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“As long as you live, keep learning how to live,
Alone we can do so little, together we can do so much.”

“Destiny is no matter of chance.
It is a matter of choice.
It is not a thing to be waited for,

it is a thing to be achieved.”

“ A real friend is one who walks in,
when the rest of the world walks out.”

[11



Abstract

This thesis is presented in four different sections. In the first section the
synthesis of a number of structural (novel flexible) analogues of the antiestrogen
drug tamoxifen is described. Preparation of novel conformationally restrained
analogues using benzoxepins as precursors is investigated in the second section.
In the third section the prepared compounds are biochemically analysed for their
binding, antiproliferative and cytotoxicity affinity for human MCF-7 breast
adenocarcinoma cancer cells. In the final section highly resolved computational
docking procedures are used to ascertain the degree of interaction of these novel
compounds with specific activity-related residues in a model of the estrogen

receptor.

Interest in the use of triphenylethylenes as anti-cancer agents has increased due
to the clinical success of tamoxifen in breast cancer. The structure and
pharmacological activity of tamoxifen and its clinical analogues are iterated in

Chapter 1.

In Chapter 2, a series of triphenylethylene flexible analogues possessing an extra
benzylic group were prepared using a seven step synthetic route and via the

McMurry coupling reaction.

A series of novel conformationally restrained benzoxepins were synthesised in
Chapter 3, some possessing an extra benzylic group, others a nitro group and
further benzoxepin analogues having substituted aryl and hetrocyclic groups.

These compounds were mainly prepared via the Suzuki coupling reaction.

In Chapter 4, the biochemical analysis of these compounds is described, detailing
their antiproliferative activity, binding affinity and cytoxicity profiles. Chapter 5
depicts highly resolved crystal structural studies of the estrogen receptor and
exhibits computational docking procedures which were used to ascertain the
degree of interaction of the novel synthesised compounds with the specific

activity-related residues in a model of the estrogen receptor.
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1. Development of clinical antiestrogens



1.1. Introduction

Cancer is a condition in which certain body cells multiply without any apparent
control and destroy healthy tissue and organs. The medical term for “cancer” or
“tumour” is neoplasm, which means a relatively autononous growth of tissue.
Tumour is a general term indicating any abnormal mass or growth of tissue, not

necessarily life-threatening.' [Figure 1]

Normal cells Cells forming a tumour

Figure 1: Normal cells and tumour cells

A “cancerous tumour” is a malignant neoplasm with potential danger. The
critical difference between benign and malignant neoplasms, is that benign
tumours do not metastasize, whereas malignant tumours (or cancers) do. In a
benign tumour, if the cells continue to grow at the original site, they may cause
problems by pressing on the surrounding organs or tissues.” A malignant tumour
however, consists of cancer cells which have the ability to spread beyond the
original site and if left untreated may invade and destroy surrounding tissues. A
metastasis 1s a secondary growth originating from the primary tumour and
growing elsewhere in the body. Cancerous cells have the ability to spread to the

other organs in the body via the bloodstream or lymphatic system.

1.2. Breast cancer

Breast cancer is the biggest single fatal illness among women aged between 35-
54 years and is responsible for one in five of all female cancer deaths in the
western world.”> The disease claims the lives of around six hundred and sixty
women in Ireland each year, and The Irish Cancer Society suggests that one in
eleven Irish women will develop breast cancer at some stage during their
lifetime. The Department of Health acknowledges that the Irish incidence of

breast cancer of 1,200 new cases diagnosed annually is one of Europe’s highest.’



1.2.1. Treatment of breast cancer

Surgery (i.e. mastectomy or lumpectomy), radiotherapy, hormone therapy,
chemotherapy or a combination may be used to treat breast cancer. The
treatment depends on the stage of tumour development, the type and size of the
tumour and the general health and age of the patient suffering the disease.” More
recent approaches involve treatment with high doses of chemotherapy followed

by a bone marrow or stem cell transplant.2

1.3. Estrogen dependent breast cancer

The dependence of some human breast cancers on ovarian hormones has been
recognised since the 14™ century. As far back as 1836, a correlation was
observed between tumour growth and the menstrual cycle4 (Cooper 1836). Many
human breast tumours grow as estrogen dependent tumours and much research
has tried to elucidate the mechanism for estrogen stimulated cell proliferation of
human breast cancer.” However, not all breast cancers are estrogen derived,
some are estrogen independent e.g. due to a genetic mutation (heritable factors).
The ability of cancer cells to produce and secrete proteins with growth factor
activity was shown already in 1978.,° and Sirbasku’ proposed in 1981 that
estradiol (1) [Figure 2] stimulates all the proliferation observed in estrogen
receptor positive human breast cancer cells, by inducing synthesis and secretion

of proteins with mitogenic activity.’

OH

HO
Figure 2: 17-Estradiol (1)

Although estrogens do not cause transformation of breast tissue from a state of
normoplasia to one of neoplasia, a striking association between estrogens and

breast cancer is supported by the following observations.”

1. the rapid growth of the malignant clone when estrogens are added in

vitro to human breast cancer cell lines

2. diminution of tumour mass after oophorectomy in premenopausal

women with hormone sensitive breast carcinoma, and



3. the small but significant increase in breast cancer risk amongst
postmenopausal women after 10 or more years of estrogen replacement

therapy

Estrogens are thought to be the primary mitogen for hormone-dependent breast
cancer. Thus estrogen deprivation is fundamental to the treatment of many
benign and malignant diseases of the breast and reproductive tract. Also,
decreasing ovarian and extraovarian production of these hormones by procedural
or pharmacological means can produce measurable reduction of tumour mass or

- . 4
delay disease progression.

Approximately 60% of all breast cancer patients have hormone-dependent breast
cancer, with these cancers characterised as containing estrogen receptors and
requiring estrogen for tumour growth.‘”0 The hormone plays an important role
in the initiation and maintenance of the cancerous state, by stimulating the

escalation of the uncontrolled cell proliferation.

Estrogens are involved in numerous physiological processes,”'’ including the
development and maintenance of female sexual organs (uterus and vagina), the
reproductive cycle and various neuroendocrine functions in centres such as the
anterior pituitary and hypothalamus.'" They have been implicated in the
pathology of benign gynaecological conditions such as endometriosis, uterine
fibroids and dysfunctional uterine bleeding (DUB), each of which is responsible

for annual morbidity.

1.4. The Estrogen Receptor

The biochemical roles of estrogens in the development of breast cancer remain to
be fully elucidated.'® A proposed mechanism for estrogen stimulation involves
the binding of estradiol to estrogen receptors. Bound estrogen receptors interact
with estrogen-responsive elements on cell chromatin and induce alterations in

specific gene transcription and protein synthesis.’

1.4.1. Structure of Estrogen Receptor

The estrogen receptor (ER) belongs to a family of transcription factors called the
nuclear hormone receptor superfamily, that can initiate or enhance the
transcription of genes containing specific hormone responsive elements.'> This
ligand-inducible transcription factor has a molecular organisation which has

distinct regions associated with DNA binding, hormone binding, receptor



dimerisation and gene activation. Binding of the natural hormone, estradiol, to
the ligand-binding domain (LBD) of the ER triggers dimerisation and nuclear
translocation of the receptor, with the assembly of a functional transcription
complex through recruitment of various coactivators. Studies in a number of
laboratories are beginning to provide an insight into detailed structural

g > 13,14
mechanisms and functions.

