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Abstract

Five novel bis(imidazole-imine) gold(lll) chelates were synthesized and characterized
by NMR {H, 13C, COSY, HSQ€F and31P), FTIR and UV/visible spectroscopy as well as
high resolution mass spectrometryand in some cases-Xay crystallography. The ligands
comprised methyl imidazole moieties bridged by a synthetically variable
di(azomethine) linkage. Five of the ten synthesised ligands were successfully chelated
to gold(lll), these ligands containedpropyl, 2,2-dimethyl, 2-hydroxy, 2-methoxy-propyl
and 2-ethoxy-propyl linkages. The ligands were synthesised by the condensation of two
equivalents of 4methyl-5-imidazolecarbaldehyde and the respective diamines. The

chelate synthesis was achieved with direct metalation using [BM][AuCl].

Solid state structures wee determined by single crystal XRay crystallography for two
ligands and three gold(lll) chelates. The ligands were found to form stable
hydrogen-bonded networks with the water molecule. The water molecules are found in
the centre of hydrogenbonded columns forming hydrogen bonds with the surrounding
ligand molecules. The antconfiguration of the ligands is required for formatian of the
polymers. The hydrogenbonded columns are cdinear with the c-axis. The three
dimensional structure is a result of acrosslinking the columns through additional
hydrogen bonds. The gold(lll) chelates all had a square planar coordination geometry.
This is the regular geometry ofd® metal ion chelates. Metal ion chelation occurs with
concomitant deprotonation of the imidazole NH groups; this is in contrast to previously
reported metal chelates of the related ligands. The deprotonation of the imidazole NH
yields a dianionic tetradentate N-donor ligand. The average AdNimine bond measures
2.007 A and the average AWimidazoe bond measures 1.993 A. The coordination
geometry differed slightly from the ideal square planar geometry with an acute bond
AT C1 A T MEninapAu-8lixaeso). This bond angle is constrained by the bite angle of
the ligands and resulting 5membered ctiA 1 AOQET T OET C8 ! Oggégn AT A A

present in the chelates, stabilising various supramolecular structures.

The chelates were designed to exploit the square planar nature of the gold(lll) ion to
produce metal aromatic metal chelates suitabldor DNA intercalation to control the
proliferation of tumour cells. Both direct DNA binding titrations and competitive DNA

binding studies did not show any significant affinity towards DNA. The likely reason for

15



this is that the methyl groups on the imidaple rings, which are required to stabilise the
metal ion through their inductive effect, prevent the intercalation process. This class of
compounds therefore needs further development to achieve the final goal of

chemotherapeutic agent.

Density Functional Theory (DFT) was used to simulate variougroperties of the ligands
and gold(lll) chelates. The DFT calculated data was compared to the experimental data
to determine the efficiency of the chosen basis set and hybrid functional used. DFT was
also used todeconvolute the experimental data obtained, with particular emphasis on
the electronic spectra. The level of theory used for ligands wd3LYP/6-311G and for
the gold(lll) chelates PBE1PBE/LanL2DZ. DFT was used to calculate the optimized
geometry, NMR anctlectronic spectra. The vibrational frequencies for both ligands and
chelates showed no negative Eigen values which implies that the optimized geometry is

indeed the true minimum on the global potential energy surface.
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Chapter 1| Introduction

1.1 Preface

Cancer has been well documented in animals and humans alike throughout history. The earliest
evidence of cancer comes from ancient Egypt where bone cancer was discovered in mummified
human remains [1]. Caxer has now been dated to 3000 B.C., yet this disease from biblical times
still greatly affects the modern population. In fact, it is the second leading cause of death in the

United States of America.

Cancer is a group of diseases defined as the uncontedlle and rapid growth of cells in the body.
There are many forms of cancer such as bladder, breast and prostate cancers. Statistics obtained
from the National Cancer Institute (NCI, I$A)) clearly show a decrease in the number of deaths
from 1975 until 2010. It can safely be assumed that the decrease in mortality is due to the
advancement in anticancer drugs and chemotherapy. Statistics for the African continent still
show a high mortality rate. This is due to lack of early detection and limited accesstteatment

[2]. Although statistics based on the U.S.A. population show a decrease in mortatiyes, there

is still a need to continue research into new anttancer agents as there are problems associated
with current treatments. These include unpleasanside-effects and drug resistance in secondary

tumours [3].

It is hypothesised that by including metal ions in the antcancer agents it will potentially alter
their mechanism of action and helps overcome the current issues associated with
chemotherapy. Géplatin was the first anti-cancer drug to be used that had a metal centre.
Although it shows good efficacy, it has several harmful sideffects and tumours can become
resistant to the drug. These drawbacks have prompted the search for alternative metahsed

anti-cancer drugs [4].

The medicinal properties of gold were first discovered in the 1890s when it was found that
K[Au(CN),] could kill the bacteria responsible for tuberculosis. It was later found that gold(l)
thiolate complexes could be used in theréatment of rheumatoid arthritis. Gold(lll) complexes
have until recently not been as intensely studied as those of gold(l) because gold(lll) complexes
are highly reactive, have a high redox potential and poor stability. These properties meant that
gold(ll1) would be reduced to gold(l) or metallic gold under physiological conditions. Recently,
more stable gold(lll) complexes have been synthesised using strong sigrdanor ligands to

stabilise the gold(lll) ion. Gold(lll) is isoelectronic with platinum(ll) i.e. they have a @
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configuration which leads to a squareplanar geometry and is therefore an ideal scaffold around
which ligands with DNA recognition elements can be assembled. These factors have allowed the

applications of gold(lll) to expand into medicind chemistry [4][5].

The aim of this project is to synthesise novabis(imidazole-imine) gold(lll) anti-cancer agents
that will intercalate DNA thus preventing DNA replication and tumour cell growth.The
complexes have been designed to include a planar aratic region, a hydrogen bonding region
and carry a positive charge. They are therefore anticipated to be effective DNA intercalators and

chemotherapeutic agents.

Cancer does not have one main cause, but is rather caused by a combamatf several factors.
These can include diet, pollution, alcohol, viral infections, geophysical factors, occupational
factors, tobacco and genetic factors. These external stimuli lead to a change in the arrangement
of genes, therefore causing a mutationot occur. Cancer cells arise when critical genes are

mutated; these mutations lead to the unregulated proliferation of cells forming tumours [6][7].

There are many forms of cancer and these grow and divide at different rates. The most common
form of canceramong men is prostate cancer, the most common form of cancer among women

is breast cancer and the most common form of preventable cancer in both sexes is lung cancer

3].

There are many mutations that could lead to cancer, but the most common are defectS§€ART
checkpoint (vida infra), apoptosis malfunction and oncogenes. The cell cycle has three periods:
cell growth, DNA synthesis and cell division. The length of each period is controlled by chemical
signals. If the signals malfunction the cell can beconmncerous. There are four phases in the
cell cycle: G1, synthesis, G2 and mitosis. Translation into each phase is regulated by checkpoints.
Each checkpoint halts the progression through the cycle until important processes such as DNA
replication are complete or damaged cells are repaired. Two proteins are important to the
functioning of these checkpoints i.e. cyclin and cyclindependantkinases (CDK). CDK regulates
the activity of other proteins and cyclin enables CDK to function. One of the most important
checkpoints is the START checkpoint which is found in mid G1. The START checkpoint
determines if it is appropriate to move from the G1 phase to the synthesis phase. If the cell is
driven past the START checkpoint it is committed to another round of DNA reghtion. In
tumour cells, checkpoints are deregulated due to defects in genes that control the abundance of

cyclin and CDK. In normal cells if DNA is damaged the cell pauses before DNA replication to
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repair the DNA, but if the START checkpoint is damage & AAT 1 AT AO1 80 PAOOA £

and the damaged DNA is replicated. These cells are highly prone to becoming cancerous [9].

Damaged cells can be terminated through apoptosis; controlled cell death. If the apoptosis
pathway is inhibited abnormal cellscan replicate, potentially leading to tumours. Proteolytic
enzymes called caspases play an import role in apoptosis. These enzymes attack proteins and
cleave them which results in cells losing their integrity, their chromatin becomes fragmented
and blebsof cytoplasm form at their surfaces and the cell shrinks. The cell is then engulfed by
phagocytes. If the apoptosis mechanism is damaged or inactive, a cell that would be terminated
because of a compromise in genetic integrity will continue to live and rdipate and this can lead

to a tumour [9].

Researchers have identified two classes of genes which when mutated can contribute to the
development of cancer. The first class is called oncogenes; these genes have been altered such
that they are constantly acive promoting uncontrolled cell division. The second class is tumour
suppressor genes, when these falter cell division can no longer be suppressed leading to a

tumour [6].

There are a range of treatment options available for cancgratients, but the three major forms

of treatment are radiation, surgery and chemotherapy.

Radiation therapy is a treatment that uses high energy particles such aga§s to destroy cancer

cells. There are three methods for radiation therapy: external, ternal and systematic radiation.

External radiation uses equipment that focuses high energy particles from outside of the
DAOEAT 660 AT AU ET 01T OEA OOi 106008 )1 OAOT Al OAAEAOQE
tumour. Since the radiation sourceis close to the tumour fewer cells are damaged when

compared to external radiation methods. The radiation source can be placed in a body cavity,

near the tumour. Systematic radiation uses radioactive drugs to tet¢ the tumour. These drugs

bind to antibodies that attach to the cancer cells and then radiate the tumour cells [10].

Surgery as a cancer treatment is referred to as curativairgery and refers to the surgical
removal of a tumour. There are several curativeurgery types, for example preventive surgry
which is the removal of benign tissue that is likely to become cancerous and staging surgery to

determine how much cancer is present and how much has spread [11].

Chemotherapy involves using a drug to treat a disease; recently it has been associateth the

drug treatment of cancer. In chemotherapy, drugs are given to a patient in an effort to slow or
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stop tumour cell growth. The first anticancer drug was discovered surreptitiously. Mustard gas

was first used as a chemical weapon in World War | andas further studied in World War Il. In

World War Il when a group of people were accidentally exposed to this chemical weapon, it was
discovered that their white blood cell count was very low. It was theorized that if it could affect

the production of white blood cells it could have a similar effect on cancer cells. In the early
pwtndO OAOAOAT DPAOEAT OO AEACT T OAA xEOE AAOAT AA/
blood cells, were treated by intravenous administration ofa solution of 1,1-thiobis(2-

chloroethane) (commonly referred to as mustard gas). The treatment proved effective in terms

of reducing tumour cell growth, but the success was only partial due to the high toxicity of the

compound [8].

Other treatments such as surgery and radiation act only dicalised parts of the body targeted,
for example the lung, whereas chemotherapy can be used to as a local (treat a targeted area) or
systematic treatment (travels through the body treating cancer cells wherever they are found).
One of the major advantagesf chemotherapy is that it can be useds atreatment for remote
areas such as the brain where other treatment methods may not be possible. Chemotherapy can
also be administrated with other treatments, for example: neoadjuvant chemotherapy, where
chemotherapy is administrated before surgery [13].

Chemotherapeutic drugs administered fall into two main categoriescytotoxic and cytostatic
[14].

Cytotoxic drugs work by interfering with DNA replication [14]. Under the gtotoxic category

there are three main groups:

Antimetabolites: Molecules that appear to be nucleotides and are therefore integrated into the
DNA molecule. Once part of the molecule it prevents DNA replication resulting in néunctional
DNA [12]. Shown lelow in Figure 1.3.1 is Xeloda, an example of a cytotoxic chemotherapeutic

agent.

o N NH _O
Y X W W\CH3
HaCa 0NN
ST e
F

N ’/
N Y

HO OH

Figure 1.3.1: Capecitabine (Xeloda), an antimetabolite chemotherapeutic agent.
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Alkylating agents: Compounds that attach to DNA molecules and g the shape of the DNA
molecule preventing replication. The downside to this group is that it also binds to other
molecules in the cell [12]. Shown below in Figure 1.3.2 is Cyclophosphamide, an example of an

alkylating agent.

Cl Cl

Figure 1.3.2: Cyclophosphamide, an example of an alkylating agent.

DNA binders: This group of drugs attach to DNA, break the DNA, detach and move to the next
DNA molecule. Once the drug has bonded to the DNA molecule it blocks transcription or
prevents enzymes such as topoisomerase from working. They usually work by inhibiting an
enzyme [13]. An example of this class of chemotherapeutics isadninoacridine which is shown

in Figure 1.3.3.

NH,

X

/
N

Figure 1.3.3: Schematic structure dd-aminoacridine, an example of a DNA binder.

These drugs are not cell specific, but target any rapidly dividing cell such as bone marrow and

hair follicles. This is the reason for the sideffects of this treatment.

