaborane (126)

S

4

2

o

The preparation of the compound was adapted from the procedure reported by

Nachman.2os To a stirred solution of 1,7-carborane 4 (0.4 g,2.77 mmol) in THF (4 mL)

at -10 "C was added dropwise a solution of ¡¡-BuLi (2.34li/.,1.24 mL,2.9l mmol). The

reaction mixture was stirred at this temperature for 1.5 h. A solution of LiBr (0.04 g,

0.55 mmol) and CuBr (0.08 g, 0.55 mmol) in THF (S mL) was then added dropwise at
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-15 'C and the mixture stirred for 15 mins. Carbon disulfide (0.30 g, 3.88 mmol) was

then added dropwise to the mixture at -10 "C and the resulting bright-red mixture stined

for a further 1.5 h. Methyl iodide (0.59 g, 4.16 mmol) was then added dropwise at -15
"C, and the reaction mixture stirred for 1.5 h, during which time the solution was

allowed to warm to room temperature. The mixture was washed with KCN (0.14 g,

2.14 mmol) in HzO (5 mL), and the two layers were separated. The organic layer was

extracted with diethyl ether (4 x 4 mL), washed w'ith brine (5 mL) and dried with

anhydrous NazSO¿. The solution was concentrated in vacuo to give a bright-orange oil

(0.70 g). The oil was purified by flash chromatography (n-hexane) to give bright-orange

crystals of the title compound 126 (0.36 g, 55 %) Ri 0.53, mp 51.5 - 53.5 "C, ù,"..

(nujol) 2913,2607 (B-H), I183, 1089 cm-r (C:S). 'H n.-... (CDCI3) õ 3.06 (br s, Hl),

2.60 (s, H4). 13C.r.m.r. (75.48MH2, CDCI3) õ220.91(C3),55.12 (Cl),23.44 (C4).

C2 could not be detected. I'B tr.m... (96.30 MHz, CDCI3) ô -4.5 (1B), -7.8 (18), -11.1

(48), -13.7 (28), -15.1 (28). Anal. Calcd for C¡Hr¿BroSz: C 20.50,H 6.02. Found: C

20.39,H 6.12.

1-Sulfanylmethyl-1,7-dicarba-c/aso-dodecaborane (l l3)

J

SH

He

The compound was prepared by a modification of the procedure reported by

Nachman.20s To a solution of 126 (0.33 g, l.4l mmol) in dry toluene (10 mL), was

added dropwise a solution of 2M borane-dimethylsulfide complex in THF (0.74 mL,

1.48 mmol). The bright-orange mixture was refluxed for 5 h, after which time the

solution had become colourless. The solution was allowed to cool to room temperature,

and conc. HCI (8 mL, 80 mmol) was added, and the mixture refluxed for 12 h. After

cooling, the two layers were separated, and the aqueous layer extracted with n-hexane (4

x 4 mL). The combined organic extracts were washed with brine (2 x 5 mL), dried with

anhydrous NazSO¿, and concentrated in vacuo to give a pale orange oil (0.28 g). The

crude product was purified further by flash column chromatography (n-hexane) to give

shiny colourless crystals of the title compound 113 (0.14 g, 52 %). Rr 0.44, mp 25 -
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27 'C, u*u'. (nujol) 2914,2602 (B-H/ S-H). rH n.m.r. (CDCI3) ô 3.04 (d, 3/n¡,s, 9.0 Hz,

H3),2.98 (br s, Hl), I.82(t, './"r.r" 9.0 Hz, SH). t3C rr.-... (75.45IVIHz, CDCI3) ô

55.21 (Cl). 30.93 (C3), (C2) not observable. "B n.m.r. (96.30 MHz, CDCI3) ô -4.0

(18), -9.9 (lB), -11.0 (48), -13.6 (28), -15.7 (28). Anal. Calcd for C3HlaB¡eS: C

18.93, Hl.4l. Found: C 18.87, H7.39.

4.6 Synthesis of Metallointercalator Complexes

4.6.1 Preparation of Metallointercalator Complexes C ontain in g 2 12' 26 12" -

Terpyridine and I -(Thioalkyl)-1,2- or 1,7-carborane Ligands.

(1,2-Dicarba-closo-llodecaborane-1-thiolato)(2,2':6',2"-terpyridine)platinum(II)

triflate (143)

4
@

TÐ

6
J

T_
5' ó'

61

5

4

To a stirred suspension of chloro(2,2':6',2"-terpyridine)platinum(Il) chloride dihydrate

96 (0.1 g, 0.19 mmol) in DMF (1 mL) was added a solution of silver triflate (0.094 g,

0.36 mmol) in DMF (0.5 mL). The mixture was stirred in the absence of light for 48 h.