Two ER isoforms, termed o and 3, have been described and are shown to have
distinct tissue distribution profiles. The ERa regulates the differentiation and
maintenance of neural, skeletal, cardiovascular and reproductive tissues.
Compounds that modulate ERa transcriptional activity are currently being used
to treat osteoporosis, cardiovascular disease and breast cancer.” ERP was
recently identified in the epithelial cells of the rat prostate and in the granulosa
cells of the ovary. This novel estrogen receptor is highly specific for estradiol,
16

but has different ligand-binding specificities from the classic estrogen receptor.

Of the two receptors, only ERa is found in breast tissues.

The ERa protein consists of 595 amino acids with a molecular weight of 66kDa
and is separated into six different functional domains.'” It is located on
chromosome 6q-sub band 25.1. All ERa ligands bind exclusively to the C-
terminal ligand-binding domain (LBD). The LBD recognises a variety of
compounds diverse in shape, size and chemical properties. Some of these
ligands include the endogenous estrogen 17f-estradiol (E;) and the synthetic
nonsteroidal estrogen diethylstilbestrol, which function as pure agonists.
Synthetic ligands such as ICI 164,384, tamoxifen and raloxifene function as

antagonists.'*"
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Figure 3: Structure of the ER« complex”’”

Transcription activation by ERa is mediated by at least two separate activation
functions (AFs), AF-1 in the N-terminus and AF-2 in the LBD (Figure 3). The
activity of AF-1 is regulated by growth factors acting through a mitogen
activated protein (MAP) kinase pathway, while AF-2 activity is responsive to
ligand binding. Functionality which occurs at AF-2 involves dimerisation,
nuclear localisation and HSP interaction, and it is ligand dependent. The binding
of agonists triggers AF-2 activity, whereas the binding of antagonists does not.
A third site involved in transcriptional activation was recently located and is
termed AF-2a. Recent structural studies suggest that ligands regulate AF-2
activity by directly affecting the structure of the LBD.'*"*
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Figure 4: Schematic representation of ligand-binding cavity in the
17p-estradiol complex"*

Hubbard and co-workers have recently determined the crystal structure of the
LBD of the a-isoform of the ER in complex with 17B-estradiol (3.1A) and the

selective estrogen receptor raloxifene i.e. antagonist (SERM; a selective estrogen
receptor modulator) (2.6 A)."?



A representation of the residue interactions of both estradiol (1) and raloxifene
(28) within the binding cavity are depicted in Figure 4 and Figure 5 respectively.
The binding cavity is completely partitioned from the external environment and
occupies a relatively large portion of the ER LBD’s hydrophobic core. Residues
that interact with the ligand and/or the cavity are shown in their approximate
positions. Those that make direct hydrogen bonds are depicted in ball-and-stick
style with broken lines between the interacting atoms. The hydrogen-bond
distances shown are averaged between the six (estradiol) or two (raloxifene)
monomers. The atom names and ring nomenclature are also given. An in-depth

LPC analysis for the specific residues is discussed in Chapter 5.

KEY:
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Figure 5: Schematic representation of ligand-binding cavity in
the raloxifene complex

The structures provide both an insight into the binding of different ligands to the
receptor and a possible structural mechanism for antagonist activity in the
nuclear receptor superfamily. The overall ER-LBD structure comprises of
twelve helices (H1-H12) and is folded into a three-layered antiparallel a-helical
sandwich comprising a central core layer of three helices (H5/6, H9 and H10)
which in turn is sandwiched between two additional layers of helices (H1-4 and
H7, H8 and H11). This helical arrangement creates a ‘wedge-shaped’ molecular
scaffold that maintains a sizeable ligand-binding cavity at the narrower end of
the domain. Estrogen binds to the LBD in this large hydrophobic pocket that is
formed by the proteins a-helical scaffold.'>'* Hormone recognition can be

achieved through a combination of specific hydrogen bonds and the



complementary characteristics of the binding cavity and the hormones non-polar
character. The remaining secondary structural elements consist of three small,
two-stranded, anti-parallel B-sheet (S1 and S2) and H12, are located at this
ligand binding protein of the molecule. The ER has a very distinctive
pharmacophore, where the phenolic group can bind to the amino acid residue of
the receptor, for example the 178 hydroxyl (O-17) of the D-ring makes a single
hydrogen bond with His 524 in H11 and the OH group at H3 has contact with
Glu 353 and Arg 394. The remainder of the 17f3-estradiol molecule participates

in a number of hydrophobic contacts.'*'*

1.4.2. Dimerisation of ER

The ER normally resides in the nucleus in an inactivated state. When estradiol
diffuses into cells, it recognises the receptor protein and binds to it with high
affinity. Hormone binding activates the receptor and facilitates the formation of
dimers as depicted in Figure 6.

Figure 6: Dimerisation of ER

In ER-estradiol and ER-raloxifene complexes, the LBD crystallises as a
homodimer. Phosphorylation of the receptor on serine, threonine and tyrosine
residues may be important for its activation and biological function. Receptor
dimers bind to an estrogen response element (ERE) of DNA adjacent to target
genes to initiate gene transcription.”® The dimer axis coincides with the longest
dimension of the LBD with a molecule tilted approximately 10° away from the

twofold layers. This symmetric ‘head-to-head’ arrangement locates the N-



termini of each monomer on opposite sides of the dimer and the carboxy termini

projecting towards the two fold axis.'*'*"?

1.4.3. Agonist and antagonist action at ER

Agonists and antagonists bind at the same site of the receptor, but demonstrate
different binding modes at the ‘D-ring end’ of the cavity. The non-steroidal
antagonist raloxifene possesses a long sidechain, a pyrrolidinylethoxy group, that
prevents the alignment of Helix 12 (H12) over the ligand-binding cavity. The
sidechain makes extensive hydrophobic contacts with H3 and H5/H6, H11 and
the loop between H11 and H12. However, as the sidechain is over 11A in
length, it is too long to be contained within the confines of the binding cavity
and displaces H12 and protrudes from the pocket between H3 and H11. The
hydroxyl group of the benzothiophene moiety binds in the polar pocket between
H3 and H6.'>"

This observation of helix displacement is anticipated as a general mechanism for
both steroidal and nonsteroidal antiestrogens that possess bulky substituents.
The ligand-dependent transcription activation function (AF-2) of ER is located
on H12. This helix is essential for transactivation, as either loss or mutation in

this region results in a receptor that is unresponsive to the ligand.

Agonist-induced conformation Antagonist-induced conformation

1Y)

Figure 7: Hubbard’s depiction of agonist and antagonist induced
conformation of the ER
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In the agonist estradiol (E;)-ligand complex (Figure 7), H12 sits snugly over the
hormone-binding cavity, with its charged surface exposed and is packed against
H3, H5/6 and H11. The precise positioning of H12 has been observed in all
liganded forms of nuclear receptor LBD’s, and appears to be a prerequisite for
transcription activation as it forms the “lid” (seal) of the binding cavity and
projects its inner hydrophobic surface towards the bound hormone. In doing so
it generates a competent AF-2 which is capable of recruiting transcription

. . . : 12,14,15
coregular proteins and interacting co-activators.

In contrast the alignment of H12 over the cavity is prevented by raloxifene
(Figure 7) and instead the helix lies in a groove formed by HS and the carboxy-
terminal H3. This antagonist induced repositioning of H12 involves a rotation of
130° combined with a 10A rigid-body shift towards the amino terminus of the
LBD when compared with the agonist induced conformation. A consequence of
this movement is to mask a highly conserved lysine residue (Lys 362 i.e. K362)
which is required for efficient estradiol-dependant recruitment of certain co-
activators.'® This is relocated at one end of this hydrophobic groove and is
partly buried by the reoriented helix. Taken together, these observations provide
compelling evidence that the antagonistic properties of drugs such as raloxifene
are based on their ability to prevent the formation of a transcriptionally
‘competent’ AF-2 conformation. The movement of H12 clearly disrupts the

overall structural topography of AR

Hubbard's research has given valuable insights into the binding of ligands to this
ERa receptor and provides the basis for the structure-based design of improved

agonists and antagonists for the treatment of estrogen-related diseases.