Cytostatic drugs target altered biochemical pathways which enable the cancer cells to
reproduce at a fast rate. Cytostatic drugs are designed to deactivate the altered enzymes and not
to kill the cell, but instead just to prevent cell reproduction [14].Shown below in Figure 1.3.4 is

topotecan which is an example of commercially available cytostatic drug.
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Figure 1.3.4: Structure of topotecan an example of a cytostatic drug.

1.4 DNA Intercalating agents

The novel gold(lll) chelates proposed in this work a@ planar with an extended aromatic region.

They are therefore anticipated to act as DNA intercalators [12][13].

DNA is a tightly wound molecule which has a negatively charged phosphate backbone. It
requires a cationic species for stability. This is provide by histone proteins, but it can also be

stabilised by metal salts and other small organic molecules [15].

Lerman first proposed this DNA binding mode to explain the strong affinity of certain
heterocyclic dyes for DNA. When DNA is intercalated by a smatiolecule, it is stiffened,
stabilised, lengthened and partially unwound. Different intercalators cause the DNA to unwind
to different degrees. Since the structure of the intercalated DNA has been altered, it leads to

functional change such as inhibition dreplication [16].

Drug/DNA interactions can be classified into two major groups: intercalators and groove
binders. Intercalation involves the insertion of a planar molecule between DNA base pairs,
which results in a decrease in DNA helical twist and ineasing the length of the DNA strand.

Figure 1.4.1illustrates the three modes ofinding for inorganic compounds with DNA[17].

(@) (b)
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Figure 1.4.1: The three modes of binding for inorganic compounds with DNA. (a) Groove

binding. (b) Intercalation. (c) Insertion [17].

Organic DNA intercalators are typically polyaromatic compounds. These compounds are able to
intercalate DNA and inhibit nucleic acid synthesig vivo. Organic anticancer drugs can interact
with  DNA in a number of ways such as minor groove binding, major groove binding,
intercalation between base pairs and threading intercalation. Molecules without any bulky
functional groups can intercalate without binding to the minor or major groove. Intercalairs
that bind almost entirely with their aromatic region inserted between the guaninephosphate
guanine bases are refered to as classic intercalators [18]. An example of a classic intercalator is

proflavine as shown in Figure 1.4.2.

X
=
H,N N NH,

Figure 1.4.2: Structure of Proflavine, a classic intercalator. The fused aromatic ring structure is

ubiquitous in DNA intercalators.

DNA intercalators are characterized by the presence of an extended electrdeficient planar

aromatic ring system. When DNA intercalators bind they»xend and unwind the negatively
AEAOCAA DPEI OPEAOA AAAEATT A8 4EA-A$ OORAEBEC CAIENT BAOA
with the planar aromatic region [19].

A metallo-intercalator is a metal complex with one or more intercalating ligands. These
intercalators orientate themselves parallel to base pairs and unwind the DNA strands. The

aromatic region of the complex intercalates the DNA strand while the metal centre protrudes

out of the DNA helix. The intercalated ligand anchors the metal centre withgpect to the DNA

strand. These complexes are rigid and have wellefined symmetry. Selective recognition of a

DNA sequence by a metalliintercalator can be achieved by matching the functionality of the

ligands positioned in the major groove with that of tke target base pairs [17].

Intercalation by the ligands of metal chelates was first illustrated using photophysical methods,

but by using more extensive techniques like NMR and high resolution crystal structure, the
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complex binding modes are now well under®od. It is found that the intercalating molecule
enters the DNA double strandrzia the major groove and then acts as a new base pair. During this
process no existing base pair is ejected. This intercalation results in the widening of the major

groove and bnding site but overall distortion is minimal [15].

NH
|
o
N N
R
7N\
N N

, R = Ni,Cu

Figure 1.4.3: Structure of tetraaza[l4]macrocyclic complexes, an example of a
metallo-intercalator [34].

Cisplatin (structure shown in Figure 1.5.] is one d the most widely used chemotherapeutic
agents. Cisplatin was synthesised in 1945, but its antancer properties were only discovered in
OEA T EA pwend08 3EI AA OEAT AEODPI AOGET EAO AAAI
most effective in the treatment of testicular and ovarian cancer, though it is widely used for
treating other forms of cancer such as bladder, cervical, head and neck cancers [Zd{hough
effective, cisplatin does have disadvantages. The first disadvantage is severe siféects, for
example nausea, vomiting, ototoxicity, neurotoxicity, and nephrotoxicity. These major side
effects limit the dosage that can be prescribed to patients. A second disadvantage is cisplatin has
limited aqueous solubility therefore the drug has ¢© be given intravenously as a suspension.
Finally, the drug is only effective against a few types of cancer. Cancer types such assmall

cell lung are resistant to cisplatin while cancers such as ovarian can develop resistance after the

first treatment [21].

Cisplatin is a highly relevant molecule for comparison with gold(lll) chemotherapeutics as it is

one of the metalbased drugs commercially available. The Pt(ll) metal centre is also
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isoelectronic and shares the same coordination geometry with the gi(lll) chelates proposed

in this work.

Figure 1.5.1: Structure of rsplatin.

Cisplatin works in a two-step process: firstly it enters the cell and binds to noiDNA targets and
secondlyit binds to the DNA of the cell.

In the non-DNA binding the Pt(ll) coordinates to the constituents in the lipid bilayer, which
contains nitrogen and sulphur atoms, as it passes through the cell wall. In the cytoplasm many
cellular components have soft nuleocytoplasm sites such as proteins. The most important
target in the non-DNA aspect of the mechanism is the tripeptide glutathione (GSH). Cisplatin

may also alter enzymes, receptors, and proteinsa sulphur co-ordination [21].

In the DNA binding mecharsm the main target for cisplatin is gDNA. The cisplatin attaches to
the N7 nitrogen atoms of guanine and adenine in the major groove of the double helix because
this is the most accessible and most reactive site for cisplatin. When bound to the DNA it

prevents DNA replication from occurring by blocking transcription [21].

Due to the severe sideeffects and acquired resistance to cisplatin, derivatives i.e. carboplatin

and oxaliplatin (structures shown in Figure 1.5.2 were developed and are available for

cdi il AOAEAT OOA8 #AOAI Bl AGET xAO A Retichts of @spldtin ET  OEA
while retaining the anticancer properties [20]. In this analogue, the two chlorides are replaced

with a cyclobutanedicarboxylate ligand. Replacing the chloridedoes not eliminate the drugs

ability to be an anticancer agent. Oxaliplatin is a third generation platinum compound and was

developed to overcome cisplatin resistance. Oxaliplatin shows good antitumour effedts vivo

and in vitro [22]. The chlorides arereplaced by an oxalate ligand and the ammines are replaced

with a diaminocyclohexane ring [21].
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Figure 1.5.2: Structure of cisplatin derivative. (a) Carboplatin and (b) Oxaliplatin.

Although cisplatin is not an example of a DNA intercalator, as are the gold(lll) chelates in this
work, it is an example of how effective the inclusion of metal ions can be in therghesis of antr

cancer agents.

DNA topoisomerase enzymes manage the topological state of the DNA strand during DNA
replication and are a common target for chemotherapeutic agents. There are two classes of the
topoisomerase enzyme i.e. topoisomerase | and topoisomzese Il. The first class regulates the
supercoiled DNA structure and relieves the tension in the DNA strand caused by unwinding and
winding during DNA replication. It works by causing a single strand break in the DNA which
allows the torque to spin the brdken strand before the relaxed strand is religated. The second
class passes a region of duplex DNA from the same or a different molecule through a double
stranded break generated in the DNA helix [23]. The structure OE. colitopoisomerase is

illustrated below in Figure 1.6.1.
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Figure 1.6.1: Structure oE. colitopoisomerase [32].

1.7 DNA topoisomerase | inhibitors

DNA topoisomerase is the target for many anticancer drugs. Topoisomerase inhibitors have two
categories: catalytic inhibitors and topoisomease poisons. The topoisomerase poisons are
cytotoxic and work by stabilising the covalent complexes between the enzyme and DNA. They
interfere with the religation step and leave the DNA strands unligated. Catalytic inhibitors stop
the enzyme activity by peventing the enzyme inducing DNA strand breaks. A well know

topoisomerase inhibitor is camptothecin [24].

Camptothecin is found in the bark of the Chinese camptotheca tree. It was used in China as a
treatment for many illnesses like psoriasis, leukemiadiseases of the liver and stomach and
infection of the spleen. In modern medicine, it is used as an am@ncer agent. The mode of
action of camptothecin is that it prevents the topoisomerase | enzyme from producing
reversible single-strand breaks in DNAduring DNA replication. These strand breaks relieve
torsional strain and allow DNA replication to continue. When camptothecin is present it binds to
the topoisomerase | enzyme and prevents the topoisomerase | enzyme from functioning and

thus the enzyme igeleased from the DNA strand and DNA replication is stopped [25].

The gold(lll) chelates that will be synthesised in this work share many structural features with
topotecan and other topoisomerase inhibitors such as an aromatic planar region, a hydrogen

bonding region and have a positive charge. Shown in Figure 1.7.1 is a comparison of the
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structure of camptothecin and [Au(L4)}. The red regions are aromatic planar regions and the

green atoms indicate potential hydrogen bonding.

OH

(a) (b)

Figure 1.7.1: Comparison of the structures of (a) Camptothecin, an example of a topoisomerase
inhibitor and (b) [Au(L4)] *.

Gold has always been viewed as an extraordinary metal whichedotes status, wealth and
royalty, so naturally ancient civilizations that had access to gold began to explore the medicinal
properties of this precious metal. Ancient civilizations such as China in 2500 B.C. believed that
gold could cure or heal people sifiering from small pox, ulcers and measles. Japanese traditional
healers said gold should be placed in food items and in tea to ensure good health. Gold(l) was
OOAA Al ETEAATT U £ O OEiAvireBaoteiostalcteffedt [301 OEA pwgmbC
In recent years gold(l) complexes have been used to treat rheumatoid arthritis, which is an
autoimmune inflammatory disease. Rheumatoid arthritis is characterised by the erosion of
joints. The first gold compounds used in treatment were aurothioglucose (ATGand
aurothiomalate (ATM). The structures of these two drugs are shown below ifigure 1.8.1.
These drugs were given intramuscularly and were cleared quickly from the plasma, but
sufficient amounts of the drug were spread throughout the body to allow theatnpounds to be
therapeutic. The highest concentration of the drug is found in the kidney which results in
unwanted nephrotoxicity. ATM and ATG have serious side effects which prompted the synthesis

of new drugs [26].
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Figure 1.8.1:Early gold(l)-based drugs for treatment of rheumatoid arthritis. (a) aurothiomalate

and (b) aurothioglucose [26].

Gold(lll) was not seen as a viable option in the fight against cancer due to its high reactivity,
high redox potential and low stability. It has subsequetly been determined that the gold(lll)
ion can be sufficiently stabilised by the use of ligands which donate electron density to the
electron deficient gold(lll) ion. Some of the ligands used for this purpose are polyamines.
Nitrogen donor ligands, partialarly anionic N-donor ligands, are very effective for gold(lll) ion
stabilisation. This breakthrough opened the door for new research. One area the gold(lll) ion
could be used in is anticancer research. Cisplatin has dominated this field and is the benainkn
for future drugs. Both Pt(ll) and gold(lll) are ¢ metals and both have a square planar geometry.
So the circumstantial evidence suggests that gold(lll) complexes should mimic the antncer

properties of the popular cisplatin [33].

Gold(lll) complexes that have been synthesized as artiancer drugs contain ligands with
nitrogen, oxygen and sulphur donor atoms. There are two species of pyridine complexes
[AuCk(Hpm)] and [AuCk(pm)](structures shown in Figure 1.8.9. Both these complexes show
good cytdoxicity against Tlymphoblastoid and human ovarian cell lines. [Au(phen)g]Cl,
[Au(terpy)CIICl2, [AuCl(dien)Ct] and [Au(en)]Cl; all showed reasonable stability under
physiological conditions. The 16 value for [Au(phen)CL]Cl is 7.4 pM and for [AuCIl(dn)Ch] is
6.0 uM. The Awazpy bidentate (structure shown in Figure 1.8.9 complex also shows good

cytotoxicity against cisplatin-resistant ovarian tumour cells [26].
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Figure 1.8.2: Structures of (a) (AuCk(Hpm)), (b) AuCk(pm) and (c) Au-azpy bidentate.

Gold(lll) tetraarylporphyrins, Schiff bases and bis(pyridyl)carboxamidechelates all exhibit
anti-cancer properties. The Ig values of he gold(lll) porphyrin (general structure shown in
Figure 1.9.2.) complexes were found to be in the range of 04173 uM. It was also noted that
the gold(lll) porphyrins complexes were effective against cisplatin resistant cells , having $C
values of 017, 0.14 and 0.11 pM against promyelocytic leukemia, nasopharyngeal carcinoma,
cervical epithelioid carcinoma, hepatocellular carcinoma and oral epidermoid carcinoma. The
gold(lll) Schiff base complexes (structure shown irFigure 1.8.4.) and bis(pyridyl)caboxamide
(general structure shown inFigure 1.8.5.) compounds displayed 1§ values in the range of 10
30 pM. These are comparable to cisplatin which has a meand@alue of approximately 15 pM
[26].