The mixture was then filtered through Celite filter aid to remove the AgCl. A solution

of 105 (0.033 g, 0.19 mmol) in DMF (l mL) was then added, and the mixture stirred for

2.5 h. Diethyl ether was then added to precipitate an orange product, which was

collected by centrifuging and then washed with additional diethyl ether and then dried in

vacuo to give the title complex 143 (0.061 g, 45 Yo). rH n.m... (599.894 MHz, d6-

acetone) õ9.467 (d,'./"r,u 5.4H2,¡3Jrrr27.6Hz],2H,H6, H6"), 8.735 (m,2H,H3',
H5'), 8.683 (m, 3H, H3, H3" + H4'), 8.583 (td 3-lH¿.s l.g Hz,3Jp.a 7.g Hz, H4, H4-),
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8.099 (ddd 3-Iu¿.s 1.8 Hz,3Jss.o 5.4 Hz, aJ¿3.5 
7 -2 Hz, 2H, H5, H5"), 4-96 (br s, CH-

B.ue.). t3C tt.m.r. (150.359 lHrz, d6-acetone) ô 159.612 (C2, C2"),155.380 (C2', C6'),

153.836 (C6, C6"), 144.298 (C{',), r43.631 (C4, C4"),130.148 (C5, C5"), 126.652 (C3,

C3"), 125.126 (C3', C5') , 76.90 (C-B.ug"), 71.045 (CH-B".g.). "B n.m.r. (96.30 MHz,

DMF I d6-benzene) ô -8.0 (28), -14.2 (br, 68), -l S. I (28). 'e5Pt n.m.r . (64.34 MHz,

DMF I da-benzene) õ -3140. E.S.M.S. m/z 603.2 (M*), 454.8. Anal. Calcd for

CrsHzzN¡SzO¡BroF¡Pt: C28.72,H2.95,N 5.58. Found: C 28.81, H 2.85, N 5.60.

(1,2-Dicarba-c los o-dodecaborane-1 -methanethiolat o)(2,2' :6' 12" -

terpyridine)platinum(II) triftat e (144)

4
(:l@

Tfo

6)

5' 6',
roHro

1

The procedure for the removal of the chloro ligand from the platinum centre in

chloro(2,2':6' ,2"-terpyridine)platinum(Il) chloride dihydrate 96 was the s¿tme as

described for complex 143. A solution of 110 (0.036 g, 0.19 mmol) in DMF (l mL)

was then added to the solution of [Pt(dmf)(2,2':6,2"-terpy)]2*, and the mixture stirred

for 1.5 h. Dietþl ether was added to the solution, precipitating an off-white solid,

which was filtered off. Additional diethyl ether was added to precipitate the product,

which was collected by centrifuging, washed with diethyl ether, and dried in vacuo to

give the title complex 144 (0.0869, 70 %). 'H n.m... (d6-acetone) õ 9.27 (d 3.IHs,o 5.9

Hz,f3Jpn37.5 Hzl2H,H6, H6"), 8.62 (m, 2H,Hï, H5'), 8.59 (m, 2H, H3, H3" + H4'),

8.52 (td, 3Jato,7.8 Hz,3J¡1a.51.8 Hz, 2H,H4,H4-),8.00 (ddd, 3J^0.,l.8Hz,3Jas,o 5.9

Hz,al¡p.59.6H2,2H,H5,H5"), 4.87 (br s, lH, CH-B),3.49 (s [3Jptu 37.8] 2H,CH2).
t'C ,r.-.r. (50.3 MHz, d6-acetoîe) ô 160.0 (C2, C2-), 154.7 (C2',C6'), 153.3 (['Jrr,

j

6

5

4
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30.0 Hzl, C6, C6'), 143.6 (C4, C4" + C4'), 130.4 (['/0,c, 4I.9 }y'^]Hz], C5, C5"), 127.0

([',rr,. 31.4 Hzf, c3, C3"), 125.4 (C3" C5'), 66.1 (CH-C.ug"-B), 62.2 (CH-B), 37.6

(CH2-S). "n 196.t0 MHz, DMF I d6-benzene) ô -7.8 (18), -10.6 (1B), -14.1 (28), -
15.6 (28), -16.8 (28), -17.5 (28). 'etPt n.m.r. (64.34 MHz, DMF I d6-benzene) õ -
3135. ESMS. m/z 618.2 (M*), 429.4 (CrsHr¡N3Pt*). UV-vis (0.1 MNaCI) 201.2,0.70;

244.8, 0.53; 278.5, 0.44; 327.7, 0.28; 343.33, 0.23. Anal. Calcd for

CrsHz¿BroF:N:O¡PtSz: C29.76, H 3.15, N 5.48. Found: C29.77, H 3.10, N 5.43.

(1,2-Dicarba-closo-dodecaborane-1-(2-ethanethiolat o))(2,2' :6',2" -

terpyridine)platinum(II) tetrafluoroborate (145)

@O
BF¿

4

5

6)
N
I

oHr

5' 6'
') 6

5

4

The procedure for the removal of the chloro ligand from the platinum(Il) centre in

chloro(2,2':6',2"-terpyridine)platinum(Il) chloride dihydrate 96 was the s¿rme as

described for complexes 143 - 144. A solution of 111 (0.017 g, 0.083 mmol) in DMF

(1.5 mL) was added to the solution of Pt[(dmÐ(2,2':6,2"-terpy)]2*, and the mixture

stirred for 5 h. A few drops of benzene were added to the solution, which was then

allowed to stand overnight. A small amount of starting material was filtered off, and the

solvent was removed in vacuo. The residue was dissolved in MeOH (3 mL) and solid

NaBF¿ (0.009 g, 0.084 mmol), was added. The solution was then allowed to stand for

12 h. The brick-red product was collected by centrifuging and then washed with dietþl

ether to give the title complex 145 (0.005 g,8 o/o). rH n.m.r. (d6-acetone) õ 9.32 (d,

3Jus.ø7.5IJ2,2H,H6, H6"),8.69 (m, 2lH,lH3',H5'),8.59 (m,3H, H3, H3" +H4'),8-42

(t,'Jrr,o7-5H2,2H,H4,H4"),7.89 (t,3Jns,e 7.5H2,2H,H5),4.63 (s, lH, CH-B"'".),
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3.00 (m, 4H, CH2). '3C .r.m.r. (75.48 MHz, DMF I de-benzene) ô 158.91 (C2, C2-),