1.5. The role of estrogen in tumour growth

The role of endogenous estrogen in binding to the ER is outlined as follows:

Estrogen is a lipid soluble steroid hormone,'”'’ that diffuses freely across the
plasma cell membrane into the interior of the cell where it binds to the estrogen
receptor forming a complex that binds to specific DNA sequences in promoter
regions of responsive genes. For many years it was generally thought that
estrogen bound to the ER in the cytoplasm and translocated into the nucleus, but
it is now known that the ER is a nuclear transcription factor which initially
interacts with estrogen in the nucleus (King and Greene, 1984; Welshons et al.,
1984).

The ER is a potent transcription factor or co-activator for a variety of genes
termed estrogen response elements (ERE). These include genes encoding the

progesterone receptor and growth regulating proteing. e 22

Some of the regulatory protein molecules,'” when secreted by a tumour cell
stimulate tumour growth by binding to receptors on the same cell (autocrine
stimulator) or on neighbouring tumour cells (paracrine stimulation). Others
stimulate growth of stromal tissues, such as fibroblasts and blood vessels.
Stromal cells complete the loop by releasing their own growth factors, which in
turn stimulate the cancer cells, or release proteolytic enzymes that promote
invasion and metastasis. This is why biochemical observations have noted that
once the estrogen binds to the ligand-binding domain (LBD) of the ER, heat
shock proteins'® dissociate and cause a change in conformation and

- : : 19
homodimerization occurs.

Tumour growth is also dependent on polypeptide hormones and growth factors in
serum. Growth factors such as TGV-A, IGI-I, IGF-II, TGF-B and the cathespin
D have been found to be regulated by estradiol in breast cancer cells,””***>2° put
the mitogenic effects of each individual factor seem to be dependent on growth

" 9,27, 28, 29
conditions. .

Inhibition of these pathways by reducing hormone levels or by interfering with
binding of hormones to receptors is the basis for a variety of experimental breast

cancer treatment strategies.

12



1.6. Alternative functions of estrogen and the Estrogen Receptor

Estrogen elicits actions specific to various cells and target tissues, although the
estrogen receptor proteins (ERa or ERP) present in all tissues appear identical.*”
For example, estrogen stimulates a variety of uterine effects such as increased
RNA synthesis, DNA synthesis, protein synthesis, mitosis and hyperplasia
(Quarmby and Korach, 1984b), i.e. the proliferation of stromal, endometrial, and
glandular tissue in the uterus, whereas in the anterior pituitary gland estrogen
acts to suppress production of FSH and LH and increase synthesis and secretion
of prolactin (Rosenfeld er al., 1987). Estradiol activation’® of the estrogen
receptor has several consequences. In human female secondary sex organs, there
is proliferation of stromal and ductal tissue in the breast (as previously outlined).
In addition to these classical target tissues, further studies have revealed non-
traditional target sites for estrogen action, such as bone (Ettinger et al., 1985),
brain centres that maintain body temperature and the cardiovascular system

(Barrett-Connor and Bush, 1991).30

Estrogen is believed to preserve bone density”' helping to keep a balance
between its creation and degradation. It also safeguards the heart, largely by
limiting the build up of atherosclerotic plaque in the coronary arteries. The
arteries are protected in part by estrogens ability to modulate the manufacture of
cholesterol in the liver. A complete understanding of the effects of estrogen in
these tissues has been difficult due to the absence of an appropriate physiological

model.

The action of estrogen has been thought of as a binary system i.e. ligand +
receptor — product. This hypothesis implies that simple stoichiometry exists
which determines estrogen action. Several lines of evidence exist which show
that the action of estrogen through the estrogen receptor is regulated by a much

20,32
/s refer

more complex series of reactions in all tissues. Katzenellenbogen et a
to the complex as a tripartive system: ligand + receptor + effectors — products.
The effectors bestow on the ligand-receptor complex the tissue and cell

specificity.

Estradiol, diethylstilbestrol and hexestrol binds with high affinity to the estrogen
receptor, whereas other endogenous and exogenous compounds, for example a
myriad of other polycyclic chemicals such as OP-DDT, methoxychlor, several
phytoestrogens and some alkylphenols bind with much less affinity. The

estrogen receptor is a relatively promiscuous receptor that binds to several other

13



substituted stilbenes, including clomiphene, tamoxifen and toremifene due to its

large LBD cavity.”*?’

The actions of estrogens through the receptor are tissue and cell specific. For the
most part 17p-estradiol is a stimulatory agent, including its effects on gene
expression and growth in target cells,”* but other ligands may result in varying

responses.

1.7. Development of antiestrogens for use in breast cancer

Treatment options for hormone responsive metastatic breast cancer focus
principally on interfering with the endocrine system, in an attempt to modify
some of the effects of estrogen. Ablation of estrogen production can be
accomplished surgically (by oophorectomy, adrenalectomy or hypophysectomy)
or radiologically.®*® In addition there are three pharmacological approaches for

depriving tumour cells of estrogen:

1. Agents that block estrogen receptors (e.g. antiestrogens)

36

2. Agents that inhibit the release of gonadotrophic hormones™ (e.g.

gonadotropin- releasing hormone [GnRH] agonists) and

3. Agents that decrease circulatory estrogens, by suppressing their

37,38

biosynthesis (e.g. aromatase inhibitors).

Progestins and androgens are also used in the management of hormone-sensitive
breast carcinoma. Although the antitumour mechanisms of these agents are still
not clearly understood, inhibition of tumour cell proliferation may be partly
related to the reduction in circulating estrogen levels as a result of the agents

negative feedback effect on the hypothalamic-pituitary-adrenal axis.>>*

Antiestrogens have proven to be effective in controlling the growth of hormone
responsive breast cancers.  The presence of such receptors provides the

rationale for treatment of the disease with antiestrogens or estrogen blockers.*>*

Antiestrogens can be classified into two major groups: those that have mixed
estrogenic / antiestrogen actions e.g. tamoxifen and its metabolites (Type I) and
those that are pure antiestrogens (Type II) which possess no estrogen like
properties.'” Their classification may be based on different mechanisms of

action. A number of selective estrogen receptors modulators (SERMs) can
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replicate estrogen’s crucial benefits for bones and the heart, but will act as
antiestrogens (estrogen blockers) in the breast and uterus. These so-called
designer estrogens e.g. raloxifene will mimic (agonist) estrogen effects in some

tissues but will combat harmful effects.”’

1.8. Antiestrogenic action in breast cancer cells

Antiestrogens are therapeutic agents used as ‘steroid blockers’ or ‘anti-steroids’
which bind to the cytosolic steroid receptor (antagonistic action). These agents
act at several sites in the chain of events of estrogen action: competitive and non-
competitive binding to the receptor, binding to nuclear transport proteins,
disruption of binding of the estrogen receptor-estrogen response elements
complex, disruption of nuclear transport of the estrogen receptor, post-
translational modification of 17B-estradiol responses and functional alteration of

2044454047 The most important feature of these therapeutic

the target tissue.
agents is that at the concentration of antiestrogens achieved in the blood of
breast cancer patients taking antiestrogens (up to 2x10°M), antiestrogens
selectively inhibit the proliferation of estrogen receptors containing breast cancer
cells, and this inhibition is reversible by estradiol. Antiestrogens also inhibit
estrogen-stimulation of several specific protein synthetic activities in breast
cancer cells, including increases in plasminogen activator activity, progesterone
receptor levels and production of several secreted glycoproteins and intracellular

3 . 41
proteins.