The gold(lll) complexes proposed in this study will shre three structural similarities with the
gold complexes mentioned above. The complexes have a planar aromatic region, a hydrogen
bonding region and will have a positive charge. They are therefore anticipated to be effective

DNA intercalators and chemotheapeutic agents.
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Figure 1.8.3: Structure of gold(lll) porphyrins.

Figure 1.8.4: Structure of gold(lll) Schiff base complex.

NO,

O @) Cl
\ VAN G
\/\Au/ N
| PN P

Figurel.8.5: Structure of gold(lll) bigpyridyl)carboxamide.

Both the gold(lll) porphyrins and bis(pyridyl)carboxamide complexes have dianionic,

tetradentate N-donor ligands. These ligands have been shown to stabilise the gold (lIl) ion
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under physiological conditions. This suggests that the lends proposed in this work which are

also examples of dianionic tetradentatéN-donor ligands will similarly stabilise the gold(lll) ion.

The ligands that will be coordinated to gold(lll) in this work are examples of Schiff bases. Schiff
bases are derived from primary amines and carbonyl compounds. These ligands coordinate
through the azomethine nitrogen atoms. Schiff bases have many applications and are found in
the food industry, analytical chemistry, catalysis and biological application80].

A scheme for the general synthesis of a Schiff base is shown in Figure 1.9.1. Schiff base reactions
are mostly reversible and the use of an acid/base catalyst or heating is employed during the
reaction. This reaction does not follow a nucleophilic @dition, but forms an unstable
intermediate compound, carbinolamine. Due to the unstable nature of the carbinolamine, it
eliminates a water molecule. This step leads to the formation of the Schiff base and is the rate
determining step [29].

HN—R"
0O
/H\ + R-NH, —> R R
R R O—H
N-R'
/L + Hzo
R R

Figure 1.9.1: Scheme for a general Schiff base synthesis.

Schiff bases derived from pyrrole are mainly used in the pharmaceutical field and in
electroconducting polymers. Imidazole derived Schiff bases are used in a wide range of
applications in the pharmaceutical field such as anfiungals, antiinflammatories, anti-tubular
activities, anti-depressants, anticancer agents and antivirals. 4-methyl imidazole, one of the
key compounds in this work, is similarly used in pharmaceuticals as awamaterial, but is also

found in chemical dyes ad rubber. Imidazole and 4methyl imidazole have also been commonly
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used as starting material for ligands [26]. These ligands coordinate through the nitrogen atoms
with a wide variety of transition metals, fa example copper(ll), manganese(ll), nickel(ll) and
zinc(Il) [31].

Figure 1.9.2: Structure of Imidazole derived Schiff bases with a zinc(Il) metal centre [31].

The methyl imidazole analogues of the ligands proposed for chelation to gold(lll) have been
successfully coordinated to a range of metal ions including zinc(ll) and copper(ll) [31]. A
notable feature of the chelates is that the coordination sphere is square planar. This coupled
with the planarity of the imidazole-imine moiety suggests that these anpounds will effectively
intercalate DNA. The addition of a methyl group at the-fosition of the imidazole would have
an inductive effect making the nitrogen atoms stronger sigma donors and will likely further
stabilise the gold(lll) ion.

1.10 Proposed Research

The aim of this project is to synthesise a range of bis(imidazeclenine) ligands. The ligands and
complexes are varied by the structures of the di(azomethine) linkag&even of the ten ligands
are novel, ligands HL4, BL7 and HL7 have previouslybeen synthesisedMetal chelation will
require deprotonation of the imidazole NH leading to a dianionic ligand. Coordination of these
dianionic ligands to the gold(lll) ion will yield a monocationic complex. The compounds have
been designed to intercalateDNA and inhibit the topoisomerase enzyme thus preventing

tumour cell replication. Ten ligands are proposed for chelation to gold(lll) (Figure 1.10.1).
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The gold(lll) complexes have a planar aromatic region, a hydrogen bonding region (in some
cases) and anoverall positive charge. They are therefore anticipated to be effective DNA
intercalators and chemotherapeutic agents. Both gold(lll) porphyrins and gold(lll)
bis(pyridyl)carboxamide complexes have dianionic, tetradentaté-donor ligands. These ligands
have been shown to stabilize the gold(lll) ion under physiological conditions. This suggests that
the ligands proposed in this work will sufficiently stabilise the gold(lIl) ion.
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Figure 1.10.1: Structures and abbreviated names tie bis(imidazole-imine) Schiff base ligands

proposed for chelation to gold(lll).
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1.11 Objectives

1. To synthesise a range of bis(imidazolémine) ligands.

2. Fully characterize the free ligands byH, 13C, IR and UV/visible spectroscopy and mass
spectrometry.

3. To synthesise a range of novel bis(imidazolenine) gold(lll) Schiff base complexes.
Fully characterize the gold complexes byH, 13C,19F,31P, IR and UV/visible spectroscopy
as well as mass spectrometry.
Study the ligands and metal chelates by singtaystal X-ray crystallography.
Computational studies, using DFT (density functional theory), will be performed on free
ligands and gold(lll) complexes. The results of the DFT will be compared to the
experimental data to determine accuracy as well as to aith interpretation of the
experimental data.

7. Determine the affinity of the metal chelates for calfthymus DNA.
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Chapter 2| Experimental

2.1 General Methods

All starting materials used in the synthesesvere purchased from SigmaAldrich (Germany) and
used as received. Organic solvents were purchased from Merck (South Africa) and were of
analytical reagent (AR) grade. Harmony gold provided the metallic gold (99.999%) which was
in the form of gold pellets.Merck silica gel 60 was used for column chromatography.

2.2 Instrumentation

NMR spectra were recorded with a Bruker Avance Il 400 MHz spectrometer equipped with a
Bruker magnet (9.395 T) using a 5 mm TBIZ probe at the following frequenciedd = 400 MHz
13C = 100 MHz31P = 162 MHz and®F = 376 MHz. The spectra were recorded at 30 °C. All NMR
experiments were conducted using Bruker Topspin 2.1, patch level 6. All proton and carbon
chemical shifts are quoted relative to the solvents used, DMS1B: 1H, 250 ppm,13C, 39.52 ppm;
CDC4:1H 7.26 ppm,13C, 77.16 ppm and Ci{®OD1H, 3.31 ppm,13C, 49.00 ppm. The 2D COSY and
HSQC data assisted with the assigning of the and 13C NMR spectra for the ligands and metal

complexes.

FTIR spectra were recorded using &ruker Alpha FTIR spectrometer equipped with an ATR
Platinum Diamond 1 reflectance accessory. The machine acquired the information in 32 scans
with a spectral resolution of 1.0 cmt. Electronic spectra were recorded using a Shimadzu UVPPC
1800 double beam W-vis scanning spectrometer (1.0 cm path length cuvette). Spectra were
recorded from 800 to 200 nm.

High resolution mass spectra were recorded with a Waters AcquiCT Premier coupled high
performance liquid chromatographrmass spectrometer (timeof-flight) using electrospray

ionization in positive mode.

All experimental data are available iMppendix A
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2.3 Synthesis of Ligand Precursors

,
OH
5 6
NH HN
. O/ 4 \O
s e
HaC X =z 3
3 O O
CHj CHj

Figure 2.3.1: Structure and atom numbering scheme of 2,2,12:1&ramethyl-3,11-dioxo-4,10-
dioxa-5,9-diazatridecan-7-ol.

Sodium hydrogencarbonate (8.3 g, 99 mmol) was dissolved in a water:acetonitrile mixture
(190 mL ratio of 1:1). The soluton was phAAA EI Al EAA AAOE ATA
Di-tert-butyldicarbonate (12.8 g, 59 mmol) and 1,3liamino-2-hydroxypropane (2.5 g,
27 mmol) were dissolved in the same solvent system (65 mL). This solution was added to the
cooled solution and stirred in an ice hth for 2 hours. The reaction was warmed to room
temperature and stirred overnight. The acetonitrile was removed by rotary evaporation. The
desired amine was then extracted into DCM (3 75 mL portions). The organic portions were
combined and dried over amydrous sodium carbonate; the DCM was removed by rotary
evaporation. The crude product was recrystallized from diethylether/hexane, resulting in
colourless crystals (7.4 g, 93.5 % yield). The crystals were characterized #y and13C NMR and
IR spectroscqy.

1H NMR (400 MHz, CD€1303KQ ¢ 1 h BB Yd -4)8320 (mj 46 7b)BET (n, 2d, H6

and H7), 5.18 (s br, 2H, H4). 3C NMR (100 MHz, CDEl omocEQ ¢ 1 h DDPIi ¥d cys8ug
71.09 (5), 79.86 (6), 157.27 (3). IR (crddd, ocopoei AO j/ ( AT A . (@Gh cwxp
and# ( Qh poypO 2z} #E/ Q8
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Figure 2.3.2: Structure and atom numbering scheme of -&thoxypropane-1,3-diaminium
dichloride.

The precursor 2,2,12,12tetramethyl-3,11-dioxo-4,10-dioxa-5,9-diazatridecan-7-ol (2.0 g,

6.9 mmol) and [BuN][HSO4] (0.44 g, 1.3 mmol) were dissolved in toluene (7.5 mL). A 50%
aqueous solution of NaOH (7.5 mL) and ethyl iodide (1.67 mL, 20.7 mmol) were added to the
OiT1 OAT A O11 O60ET 18 4EA OAAAOQET lor 18 koard Oe AeacicA O OE A1l
mixture was diluted with water (50 mL) and the alkylated compound extracted into
ethylacetate (75 mL) and washed with 5% brine and dried over anhydrous N&Q. The solvent
was removed by rotary evaporation. The resulting oil was yrified by column chromatography

on silica gel using 1:4 ethylacetate:hexane as the eluent. The alkylated compound was collected
and the solvent removed by rotary evaporation. The resulting oil was dissolved in HCI in
dioxane (4 M) and stirred for 4 hours.A white precipitate formed and was separated from the
HCI solution by centrifugation, washed with THF and diethyl ether and dried over.8s. The

product was characterised bytH NMR spectroscopy.

IHNMR (400 MHz, ® h omno +Q 31 h 8)p3.17dd pHBI=p.13HEH=143(Ha, (
H-4), 3.32 (dd, 2H33=4.2 Hz3}=12.9 Hz, H4), 3.69 (q, 2H, H2), 4.03 (m, 1H, H3),
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Figure 2.3.3: Structire and atom numbering scheme of 2nethoxypropane-1,3-diaminium
dichloride.

The precursor 2,2,12,12tetramethyl-3,11-dioxo-4,10-dioxa-5,9-diazatridecan-7-ol (2.0 g,
6.9 mmol) and [BuN][HSQ] (0.44 g, 1.3 mmol) were dissolved in toluene (7.5 mL). A 50%
aqueous NaOH solution (7.5 mL) and methyl iodide (1.67 mL, 20.7 mmol) were then added to
OEA O11 OATA O11O00ETT18 4EA OAAAOGEIT 1T E@GOOOA xAO
was diluted with water (50 mL) and the alkylated compound extracted intoethylacetate
(75 mL) and washed with 5% brine and dried over anhydrous N&Q. The solvent was
removed by rotary evaporation. The resulting oil was purified by column chromatography on
silica gel using 1:4 ethylacetate:hexane as the eluent. The alkylatsaimpound was collected and
the solvent removed by rotary evaporation. The resulting oil was dissolved in HCI in dioxane
(4 M) and stirred for 4 hours. A white precipitate formed and was separated from the HCI
solution by centrifugation, washed with THF ad diethyl ether and dried over BOs. The product

was characterised bytH NMR spectroscopy.

IHNMR (400 MHz, B h omo +Q ¢ h -B)P33%@d 2H8Je%13 HAB148B(Hh, (
H-3), 3.89 (m, 1H, F2),
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2.4 Synthesis of Ligands

2.4.1 Synthesis of N,N*-bis[(E) -(4-methyl -1H-imidazol -5-yI)
methylidene]propane - 1,3-diamine (H 2L1)

Figure 2.4.1: Structure and atom numbering scheme used foplH..

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 44 mmol) was
dissolved in ethanol (20 mL). To this solution was added 1;8iaminopropane (0.189 mL,
2.27 mmol) (ratio of 4-methyl-1H-imidazole-5-carbaldehyde: 1,3diaminopropane is 2:1). The
resulting mixture was heated to reflux for 3 hours during whicha white precipitate formed. The
precipitate was isolated by gravity filtration, yielding the final product (0.483 g, 1.86 mmol,
81.9 % yield). The product was analysed byH and13C NMR, IR and UV/visible spectroscopy as

well as mass spectrometry.

