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Preface
Abstract

This thesis covers work investigating the design, synthesis and evaluation of Combretastatin

A-4 like chalcones and their analogues, and other anticancer agents.

The first two chapters are an introduction to cancer chemotherapy and the development of
tubulin as a target for chemotherapy. Chapter one includes information on cancer
epidemiology, the history of cancer and the development of important cancer chemotherapy
agents. While the second chapter describes the role of tubulin in mitosis, and the

development of anticancer agents that target tubulin.

The third chapter describes the background to the chalcone project, as well as the design and
synthesis of new Combretastatin A-4 like chalcones and their analogues. To further the
investigation of the substitution of the a-hydrogen of the chalcone with various groups, a
series of a-arylchalcones was synthesized. The substitution of a-hydrogen with various aryl
groups generally shows a significant increase in the anticancer activity of the chalcone. The
effect of the conformation of the chalcone on its anticancer activity was also investigated by
synthesizing two series of chalcone analogues which mimic the s-trans arrangement of
chalcone, the indanones and indenones. Several of the indanones and indenones showed high

levels of cytotoxicity with the CA-4 like indenone having an ICso(K562) value of 0.019 uM.

0]
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Chapter four looks at other chalcones with anticancer activity including the naturally
occurring chalcone 4-hydroxyderricin, which has been isolated from the roots of Angelica
keiskei and has shown to have anti-tumour promoting properties. As part of my PhD study the
natural product 4-hydroxyderricin and a series of analogues was synthesized to investigate its

anticancer activity.

In chapter five I synthesized the anticancer agent KNK437 which has been shown to be a
dose dependant inhibitor of the acquisition of thermotolerance in several different tumours.
The study found that KNK437 sensitizes human leukaemia cells to the 17-allylamino-
demethoxy geldanamycin induced apoptosis.

vii
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Abbreviations and Glossary

A
Ac
AcOH
AD
AKR
aq
Ar
BC
Bn
bp
br.
ca.
Celite
CIP
CML

cm’

S (delta)
d
dba
DBU
DCM
dd
ddt
DHFR
dm
DMBA
DMF
DMSO
DNA
dq
dt
eg.
ELISA

Angstrom

Acetyl

Acetic acid

Anno domini (Latin: "in the year of our Lord")
Aldo keto reductase

Aqueous

Aryl

Before Christ

Benzyl

Boiling point

Broad

Circa (Latin: “about”)

High-grade diatomaceous earth used as a filter aid
Cahn Ingold Prelog

Chronic myelogenous leukaemia
Wavenumber

Chemical shift used in NMR (units are in ppm)
Doublet

Dibenzylideneacetone
1,8-Diazobicyclo[4.3.0Jundec-7-ene
Dichloromethane

Double doublet

Double doublet of triplets
Dihydrofolate reductase

Double multiplet
7,12-dimethylbenz[a]anthracene
Dimethylformamide

Dimethyl sulfoxide
Deoxyribonucleic acid

Double quartet

Double triplet

exempli gratia (Latin: “for example”)

Enzyme-Linked ImmunoSorbent Assay
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eqv
et al.
GTP
HDM2
HRMS
HSE
HSF
HSP
HUVEC
IC
in situ
in vacuo
in vitro
in vivo
ITP
kDa
LLC
m
m
MAP
MDM2
MDR
MOM
m.p.
MS
MTOC
MTT

NBS
NCI

PBMC
PBS

Equivalent, equivalents

Et alia (Latin: “and others™)
Guanosine 5’-triphosphate

Human double minute 2

High resolution mass spectrometry
Heat shock element

Heat shock factor

Heat shock protein

Human umbilical vein endothelial cell
Inhibition concentration

in the reaction mixture [Latin: “in its (original place)”]
under vacuum [Latin: “empty space”]
[Latin: “in glass™]

[Latin: “in a living (thing)”]
Inhibition of tubulin polymerization
KiloDaltons

Lewis lung carcinoma

Multiplet

Meta

Microtubule associated proteins
Mouse double minute 2

Multidrug resistance

Methoxymethyl

Melting point

Molecular sieves

Microtubules organising centres

3-(4,5-Dimethoxythiazol-2-yl)-2,5-diphenyl tetrazolium bromide

Mass to charge ratio measured by mass spectroscopy
Nano

N-bromosuccinimide

National Cancer Institute

Ortho

Para

Peripheral blood mononuclear cell

Phosphate buffer solution

xi
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PBSMT PBS + 5% nonfat dairy milk + 0.1% Tween 20
PBST PBS + 0.1% Tween 20
PCC Pyridinium chlorochromate
per capita  Latin: "for each head"
ppm Parts per million
q Quartet
Ry Retardation factor
s Singlet
SAR Structure-activity-relationship
sp Septuplet
t Triplet
TBAF Tetra-n-butylammonium fluoride
TBDMS Terr-butyldimethylsilyl
td Triple doublet
tert Tertiary
TFA Trifluoroacetic acid
THF Tetrahydrofuran
tlc Thin-layer chromatography
tm Triple multiplet
TMS Trimethylsilyl
TPA 12-O-tetradecanoyl phorbol-13-acetate
pwave microwave

Angiogenesis growth of new blood vessels from existing vasculature.

Apoptosis death of individual cells within a tissue as a result of normal cell turnover within a

tissue or toxicity of an environmental agent.

Benign Not cancerous.

Cancer a malignant neoplasm.

Chromosome

a structure within a cell nucleus of eukaryotes, consisting of DNA in

association with proteins and other molecules.

Cytostatic inhibiting or suppressing cellular growth and multiplication
Cytotoxic cell-killing

Denaturation a structural change in macromolecules caused by extreme conditions.

xii
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Differentiation make or become different in the process of growth or development.

Enzyme an organic catalyst, usually a protein in nature, that catalyses chemical reactions

while in most cases remaining chemically unchanged.

Epidemiology the study of the incidence and distribution of diseases and other factors
relating to health

Hormone a chemical made by glands in the body which control the actions of certain cells or

organs

Hyperthermia a type of treatment in which body tissue is exposed to high temperatures to

damage and kill cancer cells or to make cancer cells more sensitive to the effects of radiation

and certain anticancer drugs.

Hypoxia a condition in which there is a decrease in the oxygen supply to a tissue.

Leukaemia a cancer that starts in blood-forming tissue such as the bone marrow, and causes

large numbers of blood cells to be produced and enter the bloodstream.
Malignant tending to invade normal tissue or to recur after removal

Metastasis the dissemination and/or growth of cells originating from a primary neoplasm at

another site.

Microfilament the smallest of fibrous cytoskeletal elements, which have diametres 30-60 A,

lack periodicity, and are chemically related to actins.

Microtubule a widely occurring cylindrical cytoplasmic element 200 to 270 A in diametre

and of variable length, increasing in number during mitosis.

Mitosis process resulting in the replication of cells which contain the same number of

chromosomes as the parent cell.

Mutation a change in the structure and/or expression of a gene that is perpetuated in

subsequent progeny of the cells in which it first occurred.
Neoplasm a heritably altered, relatively autonomous growth of tissue.

Tumour an abnormal mass of tissue that results when cells divide more than they should or

do not die when they should. Tumours may be benign, or malignant.

xiii
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Chapter 1 - Cancer Chemotherapy

included that it could be heredity, or that it may be caused by luxurious living, depraved
sexual acts or even depression and mental stress. It was an indiscriminating killer, striking at
random, caring not of race, class or age. One US physician described cancer as a “Loathsome
beast, which seized upon the breast, drove its long claws into the surrounding tissues, derived
its sustenance by sucking out the juices of it victims, and never even relaxed its hold in
death.” It became a social stigma, a disease that people would not talk about or see doctors if
they suspected they had it, relatives of people who died of cancer often begged the coroner to
record the death to be the cause of something else so the family would not be scandalized by
it. Because of this, there was a general lack of hard evidence on the number of incidences
and deaths each year. With such sentiments it is understandable why cancer became the new

dread disease.

However by the mid 1930s the message of early detection and medical intervention was
starting to spread, bringing a larger public interest. This led to several important news
articles carried by Time, Life and Fortune and series of dedicated news reels shown in
cinemas. In July 1937 a group of scientists and politicians secured $700,000 to support
cancer research and a further $750,000 from the federal government, to build the National
Cancer Institute in Bethesda, Maryland which would be a place to provide for and foster the
continuous study of the cause, prevention, diagnosis and treatment of cancer. This action by
the federal government strongly committed them to quest for the cure for cancer and further

cancer research in the US.

By the late 1960s it was argued that the federal government needed to increase spending on
cancer research. The price of scientific equipment was increasing faster than the increase in
funds the government made to the NCI. The argument stated that in the 4 year course of the
Vietnam War a total of 41,000 Americans had died, however in the last year over 320,000
Americans had died of cancer, and due to the war less money was being spent on scientific
research. One writer noted that in one year America spent $410 per capita on defense, $125
on the war and only 89 cents on cancer research. With growing pressure and the chance to
out flank one of his opponents, President Nixon made the following statement in his State of
the Union message of January 1971 “The time has come when the same kind of concentrated
effort that split the atom and took man to the moon should be turned towards conquering this
dread disease. Let us make a total commitment to achieve this goal.” On the 23" of
December 1971 Nixon signed the National Cancer Act of 1971 into law; it stipulated that the
NCI director was to be appointed directly by the president and to submit NCI financial

requests to the budget office. Nixon also stated at the time that “I hope in years ahead we
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Chapter 1 - Cancer Chemotherapy
being crab like due to the distended veins radiating from central lump, the Greek word for

crabs being Karkinoma, which when translated to Latin becomes cancer.'

On a similar note the Roman physician Celsus (25 BC - 50 AD) also recommended surgery

for early diagnosed tumours, claiming late intervention would aggravate the situation.