Many antiestrogens undergo bioactivation and metabolism in vivo and
hydroxylated forms of the antiestrogen have markedly enhanced affinities for the
estrogen receptor. Detailed studies indicate that antiestrogens induce important
conformational changes in the receptor that are reflected in the estrogen receptor
complex, reduced interaction with DNA and dissociation kinetics of the
antiestrogen-estrogen receptor complex. These conformational changes effected
by antiestrogens are likely to result in different interactions with chromatin,

causing altered cell proliferation and protein synthesis.”'

Present day antihormonal treatment of metastatic breast cancer relies heavily on

the use of the single nonsteroidal antiestrogen tamoxifen, which belongs to the

48,49,50,51

class of the triphenylethylene (TPE) derivatives. Tamoxifen, its

metabolites and analogues have been reported to have many molecular targets

52,53

including the estrogen receptor membrane receptors (possibly the histamine,

dopamine and muscarinic receptors), a primarily microsomal antiestrogen
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binding protein (calmodulin),**>*°

several enzymes (prostaglandin synthase,”’
glutamate dehydrogenase™®) and at least two Ca’‘-dependent kinases (calmodulin
kinase™® and protein kinase C (’0'(’1’(’2(PKC)). The relevance of interaction with
these targets to growth-promotion or inhibition is not yet fully understood.

[Figure 8]
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Figure 8: Potential mechanistic action of antiestrogens (AE)

Tamoxifen, like estrogen, binds to ER and induces dimerisation and DNA

binding, but it fails to induce transcription of certain genes that are critical for
breast cancer.

Several potential antiestrogens and SERMs have been designed and synthesised,
some of which are in clinical development. These will be discussed in a later

section.



1.9. Tamoxifen

1.9.1. Introduction

Tamoxifen, a synthetic nonsteroidal antiestrogen, was initially developed by ICI
Pharmaceuticals (now Zeneca) in 1969 as a possible oral contraceptive. Although
effective in rodents, it had the opposite effect of stimulating ovulation in humans
and was subsequently developed as a fertility agent.(’“’4 However, it was found
in clinical testing to be an effective treatment for advanced metastatic breast

399 and shown was to control and inhibit the

cancer in postmenopausal women
growth and spread of hormone responsive breast cancers.*”**% With this potent
triphenylethylene compound, it appears possible to achieve non-invasively the
same hormonal effects and tumour suppression“, which normally follows the
more devastating endocrine ablative surgeries (ovariectomy, adrenalectomy, and
hypophysectomy). Tamoxifen has been widely accepted as the drug used for
treatment and prevention of both early and advanced stage breast cancer.®’

[Figure 9]

(CH3),NCH,CH,0

Figure 9: Tamoxifen (2)

This estrogen receptor antagonist is extensively used in the hormonal treatment
of breast cancer in postmenopausal women with metastatic disease and in first
time treatment for premenopausal women. It is believed that tamoxifen (2) is
cytostatic and exhibits competitive inhibitory activity by binding to cell nuclei

where it prevents cell proliferation.”®®

Tamoxifen (2) exerts both antiestrogenic and estrogenic effects, depending upon

21,69
In humans

the ambient estrogen concentration, the tissue and the species.
tamoxifen seems to be mainly an antagonist in the brain and the breast and an
agonist in the bone, uterus and cardiovascular tissues.””’"""? The side-effects of

tamoxifen (2), when compared to those of other chemotherapeutic agents are
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relatively mild and has increased the overall survival rates of its

s 73,74,75,76
recipients. '

1.9.2. Structural elucidation of Tamoxifen

Tamoxifen (2) chemically defined as 1-[4-(2-dimethylaminoethoxy)phenyl]-1,2-
diphenyl-1-butene),”’ exists in both the E and Z isomer®”"™® [Figure 10], the
unsubstituted phenyl groups being respectively cis and trans relative to the
ethylenic double bond.” Although the Z-isomer (trans tamoxifen) has the ability
to antagonise estradiol, and the E-isomer (cis tamoxifen) has the properties of an
agonist, both isomers are substrates for microsomal conversion to phenolic forms

23,80,81

which have a high affinity for estrogen receptor. The Z-isomer when

converted to a high affinity ligand (trans-4-OH-tamoxifen) has a relative binding

80,81,82,83 . .
1. Isomer interconversions have been

equal to or greater than estradio
observed which explain functional reversals where cis-4-OH-tamoxifen, an

s g . . 77
agonist acquires properties of an antagonist.

(CH;3),NCH,CH,0 (CH3),NCH,CH,O

@ © O

Z - Tamoxifen E - Tamoxifen
ICI 47,699 ICI1 46,474

Figure 10: E and Z isomers of Tamoxifen

The configuration of the isomers was established in early work by a combination
of proton magnetic resonance spectroscopy ('"H NMR) and dipole moment

7
measurement. .

The protons of the basic side chain of Z- tamoxifen resonated at somewhat
higher fields and the effect on the aromatic protons was much more pronounced,
with the centre A;B; system of the disubstituted ring moving to a higher field by
0.4ppm when compared with the E-isomer. It was also observed that only in the
Z-isomer do the OCH; protons of the side chain have a chemical shift (8) of less
than 4.0ppm owing to the through space shielding influence of the vicinal Z-

henyl substituents.®**> These findings were rationalised by considering that the
pheny g g

18



aromatic ring and the sidechain of the Z-isomer were sandwiched between two

other rings and experience a double shielding effect from their ring currents.”®

X- ray crystallography® also demonstrates that the phenyl rings in tamoxifen (2)

are twisted out of the plane of the double bond by more than 50°, thus indicating

Figure 11: 3D image of Tamoxifen (Macromodel)

that Z-tamoxifen has a propeller like conformation.®” [Figure 11]  This
“propeller” conformation is observed for the three rings in all triphenylethylenes.
The 3D structure of tamoxifen and novel tamoxifen analogues will be discussed
in Chapter 5.

1.9.3. Metabolites of Tamoxifen

As an endocrine agent for the treatment of breast cancer, tamoxifen (2) functions
by competitively antagonising the mitogenic signal, which results from the
interaction of estradiol with estrogen receptors (ER), in ER positive cells. There
are several pharmacological factors, which may determine its ability to achieve
this in vivo. These include the bioavailability and pharmacokinetics of
tamoxifen, together with the formation of various metabolites which may have
different agonist-antagonist profiles and the ability of these compounds to
interact with ER and form inappropriate complexes which are no longer able to
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regulate the estrogen-responsive genes involved in the growth pathway. Itis as a
consequence of the latter, namely tamoxifen interaction with ER, that the

majority of pharmacological effects occur both in vivo and in vitro.*®

The predominant metabolism of tamoxifen (2) occurs in the liver via cytochrome
P-450 enzymes located in the microsomes.”” The two major pathways of
tamoxifen (2) metabolism in humans are shown in Figure 12 and involved
demethylation, deamination and hydroxylation of the key position on the phenyl
groups of tamoxifen. Demethylation of the tertiary amine results in the major
90,91,92,93.9495 Lo

demethylation  produces  N,N-didesmethyltamoxifen®  and subsequent

metabolite found in human serum, N-desmethyltamoxifen.