IHNMR(400 MHz,Cl/ $h omo +Qq ¢ DBl 23ds, 618 A, 3.56i(sh4HcHB)h  (

7.54(s, 2H, H1), 8.24(s, 2H, H6), 12.14 (s, 2H, NH)13C NMR (100 MHz, DMS@&h omo + qh
ppm]: 10.33 (2), 31.88 (7), 58.15 (6), 128.46 (1), 134.34 (3), 137.50 (4), 150.22 (3R (cm):

cwop8uUL 2zj.(Qqh poetuvsng OPPAEA GG RCrammapi@région). Ay # #
vis (CH/ ( Qmax ¥ T 1 ¥ f enFl): 266 (2.01 104). ESIMS: m/z 281.1491 (M+Na),

calculated m/z: 281.1485 (M+Na).
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Figure 2.4.2: Structure and atom numbering scheme used foblP.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol)was
dissolved in ethanol (20 mL). To this solution was added 2@methylpropane-1,3-diamine
(0.273 mL, 2.27 mmol). The resulting mixture was then heated to reflux for 3 hours, yielding a
yellow solution. The volume of solvent was reducediia a rotary evgporation giving a light
yellow precipitate. The precipitate was isolated by gravity filtration, yielding the final product
(0.432 g, 1.51 mmol, 66.5 % yield). The product was analysed bl and 13C NMR, IR and

UV/visible spectroscopy as well as mass spedmetry.

1H NMR (400 MHzCD:ODCDODh omno +q ) DBbd),282 (s16HokR), 25006, ¢ ( h (
4H, H6), 7.56 (s, 2H, HL), 8.20 (s, 2H, FB). 3C NMR (100 MHZ, GDDo e +qh ¢\ DPIi ¥vdq
2),

23.55 (8), 36.19 (7), 69.14 (6), 127.73 (1), 133.85 (3), 137.24 (4), 152.27 (5). IR (¢n
cymx8pw 2zj.(Qqh potuvdys 2zGHE CPE QRC aporitiQyERiond 27 j ##
UV-vis (CHY/ ( Gax® 1 1T ¥ -Jcrr®: 267 (1.35 105). ESIMS: m/z 287.1985 (M), calculated

m/z: 286.1905 Da(M-H-).
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Figure 2.4.3: Structure and atom numbering scheme used folEB.

The ligand precursor H-imidazole-5-carbaldehyde (0.500 g, 5.20 mmol) was dissolved in
ethanol (20 mL). Tothis solution was added 1,3diaminopropane (0.217 mL, 2.601 mmol). The
resulting mixture was heated to reflux for 3 hours during which a white precipitate formed. The
precipitate was isolated by gravity filtration, yielding the final product (0.402 g, ¥'5 mmol,
67.3% vyield). The product was analysed byH and13C NMR, IR and UV/visible spectroscopy as

well as mass spectrometry.

IH NMR (400 MHz, DMS@, 303 K) f ) PPLOd (m, 2H, H8),

3.65 (t, 4H, H5), 7.07 (s, 2H, H2), 7.195s, 2H, H1), 8.19(s, 2H H4), 12.57 (s, 2H, NH):3C NMR
(100MHz,DMSQdsh omo +Qh f3) DDBPIiYd o0¢8pw 8j(1p @45.0403),8¢C w | L
152.76 (4).IR (cmdd c¢WYop8ut 2j.(qQ peTtYBcOBDOAPAEQIRTh p pOWE X
aromatic region). UMvis (CH/ ( Quax ¥ T 1 ¥ &rift): 273.5 (9.00 104). ESIMS: m/z

253.1178 (M+Na), calculated m/z:253.11721 (M+Nar).
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2.4.4 Synthesis of N,N-bis[( E)-1H-imidazol -5-ylmethylidene]propane -
1,3- diamine (H 2L4)

Figure 2.4.4: Structure ad atom numbering scheme used for H.4.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol) was
dissolved in ethanol (20 mL). To this solution was added 1;8iamino-2-propanol (0.204 g,
2.27 mmol). The resulting mixture was thenheated to reflux for 3 hours during which a pale
pink precipitate formed. The precipitate was isolated by gravity filtration and was washed with
ethanol, yielding the final product (0.412g, 1.50 mmol, 66.1% yield). The product was analysed

by tH and13C NVIR, IR and UV/visible spectroscopy as well as mass spectrometry.

¢

1H NMR (400 MHz, DMS@h omo +Q f1h DDy Q458 dip, H),Oh o (
3.48 (dd, 2H,63=6.4 Hz,63=11.2 Hz, H6), 3.68 (dd, 2H,63=6.1 Hz,63=7.2 Hz, H6),

3.91 (m, 1H, H7), 7.13(s, 2H, HL), 8.19 (s, 2H, FB), 12.11 (s, 2H, NH)1*C NMR (100 MHZ,
DMSGdsh omo +QqQ f1 DPiYd pn8cw j¢qh ve8ug | xah o¢ué
151.79 (5). IR cmid, c Yt Y801 2i . (qh p ¢@1-Nstretch), 778z B p o Py ¢
aromatic region). UWvis (CH/ ( Qmax ¢ T 1 ¥  jIr @ml):-267.5 (1.37 105).

ESHMS: m/z 297.1442 (M+Na), calculated m/z:297.1434 (M+Na).
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2.4.5 Synthesis of N,N-bis[(1 E)-(4-methyl -1H-imidazol -5-
yl)methylene]butane - 1,4-diamine (H 2L5)

;
6
N N

% A
2 4

8

U2 “\H HNT s
1

Figure 2.4.5: Structure and atom numbering scheme used fosltb.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol) was
dissolved in ethanol (20 mL). To this solution was added l,diaminobutane (0.228 mL,
2.27 mmol). The resulting mixture was then heated to reflux for 3 hours during which a pale
yellow precipitate formed. The precipitate was isolated by gravity filtration, yielding the final
product (0.372 g, 1.37 mmol, 60.4% yield). The product wasalysed by!H and13C NMR, IR and

UV/visible spectroscopy as well as mass spectrometry.

1H NMR (400 MHz, CEDD/ CDClh ono +q ) DDE7Y @.p63(e @H, jH),h 1 ( h
3.51 (t, 4H, H6), 7.52 (s, 2H, HL), 8.27 (s, 2H, FB). 3C NMR (100 MHz, GIOD/ CDC,

ono +qh ¢ DPPIiYd pp8oyY jcdh c¢wYB8uvw jxXaqh eo¢m8ox j o
IR(cmiqd cYyuved8ow 2zj.(qh poet1-u8OPOADAE GO gromatic 8 ¢ 2 &
region); UVwvis (CHY ( Q max} ¢ T 1 Y j R Tcmi)=- 265 (3.0 109).

ESIMS: m/z 295.1651 (M+Na), calculated m/z:295.1641 (M+Nar).
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2.4.6 Synthesis of (1529-N,N=-bis[( E)-(4-methyl -1H-imidazol -5-yl)
methylidene]cyclohexane -1,2-diamine (H >L6)

Figure 2.4.6: Structure and atom numberig scheme used for kL6.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol) was
dissolved in ethanol (20 mL). To this solution was addedl§,2%-(+)-1,2-diaminocyclohexane
(0.273 mL, 2.27 mmol). The resulting mixture was then taed to reflux for 3 hours after which
a clear brown solution was obtained. The volume of solvent was reduceth rotary evaporation

and a brown oil formed from which a brown precipitate formed on standing overnight
(0.536 g, 1.80 mmol , 79.3% vyield). Th@roduct was analysed by!H and 13C NMR, IR and

UV/visible spectroscopy as well as mass spectrometry.

1H NMR (400 MHz, DMS@h omo +QqQ )1 Dbi 8y 1.79gm,®H,jHh 1 ( h
2.29 (s, 6H, F2), 3.21 (m, 2H, H6), 7.44 (s, 2H, HL), 8.06 (s, 2H, Fb) , 12.00 (s, 2H, NH).

13C NMR (100 MHz, DMS&h omno +Q f)1 DDPi Yd pp8yy jc¢qh c¢t18g
125.96 (1), 13%6.67 (3), 141.62 (4), 150.09 (5). IR (cmdd, cWT x8xX =2} .(qh poort
poec8an GQGAOAE qQiC apmaticaegjiony. Ui EH/ ( Gad T 1 Y Jorl: -

260 (2.11 104). ESIMS: m/z 299.1981 (M+H), calculated m/z:298.1906 (M+).
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2.4.7 Synthesis of (1R,2R)-N,N- bis[( E)- (4-methyl -1H-imidazol -5-yl)
methylidene]cyclohexane -1,2-diamine (H 2L7)

Figure 2.4.7: Structure and atom numbering scheme used fopltY.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol) was
dissolved in ethanol (20 mL). To this solution was addedl1R,2R-(-)-1,2-diaminocyclohexane
(0.273 mL, 2.27 mmol). The resulting mixture was then heated to reflux for 3 hours, after which
a clear brown solution was obained. The volume of solvent was reduceda rotary evaporation
leaving a brown oil from which a brown precipitate formed on standing (0.554 g,
1.86 mmol, 81.9% yield). The product was analysed biH and 13C NMR, IR and UV/visible

spectroscopy as well agnass spectrometry.

1H NMR (400 MHz, DMS@sh omo +Q ¢ 31 D D-B)¥YIg6 a4t H7)j2i1d(s, 6H, h (

H-2), 3.20 (m, 2H, H6), 7.45 (s, 2H, HL), 8.07 (s, 2H, kb) , 12.02 (s, 2H, NH)13C NMR
(100 MHz, DMS@sh omo +Q ¢ DPIiY¥Yqd pp8¢jcqh c¢t18¢¢j wyaqh oo
(3), 138.02 (4), 152.04 (5). IR (cmdd, c¢WYvo8pc 2j . (qh potNSreteh), zj #E.
P T T 08 Y& armnptié region). UWis (CH/ ( Grax ¥ T 1 ¥ { @) 268 (2.4  10%).

ESIMS: m/z 299.1985 (M+H), calculated m/z:298.1906 (M+).
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2.4.8 Synthesis of N,N-bis[(1 E)-(4-methyl -1H-imidazol -5-
yl)methylene]ethane - 1,2-diamine (H 2L8)

2 4
e N TR N g eiac

=/ \=

1

Figure 2.4.8: Structure and atom numbering scheme used fopl8.

The ligand precursor 4methyl-1H-imidazole-5-carbaldehyde (0.500 g, 4.54 mmol) was
dissolved in ethanol (20 mL). To this solution was added 1;@8iaminoethane (0.152 mL,
2.27 mmol). The resulting mixture was then heated to reflux for 3 hours during which a pale
yellow precipitate formed. The precipitate was isolated by gréity filtration, yielding the final
product (0.421 g, 1.72 mmol, 75.8% yield). The product was analysed by and13C NMR, IR and

UV/visible spectroscopy as well as mass spectrometry.

IH NMR (400 MHz, CEDD/ CDCIh o Tmo +Q f) DDIi2y §.82¢3 dHp He), OF
7.52 (s, 2H, HL), 8.20 (s, 2H, FB), 12.09 (s, 1H, NH):3C NMR (100 MHZ, GIdD/ CDC, 303K),

F1 DDBIi¥Yd pu8o) 12950 QU 149.538(8) 014556 (4), 156.63 (5). IR (cM):
cYtp8to 2zj.(Qqh poeort 8N etreteh), gt ET @ wCGpammgitBregipn). AJY #
vis (CH/ ( GxB 1 1 ¥ Jcrl: 265 (2.3 104). ESIMS: m/z 267.1339 (M+Na), calculated
miz: 267.1328 (M+Na).
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2.4.9 Synthesis of 2-ethoxy -N,N*-bis[(1 E)-(4-methyl -1H-imidazol -5-
yl)methylene]propane - 1,3-diami ne (H2L9)

9
sz
o~ ¢
.
6
N N
5 N

Figure 2.4.9: Structure and atom numbering scheme used foslED.

The ligand precursor 2ethoxy-1,3-diaminopropane dihydrochloride (0.500 g, 2.62 mmol) was
placed in a pestle and mortar with sodium carbonate (0.555,¢5.23 mmol ) and the mixture
ground together until a white paste was formed; a mixture b2-ethoxy-1,3-diaminopropane and
sodium chloride. 1H-imidazole-5-carbaldehyde (0.576 g, 5.23 mmol) was then added to the
pestle and mortar together with 5 drops of pperidine. The mixture was ground together
resulting in a pale brown solid. The solid was washed with distilled water and air dried (0.602 g,
1.99 mmol, 76.0% yield). The product was analysed bH and 3C NMR, IR and UV/visible

spectroscopy as well as masspectrometry.