The Greek medical writer Galen (131 AD - 201 AD) provided exact instructions in his
books, the therapeutic method on the removal of tumours. “When a tumour has risen to a
noticeable size, there is no cure without surgery. The goal is to proceed with a round incision
so that the entire tumour can be excised.” Galen’s medical views dominated European
medicine for over a thousand years, cancer and all aliments were thought to be caused by an
imbalance in the four body humours: blood, phlegm, black bile and yellow bile. The cause of

cancer was said to be due to a concentration of black bile.

Cancer was a rare disease in Hippocrates and Galen’s time due to the average life span being
much shorter then, 30 — 40 years, with modern day cancer happening most frequently to the
people aged 65 and over. Physician and surgeons of this time were far more concerned with
treatment of injuries from battles, sexually transmitted diseases and food poisoning. The true

causes of cancer remained a mystery until the 19" century.

The Italian physician Bernardino Ramazzini, carried out the first study of cancer in the early
18" century. He noted that nuns have a much higher incident rate of breast cancer compared
to mothers who had breast fed their children. At the time no one knew of the importance of
hormones and the development of breast cancer.Also in the 18" century an English physician
John Hill’ commented on snuff users getting nasal cancer; this was probably the first link of
cancer and tobacco. But it was Percivall Pott* in 1775, who reported that boys who had
worked as chimney sweeps, often developed scrotal cancer later on in life. This was first link
between environmental carcinogens in this case, soot and cancer. Despite this warning, the
practice of small boys cleaning chimney flues continued for a further hundred years before it

became illegal, and even then it was due to humanitarian rights rather than health issues.

The discovery that organisms were made of cells which divide to replicate themselves in the
1850s - 1860s by European scientists, especially the German Rudolf Virchow revolutionized
medical theory. The idea that all cells come from pre-existing cells eliminated the accepted
ideas of Galen’s theories on the bodies 4 humours. Virchow stated that cancer cells sprung
from other cells in the body, just like any other cells. But unlike normal cells their growth
was anarchic, invasive, metastatic and all too often disastrous. Later researchers disproved

some of Virchow’s theories on the origins of some cancers; however no one was able to
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describe the reason why some cells became cancerous. This remained a mystery. Near the
end of the 19" century a leading Philadelphia surgeon, Samuel Gross admitted that the basic

questions of what cancers were and how they developed were simply beyond contemporary

medical science.'

Virchow also speculated that cells that were exposed to certain irritants would be more prone
to developing cancer cells. This helped to explain why some habits such as smoking tobacco
seemed to provoke the disease. This idea also worked well to explain the link between
chemical exposure and cancer. In the late 19" century these links became more apparent with
increased cases of skin cancers in workers employed in the paraffin, tar and oil industry in the
north of England and Scotland. Another case of exposure to hazardous materials occurred to
German miners who were contracting lung cancer. The idea at the time was that mine dust
was to blame, but the tumours were probably due to the presence of radioactive pitchblende, a

mineral which contains radium.'

The first scientific proof between chemical exposure and cancer came from a study done by
Yamagiwa & Ichikawa’ in 1915, where they had produced malignant tumours on the ears of
rabbits by applying coal tar to them. Similar experiments were carried out on mice by
Passey'® who smeared them with an extract of soot and reported the growth of malignant

tumours.
1.5 How does a normal cell become a cancer cell?

The average adult is made up of 30 million million (3 x 10'?) cells which can all undergo
mitosis to produce two new cells which can replace dead or damaged cells. But during
mitosis there are numerous points where a mistake can occur or where the delicate control
mechanism can break down, this can lead to a number of events where a normal cell can be

turned into a rogue cell and perhaps a cancer cell.

Two particular types of genes have the main responsibility of controlling the life cycle of a
cell. These are the proto-oncogenes such as src protein and ras protein, the other being
tumour suppressor genes like p53. The proto-oncogenes control the growth, differentiation
(to change the function of a cell) and proliferation (rapid reproduction) of cells. While
tumour suppressor genes code for the production of proteins that control DNA transcription,
DNA repair, and are key components in biological pathways activated in response to DNA
damage which will stop the cell from growing and undergo apoptosis. Damage to genes can
occur through the effects of carcinogens, viruses and ionizing radiation and will disrupt their

normal function. Proto-oncogenes when mutated will become an oncogene. Oncogenes are
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formed by a minor DNA sequence change to the proto-oncogenes; one amino acids difference
will completely change the activity of the encoded enzyme and can ensure that the cell is
constantly activated for growth and proliferation. In about half of tumours, tumour

suppressors are found to be mutated. This ensures that the growth of the cell is uncontrolled

and does not undergo apoptosis.

One of these mutations will not instantly cause tumour growth, normally half a dozen such
mutations must accumulate before the tumour cell line is established. Even then the tumour
may not be cancerous and will remain benign and localized; such tumours can be dealt with
by surgery or destroyed via irradiation. For a tumour to become malignant it must undergo a
process know as metastasis where it will become invasive and spread through out the body.
To become invasive the localized tumour must overcome several more control systems and
enter the bloodstream or lymphatic system. Once the tumour has become malignant it can

only be treated with chemotherapy to stop the spread of the disease through out the body.

So how do cancer cells migrate when normal cells stay in the same place? Normal cells
release adhesion molecules which bind them to their neighbours and the underlying structure
of the body, the extracellular matrix. However in cancer cells these adhesion molecules are
missing or have a higher affinity for the tissues that they came from, also cancer cells can
avoid detection and therefore destruction by white blood cells. A better understanding of

how these migrations take place will help in fight against cancer.
1.6  Cancer Chemotherapy

In the past 25 years there have been major advancements in surgery and radiotherapy in the
treatment of cancer, but the most progress has been made in the field of chemotherapy. At
the time of detection a tumour will probably weigh about a gram and be about one billion
cells (1 x 10° cells). The overall strategy to deal with tumours is to eliminate 99.999% of it,
leaving around ten thousand cells (1 x 10* cells) where hopefully the bodies immune system
will destroy the remaining cells. However if a single cell remains it can reproduce itself
again and start another tumour. The time taken for a tumour to double in size varies greatly,
for instant people who have Hodgkin's lymphoma will only have a short remission time
because the tumour doubles in 3 - 4 days, while the remission time for breast cancer can be
10 — 15 years before a tumour re-emerges, this is due to the long doubling time of 80 — 100
days. Anticancer drugs are most effective against cells that are going though mitosis, and
therefore cancers with short remission times are the easiest to cure compared to ones with

long remission time, this is because the cells are more frequently in the mitosis stage.
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1.6.1 The Mustard Gases

Mustard gas, bis(2-chloroethyl)sulfane (1), was first used by the Germans against the Allies
in the 1* world war on the night of 12/13 July 1917. By the end of July it had claimed 15,000
causalities, by the end of the war a further 125,000 casualities would be caused by the use of
mustards. People who had been exposed suffered with severe eye irritation which could lead
to blindness and would get a rash that turned to blisters. After 4 weeks, the blisters would
burst and then if they became infected, it would take a further 5 to 6 weeks to heal. Also

many of the exposed also suffered with inflamed throats and subsequent lung problems.*

However mustard gases were not made with the intention of killing, only to sow panic and
confusion. Between the wars further research was done on the mustards to examine their
properties.'"'? Various nitrogen analogues of mustard gas was made. They were found to
have similar blistering properties and were also found to be toxic to many cells of the body,

especially cells going through mitosis."

—\ Cl
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Research done at Yale University showed that mice bearing tumours that were treated with
N-mustard analogues showed almost immediate effects and the tumours shrunk and
eventually disappeared, only to reappear a month later. Subsequent treatments proved to be

less successful; this was thought to be due to drug resistance."”

In August 1942 a man with terminal lymphoma whose tumours had stopped responding to
radiotherapy was giving a 10 day treatment with the nitrogen mustard, tris(2-
chloroethyl)amine (2). After 7 days the tumours which had covered his chest, neck and lower
face had completely disappeared. However like the mice this was only temporary and he
died 3 months later. Further clinical trials with 2 were done and another S people showed
similar responses. A more widespread clinical trial took place with mechlorethamine (3) with
over 150 patients and showed results against various lymphomas and leukaemias."” It proved
to be especially affective against Hodgkin’s lymphoma with one patient being in remission

for 3 years upon being given periodic doses of 3.

NN COHS~ N CO,H O,g\N/\,m
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The side effects of the mustards include suppression of the bone marrow and therefore careful
dosage due to the toxicity of the compounds was required. But they did not cause vomiting
which is common with other anticancer drugs. In 1946 the first paper on this subject was
released in Science, detailing the therapeutic results of 3. This was the first the public knew
of this because until then all the research had be done in secret due to the war."” The paper
stated that only two nitrogen mustards had been tested so far, of literally hundreds of possible
analogues. Over the next few years several improvements were made with drugs like
Chlorambucil (4) and Melphalan (5) being water soluble and orally active. The most
successful nitrogen mustard is Cyclophosphamide (6), which was designed as a prodrug to
target prostate cancer. Designed to release 1, the actual mechanism of activation proved to be
more complex. Cytochrome P-450, in the liver, is thought to oxidize C-4 of the prodrug 6 to
give 4-hydroxycyclophosphamide (6a). This hemiaminal exists in equilibrium with the
aldehyde 6b. The aldehyde then

OH
undergoes a retro-Michael reaction to give
th Ikylati hosphoramid CNH datio o
tru t t oxidation
e true alkylating agent phosphoramide O'(-Pj‘N’\’CI xidati O‘g\N/\/C|
mustard (6¢) and acrolein (6d) (Scheme 6 l\,Cl 6aK,CI
1."" It was found to be highly active ﬂ
against a whole range of cancers. It can be
taken orally and remains active in the body ?
9 NH> (l NH,
HO;E\N/\/CI O,E\N/\/Ci

for up to 48 hours and has none of the rIy
|

adverse blistering effects that the early o L_cl o) _ci
6 6b
mustards had. Side effects from the 99 ¢

mustards include bone marrow toxicity, Scheme 1

hair loss and a reduction in fertility.