154.58 (C2"C6',),153.48 (C6,C6),142.77 (C4,C4" +C4',),129.53 (C5, C5"), 126.29

(c3, c3"), l24.gr (c3" c5'),75.98 (C-B.ug.), 63.20 (CH-Bca"e),42.37 (CH2S), 29.90

(CH2-CB"ug.). "B n.m.r. (96.30 MHz, DMF I d6-benzene) ô -7.6 (lB), -10.5 (18), -
14.3 (38), -16.3 (38), -17.5 (28).'esPt n.m.r. (64.34 MHz,DMF / d6-benzene) ô -
3155. ESIMS: m/z 631.4 (M*), 429.5 (M-C+HrsBroS). Despite repeated attempts at

recrystallization, a sample of sufficient purity for elemental analysis could not be

obtained.

(1 12-Dicarba-closo-dodecaborane- l-(3-propanethiol ato))(2 12' z6' 12" -

terpyridine)platinum(II) tetrafluoroborate (146)

@ ô
BF¿-

6

4

5', 6',
loHr

) 6

5J

4

The procedure for the removal of the chloro ligand from the platinum(Il) centre in

chlorc(2,2':6',2"-ferpyridine)platinum(Il) chloride dihydrate 96 was the same as

described for complexes 143 - 145. A solution of ll2 (0.018 g, 0.082 mmol) in DMF

(2 mL) was added to the solution of Ptl(dmÐ (2,2' :6,2"-terpy)]2* and the mixture stirred

for 4 h. The addition of a few drops of benzene precipitated a small amount of the

starting complex after standing 12 h, which was filtered off. The solvent was removed

in vacuo and the residue dissolved in MeOH (3 mL). Solid NaBF4 (0.009 g, 0.082

mmol) was added, and the mixture was allowed to stand for 12 h. The red crystals of

the product were collected and washed with diethyl ether and dried in vacuo to give the

title complex 146 (0.02 g,32 %). 'H n.m.r. (d6-acetone) õ 9.34 (d, 3/Hs,o 5.7 Hz, f3Jp¡¡1

36H2|2H,H6,H6"),8.54 (m, 2H,H3', H5'),8.46 (m,3H, H3, H3" + H4'),8.41 (m,

2}J,H4,4"),7.94 (ddd 3J 
us,o 5.7 Hz,als3s 72.75 Hz,3Juo,.s2.1 Hz ,2H,H5,H5-),4.4g
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(bs, CH-B rue"),2.97 (t, 
3-lHH 6.6 Hz,2H, CHz-S),2.49 (t, './"" 8.1 Hz, CB-CH2), 1.96

(m,2H, CHzCHzCHz). '3C tt.m.r. (75.48}y'rH2, d6-acetone) õ 159.21 (C2,C2"),154.15

(c2" c6'),153.35 (C6, C6),144.36,144.05 (C4, C4", C4',),130.76 (C5, C5"), r27.17

(c3, c3"), r25.7r (c3" C5',),76.70 (CB.uge-CHù,63.56 (CH,as.-CB),37.05 (CH2S),

34.58 (CB-CH2), 30.57 (CHzCHzCHz). I'B n.m.r. (96.30 MHz, DMF / d6-benzene) ô -
7.6 (lB),-10.7 (1B), -14.3 (38), -16.1 (38), -17.5 (28). resPt n.m.r. (64.34MH2,

DMF / d6-benzene) ô -3131. ESMS. m/z 646.2 (M*),429.4 (CrsHr¡N3Pt*).

(1 r7-Dicarba-clos o-dodecaborane-1 -methanethiolat o)(2 12' :6',2" -

terpyridine)platinum(II) triftate (1 47)

orfe

6

4

3
N

I

T-
s' 6',

1 6

5

The procedure for the removal of the chloro ligand from the platinum(Il) centre in

chloro(2,2':6',2"-terpyridine)platinum(Il) chloride dihydrate 96 was the same as

described for complexes 143 - 146. A solution of 113 (0.023 g,0.12 mmol) in DMF

(0.5 mL) was added to the orange filtrate resulting in an instant colour change to dark-

red. The mixture was then allowed to stir for 5 h at room temperature. Diethyl ether

was then added to the solution to precipitate a tan powder, which was isolated by

filtration. Additional dietþl ether was added to the filtrate, and it was allowed to stand

for 12 h. The mixture was centrifuged and the solid washed with dietþl ether and dried

in vacuo to give dark-red needles of the title complex 147 (0.04 g, 45 %). lH n.m.r.