deamination results in the polar compound metabolite Y.”” The alternative route
of metabolism involves hydroxylation of tamoxifen at the 4-position to form 4-

hydroxytamoxifen, a potent antiestrogen.®"%
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Figure 12: The metabolic pathway for Tamoxifen
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All major metabolites of tamoxifen will bind to the estrogen receptor in vitro and
competitively inhibit estradiol-stimulated growth of MCF-7 cells. However
there is a considerable range in the relative binding affinity (RBA) of the
different metabolites to the ER. In particular metabolites which are hydroxylated
in the 4-position e.g. 4-hydroxy-N-desmethyltamoxifen, have a high RBA which
is comparable to that of estradiol,” and they are approximately 100 times more
potent than the parent compound tamoxifen (2) in inhibiting MCF-7 growth in

00

vitro.' However, some of the minor metabolites, namely metabolite E and

bisphenol, appear to have significantly more agonist than antagonist properties in
a variety of bioassay systems.lm

Metabolites of tamoxifen which are hydroxylated on the phenyl ring, namely 4-
hydroxytamoxifen and metabolite E, are capable of under going time-dependent
and temperature isomerisation from the Z (¢rans) isomer to the E (cis) isomer.'®
The electron withdrawing hydroxyl group weakens the ethylene bond and
permits the substituents attached to the carbon atom to rotate around the double
bond. This is referred as push-pull isomerisation, where the electron
withdrawing group decreases the double-bond character and allows easier
rotation for captodative ethylenes.'” These configurations are important when
discussing the relative estrogenic and antiestrogenic activities of these
metabolites [Figure 13]. The Z (trans) 4-hydroxy tamoxifen has a high RBA
similar to that of estradiol and is a potent antiestrogen, where as E (cis) 4-

hydroxytamoxifen has a low RBA and is a weaker antiestrogen.®”

The amine side chain is thought to be essential for antiestrogenic activity of

: 104
tamoxifen.

In metabolite E this side chain is replaced by a hydroxyl group and
upon isomerisation to the E-isomer the hydroxyl group occupies the same phenyl
position as in Z-4-hydroxytamoxifen and consequently exhibits high binding
affinity for the estrogen receptor [Figure 13]. However without the amine side

105
% In contrast

chain, the E isomer of metabolite E behaves as a potent estrogen.
the Z isomer of metabolite E has much lower binding affinity and is only a weak

estrogen.
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Tamoxifen (2) exerts other effects that cannot be reversed by estrogen,'”

including the inhibition of protein kinase C, antagonism of the calcium binding
protein calmodulin and stimulation/suppression of growth factors and other

enzymes which effect cell growth and activity.

The apparently independent actions of tamoxifen (2) and its metabolites on

tumours and drug resistance, can be categorised as follows:

1. Facilitation for the chemotherapeutical agent to reach and enter the target
cell by influx and efflux modification and / or possible competition (for

example reversal of MDR phenotype).

2. Re-establishment of normal apoptotic pathways by interference with

inhibitors of apoptosis (programmed cell death)®’

3. Direct or indirect action on tumour cell multiplication including their

accumulation in vulnerable phases of cell cycle
4. Enhancement of cytostatic action(s) and toxicity of drugs
5. Synergistic effects with interferon(s) and immune response.

This enumeration is tentative and certainly not complete, but it illustrates a

% . 5 : 88
variety of tamoxifen’s actions.

1.9.4. Other pharmacological actions of Tamoxifen.

Further studies have illustrated alternative ways in which tamoxifen (2) is

believed to inhibit the growth of tumour cells. These are outlined below.

Insulin-like growth factor I (IGF-I) has been shown to be a potent mitogen for
breast cancer cells in vitro, and IGF-I receptors have been located on human
primary breast neoplasms. In a randomised, placebo-controlled study it has been
found that administration of tamoxifen (2) to patients with breast cancer was
associated with a statistically significant (p=0.002) reduction in the serum level
of IGF-I and this reduction may contribute to the therapeutic effect of the

107
drug.

Calmodulin, a calcium-dependent regulatory protein of numerous cellular
processes, including proliferation, interacts directly with tamoxifen (2), which
results in the inhibition of cAMP phosphodiesterase action. Since this is a key

component of the secondary messenger system and regulates the metabolism of
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cyclic nucleotides, the inhibition of breast cancer cell growth may be due to the

: : toe : 106,108,109,110
antagonism of calmodulin activity by tamoxifen. ™

Production of the enzyme protein kinase C, which plays a key role in tumour
promotion, is reported to be inhibited by tamoxifen (2), and this is thought to

contribute to the antitumour action of the drug.''"''*'"’

Tamoxifen (2) induces the production of the negative growth factor TGF-B,
which has been proven effective in decreasing the growth of estrogen

114,115
tumours.

It appears that at least one other anti-tumour effect of tamoxifen (2) is mediated
through induction of polyamine depletion. This action has been recorded both in

116,117

vitro and in vivo and may be produced by tamoxifen (2) inhibiting the rise

of ornithine decarboxylase which leads in MCF-7 human breast tumours to a

dose related decrease of the polyamines putrescine and spermidine.118

In Ishikawa (endometrial carcinoma) cells, 4-hydroxytamoxifen significantly
inhibits cell proliferation and simultaneously decreases both TGF-AmRNA and
TGF-A secretion.'"”

Other estrogenic and non-estrogenic related methods by which tamoxifen (2)
may exert its action in inhibiting tumour cell growth are widely documented.’
New evidence suggests some patients suffering from estrogen independent breast

5 gt ol . 66,67.7
cancer are giving a positive clinical response when treated with the drug.”” g

1.9.5. Beneficial aspects of Tamoxifen

By the mid 1980's, tamoxifen was listed by the World Health Organisation as an
essential drug for cancer chemotherapy (WHO, 1985). It represented one of the
most strongly established treatment modalities 1.e. treatment of advanced breast

120,121,122

carcinoma and prophylaxis against recurrence. Recent data suggests that

tamoxifen may be used for the treatment of other malignancies that are neither

- 123,124
estrogen receptor positive nor related to breast cancer.

There were genuine concerns that treating women with an antiestrogen would
affect their lipid profile adversely and lead to an increased risk of heart disease.
However analysis of nine separate studies revealed an average decrease in total
cholesterol of 13% and an average decrease in low-density lipoprotein (LDL) of
19%.'2%'2% " A study carried out by McDonald and Stewart concluded that the risk
of coronary heart disease is significantly lowered for those taking of tamoxifen
(2)'l‘)
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Furthermore toxicity studies indicate that tamoxifen (2) is estrogenic on other

19,606,127 : :
o As tamoxifen is an

128,129

important tissues in the body, i.e. bone tissues.
antiestrogen it might be expected to cause osteoporosis, due to a lack of
estrogen. However, tamoxifen (2) reduces bone loss in these patients*’ possibly

L2 Currently the biological

because it can act as an estrogen agonist.
mechanisms underlying bone-sparing effects of tamoxifen are unclear.'
Notably tamoxifen (2) abrogates the effects of exogenous glucocorticoids in

133 anti-inflammatory agents that are potent inducers of bone loss in vivo.'**

Vivo,
It has been demonstrated that tamoxifen attenuates most glucocorticoid effects
on osteogensis in vitro. Several studies on postmenopausal patients treated with
tamoxifen (2) confirm that bone mineral density is preserved or increased, for
example, noted preservation of trabecular bone at the femoral neck, a common

site of post menopausal osteoporotic fractures.