The mode of action of these compounds involves nucleic acid alkylation and they are
therefore described as alkylating agents. DNA exists in a double helical structure and for a
cell to replicate itself, the DNA strands needs to be unwound so that they can be copied. The
nitrogen mustards and other related alkylating agents work by reacting with various groups
on the DNA. When this takes place it changes the structure of the DNA, it also leads to the
alkylating agents making inter and intra cross links on the DNA, which will prevent the DNA
from being unwound. For example mechlorethamine (3) eliminates a chlorine anion by an
internal nucleophilic attack to produce the reactive species 3a. The product can then react
with the electron donor groups within DNA (7) such as the nitrogen 7 on guanine to form
covalent bonds. The alkylated mustard can then form another azirdinium species which can

then react with a further guanine to cross link the DNA (Scheme 2).
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1.6.2 Platinum Complexes
The next class of alkylating agent was found again by 0
serendipity.  In 1965, Prof. Bamett Rosenberg of the H3N-Pio e,
. , . L HsN._.NH; H3N" p
Biophysics Department at Michigan State University was CI’Pt'CI O
investigating the effects of an electric current on cell division 8 9

in cultures of Escherichia coli. He found that in the presence of platinum electrodes,
ammonium chloride and oxygen that the bacteria cells did not undergo mitosis. He proposed
that the acidified chloride salts attacked the platinum electrodes during electrolysis causing it
to form a soluble platinum salt which could disrupt mitosis. Several experiments were then

carried out to prove this idea and it was

: reported that mitosis was prevented in the

— " ‘ presence of PtCls(NH,): and several other

8 ) transition metal salts.'” Further research

Y7 |-
) ,’/’ : ~ “ showed PtCls(NH,)> was unstable and that
2 /N
"-\‘-:& Ao . 7 it was cis-diaminodichloroplatinate (8)
D ‘

(now known as cisplatin) which prevented

—— o . -
\W'\’ mitosis at concentrations as low as 5 ppm.’

< 3 Further research by Rosenberg’s coworker
\ Loretta Van Camp showed that cisplatin (8)
— had anticancer activity on tumours in mice.

[/ 5=
Figure 5: X-ray crystal structure of DNA containing a cross linked Cisplatin'*
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By 1973 preliminary results on humans with 8 had shown it to be highly effective at treating
testicular cancer, and certain ovarian cancers. The side effects were high toxicity to the
kidney and severe vomiting, but it had only a little toxicity to the bone marrow. By 1986 a
new less toxic analogue of 8 was licensed for clinical use, known as carboplatin (9). The
modes of action for these platinum complexes have been shown to be similar to that of the
mustards and are also alkylating agents (Figure 5) where the nitrogen 7 on guanine (7) forms
a covalent bond to the platinum complex, displacing a chlorine atom from 8. The X-ray
crystal structure'® (Figure 5) shows two separate stands of DNA one in blue, the other in
green which have been cross-linked by the platinum complex (shown in red) from the

nitrogen at position 7 on guanines of each strand of DNA.
1.6.3 Antimetabolites and the cure for Leukaemia

Leukaemia is caused through uncontrolled proliferation of the white blood cells, it is a
common childhood cancer. Fifty years ago, the life expectancy for patients with leukemia
was 3 to 4 months. With modern treatments, nearly 80% of all children go on to survive for 5

years, and most make a full recovery.

The breakthrough in the treatment of leukaemia started with the study of antimetabolites
which disrupt cellular function due to the similarity of these compounds with cellular
metabolites. Previous studies on leukaemia patients showed that the disease was accelerated
when they were treated with folic acid (10) conjugates.'® This led Farber to believe that using
antifolates (folic acid antagonists) might be effective in treating leukaemia cases. In 1947
Farber found that 10 out 16 children with leukaemia responded favourably to the antifolate,
aminopterin (11), going into full remission. However this remission was only temporary and
repeated treatments with aminopterin had no effect.® The use of aminopterin (11) caused
ulceration to the mouth and left the patient at risk of infection due to their immune system
being compromised. Aminopterin (11) was soon replaced with the safer drug methotrexate

(12), which had first been synthesized by Seeger.'

O CO,H O CO,H

HN" N NSN N)IN\
A A, 2

H,NT N7 N 10 O j:OH HoN” NN 11
NH, N~ CO,H HN)E/
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I A | §
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Synthesis of the nucleotide thymidine (13) which is needed for the synthesis of DNA,
requires the reduction of dihydrofolic acid (14) to tetrahydrofolic acid (15) by dihydrofolate
reductase (DHFR) (Scheme 3). The antifolates aminopterin (11) and methotrexate (12) are
dihydrofolate analogues which bind to DHFR and inhibits DHFR reduction of 14, this halts
the synthesis of DNA by disrupting the synthesis of the nucleotide thymidine (13) and cause

apoptosis.*
0] 0]
Thymidylate
16 *j\)‘] synthetase ’1)]13

H 07N 07 N
H.N _N_O R R
1 0
N—< >—/< COH  HN—G >N HN-@—( CO,H
HN A~ HN— N~ HN—,
18 “— HN 14 “—
Glycine CO,H COzH
Serine hydroxymethyl 0 NADPH
tra"Sfergse' HZN_H(:\‘ N HN‘O—‘«O CO,H Dihydrofolate reductase
erine N HN—
HN 15 " NADP®
CO,H

Scheme 3: The Folate Catalytic Cycle

The methylation mechanism of thymidylate synthase (Scheme 4) starts with the Michael
attack of cysteine residue at the C6 position of the uridine (16) to form the enolate 17. The
tetrahydrofolate (18) is then activated by iminium ion 19 formation via acid catalysis. The
methylene group of the activated tetrahydrofolate iminium ion 19 then forms a bond with the
enolate 17 at its C5 position, giving the methylene bridged product 20. The proton on the C5
position of 20 is then deprotonated and the compound undergoes a ElcB elimination of
tetrahydrofolic acid (15), via the enol 21, leaving the methylene group attached to C5 of 22.
The methylene group of 22 is then reduced by the tetrahydrofolic acid (15) and releases the
thioenzyme, giving the newly formed thymidine (13) and dihydrofolic acid (14) which is then
recycled back tetrahydrofolate (18) again using the folate catalytic cycle (Scheme 3).”
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Scheme 4: The mechanism of Thymidylate Synthase

With the success of the antifolates, research was done into the other 2 antimetabolites,
antipurines and antipyrimidines. Pioneering work on antipurines carried out by Elion and
Hitchings in the late 1940s and early 1950s led to the initial development of antipurines as
anticancer agents.”* At this time the basic knowledge of the nucleic acids was rather
rudimentary. Watson and Crick’s publications on DNA were released in 1953.% Hitching
theorized that it might be possible to stop the growth of rapidly dividing cells with antipurines
because they would interfere with nucleic acid synthesis. By 1948, 2,6-diaminopurine (23)
was found to inhibit the growth of the microorganism Lactobacillus casei, the inhibition
could be reversed by the addition of adenine (24). From this they deduced that adenine and
2,6-diaminopurine were anabolized by the same enzyme and somehow the diaminopurine
interfered with purine interconversion. Further testing showed that 2,6-diaminopurine was a
strong inhibitor of aldo keto reductase (AKR) mouse leukaemia. Unfortunately 2,6-

diaminopurine proved to be too toxic for clinical trials, producing severe nausea and severe

15



Chapter 1 - Cancer Chemotherapy

bone marrow depression. By 1951 over 100 purine analogues had been tested in the screen
against Lactobacillus casei, the substitution of the oxygen by sulfur at the 6 position of
guanine (25) produced 6-mercaptopurine (26) and 6-thioguanine (27) which proved to be

active against a wide range of rodent tumours and leukaemias.

SH
’I\» )\/E > *L Y
< HzN)I\N/ l;lf
25

In 1953 the Food and Drug Administration approved 6-mercaptopurine (26) for general use,
after clinical trials showed that it could induce complete remission in acute leukaemia in
children, however most of the cases would eventually relapse. Today 6-mercaptopurine (26)
is used in combination chemotherapy with other drugs, including methotrexate (12) and
induces remission in nearly 80 % of all children with acute leukaemia. Hitchings and Elion

were awarded the Nobel Prize in 1988 for there advances in finding anticancer drugs.