(599.894 }y'IlHz, d6-acetone) õ 9.177 (d, 3-I"r.o 5.4 Hz, l3Jnn 37.5 Hzl,2H, H6, H6"),

8.628 (m,2H,H3', H5'), 8.576 (m,3H, H3, H3" + H4'), 8.493 (td,3J¡1a,5 l-2,3Jp.a7.5

Hz,2H,H4,H4"),7.977 (ddd, 3..IH¿,s 1.2Hz,3Jas.ø 5.4Hz,4Jp.57.8Hz,2H,H5, H5"),

3.557 (CH-B"ug.), 3.104 (CH2-S). '3C n.m.r. (75.45 MHz, d6-acetone) õ 159.65 (C2,
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c2"), 154.27 (C2', + C6',), 152.95 ([t/r,c 2r.6 Hz] C6, C6-), 143.46 (C4, C4- + C4',),

130.23 (['/r,. 43.1 Hz] C5, C5"), 126.95 (['/r,. 32.3 Hz] C3, C3"), 125.43 (([3"Iftc 2l.6

Hzf C3' , C5'), 56.23 (CH-B.us.) ,37 .05 (CH2-S). rrB n.m.r (96.30 MHz, d6-acetone) ô -
3.3 (18), -10.5 (58), -3.0 (28), -14.4 (28). 'esPt n.-... (64.34 MHz, d6-acetone) ô -
3152. ESMS. m/z 618.2 (M*), 429.4 (CrsHroN¡Pt*). Anal. Calcd for

CrsHz¿BroF3N3O3PtS2: C29.76, H 3.16, N 5.48. Found: C29.74, H 3.16, N 5.52.

4.6.2 Preparation of Metallointercalators containing the 1,10-

Phenanthroline 98 or 2r2'-Bipyridine 100 Moiety, and 1r7- or lr2-

Carborane Ligands

Bis( 1,2-dic arba-c I os o-dodecaborane- I -methanethiolato)- 1, I 0-

phenanthrolineplatinum(Il) (1 5 1)

5

7 t34

I I t2

9

Pt\

oHro

To a stirred suspension of 148 (0.08 g, 0.17 mmol) in DMF (1 mL) was added silver

triflate (0.09 g, 0.34 mmol), and the solution stined for 48 h in the absence of light. The

mixture was filtered through Celite filter aid, and a solution of 105 (0.06 g, 0.34 mmol)

in DMF (l mL) was added to the filtrate, producirig a bright-orange solution, which was

stirred for 3 h. The solvent was removed in vacuo and the residue recrystallized from

acetone to give orange needles of the title compound 151 (0.05 g, 40 %). rH n.m.r. (d6-

acetone) ô 10.14 (dd,aluz.¿,5.1Hz,3Jaz,t I.5 Hzf3Jp¡123.0 Hzl,2H,H2, H9), 9.14 (dd,
3Ju¡.+ 8.1 Hz,3J¡p.3I.5 Hz,2H,H3, H8), 8.43 (dd, 3J¡13.a 8.1 Hz, alt71,5.1Hz,2H,H4,

H7), 8.40 (s,2H, H5, H6), 4.90 (br s, CH."'.-B). ''C n.m.r. (50.3 MHz, d6-acetone) ô

150.5 (c2, c9), 148.5 (Cl 1, CI2), 141.5 (C3, C8), 132.2 (C13, Cr4), 129.9 (C4, C7),

127.l (C5, C6),78.3 (CH-B.use) , 69.3 (C"ug,-S). I'B n.*... (96.30 MHz, d6-acetone) ô -
8.0 (28), -14.5 (br, 68), -1S.3 (28). resPt n.m.r (64.34 }y'IlHz, d6-acetone) ô -3448.

loHro
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Anal. Calcd for CroH¡oBzoNzPtSz: C26.48,H 4.17, N 3.86. Found: C 26.40, H 4.18,

N 3.66.

2,2'-Blipyridine(1,2-dicarba-closo-dodecaborane-1-thiolato)chloroplatinum(II)

(1s2)

ct

4

J
5'

6

56

oHr o

To a stirred suspension of 149 (0.08 g, 0.19 mmol) in DMF (1 mL), was added a

solution of silver triflate (0.046 g, 0.18 mmol) in DMF (l mL), and the mixture stirred

in the absence of light for 48 h. The mixture was then filtered through Celite filter aid,

and a solution of 105 (0.032 g,0.18 mmol) in DMF (1 mL) was added to the filtrate.

The bright orange solution was stirred for 2 h, the solvent was removed in vacuo, and

the residue recrystallized from acetone. The first crop of pale orange needles contained

the title compound 152 (0.035 g,33 %o)'H n.m.r. (600.00 }y'rÐz, d6-acetone) ô 4.84 (bs,

1H, CB-H.us"),7.977 (m,2H, H5 + H5',),8.494 (m,2H, H4 + H4'),8.598 (m, lH, H3),

8.63 5 (d, 3 Jrr'.q' 7 .2 H2, 1 H, H3'), 9.57 1 (d,'J"r'.u' 6 Hz lJna 25.8 Hzl 1 H, H6'), 1 0.070

(d, 3,/"r.u 6.6HzlJp¡145.16 Hzl, lH, H6). '3C ,r.-.r. (150.859 Hz, d6-acetone) ô 67.760

(cH-Bcas,), t24.238 (C3'), 124.847 (C3), 128.139 (Cs',), 128.441 (C5), 140.069,

141.010 (c4, c4'), 148.797 (C6'), 150.371 (C6), 157.336 (C2',), 1.57.996 (C2). "B
n.m.r. (96.30 MHz, DMF I do-benzene) ô -7.1 (lB), -12.5 (5B), -16.2 (2B), -18.0 (28).

resPt n.m.r . (64.34 MHz, DMF I d6-benzene) ô -2887. UV-vis (0.1 M NaCl) 264.47,

0.41. Anal. Calcd for CrzHrsBroClNzPtS: C25.65,H3.41, N 4.98. Found: C25.84,H

3.42, N 5.40.
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2,2'-Bipyridine-bis(1,2-dicarba-closo-ìlodecaborane-l-thiolato)platinum(II) (153)