1.9.6. Carcinogenicity and toxicity of Tamoxifen

Tamoxifen has been described as having a relative lack of severe side effects.
At normal dosage, less than 3% of patients are withdrawn from therapy due to
intolerance. In general the side effects of tamoxifen are similar to symptoms
experienced during the menopause.'>> Less common effects are hypercalcaemia,
oedema, anorexia, pruritus vulvae, depression, dizziness, light-headedness and

headache.?""'%¢

Recent studies have however suggested more serious adverse
reactions to the drug. In particular, concerns have been raised with regard to the

potential carcinogenicity of this product.®

Toxicological studies have been carried out to assess the carcinogenicity of
tamoxifen in rats."”’ Tamoxifen (2) was found to be carcinogenic in the liver of

138

male and female'*® rats, i.e. hepatocellular carcinoma.”” It also acted as a

promoting agent in a two-stage model of carcinogenesis in rat liver (Williams et

WO 1 the rat, tamoxifen is metabolised to o-

al., and Hirsimaki et al.,).
hydroxytamoxifen,'** where it is thought to be further activated to a product that
binds principally to the exocyclic amino group of deoxyguanosine in DNA.
Available data clearly indicates major differences between women and rats with
respect to the activation of tamoxifen and formation of DNA adducts, and brings
into question the validity of direct extrapolation of data generated in the single
susceptible species, the rat, to women in assessing potential risks attendant to

tamoxifen (2) administration.'?’
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1.10.Clinical and experimental antiestrogens in breast cancer

treatment

Antiestrogens are classified into several major groups:

(a) analogues of tamoxifen (2) or structural derivatives of the triphenylethylene
type of drug which have mixed estrogenic / antiestrogenic actions — used for

cancer chemotherapy

(b) antiestrogens that represent a departure from the standard triphenylethylene

structure
(¢) pure antiestrogens that have no estrogen-like properties

(d) designer estrogens, known as selective estrogen receptor modulators
(SERMs), which behave like estrogen in some tissues but block the action in

others e.g. used for estrogen activity as anti-osteoporotic agents.

1.10.1.Structural derivatives of the triphenylethylene structure of Tamoxifen

The triphenylethylene structure of tamoxifen (2) has provided the basis for
several new analogues that are being investigated clinically. The finding that
tamoxifen (2) is metabolised to a potent antiestrogen (4-hydroxytamoxifen)’’ has

also provided a central theme for drug development.

1.10.1.1 Toremifene

19,143

Toremifene (3) or chlorotamoxifen (Fareston®) is the first antiestrogen to

be approved for the treatment of stage IV postmenopausal breast cancer since the
introduction of tamoxifen (2) [Figure 14]. The drug is a chlorinated derivative
of tamoxifen (2) having a high affinity for the estrogen receptor with similar

clinical efficacy to tamoxifen.”® The compound is of interest because it does not

144

produce DNA adducts in rat liver = and as a result has a lower carcinogenic

potential than tamoxifen (2). The drug is active against DMBA-induced rat

145,146,147 147

and exhibits properties of a tumouristic agent "’ and

146

mammary tumours

may be effective against hormone-dependent mouse uterine sarcoma.
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(CH;3),NCH,CH,0

Figure 14: Toremifene (3)

Its partial estrogenic activity includes altering lipid levels, which is associated
with a reduced risk of coronary heart disease and prevention of bone loss in the

lumbar spine and the femoral neck.'*®

1.10.1.2 Droloxifene

50

Droloxifene (4) or 3-hydroxytamoxifen'””’ is an antiestrogen with well-

documented antitumour activity in laboratory models.'* [Figure 15] This drug

150

was initially designed to treat atherosclerosis. = Extensive clinical treatment has

shown it to be effective (at large doses) in the treatment of advanced breast
cancer in postmenopausal patients””' and it has been observed to have

antiestrogenic activity.

(CH;3),NCH,CH,0

@)

Figure 15: Droloxifene (4)

H

Droloxifene subsequently been developed as a result of the finding that
hydroxylation of tamoxifen (2) to produce 4-hydroxytamoxifen dramatically
increases its antiestrogenic properties and binding affinity for the estrogen

IRBLISINA However, the binding affinity of droloxifene (4) is not as

receptor.
high as that of 4-hydroxytamoxifen.50 The hydroxyl group of droloxifene (4) is
believed to be important as it is entrusted into the lipophillic zone of the

molecule which is involved in the binding to ER."”>"*® Hydroxylation increases
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drug clearance, therefore a considerably shorter half-life is expected in vivo for

droloxifene compared with tamoxifen (2).

1.10.1.3 Clomiphene

Clomiphene (5) is an antiestrogen'’’ used for chemotherapy of infertility

(ovulation inducement) and estrogen dependent breast cancer.'™® [Figure 16]

(CH;CH,),NCH,CH,0

@ i

Figure 16: Clomifene (5)

The parent compound does not undergo isomerisation, but the highly active 4-
hydroxy metabolite formed in vivo isomerises readily. @ The Z-isomer,
zuclomiphene is estrogenic in rat uterine weight tests, whereas the E-isomer
enclomiphene is a partial agonist with antiestrogen properties.” The most
prominent use of clomiphene (5) is in the treatment of infertility, where it
produces an increase in estrogen and gonadotrophin secretion which induces
ovulation. This effect is as a result of the binding of clomiphene to estrogen
receptors in the hypothalamus leading to a blockade to the feedback inhibition

1,136

exhibited by estrogens. Clomiphene’s (5) role as a therapeutic agent for

breast cancer are currently under study.

1.10.1.4 Halogenated analogues of Tamoxifen

e -
P100101 \were prepared for preliminary

N,N-diethyl halogenated analogues
evaluation as agents for imaging estrogen receptors using positron emission
tomography (PET) or single photon emission computed tomography (SPECT).
Such agents may predict the efficiency of tamoxifen (2) therapy for breast
tumours.'® Substitution of N,N-diethyl for the N,N-dimethyl portion of
tamoxifen has been established and are believed to increase binding to the

estrogen receptor by a factor of four.'*”'%
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1.10.1.4.1 N,N-Diethylfluoromethyltamoxifen

[1-(4-(2-Diethylaminoethoxy)phenyl)1,2-diphenyl-5-fluoro-1-pentene] i.e. N,N-
diethylfluoromethyltamoxifen (6) can be prepared via a 3-step synthetic
procedure from clomiphene (5) [Figure 17]. Like tamoxifen, it exists as both Z
and E isomers. The Z isomer has a greater affinity for the estrogen receptor than
the E isomer, however the E isomer has been found to be the more potent.'”’
The presence of fluorine in the aliphatic side chain preserves the major portion
of the molecule for binding with a minimum of alteration. N,N-
diethylfluoromethyltamoxifen (6) chelates to the tumour cell phospholipid
membrane and this change in membrane permeability may cause cell death,®*'*°
as reported by McCague and Leclercq following cell culture experiments. N,N-
diethylfluoromethyltamoxifen (6) binds to the estrogen receptor with a 30-fold

greater affinity than tamoxifen.

(CH3CH,),NCH,CH,0

© ©
O ;

Figure 17: N,N-diethylfluoromethyltamoxifen (6)

The data obtained from in vitro receptor assays suggested that N,N-
diethylfluoromethyltamoxifen (60) is a potential ligand for mapping the estrogen

receptor by PET (Positron Emission Tomography).'®'

1.10.1.4.2 N,N-Diethyliodomethyltamoxifen

This iodo-analogue (7), like the fluorotamoxifen analogue (6), is a useful
diagnostic compound for predicting the response of estrogen-receptor-positive

breast tumours to tamoxifen analogues used in chemotherapy.'® [Figure 18]
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Figure 18: N,N-Diethyliodomethyltamoxifen (7)

The iodo analogue binds to the estrogen receptor fifteen times greater than
tamoxifen but half that of the fluoro analogue. However, it is more potent and
exerts a greater cytostatic effect (in the E-isomeric form) than both tamoxifen
and its fluorinated counterpart. The lipophilic character of the iodo analogue
seems to have an important role in cell growth inhibition and like the fluoro

analogue causes tumour cell death due to phospholipid chelation.