Other purine and pyrimidine analogues have also shown anticancer activity. Prof
Heidelberger at McArdle Memorial Labs at the University of Wisconsin in 1957 reported that
the analogue of uracil (16), 5-fluorouracil (28) showed 0
tumour inhibitory properties.’*® S-Fluorouracil (28) was first N HN HN F
synthesized at Hoffmann-La Roche, Nutley, New Jersey in OJ\N OJ\N OJ\N
1957.7 Heidelberger chose to make analogues of uracil 1% 1H6 2'-;3
because he believed that uracil was a precursor to thymidine (13) which is a key component
of DNA. His idea for replacing the hydrogen for fluorine, came from the difference between
acetic acid and fluoroacetic acid (which is highly toxic), and that the same may be true of
uracil. Clinical trials of 5-fluorouracil (28) have shown it to be highly effective at targeting
colon and rectal cancers. It was also used in combination chemotherapy along with
methotrexate to treat some cases of breast cancer in women. Fluorouracil (28) will become
incorporated into the thymidylate synthase and will proceed normally like uracil (16). With
the cysteine residue attacking the C6 position of fluorouracil (28), forming the enolate 29.
The enolate 29 will then form a bond with the activated tetrahydrofolate iminium ion 19,
giving the methylene bridged product 30. However the ElcB elimination of the linked
tetrahydrofolic acid (15) is not possible, because the fluorine on the C5 position of 30 cannot
be eliminated like the hydrogen in the same position of 20 through deprotonation, stopping
the synthesis of 13 and thus disrupting DNA synthesis and inducing apoptosis (Scheme 5).
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Scheme 5: Mode of action for 5-fluorouracil (29)

Cytarabine or cytosine arabinosido (31) was original isolated from a

0]
. . . . N
Canbbean sea sponge, Cryptotethia crypta in 1951. Since then it has 0 N?‘ \jNHz
-
been found to have in vivo antitumour activity against leukaemia and HOAY_Z‘
. : HO H
a variety of transplanted rodent tumours as well as an effective agent © g)l

in the treatment of acute leukaemia in adults.”® It is presently used

against leukaemia and in combination chemotherapy.
1.6.4 Anticancer drugs from Nature

Man’s search for a cure to his ailments isn’t a new one. As previously mentioned, the Ebers
Papyurus, an ancient Egyptian scroll from around 1500 BC details over 700 remedies using
animal and plant extracts.® Another ancient source of remedies using animal and plant
extracts is Chinese Shennung herbal text from around 200 BC. Medical knowledge like this
has been passed down the generations. In the 19™ century scientists started to isolate and
characterize compounds from these remedies. However many of the compounds proved to be
too complex to be characterised until the 20™ century. In the late 1940 scientists started a
systematic search for novel natural products with interesting biological properties. These
studies have given us several highly active anticancer drugs, such as vinblastine and

vincristine.

In the Philippines the extract of the Madagascar periwinkle was used as a treatment of
diabetes. The extract was also used in the same way in South Africa. In England the extract
was sold as “Vin-g-lin” and was believed to reduce blood sugar. However experiments done
by Ralph Noble” at the University of Western Ontario, Canada, on rats showed that the
extract did not lower their blood sugar level. All the rats tested died due to infections; more
tests showed that the extract lowered the white blood cell count. With the help of an English
chemist Charles Beer in 1958 they isolated a pure compound that depleted white blood cells
and called it vincaleukoblastine, later known as vinblastine (32).° At the same time Eli Lilly
made similar discoveries and had found that the plant extract prolongs the life of mice

carrying the leukaemia cell line P1534. They isolated a total of four vinca alkaloids that

17



Chapter 1 - Cancer Chemotherapy
showed antileukaemia activity. Only
Vinblastine (32) and Vincristine (33)

31

went into clinical trials.”’ Vinblastine is

32 Vinblastine Me

now used in the treatment of Hodgkin’s 20

lymphoma, testicular teratoma, and O)k 33 Vincristine  CHO

bladder cancer. Vincristine is used in R ofz‘oMe

the treatment of Hodgkin’s lymphoma and a host of rare childhood cancers including Wilm’s
tumour, neuroblastoma, rhabdomyosarcoma and Ewing’s sarcoma. Both compounds have
serious adverse effects, Vinblastine leaves people susceptible to infection and depresses bone
marrow cell production, while use of Vincristine can cause loss of sensation in fingers and

toes, constipation and severe abdominal pain.

Another natural extract that has had anticancer activity was derived from OH
Podophyllum peltatum (Mayapple) (34). The Leech book of Bald, around 950 <OI:OAO
AD, reports the use of wild chervils in the treatment of tumours, wild chervils o B '\<

are thought to be Myrrhis Odorata which is a source of a podophyllotoxin /@\
analogue. The NCI screening of natural compounds showed that MeO OMe
podophyllotoxin (34) isolated from the American Mayapple had antitumour 34

activity. However it proved to be too toxic in clinical trials.

Further studies done by the Swiss pharmaceutical company Sandoz, making semisynthetic
glycosides analogues of podophyllotoxin, finally yielded two successful drugs Etoposide (35)

and Teniposide (36). Etoposide is used as a less toxic replacement for Vinblastine (32) in

testicular cancer as well as small cell lung /‘-O&Q\H
R
cancer. Teniposide (36) is used to treat acute 90 OHO
0

R
lymphoblastic leukaemia and rare childhood { 0
cancers like neuroblastoma. They work by © : '\g 35 Etoposide CH;
inhibiting the topoisomerase II enzyme, which L ~ S
MeO OMe 36 Teniposide \E/)
is involved in the process of unwinding OH

supercoiled DNA. Inhibition of topoisomerase II effects the S phase of the cell cycle and

blocks the continuation to the G2/M phase and leads to apoptosis.*

The natural product Camptothecin (37) was isolated from Carmptotheca acuminata, a tree
native to China and Tibet which is used in traditional Chinese medicine, by Monroe Wall in
1958.2* It was found to have potent antitumour activity against leukaemia L1210. The
structure of Camptothecin (37) was determined in 1966.** More water soluble analogues

Topotecan (38) and Irinotecan (39) are used in the clinic for treatment of colon and ovarian
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cancers, respectively.”” The mode of action of
Camptothecin (37) was found in 1985, it
inhibits the topoisomerase I enzyme which is
needed in the S phase of the cell cycle to cause
the DNA to unwind.”

Since the discovery of penicillium in mould by
Fleming in 1928, scientists have been studying
the biological activities of microorganisms, this
has led to hundreds of antibiotics and has also

led to several antitumour agents.

In 1960 Faber reported about the antitumour
properties of actinomycin D (40) in treating
Wilm’s tumour in children.”” Actinomycin D (40)

o

N_.

had been isolated from Streptomyces parvullus by < M8 o o ™i"g*

o : . N 'oJ—l \-—-Lo N

7 ~

Waksman in his studies of possible new jiL HN. O O .NH Jt(
antibiotics in  1954.® The successes of Ny NH,
actinomycin D led the way for a new class of o o
anticancer drug into the clinic. 40

Mitomycin C (41) was first isolated from Streptomyces caespitosus 1958 by Wakaki.”” It was
also isolated from Streptomyces verticillatus and characterized by Lefemine and coworkers.*
It proved to be highly toxic against a range of tumour cells as well as normal cells, causing
severe side effects including vomiting, bone-marrow depression, alopecia, kidney and liver
toxicity and heart damage. However it was widely used in Japan in the 1960s. Mitomycin C
is bioreduced in vivo, producing reactive intermediates that are capable of forming covalent
bonds to DNA, similar to the alkylating agents.” The quinone of Mitomycin C (41) is
reduced to the dihydroquinone 41a. The bioreduction of Mitomycin C 41, to the
dihydroquinone 41a then triggers the loss of methanol (since the nitrogen lone pair is no
longer delocalized) to give the conjugated electron rich system of leucoaziridinomitosene
(41c). The hydroxy group on the C8 position of 41b then donates its electron pair causing
the aziridine ring to open and give 41d (Scheme 6). The C1 position of 41d then undergoes
nucleophilic attack from DNA to form the first DNA cross linking bond to give the 41e.
Another nucleophilic group within DNA then attacks the C10 position of 41e and eliminates
the carbamate group forming the second DNA covalent bond, and giving the alkylated DNA
product 41 (Scheme 6)
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A more useful class of antitumour antibiotics is the anthracyclines. They were first isolated
by the Arcamone group in the early 1960s and were found to strongly to inhibit the growth of
a variety of tumours.’ Many hundreds of analogues have been made, including
Daunorubicin (42) and Doxorubicin (43). Doxorubicin (42) has a broad spectrum of
anticancer activity; it is used today for the treatment of solid tumours and childhood
leukaemia. Daunorubicin (43) is one of the drugs of choice used against adult leukaemia.
The flat aromatic unit of these
compounds slide between the DNA R

bases by intercalation so that the DNA 42 Daunorubicin H

can’t separate (Figure 6). They also

OMeO OH O _~_.NH, 43 Doxorubicin  OH
inhibit the topoisomerases II enzyme. ;Q

‘y
) Y H
The other mode of action these : o

compounds have is that they undergo a chemical reaction to form radicals, the radicals react

with DNA and damage it. The main side effect of these drugs is damage to the heart muscle

and cardiotoxicity.
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Chapter 2 - Development of agents that target Tubulin

then enters the G, phase or premitotic phase, where the integrity of new DNA is checked.
These 3 stages are known as the interphase and it accounts for 95% of the time taken for a
cell to divide. The M phase or mitosis stage is then entered, during which the chromosomes
are segregated and the cell divides, this stage takes about an hour to complete. The fifth
phase of the cell cycle can take place during the G, phase if there is a lack of sufficent

stimuli, it can become indefinite and the cells will become quiescent, this is known as the Gy

60,61

phase.