5

6

56
oHro

roHro

A second crop of bright-yellow rectangular prisms was formed in the acetone filtrate

obtained in the above recrystallization. X-ray crystallography confirmed the product as

the disubstituted complex 153 (0.021 g, 16 o/o). t'B n.m... (96.30 MHz, D}y'fF I d6-

benzene) ô -S.0 (18), -14.5 (5B), -16.9 (28), -1S.3 (28). resPt n.m.r. (64.34 MHz,

DMF I d6-beruene) õ -3422.
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4.7 DNA Intercalation Experiments

UV-visible spectroscopy experiments were used to determine whether the novel

metallointercalator complexes (F100a) - (G61b) were able to interact with DNA. The

DNA incubation solutions of the complexes were prepared from a stock solution

containing the complex (-1 mg / 100 mL) in20 o/o MeOH and 80 YoHzO (v / v). The

HzO used in these experiments was purified with a Milli Q Reagent system. All

glassware used was soaked ovemight in DECON solution, then rinsed thoroughly with

Milli Q water prior to use.

Calf thymus DNA was used in these experiments (sodium salt, type 1) (highly

polymerised), obtained from the Sigma Chemical Co. and used without further

purification. A stock solution of the DNA (1 mg / mL) was made in I mM phosphate

buffer, and its concentration (in molar base pairs) was determined using Ezoo:L3l x 104

M-rcm-I.88 All complexes were prepared and purified as described in Section 4.6.

The UV-visible spectroscopy measurements were recorded on a Varian Cary 300 Bio

UV-visible spectrophotometer. The data were collected and recorded on an IBM

compatible personal computer using Cary WinUV software. The spectral bandwidth of

the spectrophotometer was set to 2.0 nm. Measurements were made at arate of 200 nm

/ min. The À range was 200-500 nm. A baseline reference solution was recorded for

every sample solution and subtracted from each individual absorption reading prior to

data processing.
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Appendix

Appendix: Comptete bond tength (Å) and angle (') data

for [Pt(bipy)(1-S-1,2-CzBroHrr)2] (153)

Intramolecular Distances Involving the Non-Hydrogen Atoms

atom atom distance atom atom distance

Pt

Pt

Pt

Pt

s(1)

s(2)

N(l)

N(1)

N(2)

N(2)

c(1)

c(2)

c(3)

c(4)

c(5)

c(6)

c(7)

c(8)

c(e)

s(1)

s(2)

N(l)

N(2)

c(r 1)

c(13)

c(1)

c(s)

c(6)

c(10)

c(2)

c(3)

c(4)

c(5)

c(6)

c(7)

c(8)

c(e)

c(10)

2.2es(2)

2.2e0(2)

2.077(6)

2.044(6)

1 .781(8)

1.772(8)

1.3s(1)

l .33(r )

1.38(1)

1.3s(r)

1.36(1)

1.37(l)

1.36(1)

r.37(1)

l.4s(1)

l.3e(1)

1.36(l)

1.38(1)

1.38(l)

c(r2)

c(12)

c(13)

c(13)

c(13)

c(13)

c(13)

c(r4)

c(14)

c(14)

c(14)

B(l)

B(1)

B(l)

B(2)

B(2)

B(2)

B(3)

B(3)

B(8)

B(e)

c(14)

B(11)

B(r2)

B(13)

B(14)

B(11)

B(14)

B(1s)

B(1e)

B(2)

B(s)

B(e)

B(3)

B(s)

B(6)

B(4)

B(6)

1.68(r )

r.67(t)

1.73(1)

r.67(r)

1.73(1)

r.77(t)

1.73(l)

1.71(1)

1.80(1)

1.80(l)

1.7s(1)

1.76(1)

r.73(2)

1.77(r)

r.77(r)

t3s(2)

l.7s(1)

1.82(1)

r.76(r)
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Intramolecular I)istances Involving the Non-Hydrogen Atoms continued

atom

c(I1)

c(l1)

c(l1)

c(l1)

c(11)

c(r2)

c(12)

B(6)

B(7)

B(8)

B(e)

B(11)

B(12)

B(12)

B(13)

B(14)

B(15)

B(ls)

B(16)

B(17)

B(r8)

atom

c(12)

B(1)

B(2)

B(3)

B(4)

B(l)

B(4)

B(10)

B(8)

B(e)

B(10)

B(1s)

B(13)

B(17)

B(17)

B(18)

B(16)

B(20)

B(20)

B(20)

B(20)

distance

1.67(1)

1.76(r)

1.71(1)

r.72(t)

1.74(t)

t.72(1)

r.72(t)

1.82(2)

r.76(1)

r.7e(t)

1.78(l)

l.6e(1)

1.81(2)

r.77(r)

1.80(r)

1.80(1)

r.76(r)

1.76(r)

r.7e(r)

1.76(1)

1.73(l )

B(3)

B(4)

B(4)

B(s)

B(s)

B(s)

B(6)

B(1e)

B(7)

B(8)

B(11)

B(7)

B(7)

B(8)

B(6)

B(e)

B(10)

B(7)

B(20)

B(10)

B(10)

B(12)

B(16)

B(16)

B(14)

B(18)

B(1e)

B(re)

B(17)

B(18)

B(1e)

1.78(r)

l.7s(1)

l.7e(l)

1.78(2)

1.78(2)

1 .81(2)

1 .80(1)

1.71(1)

1.78(1)

1.8 I (1)

1.67(1)

1.68( l )

1.78(1)

t.7e(r)

t.7e(r)

1.80(1)

r.76(r)

1.7e(1)

1.77(t)

1.78(1)

Appendix.