1H NMR (400 MHz, DMS@h omo +Qq ¢ DDbI ¥) 208 &stdH, BOh o (h
2.31 (m, 6H, H2), 3.54 (m, 2H, FB), 3.70(m, 1H, H7), 7.52 (s, 2H, HL), 8.20 (s, 2H, ) , 12.18

(s, 1H, NH).13C NMR (100 MHz, G $h omo +Qh ¢y DDPIiYd pmrn8nm | w
65.17 (7), 78.79 (6), 128.07 (1), 137.38 (3), 142.32 (4), 153.76 (5). IR (cHd, C Yu x8CT 2] .
POTP8CcCc 2j #E.-Qh OPOA OAE q hCzapmatiorégmm). Usvjs #CH/ ( Cpax !

F1 iy i RIF cmly  266(1.1 104. ESIMS: m/z 325.1758  (M+Na),

calculated mz: 325.17473 (M+Nat).
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2.4.10 Synthesis of 2-methoxy -N,N=-bis[(1 E)-(4 -methyl -1H-imidazol -5-
yl)methylene]propane -1,3-diamine (H 2L10)

CH
V2 3
@)
5 7
N N
S AN

2 4
HCZ S i X CHs

Figure 2.4.10: Structure and atom numbering scheme used foplH 0.

The ligand precursor 2methoxy-1,3-diaminopropane dihydrochloride (0.500 g, 2.83 mmol) was
ground together with sodium carbonate (0.453 g, 5.54 mmol) in a pestle and mortar until a
white paste was formed;a mixture of 2-ethoxy-1,3-diaminopropane and sodium chloride.
1H-imidazole-5-carbaldehyde was then added to the pestle and mortar together with 5 drops of
piperidine and the mixture ground further resulting in a pale brown solid. The solid was then
washed with distilled water and air dried (0.643 g, 2.23 mmol, 79.0% yield). Therpduct was

analysed by!H and3C NMR, IR and UV/visible spectroscopy as well as mass spectrometry.

IHNMR (400 MHz, CP) $h omo +Q f 31 BDBBD,3:383s, 8HB)X3.78 @MH,¢R).h  (

3.83 (m, 1H, H7), 7.66 (s, 2H, HL), 8.30 (s, 2H, FB). 3C NMR (100 MHz, GIOD, 303 K),

F1 BPPIiYd pm8mx j¢Ah ve8oWw jWAh ¢@p8xXw13403AB). YT QX
IR cmqd c¢Yux8oc¢9 2zj.(Qqh potx8WOOAOAEJGE apqmatr 8PP ¢ 2 2
region). UWvis (CH/ ( Q max} f 11 ¥ j R ¥eml)- 266 (1. 2 109).

ESHMS: m/z 311.1601 (M+Na), calculated m/z:311.1590 (M+Na).
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2.5 Synthesis of Complexes

2.5.1 Synthesis of 5,5'-{propane -1,3-diylbis [nitrilo( E) methylylidene]}
bis(4 -methylimidazol -1-ide) gold(lll) hexafluorophosphate(V)
[Au(L1)](PF s)

N N
N
2 4 Au
H.C /" N\ CH
3 3/ N N \ 3

Figure 2.5.1: Structure and atom numbering scheme used for [Au(L1)]FB.

[BusN][AuCls] (0.100 g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask
with two molar equivalents of [BwN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0889 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution ¢BusN][AuCl] and
[BusN][PFs]. The resulting mixture was heated to reflux for 3 hours during which a mustard
coloured precipitated formed. The precipitate was isolated by gravity filtration and was washed
with ethanol, yielding the final product (0.0677 g,0.113 mmol, 65.7% vyield). The product was

analysed by!H and3C NMR, IR and UV/visible spectroscopy as well as mass spectrometry.

1H NMR (400 MHz, DMS@6Q ¢+ 1 DD ¥ d -P.@264(s, bH, HR), 77 @, 4H, H6), 8.45

(s, 2H, H1), 8.88 (s, 2H, Fb). 13C NMR (100 MHz, DMS@6h ono +Qq f) DbPi ¥Yd cuv8
(7), 51.99 (6), 134.59 (1), 147.69 (3), 152.65 (4), 162.23 (5}:P NMR (162 MHz, DMS@6,303

+qf 1 BDBANS(ER); 19F (376 MHz, DMS@I6,¢ w Y + qF |-710H-BIRE(PR). IR (cmb):

159751 cmiz j # E. Qh ple N Stretchf) 1448.08 cnit 2z | -@ aromatic region). UWis

i $- 3/ 10 Y 4 o) 270 (3.6 104), 339 (1.5 104). ESIMS: m/z 453.1110 (M),

calculated m/z: 453.1107 (M).
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2.5.2 Synthesis of 5,5'-{(2,2-dimethylpropane -1,3-diyD)bis[nitrilo( E)
methylylidene]}bis(4 -methylimidazol -1-ide)gold(ll)
hexafluorophosphate(V) [Au(L2)](PF6)

8
HC  CH, PFs

6 7

N N
5/\/\
Au

Figure 2.5.2: Structure and atom numbering scheme used for [Au(L2)](BF

[BusN][AuCl4] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0985 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BN][AuCl] and
[BusN][PFs]. The resulting solution was heated to reflux for 3 hours during which a yellow
orange precipitated formed. The precipitate was isolated by gravity filtration and washed with
ethanol, yielding the final product (0.0761 g, 0.122 mmol, 70.9% vyield). The product was

analysed by!H and3C NMR, IR and UV/visible spectroscopy as well as mass spectrometry.

1H NMR (400 MHz, DMS@h omo +Qq ¢ DDI 8) 258 gsteH, Oh ¢ (h
3.47 (s, 4H, H6), 8.46 (s, 2H, HL), 8.81 (s, 2H, Fb). 13C NMR (100 MHz, DMS@&h omo +qh ¢
ppm]: 13.93 (2), 14.68 (8), 23.30 (7), 61.62 (6), 134.66 (1), 147.97 (3), 153.20 (4), 162.98 (5).

3P NMR (162 MHz, DMS@6,0 mo  + Q¢ 1144R®(PR).4F (376 MHz, DMSQ@I6, 298K)

f 1 DIrl.mMege9.23 (PR). IR (cmi): 1597.30 cmiz j # E. Qh  p € juMB giretch)A
1445.25 cmt z j-@ aromatic region). UVOE O | $mx3 1 @Q Y1 | an¥): 261 (1.9 104),

342 (2.6 10%4). ESIMS: m/z 481.1424 (M), calculated m/z: 481.1419M*+).
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2.5.3 Attempted synthesis of N,N-bis[( E)-1H-imidazol -5-yl
methylidene]propane -1,3-diamine gold(lIl)
hexafluorophosphate(V) [Au(L3)](PF &)

PR,

6
Sm
N N

Figure 2.5.3: Structure and atom numbering scheme used for [Au(L3)](BF

[BusN][AuCls] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0792 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BM][AuCl] and

[BusN][PFs]. The resulting solution was heated to reflux for 3 hours during which no complex

formation could be detected.
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2.5.4 Synthesis of 5,5'-{(2 -hydroxypropan e-1,3-
diyDbis[nitrilo( E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorophosphate(V) [Au(L4)](PF )

8

OH —‘CI
,

6

N N

5= AR
> 4 /A“\
H,C—3 ~ N NTON CHj,
\—/ \—\
1

Figure 2.5.4: Structure and atom numbering scheme used for [Au(L4)](Cl).

[BusN][AuCl] (0.100g, 0.172 mmol) wadissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0944 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BN][AuCl:] and
[BusN][PFs]. The resultingsolution was heated to reflux for 3 hours during which a dark yellow
precipitate formed. The precipitate was isolated by gravity filtration and washed with ethanol,
yielding the final product (0.0517 g, 0.102 mmol, 59.3% yield). The product was analyseg H

and13C NMR, IR and UV/visible spectroscopy as well as mass spectrometry.

1H NMR (400 MHz, DMS@h omo +q ¢ D), 3 (dds2aH@=580Ihsr=g.86 h (

Hz, H6) , 3.85 (dd, 2H, HB), 4.48 (m, 1H, H7), 5.79 (d, 1H, HB), 8.44 (s, 2H,H-1),

8.94 (s, 2H, HB). 13C NMR (100 MHz, DMS&h omno +Qh ¢ DDPIi ¥Yd pt18@m | ¢
134.75 (1), 148.01 (3), 152.97 (4), 16351 (5). IR (c): 1598.44 cmi zj # E. Qh
1282.79 cmlz j-M stretch), 1440.11 cri z j -@ aromatic region). UWIiO | $- 2k QI NV | rRT

M1 cml): 265 (2.6 104), 339(2.1 104). ESIMS: m/z 469.1050 (M),

calculated m/z:469.1056 (M).
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2.5.5 Attempted synthesis of 5,5' -{butane -1,4-
diylbis[nitrilo( E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorop hosphate(V) [Au(L5)](PF &)

o

N N

6
5/\ N
2 4 Au
HaC—2 2 N/ NN, CHs
=/

—N
1

Figure 2.5.5: Structure and atom numbering scheme used for [Au (L5)](BF

[BusN][AuCl4] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0937 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BN][AuCl:] and

[BusN][PFs]. The resulting solution was heated to reflux for 3 hours during which no complex

formation could bedetected.
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2.5.6 Attempted Synthesis of 5,5' -{(1 529)-cyclohexane-1,2-
diylbis[nitrilo( E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorophosphate(V)[Au(L6)](PF )

Figure 2.5.6: Structure and atom numberig scheme used for [Au(L6)](PF).

[BusN][AuCl4] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.103 g,
0.344 mmol) was dissolved in ethanol (10 mL) ath added to the solution of [BuN][AuCl] and

[BusN][PFs]. The resulting solution was heated to reflux for 3 hours during which no complex

formation could be detected.
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2.5.7 Attempted synthesis of 5,5' -{(1 R,2R)-cyclohexane-1,2-
diylbis[nitrilo( E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorophosphate(V) [Au(L4)](PF )

Figure 2.5.7: Structure and atom numbering scheme used for [Au(L7)](BF

[BuaN][AuCl4] (0.100g, 0.172 mmol) was dissolved in DCM (10 mlin a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.103 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BN][AuCl] and
[BusN][PFs]. The resulting solution was heated to eflux for 3 hours during which no complex

formation could be detected.
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2.5.8 Attempted synthesis of 5,5' -{(2,2 -dimethylethane -1,3-
diyDbis[nitrilo( E) methylylidene]}bis(4 -methylimidazol -1-
ide)gold(lIl) hexafluorophosphate(V) [Au(L8)](PF )

j PF,
N N
(PN N

2 4 /Au\
HC~2 2N N X\ CHa

= \={

1
Figure 2.5.8: Structure and atom numbering scheme used for [Au(L8)](PF

[BusN][AuCls] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The Hand (0.0840 g,
0.344 mmol) was dissolved in ethanol (10 mL) and added to the solution of [BN][AuCl] and
[BusN][PFs]. The resulting solution was heated to reflux for 3 hours during which no complex

formation could be detected.
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2.5.9 Synthesis of 5,5'-{(2 -ethoxypropane -1,3-
diylhbis[nitrilo(E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorophosphate(V) [Au(L9)]CI

9
CH Cl
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.
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N N
N /N
2 4 /AU\
HC—3 ~ N NN CHj,
=/ \=y
1

Figure 2.5.9: Structure and atom numbering scheme used for [Au(L9)](Cl).

[BusN][AuCl] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs (0.133 g, 0.344 mmol). The ligand (0.104 g,
0.344 mmol) was dissolved in ethanol (10 mL) and the ligand solution added to the
[BusN]J[AuCls] and [BusN][PFs] mixture. The resulting solution was heated to reflux for 3 hours
during which the solution turned yellow-orange. The solvent volume was reduced by rotary
evaporation yielding an orange precipitate. The precipitate was isolated by gravity fitition and
washed with THF (0.0125 g, 0.023 mmol, 13.4%). The product was analysedibyand3C NMR,

IR and UV/visible spectroscopy as well as mass spectrometry.

H NMR (400 MHz, DMS@ h omo +Qq ¢ DPi-9d25p &p6H, )Oh o ( h
3.57 (m, 2H, H8), 3.95 (d, 4H, HB), 4.37 (m, 1H, H7), 8.44 (s, 2H, HL), 8.95 (s, 2H, FB). 13C

NMR (100 MHz, DMS@sh omo +Qh ¢7 DPiYd pt18¢m jcqh puv8omn
134.59 (1), 148.01 (3), 152.97 (4), 163.19 (5). IR (cr#): 1597.49cmiz | # E. Qh plgdu8mc Al
N stretch), 1350.17 cmt 2z j-@ aromatic region). UMDE O | $ma3¥/1d Y1 { enF): -

267 (2.82 104,331 (1.1 104). ESIMS: m/z 497.1347 (M), calculated m/z: 497.1369 (M).
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2.5.10 Synthesis 5,5'-{(2 -methoxypropane -1,3-
diyDbis[nitrilo(E)methylylidene]}bis(4 -methylimidazol -1-ide)
gold(lll) hexafluorophosphate(V) [Au(L10)]J(PF  6)]

8
PF
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Figure 2.5.10: Structure and atom numbering scheewsed for [Au(L10)](PF).