Figure 10: Stages of Mitosis®

The Mitosis phase is split into 5 separate stages (Figure 10). Starting with the prophase
where the microtubules start to form and grow towards the 2 sets of daughter chromosomes.
The microtubules grow from the centrozomes which separate and move to opposite ends of
the cell. The next phase is the prometaphase where the nuclear envelope around the nucleus
disintegrates and the microtubules attach themselves to the centre point of the chromosomes
known as the Kinetichore. The chromosomes gradually arrange themselves between the 2
centrozomes. This is the metaphase. Once the chromosomes are accurately arranged
between the 2 centrozomes, the cell abruptly enters the anaphase. The daughter

chromosomes begin to separate and move towards the centrozomes as the microtubules
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Chapter 2 - Development of agents that target Tubulin

attached to them begin to decay. Once the chromosomes reach other ends of the molecule a
new nuclear envelope is formed around them. This is the end of mitosis with only the
surrounding cytoplasm needing to divide in the process know as cytokinesis, giving 2

identical daughter cells.*
23 The formation of Microtubules from Tubulin®

As mentioned above microtubules play a vital role in cell divison and disruption of the
microtubules can have a major effect on the cell. Tubulin exists as 2 spherical proteins, the a
and B tubulin subunits, each with a molecular weight ~50 kDa. The 2 subunits come together
to make a heterodimer. In the presence of GTP and 37 °C, the heterodimers combine in a
head to tail fashion to form protofilaments comprised of a long line of alternating o and B-
tubulin subunits. After several minutes of protofilament formation, 12 to 13 protofilaments
will come together and form a protein sheet, that curls up into a C-shape to give the pipe-like
structure of the microtubule. The external diametre of the microtubule is ~24 nm and the
internal diamter is ~15 nm across (Figure 11). There are several types of proteins that are
associated with the microtubules and their formation, which are known as microtubule
associated proteins (MAPs). The presence of the MAPs increases the speed of microtubule
formation and protect it from depolymerization agents like low temperature and Ca** ions.
There are also the microtubules organising centres (MTOCs) or centrozomes, where the
microtubule starts its growth. The 3" type of protein involved in formation of microtubules
is y-tubulin, which may bind to the centrozome, from there it may act as a site for nucleation

for incoming a,p-tubulin heterodimers.

Once formed the microtubule maintains it shape by remaining in a dynamic equilibrium
where heterodimers constantly add to one end of the microtubule (+ end) and leave from the
other end of the microtubule (- end). This is a finely balanced equlibrium which controls the
length and function of the microtubule. Disruption of this equlibrium will affect a number of

cell functions including cellular divison.
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Chapter 2 - Development of agents that target Tubulin

Centauriedin (53) a natural flavone isolated from Polymnia
Sfruticosa, prevents the binding of Colchicine (50) to tubulin
and the formation of microtubules.”’ Since the discovery that
centauriedin (53) causes mitotic arrest by destabilizing the
mitotic spindle, other flavones have shown tubulin inhibiting
properties such as the flavone (54) isolated from both

Zieridium pseudobtusifolium and Polansia dodecandra.”"

Chalcones. A series of chalcones, typified by 55 were
synthesized by Edwards and co-workers and were shown to
be potent cytotoxic agents.” Lawrence and co-workers
revealed 56 as a potent anticancer agent” with many other
chalcones displaying high levels of cytotoxicity. Lawrence
and co-workers have also used parallel synthesis to produced
a library of over 600 chalcones, yielding 16 positive hits from
their bioassay screening of the library, with the most active
being chalcone 57.” Such agents induce mitotic arrest,
strongly binding to tubulin and preventing microtubule
assembly. This will be discussed in more detail in chapter 3,
since this forms the basis of the work described in this

dissertation.

Combretastatins. The stilbene Combretastatin A-4 (58) is
one of the most potent inhibitors of the colchicine binding

75

site.” It was first isolated from the South African Willow,

Combretum  caffrum, along with the less active
Combretastatin 59 and Combretastatin A-2 (60).” These
compounds are some of the simplest structures that show
antimitotic effects by interaction with the colchicine binding
site of tubulin. Combretastatin A-4 (58) has also generated
lots of interest due to its effects on the inhibition of
angiogenesis, the growth and development of blood vessels”

as well as its antimitotic effects.”™
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Due to the biological effects of the Combretastatin A-4 (58) there have been many structure-

activity relationship (SAR) studies reported in recent years to try and maximize their

biological properties. It has been generally accepted that A-ring of 58 must be kept as 3,4,5-
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trimethoxyphenyl for SN MeO B

compound to maintain MeQ O MeO O

its potent antimitotic OMe OH OMe X

e " H OMe OMe

ettects. owever 61 62 63 64 65 66 67 68 69 70

recent work reported X F Cl Br X N3 NH, F Br NO, X N CH

by Pettit* has shown that the methoxy group on the C3 position of the A-ring can be replaced
with a fluorine group in 61, chlorine group in 62 or bromine group in 63 and still retain the
antimitotic effects of §8. The hydroxy group on C3 position of the B-ring of 58 can be
replaced by several different groups including azido group in 64.* amine groups in 65,”%"%
fluorine groups in 66, and still maintain high levels of cytotoxicity comparable to 58. The
hydroxy group on C3 position can also be replaced by bromine groups in 67,* and nitro
groups in 68* or the whole B ring can be replaced with quinoline groups in 69* or a
napthalene group in 70**” and still retain good high levels of cytotoxicity, but not as high as
58.

The SAR studies have also involved modification of the group that links the A and B rings.
The cis-ethene linker has been replaced with an ethane linker in 71,**and had an additional
double bond in 72% or triple bond in 73% unit introduced to the linker as well. These changes

to the linkers have all resulted in a general loss of cytotoxicty.

MeO =
/ \
Meo
MeO OMe OH MeO O Q NH,
N 72 OMe MeG OMe 73 ©OMe
The introduction of various alkyl groups in 74 - 75,
acylamide groups in 76 — 77% and other bulky groups™®'® MeO =
attached to the ethene linker also gives CA4 analogues with MeO O
OMe
reduced cytotoxicity. The nitrile group in 78 appears to be o X
e
largest group tolerated on the ethene cross linker with out 74 75 76 77 78
) .. R Me Et conn, nhco, CN
causing a large loss cytotoxicity. X OH OH OH F NH,

Various cis-locked analogues of 58 have also been investigated, replacing the cis-ethene
linker with either an 1,2,-disubstituted five membered heterocycle such as imidazole 79 or
oxazole 80 gave several compounds which inhibited tubulin polymerization more potently
than 58 while still being less cytotoxic.” The replacement of the cis-ethene linker with a
furazan ring gave a compound 81* that was 4 times more cytotoxic than Combretastatin A-4

(58) and inhibited tubulin polymerization.

30



Chapter 2 - Development of agents that target Tubulin

NZ NH N/’\O 'O‘
ol Qo dTy Qe o Oy
Me OMe MeO Me OMe MeO Me OMe

79 80 81

Clinical trials of Combretastatin A-4 (58) have been hindered by its low water solubility,
prompting research into Combretastatin analogues with enhanced solubility. Ohsumi and co-
workers synthesized a more water soluble analogue of Combretastatin A-4 (58) in which the
phenol group of the B ring was replaced with an amino group, (AC-7739, 82).” This
analogue proved to have a more potent antitubulin activity than its parent molecule.
Cushman and co-workers made a series of Me0 N MeO

NH.HCI
benzylamines hydrochlorides typified by MeO Meoji;'/\
OMe O

83, these compounds displayed good water NH, HC| OMe
solubility and bind to tubulin in a similar 82 OMe 83

manner to Combretastatin A-4 (58).”

Other recent areas of Combretastatin research is the development of a chimeric compound 84
bearing the Combretastatin and nitrogen mustard core to see if this combination could over
come multidrug resistance (MDR) protein induced by various alkylating agents. The chimeric
compound 84 which is a cross between Chlorambucil (4) and Combretastatin A-4 (58) is
reported to inhibit tubulin polymerization concentrations as low as would be expected for 58.
At higher concentrations the nitrogen mustard alkylates tubulin and inhibit tubulin

depolymerization much like Paclitaxel (85).”

= )
CI\/\N/©/\|\COZH MeOO

¢ MeO OMe OMe
4 84

Benzophenones. The benzophenone analogue of Combretastatin A-4 (58), Phenstatin (86)
was isolated as a side product from the Jacobsen oxidation of 58.* Phenstatin (86) proved to
be a potent inhibitor of tubulin polymerization, comparable to Combretastatin A-4 (58). It
is also highly cytotoxicity, but not as cytotoxic as 58.” Several SAR studies®*® have been
carried out on the benzophenone scaffold, trying to improve the biological activity of the

Combretastatin A-4 like benzophenone. Many of the compounds made have inhibition of
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tubulin polymerization activity comparable to 58, many of them weren’t as cytotoxic as 58.

However the 2-aminobenzophenones 87 and 88 proved to be as cytotoxic as Combretastatin
A-4 (58).”

0 O NH, O NH,
MeO OMe MeO OMe MeO
OMe OMe OMe OMe
86 87 88

Further investigation showed that the 2-amino-4-methoxyphenyl ring of benzophenone
analogue 87, can be replaced 3-amino-6-methylbenzo[b]thiophene to give 89 which proved to
be more active than 58 as an inhibitor of O NH,

tubulin polymerization, however it wasn’t as MeO O =
cytotoxic.'® The B ring of phenstatin (86) has MeO

also been replaced by various heterocycles 89
like 3-aroylindoles 90,"' benzo[b]thiophenes 0
91,'>'* benzo[b]furans 92'* or indoles 93, MeO O Z
many of which proved to be more potent MeO Q

OMe

inhibitors of tubulin polymerization than 90
Combretastatin A-4 (58), however none of

them are as cytotoxic as 58. The replacement of the carbonyl linker group between the 2 aryl
rings with a methylene group led to a complete lose of biological activity.”'® The presence

of 3,4,5-trimethoxyphenyl ring has also proved to be vital for biological activity.'®

Cornigerine (94) a natural product isolated from Colchicum

cornigerum, resembles a hybrid of Colchicine (50), podophyllotoxin <O O. .NH
(34) and steganacin (95). As would be expected from the similarity of 0

its structure, 62 displays a similar effect binding to the colchicine site O
with high affinity.'** g 94 OMe

Steganacin™ (95) was isolated in 1973'%'”” from the stems and stem bark
of the east African tree steganataenia araliacea Hochest, and was found to
have in vivo antitumour activity against P388 leukaemia in mice and in
vitro against human nasopharynx carcinoma cell line KB.'* Steganacin