1

atom atom distance

B(11)

B(r2)

B(13)

B(13)

B(14)

B(ls)

B(16)

B(17)

B(r8)
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Appendix.

Distances are in Angstroms (Å). Estimated standard deviations in the least significant

figure are given in parentheses.

Intramolecular Bond Angles Involving the Non-Hydrogen Atoms

atom

s(1)

s(l)

s(l)

s(2)

s(2)

N(1)

Pt

Pt

Pt

Pt

c(1)

Pt

Pt

c(6)

N(1)

c(l)

c(2)

c(3)

N(l)

atom

Pt

Pt

Pt

Pt

Pt

Pt

s(t)

s(2)

N(1)

N(l)

N(1)

N(2)

N(2)

N(2)

c(1)

c(2)

c(3)

c(4)

c(s)

atom

s(2)

N(1)

N(2)

N(1)

N(2)

N(2)

c(l l)

c(r3)

c(t)

c(5)

c(s)

c(6)

c(10)

c(10)

c(2)

c(3)

c(4)

c(s)

c(4)

angle

8e.35(8)

174.s(2)

es.6(2)

e6.r(2)

174.0(2)

78.e(3)

106.1(3)

107.6(3)

12s.0(6)

114.e(6)

r20.0(7)

tt4.4(s)

126.3(6)

tr9.2(7)

120.e(8)

120.1(e)

t17.6(e)

121.s(8)

11e.e(8)

atom

c(8)

N(2)

s(1)

s(1)

s(1)

s(l)

s(1)

c(r2)

c(r2)

c(r2)

c(r2)

B(1)

B(l)

B(1)

B(2)

B(2)

B(3)

c(I1)

c(11)

atom

c(e)

c(10)

c(l l)

c(l1)

c(r 1)

c(l l)

c(l1)

c(l1)

c(l1)

c(11)

c(I1)

c(r r)

c(I1)

c(l l)

c(r l)

c(11)

c(l l)

c(l2)

c(l2)

atom

c(10)

c(e)

c(12)

B(1)

B(2)

B(3)

B(4)

B(1)

B(2)

B(3)

B(4)

B(2)

B(3)

B(4)

B(3)

B(4)

B(4)

B(1)

B(4)

angle

118.e(8)

r22.6(8)

1 1e.s(s)

114.1(s)

120.2(6)

124.s(6)

120.3(6)

60.1(s)

107.8(6)

10e.3(6)

60.7(s)

61.0(6)

112.2(6)

l r3.1(6)

61.8(5)

tt3.7(6)

63.2(s)

62.3(s)

6i.6(5)
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Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom atom

c(l1) c(12)

c(l1) c(r2)

B(1) c(12)

B(1) c(12)

B(1) c(12)

B(4) c(r2)

B(4) c(12)

c(l1) B(1)

c(l1) B(1)

c(l l) B(1)

c(l1) B(1)

c(12) B(1)

c(l2) B(1)

c(r2) B(1)

B(2) B(l)

B(2) B(1)

B(s) B(1)

c(l1) B(2)

c(l1) B(2)

c(l1) B(2)

c(lr) B(2)

B(l) B(2)

B(1) B(2)

angle

113.3(6)

t13.4(7)

11s.7(6)

tr6.e(7)

63.0(6)

63.3(s)

116.8(6)

s7.s(5)

58.3(s)

10s.3(7)

104.8(7)

103.7(6)

104.r(7)

s7. l (6)

60.0(6)

108.2(7)

61.1(6)

60.6(5)

se.4(s)

106.4(7)

106.4(6)

10e.9(7)

se.2(6)

Appendix

atom atom atom angle

N(1) c(s) c(6) 116.1(7)

c(4) c(s) c(6) 124.0(8)

N(2) c(6) c(s) trs.2(7)

N(2) c(6) c(7) 118.4(8)

c(5) c(6) c(7) 126.4(8)

c(6) c(7) c(8) 122.s(e)

c(7) c(s) c(e) 118.2(8)

B(8) c(12) B(e) 64.s(6)

s(2) c(13) c(14) 122.7(6)

s(2) c(13) B(11) 122.0(6)

s(2) c(l3) B(12) 114.e(s)

s(2) C(l3) B(13) 117.8(6)

s(2) C(l3) B(14) r23.1(6)

c(14) c(13) B(11) 60.4(s)

c(14) c(l3) B(12) 11r.2(6)

c(14) c(13) B(13) rt2.6(6)

c(r4) c(l3) B(14) 62.6(s)

B(11) c(l3) B(12) s8.8(s)

B(11) c(l3) B(13) 108.0(6)

B(11) C(l3) B(14) 108.e(6)

B(12) c(13) B(13) 62.2(6)

B(12) c(I3) B(14) 112.1(6)

B(13) c(I3) B(14) 61.4(6)

atom

B(8)

B(e)

B(4)

B(8)

B(e)

B(8)

B(e)

c(12)

B(2)

B(s)

B(e)

B(2)

B(5)

B(e)

B(5)

B(e)

B(e)

B(1)

B(3)

B(s)

B(6)

B(3)

B(s)
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Appendix.

Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom

c(13)

c(13)

c(13)

c(13)

B(11)

B(11)

B(1i)

B(14)

B(14)

B(1s)

B(2)

B(4)

B(4)

B(6)

c(l1)

c(l1)

c(I1)

c(11)

c(12)

c(l2)

c(r2)

B(3)

B(3)

atom

c(14)

c(r4)

c(14)

c(14)

c(14)

c(14)

c(14)

c(14)

c(14)

c(14)

B(3)

B(3)

B(3)

B(3)

B(4)

B(4)

B(4)

B(4)

B(4)

B(4)

B(4)

B(4)

B(4)

atom

B(l l)

B(14)

B(1s)

B(1e)

B(14)

B(ls)

B(1e)

B(r5)

B(1e)

B(le)

B(7)

B(6)

B(7)

B(7)

c(r2)

B(3)

B(7)

B(8)

B(3)

B(7)

B(8)

B(7)

B(8)

angle

s8.1(s)

58.8(s)

106.2(7)

105.6(7)

104.t(7)

s7.6(s)

102.4(7)

108.7(7)

60.8(6)

se.4(6)

106.e(7)

108.6(7)

58.4(s)

61.3(6)

s7.7(s)

58.0(s)

r03.7(7)

t0s.2(6)

r02.e(6)

r01.3(7)

s7.l (s)

se.6(s)

r07.7(7)

atom

B(1)

B(3)

B(3)

B(5)

c(l1)

c(l r)

c(l1)

c(r 1)

B(2)

B(2)

B(2)

B(2)

B(3)

B(3)

B(3)

B(5)

B(s)

B(7)

B(3)

B(3)

B(3)

B(3)

B(4)

atom

B(2)

B(2)

B(2)

B(2)

B(3)

B(3)

B(3)

B(3)

B(3)

B(3)

B(6)

B(6)

B(6)

B(6)

B(6)

B(6)

B(6)

B(6)

B(7)

B(7)

B(7)

B(7)

B(7)

atom

B(6)

B(s)

B(6)

B(6)

B(2)

B(4)

B(6)

B(7)

B(4)

B(6)

B(7)

B(10)

B(s)

B(7)

B(10)

B(7)

B(10)

B(10)

B(4)

B(6)

B(8)

B(10)

B(6)

angle

r 08.e(8)

10e.3(7)

60.2(s)

61 .1(6)

58.8(s)

s8.8(s)

10s.3(6)

103.3(6)

107.s(6)

se.3(s)

106.6(7)

108.1(7)

108.3(7)

se.8(s)

108.4(7)

106.r(7)

60.4(6)

s8.8(6)

6l.e(s)

s8.e(s)

110.8(6)

tOe.6(7)

10e.6(7)
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Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom

B(7)

B(1)

B(1)

B(l)

B(1)

B(2)

B(2)

B(2)

B(6)

B(6)

B(e)

B(2)

B(2)

B(7)

B(e)

c(t2)

c(t2)

c(12)

c(t2)

B(1)

B(l)

B(1)

B(s)

atom

B(4)

B(5)

B(5)

B(s)

B(s)

B(5)

B(s)

B(5)

B(s)

B(5)

B(s)

B(6)

B(6)

B(8)

B(8)

B(e)

B(e)

B(e)

B(e)

B(e)

B(e)

B(e)

B(e)

atom

B(8)

B(2)

B(6)

B(e)

B(10)

B(6)

B(e)

B(10)

B(e)

B(10)

B(10)

B(3)

B(s)

B(10)

B(10)

B(l)

B(s)

B(8)

B(10)

B(5)

B(8)

B(10)

B(8)

angle

5e.5(6)

60.8(6)

108.8(7)

60.s(6)

108.e(7)

se.4(6)

108.3(7)

108.4(7)

r08.2(7)

61.0(6)

se.s(6)

60.5(s)

5e.s(6)

se.7(6)

se.3(6)

se.8(6)

104.0(7)

s8.0(5)

t04.e(7)

s8.3(6)

108.e(7)

108.4(7)

l0e.l(7)

atom

B(4)

B(4)

B(6)

B(6)

B(8)

c(r2)

c(t2)

c(12)

c(r2)

B(4)

B(4)

B(4)

B(7)

c(14)

c(14)

c(14)

B(t2)

B(r2)

B(1s)

c(13)

c(13)

c(13)

c(13)

atom

B(7)

B(7)

B(7)

B(7)

B(7)

B(8)

B(8)

B(8)

B(8)

B(8)

B(8)

B(8)

B(8)

B(11)

B(11)

B(l l)

B(l l)

B(11)

B(11)

B(12)

B(12)

B(12)

B(12)

atom

B(8)

B(10)

B(8)

B(10)

B(r0)

B(4)

B(7)

B(e)

B(10)

B(7)

B(e)

B(10)

B(e)

B(12)

B(ls)

B(16)

B(ls)

B(16)

B(16)

B(11)

B(13)

B(1ó)

B(17)

angle

61 .1(s)

rtr.2(7)

110.4(7)

61.1(ó)

61.8(6)

5e.6(s)

103.0(7)

57.s(s)

103.2(7)

se.3(s)

108.1(7)

108.1(7)

106.2(7)

1rs.3(7)

64.0(6)

l16.8(7)

1r6.4(7)

64.3(s)

63.0(5)

s8.6(s)

5e.8(s)

107.0(6)

106.4(7)

Appendix.
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Appendix

Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom atom atom angle

B(s) B(e) B(10) 61.0(6)

B(s) B(e) B(10) 61.1(6)

B(s) B(10) B(6) s8.6(6)

B(s) B(10) B(7) 10s.8(7)

B(s) B(10) B(8) 106.8(7)

B(s) B(10) B(e) se.s(6)