[BusN][AuCl] (0.100g, 0.172 mmol) was dissolved in DCM (10 mL) in a round bottom flask with
two molar equivalents of [BuN][PFs] (0.133 g, 0.344 mmol). The ligand (0.0991 g,
0.344 mmol) was dissolved in ethanol (10 mL) and theligand solution added to the
[BusN][AuCL] and [BwN][PFs] mixture. The resulting solution was heated to reflux for 3 hours
during which a yellow-orange precipitated formed. The precipitate was isolated by gravity
filtration and washed with ethanol, yielding the final product (0.759 g, 0.121 mmol, 70.3%
yield). The product was analysed byH and13C NMR, IR and UV/visible spectroscopy as well as

mass spectrometry.

1H NMR (400 MHz, DMS@sh omo +q ¢ Dbi 2336 gsy 8H, BBOh ¢ ( h
4.03 (d, 4H, H6), 4.26 (m, 1H, H7), 8.45 (s, 2H, HL), 8.93 (s, 2H, B). 13C NMR (100 MHz,
DMSQds ¢ wy +Qqh ¥7 DOPiYd pt8xp jc¢cqh v¢c8ow j odh ves
153.14 (4), 163.46 (5).3'P NMR (162 MHz, DMS@6,0 mo + ( r1f4.10 (k) V4 (376

MHz, DMS@6,0 mo + Q¢-71.1D89.2% @R). IR (cm?1): 1598.02cmizj # E. Qh pcwp8p1
1z j-M stretch), 1410.96 cirt z j -@ aromatic region). UVOE O | $mx8 1 @ Y1 4 a?): -

267 (2.54 104,340 (5.1 109). ESIMS: m/z 483.1226 (M), calculated m/z: 483.1212 (M).
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Chapter 3| Synthesis
3.1 Introduction

Schiff Base ligands were chosen to help stabilise the gold(lll) ion in this research. These Schiff

base ligandswere synthesized via a condensation reaction between a carbonyl and primary

amine. This reaction was first discovered by Hugo Schiff in 1864 [1]. The general mechanism for

the synthesis of a Schiff base is shown in Scheme 3.1. The synthesis actually agcaurthree

steps: firstly the lone pair of electrons on the nitrogen atom attacks the carbonyl carbon forming

a bond between the nitrogen and carbon. The positively charged nitrogen loses one hydrogen,

which bonds to the negatively charged oxygen formingia / ( CcOl 6B Al 1T AA O OE
carbon. Finally, the OH group and the remaining hydrogen on the nitrogen leave as water and

the Schiff base is formed. The lone pair of electrons on the nitrogen atom of the imine bond

make it an ideal donor atom for coodination to various metal ions.

OH

+
OH
. N " TV 1 H3C
T o L SV
R H R H | 2

H5;C

S 1
>7N R+ Hy0"

H3C
Imine

Scheme 3.1: General mechanism for a Schiff base reaction. [2]

These Schiff base ligands have been successfully coordinated to gold(d$) they are effective
sigma-donor groups able to stabilisethe metal in its high oxidation state. The aim of my project
was to synthesise a range of bis(imidazolemine) ligands and coordinate them to gold(lll) to
form novel metalbased chemotherapeutic agents. This high oxidation state of gold(lll) is
potentially unstable in the presence of biological reducing agents such as glutathione thus
strong sigmadonor ligands are required for stability. The ligands will be dianionic when the

imidazole NH isdeprotonated. Coordination of these dianionic ligands to the gd(lll) ion will
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yield a monocationic complex. The addition of a methyl group at the position on the imidazole

ring would have an inductive effect making the deprotonated nitrogen atoms stronger sigma
donors thus stabilizing the complexes more effectivgl The ligands and complexes are mainly
varied by the structures of the di(azomethine) linkage, by adjusting the structure of this group
the solubility profile (i.e. the lipophilicity) can be tuned. The ability of the complex to cross the

phospholipid bilayer and reach its intended cellular target (DNA) can therefore be optimised.

3.2 Synthesis of the Schiff Base Ligand

3.2.1 Synthesis of H2L1- H2L8

The synthesis of these ligands involved a simple condensation reaction betwean imidazole

carboxaldehyde and he respective diamine. The general synthesis is shown in Scheme 3.2.1

below.
o PN
2  RL_~ + N, T
NJNH H,N H,N 2H,0 NJ \:N
Ligand | Rt X

HLl | CH | CHCHCH

HoL2 | CH | CHCH(CHCH)CH,
Hol3 |H | CHCHCH

H:L4 | CH | CHCH(OH)CH
H:L5 | CH | CHCHCHCH
H:L6 | CH | R,Rcyclohexyl

H.L7 | CHs | S,Scyclohexyl

H.L8 | CH | CHCH

Scheme 3.2.1: Condensation reaction for the synthesis oftH-H,L8.

The above reactions all involve the condensation of an aldehyde with a primary alkyl amine. The
structure of the alkyl amine bridging unit did not have any notable influence on the efficiency of

the reaction and a single method was therefore applied in the synthesis oflH - H,L8.
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3.2.2 Synthesis of H2L9 and H2L10

For the synthesis of ligand K9 and HL10 the ethoxy bridging unit and methoxybridging unit
respectively had to be synthesised from 1;8liamino-2-propanol. The hydroxyl group on the
second carbon can be easily derivatised. Before the hydroxyl group can be converted, the
primary amines need to be protected with ditert-butyl dicarbonate (BocO) as primary amines
(pKa= 10-11) are more reactive than alcohols (Ba=16.5) [3]. Scleme 3.2.2below shows the
conversion of the primary amines to amides resulting in them being less nucleophilic and thus

less reactive.

OH

OH meo Sl & cn, Naco O*f a HNﬁfo
b AN = e I L,
O (@] (@] 3
oY

NH,  NH; CHj CHg

Scheme: 3.2.2The protection of primary amines using ditert-butyl dicarbonate.

The newly formed amine bond formed exhibits resonance. In the resonance form the amine is

deprotonated making it unreactive. Scheme 3.2.Below illustrates the resonanceforms.

V4
o)
Ha& CHg OH

79 He. e T
3
HO /|L X ’ HO f\' X )\HBC CH3
w/\NH 07 "CHy, =—= W/\N 0" ©CH, HO NG OX
CHj

R

Scheme: 3.2.3The different resonance forms of the protected diamine.

After protection, the hydroxyl group is converted to an ether with the addition ofn alkyl iodide
in the presence of [BUN][HSQ] and 50% NaOH. Ta hydroxyl group is deprotonated leading to
an Sy2 type reaction with the alkyl halide resulting in the formation of the ethoxy and methoxy

groups. The [BuN][HSQy] acts as a phase transfer catalyst in the biphasic reaction mixture. It
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carries hydroxide ions from the aqueous to the organic layer allowing deprotonation of the

lipophilic protected amine. Scheme 3.2.Below shows the &2 type reaction.

OH o~

(0] NH HN (0] 0] NH HN 0]
Y YCH + BuNreod Y \f

H,C 3 R—I — H.C CH
HSC\\/O O\N/CH3 50% NaOH HBCi\/O O\N/BCH3

CHs CHg CHj CHj
Scheme 3.2.452 type reaction of the hydroxyl group.

After the formation of the ether the amines are deprotected by the addition of excess HCI. This
results in the formation of a hydrochloride salt. Scheme 3.2.8 illustrates the synthesis of the
hydrochloride salt.

2¢l
R R

OYNH HNYO + Excess HCI ——» NH;  NH
HaC CHj
ch\\/o O\~/CH3

CHj CHj

Scheme 3.2.5Deprotection reaction toform hydrochloride salt.

The acidity of the hydrochloride salt was found to hinder the condensation reaction therefore
2-ethoxy-1,3-diamino-2-propane was synthesisedvia a solid state reaction by grinding 2
ethoxy-1,3-diamino-2-propane dihydrochloride and sodium carbonate in an agate pestle and
mortar. Once the Z2ethoxy-1,3-diamino-2-propane was formed 4methyl-1H-imidazole-5-
carbaldehyde was added to the mortar and the two were ground together in the presence of
piperidine which was used as a catalyst.l#e solid-state method proved to be very effective with
high yields and short reaction times. The method also conforms to modern green chemistry

practices by minimising the amount of solvent used in the reaction and worlp [10].

72



3.3 Metallation of Schiff Base Ligands

3.3.1 Gold(lll) salts

As a source of gold(lll) ions, the tetrebutylammonium tetrachloroaurate ([BusN]J[AuCL]) was
used. Although Na[AuGC], H[AuCl] are also viable sources of gold(lll) ions [4][5], they have
been associated with the formabn of unwanted [AuC}]- or [AuCk]- counter ions when isolating
cationic metal chelates. The drawbacks of these gelthsed anionsare that it leads to a poor
aqueous solubility , making characterization difficult. Secondly if a gold counter ion is formed
only half of the moles of gold go towards forming the complex. HAuChas been reported as an
efficient source of gold(lll) ions for chelation by Ndonor ligands. This is dependent on the
nature of the Ndonor ligands as some research states that the sadt favoured as it lowers the
pH of the solution which aids the chelation. In some cases where ligand deprotonation is

required, the lower pH hinders this process preventing metal chelation [5][6][7][8].

Previous reactions have attempted to us&a[AuCk] or H[AuCL] as a gold(lll) ion sourceat
varying temperatures. The reactions were unsuccessful resulting in black precipitate (AQs) or

colloidal gold [9].

Barnholtz et al. concluded that [BuN][AuClj] is the most effective gold salt from the three
mentioned. For a successful reaction with the [BN][AuCls] salt it requires the presence of a
hexafluorophosphate(V) salt and ethanol. If one of the two are not present the reaction fails. The

reagents seem to pay a role in breaking the [BN][AuCl] ion pair[ 5].

An added advantage of using [BiN][AuCls] is that it is lipophilic and dissolves in nonpolar
organic solvents, whereas the target cationic gold(lll) chelates are soluble in polar organic
solvents therefore the gold chelates precipitate out of solutiosimplifying the required reaction

workup.

3.3.2 Metallation of H 2L1, H:L2 and H2L10

Metallation of free ligands HL1, BL2 and HL10 were successful using [BiN]J[AuCls]. The
ligand was dissolved in ethanol while the [BuN][AuClL] was dissolved in DCM. Té two
solutions were added and the relative complex precipitated out of solution. The three resulting
complexes contain a P& counter ion. Scheme 3.3.2.1 shows the general metalation ligands
H.L1, HL2 and HL10.
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N N N N
= ~N (BuNI[PF] = ~
+  [BuNJjAuCI] PMPRL N/
EtOH/DCM
HsC—~ NH  HNT X CHj HaC z N/ \N N CHg
— N—/ \—N

Scheme 3.1: General reaction outline for metalation of ligands b1, HL2 and HL10.

Table 3.31: Summary of R groups of different ligands.

Ligand | Rt | R?
AuLl | H H
AuL2 | CH | CH
AuL10 | H OCH

3.3.3 Metallation of H 2L4 and H2L9

Metallation of free ligands HL4 and H:L9 were successful using [BAN]J[AuCL]. The ligand was
dissolved in ethanol while the [BuN][AuCls] was dissolved in DCM. Complex [Au(L4)CTI
precipitated out of solution while [Au(L9)CH remained in solution. The solution containing
[Au(L9)CI] had the solvent removedvia rotary evaporation and was washed with THF. Both
these complexes have a Ctounter ion also [BuN][PFs] was added to the reaction. Scheme

3.3.3.1 shows the general metalation of ligands;H4 and HL9.
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N N N
= BN Z X
+  [Bu,NJAuCl] NP A4
EtOH/DCM
HC A N N N —CHa HC 2 N/ N CHs

Scheme 3.3.2General reaction outline for metalation of ligands $L.4 and HL9.

Table 3.3.2 Summary of R groups of different ligands.

Ligand | Rt | R2
AuL4 | H OH
AuL9 | H OCHCH

3.3.4 Metallation of H 2L3, H2L5, H2L6, H:L7 and H2L8

Metalation of ligands HL3, HL5, BHL6, HL7 and HL8 was unsuccessful using the above
method. The reaction was carried out with 2 molar equivalents of ligand, but no metal ion
chelation could be detected.. The possible reason for the failure of the metallation is the
two-carbon bridging units creating a small coordination site for the large gold(lll) ion.
Considering that all the ligands which have a three carbon bridging unit easily coordinated the
gold(lll) ion it can be concluded that for this system a threearbon bridge leading to two five

membered and a sixnembered chelation rings is ideal.