(95) completely inhibits cleavage in fertilized sea urchin eggs at

concentration of 0.3 puM by preventing the formation of mitotic

3

apparatus.'® Steganacin (95) shares structurally features with both Colchicine (50) and
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Podophyllotoxin (34), with all 3 compounds sharing a trimethoxybenzene ring. Like
Podophyllotoxin'® (34), Steganacin (95) binds to tubulin with an affinity similar to
Colchicine (50), and is, in fact, a competitive inhibitor of colchicine binding to tubulin,'®'*!'
Steganacin (95) has also been shown to inhibit in vitro polymerization of microtubules,'®!%!"
with an ICso value of 1.5 — 3.5 uM.,"*"" which makes it slightly less active than both
Colchicine [50, ICso(polymerization of microtubules) 2.5 uM]'" and Podophyllotoxin [34,
ICso(polymerization of microtubules) 0.6 — 1.7 uM] "o

Podophyllotoxin (34), Etoposide (35) and Teniposide (36). Podophyllotoxin (34) is isolated
from the dried roots of the American mandrake Podophyllum peltatum. It has been used as a
medical treatment for hundreds of years for conditions ranging from sclerosis of the liver
through to constipation, rheumatism and cancer. Podophyllotoxin (34) has been shown to
bind reversibly to at least part of the colchicine site of tubulin and binds as a competitive
inhibitor.'” However Podophyllotoxin (34) proved to be too toxic for clinical use in the
treatment of cancer, so two less toxic semisynthetic analogues have been developed
Etoposide (35) and Teniposide (36).'" Although both compounds bind to tubulin, it is
thought now that they function predominantly by inhibition of DNA topoisomerases II, an
enzyme involved in the unfolding of DNA in cell replication, rather than a microtubule

interaction.'"®

0O
R/\_
0 90
: 0 R
J@OQO . .\(o
% HES 35 Etoposide CH;
eO/Q\OMe MeO’ ; "OMe 36 Teniposide ”IS)
OMe OH %

2.5.2 Vinca Alkaloid Binding Site.

The two vinca alkaloids Vinblastine (32) and Vincristine (33) were isolated from the
Catharanthus roseus periwinkle. They are both used as clinical anticancer drugs for the
treatment  of  leukaemias, R! R2
lymphomas and some solid
32 Vinblastine Me OMe
tumours.''® Both these agents
bind to a site on the B-tubulin 33 Vincristine CHO OMe

subunit of the heterodimer'"’

96 Vindesine Me NH,
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with a high affinity for the protein''® and induce destabilization of polymerized tubulin. The
destabilizing effect results from the stoichiometric endwise poisoning of the tubulin
heterodimer, presumably preventing polymerization from occurring by blocking the region
involved in heterodimer attachment. Due to the dynamic nature of microtubules constantly
polymerizing and depolymerizing, a vinca alkaloid poisoned heterodimer can be easily
introduced to the microtubule, thus preventing further growth. The incorporation of the vinca
alkaloid onto the heterodimer is rapidly reversible and occurs at 2 sites per tubulin dimer. As
well as the two natural products 32 and 33, a third effective alkaloid has also been produced
by functional group transformation, Vindesine (96) and works by the same mechanism.
Other Vinca Alkaloid binding site agents include halichondrin B (97), the hemiasterlins''® and
the spongistatins,' all isolated from various marine sponges. Halichondrin B (97) has been

122

isolated from several sponges Halichondria okadai,"”' Axinella sp,'”> Phankellia carteri'” and
Lissodendoryx sp,"** and have potent in vitro and in vivo activities against melanomas and
leukaemias.'”® Halichondrin B (97) is extremely rare in the marine sponges, with only 12.5
mg of 97 being isolated from 600 kg of Halichondria okadai,”' and would have limited the
study of 97 as a viable tubulin targeting agent. Fortunately the complete synthesis of 97 was
reported by Aicher and coworkers'” and further research into the structure has led to the
structurally simpler analogs, ER-076349 (98) and ER-086526 (99) which still retain the
biological activity of 97.'"* The hemiasterlins are a family of cytotoxic and antimitotic
tripeptides that have all been isolated from various marine sponges, such as Avletta sp
[hemiasterlin (100), hemiasterlin A (101) and hemiasterlin C (102)]'" and Cymbastela sp
[hemiasterlin A (101) and hemiasterlin B (103)].'*® Despite their relatively simple structures
the hemiasterlins A and B (101 and 103) are more potent in both cytotoxic and antimitotic

activity than other microtubule agents such as Vinblastine (32) and Paclitaxel (85).'"

'3 which have been

Spongistatins 1 — 9'” are a group of macrocyclic lactones compounds
isolated from various marine sponges, Spongistatin 1 (104) was isolated from the Republic of
Maldives Spongia sp.""' The Spongistatins have all proven to be highly cytoxic, with
Spongistatins 1 (104) having an ICso value of 0.03 nM for the inhibition of L1210 murine

leukaemia cells.'”
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2.5.3 Rhizoxin/Maytansine (RZX/MAY) Binding Site.

Rhizoxin (105) was isolated from the fungus Rhizopus
chinensis and is an antifungal agent which also acts as an
antimitotic agent. Like many of the agents that bind to the
RZX/MAY binding site, 105 was originally thought to be
binding to the Vinca alkaloid binding site. However
Rhizoxin (105) has been shown to have its own binding site
that slightly overlaps with the Vinca alkaloid binding

site.'”?

Rhizoxin (105) is effective against hundreds of
cancer cell lines and some vinca alkaloid resistance
tumours, it also competively inhibits Maytansine (106)
binding and exhibits similar effects.” Maytansine (106) is
isolated from various plants in the Maytenus family. It is
the most potent of a family of highly -cytotoxic

macrolides.'® Maytansine (106) binds to tubulin and in a

MeO

106

reversible manner and can competitively inhibit the vinca alkaloids 32 and 33.”* Maytansine
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(106) binding to tubulin causes disassembly of the microtubules and prevents tubulin
spiralization.'®  Other RZX/MAY binding site agents include Cryptophycin 1, the

137

Dolastatins'”” and Phomopsin A.'*®

2.5.4 Taxane Binding Site.

Paclitaxel (Taxol™) (8S) first isolated by Monroe Wall and Mansukh Wani in 1967 from the
bark of a yew tree.'” It was largely ignored as antimitotic agent, due to low availability and
poor water solubility, until 1979 when the discovery that it stimulated microtubule
polymerization, unlike the Vinca alkaloids which induce destabilization of polymerized
tubulin.'"® Four groups have succeeded in the total synthesis'''** of Paclitaxel (85), and it is
now used to treat breast and ovarian cancer as well as non-small-cell lung cancer and
Kaposi’s sarcoma.®* The binding site of Paclitaxel (85) is on the B-subunit of tubulin and is
on the inside of the surface of the microtubule,'* and this binding stabilizes the microtubule
and increases its polymerization. Taxotere (107) is a late stage intermediate in a synthesis of
Paclitaxel (85) from a precursor readily obtained from needles from a yew tree. It displays a
similar spectrum of activity as 85 but with a four fold increase in potency and improved water

solubility."” It is currently used in clinical treatments of prostate, brain and lung tumours.*

Discodermolide (108) is a potent immunosuppressive lactone isolated from Caribbean Sea
sponge Discodermia dissolute. 1t also inhibits the dynamic nature of microtubules by binding
to the microtubule and making it abnormally stable. Studies show that 108 shares the same
binding site as Paclitaxel (85), has a greater affinity for this site."**'* Discodermolide (108) is
currently in phase I clinical trials.*® The Epothilones (e.g. 109 and 110) a family of 16
membered macrolides isolated from the myxobacterium Sorangium cellulosum. Like
Discodermolide (108) they are competitive inhibitors of the binding of Paclitaxel (85) to
tubulin, exhibiting activity similar to 85 at the same concentrations.' It is thought that
Paclitaxel (85) and the Epothilones may share a common pharmacophore and adopt similar
conformations in vivo."”' The Epothilones are currently used clinically in the treatment of

Paclitaxel-resistant tumours.*
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2.6

Antivascular effect'*>'*’

O OH O
R=H
R =Me

The tumour vasculature network is an important cancer therapy target. By disrupting the

tumour vasculatures, the vital supply of oxygen and nutrients in blood that feeds the tumour

will be cut off causing most tumours to starve and die. Antivascular agents inhibit tumour

vascular function in 2 different ways; some inhibit the formation of new blood vessels,

angiogenesis,'™ to tumours, while other compounds, especially tubulin targeting agents, have

been shown to rapidly shut down existing tumour vasculatures.'? Several Colchicine binding

site agents are currently in clinical trials, including Combretastatin A-4 3-O-phosphate (CA-
4-P) (111), Combretastatin A-1-phosphate (CA-1-P) (112), ZD6126 (113) and AVE8062A

(114)."* Certain dolastatins like TZT-1027 are also in clinical trials for their antivascular

effect, but target the vinca alkaloid binding site instead.®'**

Combretastatin A-4 3-O-phosphate (CA-4-P) (111) has been shown
to cause microtubules in endothelial cells to undergo rapidly
depolymerization in a matter of minutes, which causes the cells to
become round and the vasculature to become leaky, also known as
blebbing. This eventually leads to secondary tumour cell death.'*® In
vivo testing on P22 tumour in rats with CA-4-P (111) showed that
the blood flow rate to the interior of the P22 tumour dropped to <5 %
of the starting value within a minute after the administration of 111,

and this value fell to almost zero after an hour.'”’