1.10.1.5 C-ring and rigid aza-analogues of Tamoxifen

Replacing the C-ring'® by an isoteric heterocyclic aromatic ring results in the
possibility of hydrogen bond formation. This kind of heterocyclic replacement

has so far only been studied for the A-ring of tamoxifen.'® [Figure 19]

Figure 19: A,B,C-aromatic rings of Tamoxifen (8)

Two such analogues exhibit promising preliminary affinity for the estrogen

receptor in breast cancer tissues, and include the 2-pyridyl C-ring (9%

and rigid
aza-analogues'®’ (10) [Figure 20]. Antiproliferative and preliminary binding
studies of these 1,2-diphenylpyridyl-but-1-enes show these to be potential
antiestrogens. However they are believed to be cytotoxic to various breast

cancer cell lines in in vitro laboratory tests.
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OCH,CH;N(CHj3), OCH,CH,;N(CHs),
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2-Pyridyl C-ring aza analogue (9) 2-Pyridyl rigid aza analogue
derivative (10)

Figure 20: C-ring (9) and rigid (10) Aza-analogues of Tamoxifen

1.10.1.6 Tat-59

Tat-59 (11) [Figure 21] is a prodrug that is being developed for the treatment of
breast cancer. The hydroxyphosphate group was introduced as it was believed to
increase the binding affinity of the molecule for the estrogen receptor, with the
hydroxy groups binding to the polar pocket (Section 1.4.3). Tat-59 (11) is
activated metabolically to a dephosphorylated form that binds to the estrogen
receptor.'® It has been shown to inhibit growth of the ER-positive, DMBA-
induced rat mammary carcinomas'®’ (Toko er al., 1990). The drug inhibits the
growth of estrogen-stimulated, ER-positive breast cancer cells which were

170,171

transplanted into athymic mice. The results of clinical studies using Tat-59

for the treatment of advanced breast cancer have yet to be published.

B
(CH3),NCH,CH,0 CHjy

Figure 21: Tat-59 (11)
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1.10.2. Antiestrogens that represent a departure from the standard

triphenylethylene structure

These antiestrogenic compounds illustrate an alteration in the positioning of the
alkylaminoethane side chain while retaining potent antiestrogenic activity. The
side chain is clearly able to interact with areas of the ER outside the plane of the

ligand-binding site.

1.10.2.1 Zindoxifene

Zindoxifene (12) [Figure 22] was discovered as a result of extensive SAR studies

172,173 174,175 176,177

of 1,2-bis phenolic ethane, triphenylbutene, indene'”® and indole

derivatives at the University of Regensburg, Germany.

ﬁ CH,
CH;CO 0
()—ole
N
éHzcm

Figure 22: Zindoxifine (12)

Some non-isomerizable analogues [(13)-(15)]*""7*"7>80181 IEjgure 23] of
tamoxifen are known and the endocrinological properties of these cyclic
analogues paralleled that of tamoxifen, although in the MCF-7 breast tumour cell

they were slightly less effective than 4-hydroxytamoxifen.

(CH;),NCH,CH,0
CH,CF;

O O OO

o SRS IR
(13) @

OO
HO

(15)

Figure 23: Non-isomerisable analogues of tamoxifen (13)-(15)

Zindoxifene (12) is an acetylated indole derivative®® which is hydrolytically

cleaved to produce a dihydroxy-indole (D15414) with a high affinity for the
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estrogen receptor.'’® Zindoxifene (12) has mixed agonist / antagonist properties
that inhibit growth of DMBA-induced rat mammary carcinoma.'’®'®>!%
However, clinical results of phase I/II studies of Zindoxifene (12) in advanced
breast cancer have been disappointing as a large range of oral doses failed to
produce any objective responses.'™ It is possible that the lack of bioavailability
and metabolic transformation precludes significant levels of the drug from
locating at the target site. However, the estrogenic potency of Zindoxifene (12)

in vivo is much less than that of diethylstilbestrol.

1.10.3. Aromatase inhibitors

Anastrozole (16)® (Arimidex®) is a new orally active nonsteriodal selective
aromatase inhibitor used in treatment of hormone-responsive metastatic breast
cancer. Aromatization of adrenal androgens to estrogen in peripheral tissue
(adipose, muscle and liver) after the menopause, may contribute to tumour
growth and progression in patients with hormone-dependent breast cancer.
Therefore pharmacological inhibition of extracellular aromatase (estrogen
synthetase) decreases extraglandular estrogen biosynthesis. Anastrozole (16),
(2,2-[5-(1H-1,2,4-triazol-1-ylmethyl)-1,3-phenylene]-di-[2-methyl

propinonitrile]), an analogue of the antifungal triazole drugs, prevents the

conversion of androgens to estrogen by aromatase inhibition. [Figure 24

H3C CH3

N
<\ ﬁ CN
N/N

CN
H;C - CH,

Figure 24: Anastrozole (16)

Molecular modelling studies indicate that the 3-dimensional structure of this
nonsteroidal aromatase inhibitor is similar to that of androstenedione.'®™ The
high binding affinity of the aromatase inhibitors for estrogen synthetase is
thought to reside in the N-4 nitrogen of the triazole ring that co-ordinates with
the heme iron of the aromatase enzyme complex. Anastrozole (16) inhibits the
last step of the metabolic pathway: the conversion of androgens to estrogens by
aromatase. Aromatization is a unique reaction that offers a highly restrictive

target for inhibition of estrogen synthesis. Anastrozole (16) is cleared from the
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systemic circulation primarily by the liver, which produces three major and
several minor metabolites. Triazole is the only metabolite that is believed to be

devoid of pharmacological activity.'*

'871%% show that anastrozole therapy can be well

Preliminary clinical trials
tolerated with little side effects. The total clinical impact of selective aromatase
inhibitors remains to be fully elucidated, but there are a number of exciting
potential applications for these agents that merit continual testing, including their
use as first-line therapy in hormone-responsive metastatic disease, in adjuvant

therapy and in combination chemohormonal therapy.

1.10.4. Pure antiestrogens

It is  Dbelieved that pute antiestrogens'®”  (devoid of estrogenic

[s) 193, . . ; . 2
10.191.192.193.194 1) 4y be more effective than partial agonists in reducing the

activity)
mitogenic action of estrogen on the growth of breast cancer cells, but they may
exhibit antiproliferative effects more readily where the growth is estrogen
dependent. Tumours that lose hormone dependency usually become resistant to
Tamoxifen. Recently, a new breast cancer cell line, which expresses ER but
grows independently of estrogen, was reported.'” This prompted the search for
antibreast cancer agents, which are effective against both estrogen dependent and

independent growth.

Pure antiestrogens can be divided into several groups, estradiol derived,
flavonoids and cyclopropanes to mention but a few. Wakeling and colleagues

discovered the first pure antiestrogens.'