In conclusion, sevennovel Schiff base ligands and five novel gold(lll) Shiff base chelates were
successfully synthesized. The ligand synthesis gave consistently good yieldsl ahe metallation
reactions resulted in decent yields except in AuL9 where the yield was low due to the complex

being soluble in the solution.
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Chapter 4| Spectroscopy

4.1 Infrared spectroscopy

4.1.1 Introduction

The bonds in molecules are continuously stretching and bending. Stretching occurs along the
bond line while bending changes the bond angle [1]. Molecules that have covalent bonds have
the ability to absorb light in the infrared region (700 mmz 1 mm). The region of greatest
interest is 2500 nm z 25000 nm (400 to 4000 cmt) which is the region for vibrational
transitions. The molecule absorbs the infrared radiation which results in transitions between
the vibrational and ground state energy levels. These transiths are presented as an IR

spectrum [1].

The total energy of a molecule comprises the movement of electrons in the molecules, the
vibrations of each atom in the molecule and rotation of the molecule. Analysis can be performed
by measuring absorption, emis®n and reflection. This technique is used to determine the
functional groups present in the compound as different functional groups vibrate at different
stretching frequencies (wavenumbers). In general, stronger bonds (i.e. higher bond orders)

vibrate at higher wavenumbers [2].

One of the key stretching frequencies that will confirm a successful Schiff base condensation is
the imine C=N stretch. This bond will typically have a stretching frequency in the region of
1680 cmi.

4.1.2 Results and discussion

The most significant band in the IR spectrum of a Schiff base ligand is the imine (C=N) group
which is found in the range of 169Q; 1640 cn! [1]. When chelated to the gold(lll) ion there is a
considerable spectral shift to lower wavenumbers of the imia C=N stretching frequency. This is
due to the strongly electron withdrawing metal ion removing electron density from the
coordinated imine nitrogen atom and weakening the double bond. The imine stretching
frequencies of the imine groups for the free ligatls and gold(lll) chelated ligands are

summarised in Table 4.1.1.
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Table 4.1.1: Imine stretching frequencies of the free ligands and gold(lll) chelates.

Schiff base Free Ligand (cm-1) Gold(lll) Chelate (cm -1)
HoL1 1645 1597
HaL2 1646 1597
H.L3 1648 N/A
H.L4 1648 1598
H2L5 1645 N/A
H,L6 1634 N/A
HaL7 1645 N/A
H.L8 1635 N/A
H,L9 1646 1597
H,L10 1645 1598

The data in Table 4.1.1 clearly show that the imine stretching frequeras of the free ligands are
higher than those of the gold(lll) chelates. The decrease in stretching frequency is due to the
electron density moving from the ligand to the gold(lll) ion. The data summarised in Table 4.1.1
also show that all the ligands haveimilar imine stretching frequencies. This suggests that the
substitution on the alkyl bridging unit has little influence on the vibrational energy of the

relatively remote imine bond.

The frequency of an NH stretching band is typically in the region 8600-3300 cmt, but the NH
bands observed herein are at lower frequencies [3]. This is likely due to hydrogen bonding
between the imidazole NH and imine nitrogen atomyida infra). This hydrogen bonding motif is
illustrated in Chapter 5 and is a common fature of imidazole- and pyrrole-based Schiff base
ligands. This electrostatic intermolecular interaction results in a lower force constant for the
pyrrole NH, therefore lowering the vibrational frequency. Table 4.1.2 summarises the NH
stretching frequencies for each free ligand. This band is not evident in the IR spectra of the

gold(lll) chelates, indicating deprotonation of the imidazole NH upon metal ion chelation.
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Table 4.1.2: Imdazole NH stretching frequencies for the free ligands.

Schiff Base Ligand (NH, imidazole)/cm -1

H2L1 2932
HoL2 2807
H.L3 2832
H.L4 2848
H.L5 2857
H.L6 2848
HaL7 2853
H.L8 2841
H2L9 2857
H.L10 2857

Ligand HL4 and complex [Au(L4)](PFk) have OH stretching frequencies at 3587 and 3365 cimn
respectively. These valuescorrelate with typical OH stretches [13]. There are also -O
stretching frequencies for HL4 and [Au(L4)](PF) found at 987 and 970 cr, respectively.

The IR spectra of the ligands differ from those of the complexes in two key ways. The first is the
absence of the pyrrole NH peak in the complexes, which indicates chelation and secondly the
decreasing of the C=N stretching frequencies upon chelation. The IR spectra for the metal
chelates with the Pk anion also have a strong band at 826 nm which correlageto the RF
stretch [18]. The vibrational frequencies of these key functional groups are illustrated in Figures
4.1.1 and 4.1.2 which show the IR spectra of the,kR and [Au((L2)](PFs), respectively as

representative examples.
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Figure 4.1.1: IR spectnn of ligand HL2.
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Figure 4.1.2: IR spectrum of complex [Au(L2)](P4.
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4.2 UV/visible spectroscopy

4.2.1 Introduction

The energy of ultraviolet and visible light (200 nm800 nm) is sufficient to cause an electronic
transition within a molecule. Dependirg on the amount of energy needed for the transition

either ultraviolet or visible light will be absorbed [1].

When a molecule is in its ground state, all electrons are in the lowest energy molecular orbitals.
When the molecule absorbs a photon of light # electrons move to a higher energy molecular
orbital, the electron is now excited. This is called an electronic transition. Figure 4.2.1 illustrates

the different transitions possible for an electron.

/(* _________________________ A- K n-k*
4
Anitbonding %
/\* _________________________ A- K N-A*
3
g N
) P ——

A<

Energy levels

Figure 4.2.1: Diagram showing possible electronic ansitions [2].

Using a UV/visible spectrophotometer the transmittance can be measured which is the fraction

of original light passing through the sample. The absorbance can be calculated using:
[ N e 11T c@a

In the above equation A is absorbance; is intensity of applied energy, | is the resultant energy

after passing through the sample and T is the percentage transmittance [4].
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transition. Both these transitions will fall into the range of 270320 nm [5][6]. When the free

ligands are chelated to the gold(lll) ion there will be a new absorption band expected in the

region of 400-450 nm [6]. This new band is ommon for square planar metal complexes of late

transition metal ions, and are ligand to metal charge transfer (LMCT) bands. Due to the high

oxidation state of the gold(lll) ion metatto-ligand charge transfer (MLCT) is not possible [5].

4.2.2 Results and discussion

Figures 4.2.2 and 4.2.3 show the UV/visible spectra obER and [Au(L2)](PFs) as representative

examples of the free ligands and gold(lll) chelates reported herein.
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Figure 4.2.2: Electronic spectrum of b ¢ ET | AQEAT T-Aeg OBOATEOROER T8 !
transition is evident as a shoulder at approximately 306 nm.

QECOOA 18c8c OEIixO A OEICIA DAAE Ao cOQAT OBOHIE
characteristic of the free ligands; a result of their @ended corjugation. This peak is typicafor

SAEEZLZLZ AAOA 1T ECATAO Al OE xEAT AEAT AGAA-A0T 1 AO/
transition peak dominates the spectrum there is a second electronic band present as a shoulder
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of the main band. Thisishenn e OOAT OEOET 18 4EEO OOAT OEOEI T h OA
ET OAT OA OEAT OCGEACENETT AT A EO OAOPT 1T OEAT A Al O
compound in solution.
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Figure 4.2.3: Electronic spectrum of [Au(L2)](PE) in DMSO showingAT , - #4 -AAT A A

transition.

The UV/vis spectrum of [Au(L2)](PR) shows two peaks. The first transition is at 261 nm and is
OEArnen OOAT OEOEIT AO 11 0AA ET OEA TECATAh AOO
compared to the free ligand. The second p& is found at 342 nm and is due to the chelation of
the gold(lll) ion by the free ligand. The transition involves the transfer of electrons between the
ligand and gold(lll) metal centre : ligandto-metal charge transfer (LMCT). Since the gold ion is
in a high oxidation state metalto-ligand charge transfer is not possible. The symmetry of the

orbitals involved in the LMCT band is discussed in Chapter 6.

A summary of the extinction coefficents of the free ligands and gold(lll) chelates is shown in
Table 4.21.
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Table 4.2.1: Extinction Coefficients for the free ligands and gold(lll) chelates.

Free 1 j 1  Extinction Gold(ll) 1 j 1T 1 Extinction Coefficient
Ligand Coefficient Chelate (M-tcm-1)
(M-1cm-1)

HaL1 266 201 10 [Au(LL)](PFs) 270,339 359 10¢ 1.47 104
H,L2 267 1.35 105  [Au(L2)](PFs) 261,342 1.91 10¢ 2.62 10
H.L3 274 9.00 104  [Au(L3)](PFe) N/A N/A N/A
H,L4 268 137 105  [Au(LA)(Cl) 265,339 259 10¢ 2.06 10
H,L5 265 3.00 10¢  [Au(L5)](PF) N/A N/A N/A
H.L6 260 211 10*  [Au(L8)](PFe) N/A N/A N/A
HoL7 268 240 104  [Au(L7)](PF) N/A N/A N/A
H.L8 265 230 104  [Au(L8)](PFs) N/A N/A N/A
H,L9 266 1.10 104  [Au(L9)(Cl) 267,331 2.82 104 1.11 104
HL10 266 1.21 104 [Au(L10)[(PFs) 267,340 2.54 104 507 103

The data summarised in Table 4.2.1 show that all the ligands and gold(lll) chelates have similar
extinction coefficients. This suggests that the absorption spectra are dominated by the aromatic

imidazole-imine groups; the structure of the alkyl bridgingunit has little influence.

84



4.3 NMR spectroscopy

4.3.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is the most commonly used characterization
technique. NMR is easy to run, has wide application and provides a large amount of struet

ET £ Oi AGETT18 )0 xAO AAOGATI T PAA ET OEA pwtnédd AU
1951 it was found NMR could be used to study organic structures. Atoms that have an odd

number of protons or odd number or neutrons or both possess a propey know as spin [7].

Due to its charge and spin, the nucleus has a magnetic moment. Without an external magnetic

field the magnetic moments of the nuclei are randomly arranged, but in the presence of an

external magnetic field the nuclei are ordered. Thewuclei either align with or against the

i AcT AGEA #Z£ZEATI A8 4EA 1T OAI AE OEAO Al ECT xsR®E OEA |
AT A OEA 1 OAI AE OEAO AT EGCT ACAET OO GHiA[7]l. ACT AGEA ¢/

When a pulse of elec@OT | ACT AOEA OAAEAOQET T EO-sphAtatesGleOAA Ol
PDOi i1 OAA O1 OEA EECE A Osph btd&ed.Qhis cnGebsidiis réfdrrdd tofa8 AT | A |

flipping. The energy supplied is in the radio frequency (rf) (3 kHz 300 GHz) range. Whe
flipping occurs a signal is generated whose frequency is proportional to the difference in energy
AOT IODPET OGpnGihte [@I

The most common nuclei studied aréH, 13C,19F and3!P. This is because these isotopes have a
spin quantum number d - and, with the exception oft3C, the NMRactive isotopes have a high
natural abundance [8]. Although the gold(lll) nucleus is diamagnetié?’Au NMR is not possible.

This is due to the large quadrupole moment of the nucleus, which places it outsithe range of

most NMR spectrometers [8].
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4.3.2 Results and discussion

The 'H and 13C NMR spectra of HL9 and [Au(L9)](PFs) are shown in Figures 4.3.1 to 4.3.4 as
representative examples of the NMR spectra of the free ligands and gold(lll) chelste
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Figure 4.3.1:'H NMR spectrum of the free ligand H.9.
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Figure 4.3.2:1H NMR spectrum of the complex [Au(L9)](P§.
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Figure 4.3.4:13C NMR spectrum of complex [Au(L9)](P4.

A comparison of thechemical shifts of thetH NMR for HL9 and [Au(L9)](PFs) is shown in Table
4.3.1.
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Table 4.3.1: A summary of the chemical shifts of thiel NMR for HL9 and [Au(L9)](PFs).