Also importantly further in vivo studies on P22 tumour in rats with
111 showed that its antivascular effects are selective against tumour
vasculature without causing significant harm to normal tissue.'”® The
reason for the selective nature is not known, however it has been
suggested that it may be due to the difference between mature
normal vasculature and immature tumour vasculature. Normal

vasculature can sustain more endothelial cell injury without the
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vascular collapse than the less developed cytoskeleton of the tumour vasculature.'”” The
selectivity could also be due to the difference in blood flow rate of tumours and normal
tissue, with tumour blood flow rate being far more slow than that of normal tissue, making
the tumour more susceptible to CA-4-P (111).'"” Also differences in tumour and normal
tissue endothelial cells, like proliferation rate,” post-translational modifications of tubulin
and the interaction of actin cytoskeleton and tubulin might also contribute to the specificity of

vascular-targeting agents like CA-4-P (110)."*’

Many of the classic mitotic spindle poisons, such as Colchicine (50), Vincristine (33) and
Vinblastine (34) induce similar deleterious effects on endothelial cells in culture and damage
tumour vasculature in animals at high concentrations. However it has been shown that these
new vascular targeting agents are effective at much lower concentrations, for instance 10 %
of its maximum tolerated dose of CA-4-P (111) has be shown to shut down tumour blood

132 However at even lower concentrations 1 — 3 % of the maximum

flow rate after 24 hours.
tolerated dose, similar reductions in tumour blood flow did occur but after 24 hours the blood
flow rate had recovered, showing that the antivascular effects of the CA-4-P (111) are
reversible at to low a concentration. The desired affects of microtubule targeting agents as
either antiproliferative agents or as a vascular targeting agent may depend on its
pharmacodynamics and pharmacokinetic characteristics, like the reversibility of the tubulin
binding and its retention time in cells. Agents that can rapidly bind to tubulin/microtubules
and cause microtubules to depolymerize and are rapidly metabolized by the body may act
best as antivascular agents. While those agents are retained in cells and induce long term

mitotic block might work best as antiproliferative agents causing apoptosis.®*’
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Chapter 3 — Combretastatin A-4 like chalcones and analogues. Results and Discussion
was over 30 times more active than 113 and the nitrophenylbutenone 115 was over 20 times

more active than 113.

Such findings prompted the investigation of replacing the methyl group of the trans-
phenylbutenone with substituted aryl groups to make chalcones to see what effect this
substitution had on its anti-cancer properties. The chalcone scaffold, 1,3-diarylprop-2-en-1-

one, is commonly found throughout the plant kingdom. Chalcones OMeO

have been shown to elicit various biological effects including anti- O

169,170

fungal,'’'®  anti-inflammatory, anti-bacterial,'*>'”! anti-

174,175

properties. It was Edwards er  OMe . D NMe,

al.>  who reported the anticancer activity of chalcones, with the ICs, (HeLa) 12 nM

malarial,''” and anti-mutagenic

chalcone MDL 27048 (55) being a very potent antimitotic agent.

Various substituted chalcones 116 — 1277'*!”” were then prepared to further investigate the
prerequisites needed for high cytotoxicity. The chalcones were prepared through the base
catalysed Claisen-Schmidt aldol condensation'” of substituted benzaldehydes and substituted
acetophencnes. It became apparent that the aryl ring substitution was again an important
factor, as the anticancer activity of the chalcone may be improved or diminished depending

on the arrangements selected (see rable 1).

(0]
Ar' MArz

116 - 127

Table I: Cell growth inhibitory properties of substituted chalcones 116 — 127

Chalcone Ar' Ar? ICs0(K562) uM
116 3,4,5-Trimethoxypheny| 3,4-Dimethoxyphenyl 0.3
117 3,4,5-Trimethoxyphenyl 3-Hydroxy-4-methoxyphenyl 0.0043
118 3,4,5-Trimethoxyphenyl 4-Methoxyphenyl 0.3
119 3,4,5-Trimethoxyphenyl Benzo[d][1,3]dioxol-5-yl 0.3
120 3,4,5-Trimethoxypheny! 2,3-Dihydrobenzo[b][1,4]dioxin-6-yl 0.08
121 3.4,5-Trimethoxypheny| 2,4,6-Trimethoxyphenyl 0.2
122 2.4,6-Trimethoxypheny! 3,4,5-Trimethoxyphenyl 0.3
123 3,4-Dimethoxyphenyl 2,4,6-Trimethoxyphenyl 0.3
124 3,4-Dimethoxyphenyl 3-Hydroxy-4-methoxyphenyl 0.6
125 3-Hydroxy-4-methoxyphenyl 3,4,5-Trimethoxyphenyl 0.12
126 Thiophen-2-yl 3,4,5-Trimethoxypheny! 1.2
127 2,5-Dimethylfuran-3-yl 3,4,5-Trimethoxypheny! 2.8

The Combretastatin A-4 (58) chalcone analog 117 was the most potent cell growth inhibitor

prepared, with a cytotoxicity in the nanomolar region (117, ICso 4.3 nM). The introduction of
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Chapter 3 — Combretastatin A-4 like chalcones and analogues. Results and Discussion
the 3-hydroxy substitution on the B-ring greatly increases the cytotoxicity of chalcone 117,

the chalcone 118 without the 3-hydroxy substitution is nearly 70 times less active than 117.
The presence the 3,4,5-trimethoxyphenyl A-ring of chalcone 117 also appears vital to the
cytotoxicity, which is shown when compared to the 3,4-dimethoxyphenyl analogue 124

which is nearly a 140 times less active than 117.

The ease of the synthesis of chalcones provided an opportunity to make a large number of
analogues. = The Claisen-Schmidt condensation'” method is attractive because it
predominantly generates the FE-isomer, normally in high yields, from substituted
benzaldehydes and acetophenones, a large number of both are commercially available and
inexpensive. A 644-membered library of chalcones was prepared by parallel synthesis using
the Claisen-Schmidt condensation'”™ of 23 substituted acetophenones and 28 substituted
benzaldehydes all commercial available and selected randomly in a conventional 96-well
tissue culture test-plate.”™ The cytotoxicity of these chalcones was conveniently determined
upon the crude products directly in the 96-well tissue culture test-plate, at a concentration of
5 uM, by conventional MTT assay'® Sixteen wells gave a positive bioassay response; a
“success” rate 2.5 %. The 16 chalcones were then prepared conventionally on a 10 mmol
scale, and the chalcones were indeed all active with an ICso(K562) less than 5 uM. Seven of
these chalcones had an ICso(K562) less than 1 uM, with chalcones 57 and 128 being the most
active. Chalcone 57 was also reported to cause cell cycle arrest at the Go/M point and binds
to the colchicine binding site of tubulin, further testing shows that the chalcone inhibits the
polymerization of tubulin with an ICso value of 1.5 uM which is comparable to
Combretastatin A-4 (58, reported ICso for the inhibition of tubulin polymerization varies

between 0.5' - 2'* uM).

o

N U LN S dhg N
—_ LI RS _ —_
X% P x& P

Assayed crude

0 OMe OMeO OMe
U0 ¢
MeO MeO OMe MeO OMe

57 OMe |28

ICso (K562) 30 nM 1C50 (K562) 40 nM

Attention was then moved onto the effects of modifying the “bridge” linking the two aryl

groups. The reduction of the carbon — carbon double bond of chalcone 117 to the ketone 129
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resulted in a loss of activity, as did the subsequent reduction of the carbonyl functionality of

129 t0 130.'*

MeO OMe MeO OMe MeO OMe
OMe OMe OMe

117 129 130
ICso (K562) 4.3 nM ICso (K562) 1 pM ICs5o (K562) 1 pM

Changing the carbon-carbon double bond into an epoxide has been reported to increase the
chalcones mutagenic properties by Rashid and co-workers.'® This prompted the investigation
of the effects of introducing an epoxide to see what effect this would have on cytotoxicity.
Interestingly the results obtained showed no significant loss of activity and the chalcone

oxide 131 of chalcone 132 displays a slight increase in activity.'”’

MeO O O OMe MeO
MeO OMe MeO
Me 132 Me 131 OM
IC5o (K562) 1.5 pM IC40(K562) 0.8 pM

The importance of the a,-unsaturated ketone was shown again in a series of ester 133 and
amide 134 chalcone derivatives where the a-carbon had been replaced with either an oxygen
or a nitrogen respectively. Both linker changes caused significant lose in activity when

compared to the equivalent chalcone 116.'®

MeO O O OMe MeO /\@OMG MeO H/\@
MeO OMe MeO OMe MeO
OMe 116 Me |33 OMe 134
ICso (K562) 0.3 pM IC50 (KS562) 11 pM ICso (K562) 83 pM

It has been speculated that the importance of the a,B-unsaturated ketone to the activity of the
compound is down to two possible reasons. The first is that the enone system could undergo
nucleophilic attack via a Michael-type addition. Thus strong binding at the colchicine binding
site may be the result of the enone system covalent binding to the tubulin. The second reason
is that the role of the carbonyl and alkene group is to simply present the two aryl groups in a

way that favours strong non-covalent binding to the tubulin.
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Edwards™ chalcone study showed that the presence of a methyl group on a-position to the

carbonyl increased the cytotoxicty of the chalcone when compared to its

OMeO
a-hydrogen bearing chalcone equivalent. For instance the a- O |
methylchalcone S5 is twice as active as chalcone 135. Edwards gave no O
explanation for this. OMe 55 NMe,

The paper” also reports data on a selection of a-halogen bearing 1Cso(Hela)12nM

A
OMe ;35

IC5o (HeLa) 24 nM

We then decided to investigate the introduction of various groups on the  OMeO

chalcones. It showed that the introduction of bromine group onto the a-  QMeQ

position of the chalcone 136 increased its cytotoxicity, compared to the

W

a-bearing chalcone equivalent 135. While the introduction of the NMe;

chlorine group decreased the activity of the chalcone 137.