B(6) B(10) B(7) 60.2(6)

8(6) B(10) B(8) r07.1(7)

B(6) B(10) B(e) 106.3(7)

B(7) B(10) B(8) s8.6(5)

B(7) B(10) B(e) 10s.s(7)

B(s) B(10) B(e) se.6(6)

c(I3) B(11) c(l4) 61.s(s)

c(13) B(ll) B(12) 62.6(s)

c(13) B(11) B(ls) rr4.3(7)

c(r3) B(r 1) 8(16) rrs.4(7)

c(r3) B(14) c(14) s8.5(s)

c(13) B(14) B(13) 60.3(6)

c(13) B(14) B(18) 10s.4(7)

c(l3) B(14) B(le) 103.s(7)

c(14) B(14) B(13) 108.4(7)

c(14) B(14) B(18) 106.6(7)

c(14) B(14) B(le) s8.3(6)

atom atom atom angle

B(11) B(12) B(13) 105.e(7)

B(11) B(12) B(16) s8.0(s)

B(11) B(12) B(17) 104.2(6)

B(13) B(12) B(16) 10e.8(7)

B(13) B(12) B(17) 60.2(6)

8(16) B(12) B(17) 60.7(s)

c(13) B(13) B(12) s7.e(s)

c(l3) B(13) B(14) 58.3(5)

c(r3) B(13) B(17) 103.7(7)

c(r3) B(13) B(18) 104.4(7)

B(12) B(13) B(14) 106.0(7)

B(12) B(13) B(17) s8.7(s)

B(12) B(13) B(18) 10s.7(7)

B(r4) B(13) B(17) 107.3(7)

B(14) B(13) B(18) 60.4(5)

B(17) B(13) B(18) se.3(s)

B(12) 8(16) B(20) 10s.1(7)

B(15) 8(16) B(17) t07.6(7)

B(rs) 8(16) B(20) se.4(6)

B(17) B(16) B(20) s8.8(6)

B(12) B(17) B(13) 61.1(6)

B(12) B(17) 8(16) 6o.l(s)

B(12) B(17) B(18) 108.2(7)
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Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom

B(13)

B(13)

B(18)

c(14)

c(14)

c(14)

c(14)

B(11)

B(11)

B(11)

B(16)

B(16)

B(le)

B(l l)

B(11)

B(11)

B(11)

B(12)

B(12)

c(14)

B(r4)

B(14)

B(ls)

angle

se.7(6)

107.0(7)

se.4(s)

s8.4(s)

t07.e(7)

s8.e(6)

r0s.4(7)

58.0(s)

102.6(7)

r02.8(7)

108.0(7)

61.3(6)

s8.2(6)

s7.7(s)

58.e(s)

102.e(6)

102.0(7)

107.6(6)

5e.3(6)

10e.4(7)

1t0.6(7)

108.4(7)

60.e(6)

angle

107.2(7)

rDe.e(7)

60.1(s)

107.1(7)

108.6(7)

60.7(s)

s8.6(s)

5e.8(6)

60.6(6)

r07.8(7)

10e.0(7)

107.8(7)

60.2(6)

107.s(7)

106.s(7)

60.4(6)

s8.4(6)

60.e(6)

6t.7(s)

10e.8(7)

60.4(6)

t0e.3(7)

5e.3(6)

Appendix.

atom atom

B(14) B(18)

B(14) B(le)

B(14) B(le)

B(15) B(r l)

B(1s) B(16)

B(1s) B(1e)

B(r5) B(20)

B(1s) B(16)

B(1s) B(1e)

B(1s) B(20)

B(1s) B(le)

B(1s) B(20)

B(15) B(20)

B(16) B(12)

B(r6) B(1s)

B(16) B(17)

8(16) B(20)

B(16) B(1s)

8(16) B(17)

B(le) B(18)

B(re) B(ts)

B(1e) B(20)

B(le) B(20)

atom atom atom

B(12) B(17) B(20)

B(13) B(17) 8(16)

B(13) B(17) B(18)

B(13) B(17) B(20)

8(16) B(17) B(18)

8(16) B(17) B(20)

B(18) B(17) B(20)

B(13) B(18) B(14)

B(13) B(18) B(17)

B(13) B(18) B(le)

B(r3) B(18) B(20)

B(14) B(18) B(17)

B(14) B(18) B(le)

B(14) B(18) B(20)

B(17) B(18) B(le)

B(17) B(18) B(20)

B(le) B(18) B(20)

c(14) B(1e) B(14)

c(14) B(le) B(ls)

c(r4) B(le) B(20)

B(14) B(le) B(18)

B(ls) B(le) B(18)

B(18) B(le) B(20)
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Intramolecular Bond Angles Involving the Non-Hydrogen Atoms continued

atom

B(1s)

B(l s)

B(16)

B(16)

B(17)

atom

B(20)

B(20)

B(20)

B(20)

B(20)

atom

B(16)

B(18)

B(17)

B(1e)

B(1e)

angle

se.4(s)

111.8(7)

60.s(s)

t08.7(7)

110.1(7)

atom

B(1s)

B(1s)

B(16)

B(r7)

B(18)

atom

B(20)

B(20)

B(20)

B(20)

B(20)

atom

B(17)

B(re)

B(18)

B(18)

B(1e)

angle

r0e.0(7)

61.0(6)

110.s(7)

61.0(6)

62.3(6)

Angles are in degrees. Estimated standard deviations in the least significant figure are

given in parentheses.
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