Proton H2L9 (ppm) [Au(L9)](PF 6) (ppm)
CHCH(OCHCHz).CH 1.02 1.10
CH2CH(OCHCH3)2CH: 2.08 2.54
Methyl 2.31 3.57
CHCH(CCHCH)CH: 3.54 3.95
CHCH(OCHCH)CH: 3.70 4.37
Imidazole CH 7.52 8.44
Imine 8.20 8.95
Imidazole NH 12.18 N/A

When comparing thelH NMR spectra of the free ligand and corresponding gold(lll) chelate
there is an overall downfield shift observed. The imine hydrogen experiences the largest
downfield shift which is attributed to the strong deshielding effect of the metal ion. The smallest
downfield shift is experienced by the methyl hydrogen atoms of the ethydther group which is
due to the group being remote to the metal centre. The spectrum indicates a general
polarisation of the ligand by the gold(lll) Lewis acid. ThéH NMR assignments for the remaining

free ligands and metal chelates are reported in Chapté.

A comparison of the chemical shifts of thé3C NMR spectra for kL9 and [Au(L9)](PFs) is shown
in Table 4.3.2.

Table 4.3.2: A summary of the chemical shifts of thé3C NMR spectra for KL9 and
[Au(L9)](PFs).

Carbon H2L9 (ppm) [Au(L9)](PF 6) (ppm)
Methyl 10.00 14.60
CH.CH(OCHCHs)CH; 14.39 15.60
CHCH(GH.CH;)CH. 62.29 53.27
CHCH(OCHCH)CH: 65.17 63.97
CH2CH(OCHCH) CH2 78.79 75.16

1 128.07 134.59

3 137.38 148.01

4 142.32 152.97

Imine 153.76 163.19
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The 13C data show that the carbon bondedotthe imine has the largest downfield shift while the
bridging unit carbons do not experience a significant downfield shift as they are the furthest
from the gold(lll) ion. This downfield shift is again due to the deshielding effect of the chelated
gold(lll) metal ion. The methoxy and ethoxy groups do influence the shifts as they are electron
donating groups. The3C NMR assignments for the remaining free ligands and metal chelates

are reported in Chapter 2.

The 19F and 3P NMR spectra of [Au(L10)](PF6) a shown in Figures 4.3.5 and 4.3.6 as
representative examples of heteronuclear NMR spectra of the gold(lll) chelates. These spectra
are used to confirm the identity of the counter anion in conjunction with Xay crystallography.
This is important as catioric gold(lll) chelates are known to readily form as the

tetrachloroaurate(lll) and dichloroaurate(l) complex salts.

Figure 4.3.5:19F NMR spectrum of complex [Au(L10)](P§.

In the 1®F NMR spectra a large doublet is observed indicating coupling between eth

phosphorous and fluorine atoms in hexafluorophosphate(V).
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Figure 4.3.6:31P NMR spectrum of complex [Au(L10)](P§).

In the 31P NMR spectra, seven lines are observed indicating that six fluorine atoms are bonded
to the phosphorus atom. By using®F and3!P NMR techniques it is possible to prove that the

counter ion is indeed PE.

4.4 DNA binding studies

4.4.1 Introduction

DNA is responsible for many aspects of life such as controlling the function of cells. DNA is an
important target for a large range of anticancer drugs [10]. The novel gold(lll) chelates
synthesised in this study are designed to be targeted DNA intercalating chemotherapeutic
agents. This intercalation will in inhibit DNA replication resulting in apoptosis [11]. For a metal

complex to ntercalate it is required to have two vital features:

1. A planar aromatic region which allows the metal complex to insert between DNA base
pairs.

2. The metal complex must have an overall cationic charge. This is required to interact
with the negatively charged phosphate backbone of DNAtabilising the DNA/drug
conjugate[12][13].
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Chelate [Au(L4)](PR) is expected to form hydrogen bonds with DNA as it has an OH functional
group on the bridging unit. This hydrogen bond could potentially further stabilise the DN/Arug

conjugate.

In this study, two methods were employed to determine the binding affinity of the gold(lll)
chelates. The first is a direct binding method and the second is a competitive binding method. In
the direct binding method the binding constant $ determined by monitoring the absorption
spectrum of the metal chelate as a function of calf thymus DNA (ctDNA) concentration. The
ctDNA is intercalated by the metal chelate thus lowering the effective concentration of the metal
chelate in solution typicdly leading to both hypochroism and a bathochromic shift. The binding
constant is calculated by using the change in absorption as a function of the concentration of
CtDNA [14].

In a competetive binding experiment a second, known DNA intercalating compouris used, in
this case ethidium bromide (EB). EB and ctDNA both have weak florescence, but when EB
intercalates ctDNA it has strong florescence. This large change in florescence is due to the
nucleic acids which absorb UV light (260 nm) and then passes ohig energy to EB [15]. By
introducing the metal chelate (the second intercalator) the florescence emission of ctDNA
intercalated by EB can be quenched as the metal chelate replaces the intercalated EB [16]. By
monitoring the emission spectrum of the EB/DNAconjugate as a function of metal chelate

concentration it is possible to determine an apparent binding constant.

4.4.2 Experimental

The stock ctDNA that was used in all DNA binding experiments was purchased from Sigma

Aldrich (Germany).

For direct binding a phosphate buffer was prepared using monosodium phosphate and
disodium phosphate. The final ionic strength of the solution was 0.1 M. The pH of the buffer
solution was raised to the required 7.1 using a concentrated NaOH solution. The buffers were
prADAOAA AT A OEA A@PAOEI AT OO DPOAEI Oi AA AO oxdt+

environment.

The masses of the acid and base required were calculated using the Henderstasselbach

equation:B( P+Al T-6— 8f pQ
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Two cuvettes were used; one as eeference and the second for the sample. The reference
cuvette contained only 10% DMSO and 90% phosphate buffer while the second cuvette
contained DMSO, phosphate buffer and metal complex, at a concentration of approximately
2 105M . Aliguots of DNAwere added to both cuvettes to account for the absorbance of the

DNA itself. The absorption values are fitted to equation 2 shown below.

Where @ p 06 ——

R  Extinction coefficient of the EB band at given [ctDNA]
R = Extinction coeffident of free EB
R = Extinction coefficient of fully intercalated EB
+ = Equillibrium binding constant in M
# = Total concentration of ctDNA
s = Binding site size

For competitive binding a 25 mM trisHCI buffer was prepared using ultgoure water. This
solution was adjusted to pH 7 using 1 M HCI. The ctDNA was dissolved in the buffer solution and
the concentration was determined spectroscopically using an extinction coefficient of
13200 Micm1DAO AAOGA DPAEO8 | Oi1 O0EFT %I" ExpA® POARAHAR
DMSO in the trisHCI buffer. Gold(lll) chelate stock solutions were also prepared in DMSO.
Aliquots of the gold(lll) chelate solution were added to the ctDNAB solution. The emission of
the sample was recorded between 530 nmand 800 nm using an excitation wavelength of
500 nm after each addition. The apparent binding constant is calculated using equation 3.
0 ®EANAQW 068 joq
Where:0  =binding constant of EB to ctDNA

'O 6 = molar concentration of EB
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wé¢ @ r &=@aencentration of the gold(lll) chelate that causes a 50% quenching of the

initial EB fluorescence(Cso)

lo (initial fluorescence intensity) is determined from a nonlinear squares fit of the change in EB

emission at 615 nm and f(x), with the concentration of the metal chelate, x, to equation 4.
Qv ——8 j1q

The value of 0 is determined in a separate experiment using a direct DNA titration as

described above.
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4.4.3 Results and discussion

Determination of the ctDNA binding constants was first attempted for all five gold(lll) chelates
by direct titration using different concentrations of ctDNA and gold(lll) chelate. Signs for
successful intercalation inclug a decrease in absorption intensity and a bathochromic shift.
These signs are a result of a decrease in concentration of metal complex in solution as it

intercalates the DNA. The results of the direct binding DNA titration are shown in Figure 4.4.1.

0.20

Absorbance(A.U.)

0.00 .

310.254 330.938 351.621 372.305

wavelength(nm)

Figure 4.4.1: Absorption spectrum of [Au(L1)](PE) with increasing concentrations of ctDNA.

Figure 4.4.1 initially suggests an interaction between the metal complex and ctDNA. However, if
the dilution effects of the addition of the aliquots of DNA are acoated for then it is clearly
evident that there is no detectable DNA binding. The spectra also show no isosbestic point,
which is usually associated with a change of species in solution. The ctDNA has an absorption
maximum at 260 nm. It is believed that te absorption of the ctDNA may obscure the
absorbance of the metal chelate (lambda max at 330 nm) thus masking the spectroscopic
changes associated with intercalation. This leads to a negative result. To solve this issue, a
competitive binding experiment was employed as this is independent of the UV/visible

absorption properties of the metal chelate.

94



Competitive binding was attempted with different concentrations of ctDNA and gold(lll)
chelate, but again only the dilution effect was observed. This lead the conclusion that the
gold(lll) chelates in this study are very weak DNA intercalators. This is likely due to the two
methyl groups on the imidazole rings. The methyl groups would cause steric hinderence and
prevent the gold(lll) chelate from intercalating between DNA base pairs. The failure to
synthesise [Au(L3)](PF) shows that as the inductive effect of the methyl groups is required to
stabilise the gold(lll) ion. A possible way around this obstacle is to move the position of the

methyl groups as shownn Figure 4.4.3.

Methyl goups for ~|PF
inductive effect 6

N )

N\\ /N
Au

2 NNZEN
N_J —N

Region for intercalation

Figure 4.4.3: Proposed structure for gold(lll) chelates that would likely improve DNA

intercalation.

By using }(1H-imidazol-5-yl)ethanone instead of 4methyl-1H-imidazole-5-carbaldehyde, it
will create a larger planar aromatic region for intercalation while still obtaining the inductive

effect of the methyl groups needed to stabilse the gold(lIl) ion.
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Chapter 5| X-Ray Crystallography

5.1 Introduc tion

5.1.1 Previously reported ligands

A total of ten bis(imidazoleimine) ligands were synthesised in this project, two of which have
been crystallised and studied by single crystal -Xay diffraction. A Search of the Cambridge
Structural Database (CSDJ1] shows very few bis(imidazoleimine) compounds have been
studied by single crystal Xray diffraction. Related structures which have a common bridging
unit to those studied in this work are summarised in Table 5.1.1. the structure of the

compounds are llustrated in Figure 5.1.1.

Table 5.1.1: Reported Xay structures of similar bis(imidazole-imine)ligands

CSD Ref. Compound Name Lit. Ref.
Code
DAZXOS N,N=-bis(1H-Pyrrol-2-ylmethylene)cyclohexanel,2- 2
diamine
XUVQAG . h-cyBloexylenebis(pyrrol-2-ylmethyleneamine) 3
EFAROU (1R*,2S*}N,NBis[(E)-1H-pyrrol -2- 4

ylmethylidene]cyclohexane 1,2-diaminemonohydrate

WOBNAD 4-Methyl-1H-imidazole - 5- 5
((ethylidenehydrazinylidene)methyl) -4-methyl-1H-

imidazole

The Xray structures reported in Table 5.1.1 exhibit suctural similarities to those studied by
X-ray crystallography in this work. The similarities include methytimidazole rings (in some

cases) and imine bonds with simembered cyclohexyl rings acting as bridging units.
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() (d)

Figure 5.1.1: Partially labellel X-ray structures of (a) DAZXOS (b) XUVQAG (c) EFAROU
(d)WOBNAD.

N-(pyridin -2-yImethylene)-NG(pyridin -4-ylmethylene) cyclohexanel,2-bis-imine (DAZXOS)
crystallized in the monoclinic space groupC2/c. The ligand exhibits a onalimensional
supramolecular network. The onedimensional network is stabilised by two unique hydrogen
bonds between the imine N (Hoond acceptor) of one molecule and the imidazole NH atom
(H-bond donor) of an adjacent molecule (N1---H1=2.00(1); N1---N3=2.944(1)A) as shown in
Figure 5.1.2 below.
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Figure 5.1.2: Onaimensional network of DAZXOS stabilised by hydrogen bonds between the

imine N atoms and the imidazole NH atoms of adjacent molecules in the solid state.

. h-cyBlohexylenebis(pyrrol-2-ylmethyleneamine) (XUVQAG) crystallisd in the P22:2; space

group. Significant bond lengths are summarised below in Table 5.1.2

Table 5.1.2: Summarised bond lengths for XUVQAG.

Atoms Bond length (A)
N1-C1 1.367(3)
N1-C4 1.352(3)
C4-C5 1.442(3)
N2-C5 1.276(3)
N2-C6 1.459(3)

It is important to note that this compound crystallises as the hydrate with a single water
molecule associated with each ligand molecule. The water molecule acts as both a hydrogen
bond acceptor and hydrogen bond donor, bridging adjacent ligand molecules. This hydroge
bonding motif leads to a onedimensional supramolecular structure celinear with the c-axis.
The pyrrole NH and imine N atoms act as hydrogen bond donors and acceptors, respectively
bonding to the water molecule. This geometry leads to two unique hydrogebonds. The bond
parameters are summarised in Table 5.1.3. The hydrogdyonded supramolecular structure is

shown in Figure 5.1.3.
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