C-2 position of the chalcone to see the effects upon anticancer activity of O | Br
the compounds and to try and account for the effects these groups have O

.. OMe
on the activity of the chalcone. It was suspected that the biological 136 NMe,
effects may be caused by the conformation that the chalcone adopts. ICs9(HeLa) 19 nM
The a-methylchalcone of the CA-4 like chalcone 117 was quickly Ve N

I
isolated and had an exceptionally impressive ICsp value of 0.21 nM,a20  Qme O NM
€2

W,

prepared. The E-isomer of the CA-4 like a-methyl chalcone 56 was

fold increase in activity over chalcone 117. While a (Z)-enriched 137
) . | IC5o (HeLa) 43 nM
mixture of 138 (£:Z, 1:5 determined by 'H NMR) gave an ICs, value of
60 nM.”
E-isomer Z-isomer
o 0] OMe
OMe x
M
OMe 117 56 OMe 138 o

Single crystals of chalcones 117 and 56 were obtained by careful diffusion crystallization and
their structures determined by X-ray crystal structure analysis (Figure 14 and 15). The

crystal structure of 56 confirmed the (E)-configuration of the carbon-carbon double bond.

The X-ray crystal structure of 117 and 56 revealed an interesting relationship between the
conformation of the chalcone and its cytotoxicity. The structure of chalcone 117 shows that

the carbon-oxygen double bond and the carbon-carbon double bond are positioned in a cis
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Chapter 3 — Combretastatin A-4 like chalcones and analogues. Results and Discussion

M
””JQ L. m m
MeO MeO
MeO
OMe OMe OMe OMe

Me 117 139
ICs, (K562) 4.3 nM leo(K562) 0.21 nM ICsy (K562) 1.5 nM

The effects of varying the size of the alkoxy groups on the C-2 position showed that
increasing the size of the alkoxy group led to a slight lose of activity. For example the a-

methoxychalcone 140 was more active than the a-ethoxychalcone 141, which in turn was

more active than the a-propoxychalcone 142.

MeO MeO
MeO MeO
OMe OMe OMe OMe OMe

140 141 142
ICso (K562) 3.7 nM IC5o(K562) 11 nM ICso (K562) 20 nM

The X-ray crystal structure of a-methoxychalcone chalcone 143 shows that a-

alkoxychalcones adopt the s-trans conformation (Figure 16)."

S-trans

IC5o (K562) 0. 36 uM

Figure 16: X-ray crystal structure of chalcone 143

A series of aurones 144 (conformationally-restricted analogues of the chalcones) was
prepared and assessed for anti-cancer activity.'” This was done to investigate the effects of

the aryl ring orientation about the rotatable bonds a and ¢ and their influence on the

cytotoxicity of the molecule (Figure 17).

Figure 17: Structure of aurones
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This study also provided a route for the total synthesis of the aurone 145 isolated from Uvaria

hamiltonii by Wani and co-workers.'"

The 3°,4’-dihydroxy B-ring of extracted aurone 145
and aurone 146 made both aurones fairly inactive, however the replacement of the 4'-
hydroxy on the B-ring of 146 with a 4’-methoxy to give the CA-4 like aurone 147 causes the
cytotoxicity to be significantly increased. The same replacement of the 4’-hydroxy group on
145 with the 4’-methoxy group 148 decreases the cytotoxicity of the aurone. It seems to
suggest that the 5,6,7-trimethoxy A-ring of 147 is vital for good cytotoxicity, while the 4,5,6-

trimethoxy A-ring of 148 is detrimental to its activity.'”

145 R = OH, IC5, (K562) 12 pM 146 R = OH, IC5, (K562) 10 pM
148 R = OMe, ICs, (K562) 18 uM 147 R = OMe, ICsq (K562) 50 nM

Using the protocol developed by Wheeler and co-workers'™ the aurones were transformed
into their corresponding flavones by simply heating in the presence of KCN. The most active
flavone was the CA-4 like flavone 149. Similar results to those of the aurones were found,

with the CA-4 like 6,7,8-trimethoxy A-ring of 149 being vital to the cytotoxicity, and the

5,6,7-trimethoxy A-ring of 150 having a detrimental effect on the activity of the molecule.'”

150 IC5o (K562) 22 pM 149 IC5, (K562) 40 nM

The activities of the aurones and flavones nevertheless show a significant decrease in activity
compared to the chalcones 117 and 56, indicating the importance of rotational freedom
around bond a (Figure 17).

Another group of conformationally-restricted chalcone analogues were prepared, the
indanones 151.""' This was done to further investigate if the importance of the a,f-
unsaturated ketone to the activity of the compound. The indanones 151 were prepared via

Nazarov cyclization by refluxing the precursor chalcone 152 in trifluoroacetic acid (Scheme

7).195
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Scheme 7: a. TFA, reflux

The indanones show reasonable cytotoxicity.””! However the CA-4 like indanone 153 is
significantly less active than its precursor chalcone 117."' This difference in activities isn’t
really noticed in the fluoro indanone 154 and its precursor chalcone 155. The indanones 153
and 154 both show modest inhibition of tubulin polymerization (ITP) with ICso(ITP) values
of 1.9 uM and 4.0 uM respectively. "' The ICso(ITP) of 153 is comparable to that of
Combretastatin A-4 (58, reported ICso(ITP) varies between 0.5'” — 2'% uM).

MeO P
MeO O.

0
MeO OMe ‘ g R

OMe OMe
117 R = OH, 1C5, (K562) 4.3 nM 153 R = OH, 1C;, (K562) 60 nM
155R =F, 1C5( (K562) 0.3 uyM 154 R = F, IC5, (K562) 0.39 uyM

The indanones were then reduced to give the indanols. The indanols show major loss in
cytotoxicity, with the CA-4 like indanol 156 being 95 times less active than the precursor
indanone 153."'

MeO

MeO

OH
OMe / OMe
QF OH
OMe OMe
157 156

ICs50 (K562) 2.1 pM IC5 (K562) 5.7 uM

The biological properties of the indanols again show that the carbonyl group is vital to the
cytotoxicity of the molecule. However while the indanones are less cytotoxic than their
precursor chalcones, they still retain significant anti-cancer activity, supporting the idea that
the purpose of the a,B-unsaturated ketone is to maintain the distance of the two aryl groups in

a way that favours strong non-covalent binding to the tubulin. It appears that the ability of
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the enone system to undergo nucleophilic attack via a Michael-type is not an important

determinant of biological activity.
3.2 a-Arylchalcones

Previous studies in our research group have investigated the substitution of the hydrogen on
the C-2 of the chalcone with various other groups. This has given several active compounds
including (E)-3-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-2-methylprop-2-
en-1-one (56), ICso (K562) = 0.21 nM.” Other C-2 substitutions that have also been
investigated include alkyl (158, 159) or an alkoxy (139, 160, 161) groups.'”'3"1°"1%

S6 R =Me, 158 R = Et, 159 R =Pr
139 R = OMe, 160 R = OEt, 161 R = OPr

To further the investigation into the effects of the substitution of the hydrogen on the C-2 of
the chalcone, we set out to make a series of a-arylchalcones. The effects of this substitution
upon the structure (especially the s-cis/s-trans preference) and the biological activity will

feature highly in our study.
3.2.1 a-Arylchalcones - Synthesis, Results and Discussion

The approach to making the series of a-arylchalcones 162 we chose was the Suzuki coupling
of an a-bromochalcone 163 and an arylboronic acid 164 to give the a-arylchalcone 162. This
route was chosen due to the large number of commercially available arylboronic acids
(Scheme 8).

2R
0] (HO),B /7 =3
MeO Br — MeO
| 164
MeO | E—R - MeO
OMe Z a
163 162

Scheme 8: a. Suzuki coupling conditions o
. - R
The first step in the synthesis of the a-arylchalcones is the Meo
preparation of the chalcone (E)-1-(3,4,5-trimethoxyphenyl)- MeO 1 OMe
e

165 R = H, IC5((K562) = 0.1 uM
165, was chosen over the more biological active chalcone 117 R = OH, IC5,(K562) = 4.3 nM

3-(4-methoxyphenyl)prop-2-en-1-one (165). The chalcone

11777 due to the ease of synthesis and no requirement of protecting groups later in the
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synthesis. With the chemistry validated we would return to the chalcone 117 later. The
chalcone 165 was prepared in an excellent yield using the Claisen-Schmidt condensation'” of
3,4,5,-trimethoxyacetophenone with p-anisaldehyde (Scheme 9). Inspection of the 'H NMR
spectrum clearly shows that the product chalcone is geometrically pure with only the trans

isomer (Ju2-u3 15.6 Hz) being obtained.

o) (o] (o}
MeO )‘\Q a MeO >
" — 1J 0O
MeO OMe MeO OMe
OMe

OMe 165
b
(0] O Br
MeO Br c MeO
(1 — T O
MeO O MeO Br OMe
OMe OMe
167 OMe 166

Scheme 9: a. NaOH (2M) (aq), MeOH, r.t., overnight, 90%; b. Br, (1M in CHCIl;),
CHCls, Ny, 0 °C, 1 h, 99%,; c. EtsN, CHCIs, N3, 95 °C, 1 h, 60%.

A 1 molar solution of bromine in chloroform was then prepared; this solution was used to
brominate the double bond of the chalcone 165. The bromine solution was added to the
chalcone in chloroform at 0 °C (Scheme 9), giving a pink solid 166. The TLC of the product
166 showed 2 spots, however the separation of these 2 products by column chromatography
proved to be not trival. The 'H NMR spectrum of the crude product showed that it was

approximately 90% pure (Figure 18) so it was used in the next step without purification.

T T, T T
76 14 12 70 68 66 64 &2 6o 58 S8 54 52 50 a8 % 44 41 4o 31

Figure 18: "H NMR spectrum of dibrominated chalcone 166
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