1.10.4.1 Estradiol derived pure antiestrogens

ICI 164,384 (17), the 7a-alkylamine derivative’”'”” of 17B-estradiol is a
steroidal antiestrogen specifically designed to eliminate partial agonist activity to
reduce the risk of toxicity associated with the estrogenic action of tamoxifen.
This compound was the lead compound in the discovery of pure antiestrogens.
ICI 164,384 (17) binds to the ER with high affinity'*®*'” and has all the
characteristics of a pure antiestrogen. It completely inhibits estrogen of
tamoxifen-induced uterine growth in immature rats and mice almost equivalent

[§) v e
e The structure-activity

to the effects observed with ovariectomy.
relationships are well established: 7f3- substitution is ineffective at producing
antiestrogenic activity and the length of the carbon chain determines optimal

activity.??
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The compound ICI 182,780 (18) (clinically available) is more potent than ICI
164,384 (17)*” [Figure 25] and is being evaluated as a clinically useful agent
after failure of tamoxifen. /In vitro findings and early clinical experience with
ICI 182,780 have prompted interest in the development of the drug as a
therapeutic agent for estrogen-dependent indications such as breast cancer and

certain benign gynaecological conditions.

ICI 164,384

ICI 182,780

Figure 25: ICI 164,384 (17) and ICI 182,780 (18)

The discovery of ICI 164,384 and ICI 182,780") has stimulated others to improve
on bioavailability and the biological activity profile. Both ICI 164,384 and ICI

3

182,780 are poorly soluble and have low oral activity.””® This resulted in

consideration of depot injections for clinical applications.

The compound RU 58,668 (19)' is substituted in the 11B-position with a long

hydrophobic side chain.**

This produces the same spatial arrangement for a side
chain as the 7a-substitution in relation to the plane of the steroid nucleus.
Studies in vivo and in vitro have demonstrated that the RU 58,668 (19) has the

properties of a pure antiestrogen. [Figure 260]
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Figure 26: RU 58,668 (19)

The compound EM-139 (20) [Figure 27] is both an inhibitor of hydroxysteroid

dehydrogenase and a pure antiestrogen.””

Figure 27: EM-139 (20)

The role of these pure antiestrogens is not only to block the receptor but also to
reduce the conversion of estrone to the more potent estrogen, estradiol (E,), in

the postmenopausal patients.

1.10.4.2 Flavonoids

Flavonoids, either natural or synthetic, are well known to exhibit various
biological activities.””® There is a profound relationship between the flavonoids
and anti-cancer activity. A large number of flavonoids are known to exhibit
antiproliferative effects against breast cancer cells and binding affinities for the
ER. Novel amino-substituted flavone derivatives are now known as potential

antitumour agents in breast cancer.' [Figure 28]
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OH

6,4'-Dihydroxyflavone (23) Daizein (R=H) (24)
Genistein (R=OH) (25)

Figure 28: Structures of Apigenin (21), BE-14348B (22),
6,4 -Dihydroxyflavone (23), Daizein (24) and Genistein (25)

Apigenin (21) and some of its congeners are reported to possess antiproliferative
activity against the human breast cancer cell line ZR-75-1.%7 6,4’-Dihydroxy-
flavone (23) has a binding affinity for the estrogen receptor’” and the flavone
derivative BE-14348B (22)** exhibits both estrogenic and antiproliferative
activity. Investigation of the ER binding affinity and the estrogenic activity of
isoflavone derivatives daizein and geinstein®'’ has also shown favourable results.
Recent reviews report that L86-8275 (26) [Figure 29] exhibits antitumour

activity against several types of human breast cancer cell lines.”"

Figure 29: 1L86-8275 (26)

Further research is being carried out on flavone derivatives as potential pure

antiestrogens. It has been hypothesised that the flavone derivatives substituted
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with an amino group can function as hydrogen bond donors or acceptors, and

oq s . o 18 . 189
may exhibit antitumour activity in breast cancer.

1.10.4.3 Diarylcyclopropanes as pure antiestrogens

68:212.213 ¢ . .
’ i1s an effective anti-breast

Z-1,1-dichloro-2,3-diphenylcyclopropane (27)
cancer agent in rodents and in cell culture due to its pure antiestrogen activity
[Figure 30]. It differs pharmacologically from tamoxifen (2) in being devoid of
partial agonist (estrogen-like)*'* activity in the mouse.’’> 1,1-Dichloro-2,3-
diphenylcycloprone (27) was first tested for biological activity during a study of
rigid functionality minimised analogues of known olefinic estrogens, synthesised

. : ol 216
in an effort to reduce estrogenic activity.

Cl
AN
Cl

Figure 30: Z-1,1-dichloro-2,3-diphenylcyclopropane (27)

[t is effective in delaying the development of secondary tumours and, following
cessation of treatment, it prevents metastatic tumour development longer than

. - 217
tamoxifen, €.g. metastatic rat mammary tumours.

1.10.5. Selective Estrogen Receptor Modulators (SERMs)

SERMs are designer estrogens, which behave like estrogen in some tissues but
block its action in others. Researchers hope that these selective estrogen
receptor modulators will mimic the effect of estrogens in the liver, heart, and

bones but will combat its harmful effects in the breast and uterus.’'?'®

1.10.5.1 Raloxifene

219

The 2-arylbenzothiophene raloxifene (28)° " [Figure 31] is a selective estrogen

receptor modulator, which is currently in clinical use for the prevention and

s 220,221
treatment of postmenopausal osteoporosis.

Raloxifene (28) (LY 156,758, Evista®)'”?* is the first SERM shown to prevent
bone loss in postmenopausal women. The drug also reduces levels of fibrinogen
and cholesterol, a potential benefit in postmenopausal women who are at

increased risk of cardiovascular disease. In addition it appears to prevent the
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development of breast and endometrial cancer in women. These benefits are
suggested by findings from the Multiple Outcome of Raloxifene Evaluation’*’
(MORE) trial and supported by the results of a large meta-analysis. However

2 s > s . 220,
these findings require confirmation by current clinical trials.?****?

{ NCH,CH,0
0

HO S

Figure 31: Raloxifene (28)

Raloxifene (28), possessing high binding affinity for the estrogen receptor,’’

exhibits potent antiestrogen activity but has little uterotrophic activity in
rodents.”?***® R.E. Hubbard et al.,’' compared the structure of a receptor bound

by estrogen with one bound by raloxifene (discussed in Section 1.4.3).

Further studies indicate that raloxifene displays antitumour activity against
breast cancer cells in vitro™® and prevents rat mammary carcinogensis.’> ***
Overall raloxifene (28) displays the profile of a selective ER modulator that
could be utilised as a potential prophylactic for osteoporosis but with the
additional benefit of preventing coronary heart disease'’ and endometrial cancer

in postmenopausal women.

Preliminary results from clinical trials report that raloxifene has a short
biological half-life, which may impair its ability to maintain a complete blockade

of ER’s at relevant sites, although further studies are being carried out.

1.10.5.2 Idoxifene

Idoxifene (29) [Figure 32] is a novel SERM?** that is currently in clinical
development for treatment of breast cancer. Compared to tamoxifen, idoxifene
(29) 1s metabolically more stable, with a higher relative binding affinity for ER
and reduced agonist activity in breast and uterine cells. Idoxifene (29) also
inhibits calmodulin, a calcium-binding protein which is also involved in cell
signal transduction pathways. It was synthesised to avoid the reported toxicity

associated with tamoxifen in the rat liver.®’
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Figure 32: lodoxifene (29)

Substitution of halogens in the 4-position of tamoxifen is known to reduce
antiestrogen potency by preventing conversion to 4-hydroxytamoxifen (4-
OHT).”" while the pyrrolidine group prevents side chain metabolism. Recent
reviews suggest that reduced demethylation of the side chain would also avoid
the formation of formaldehyde in the liver.* Initially the goal was to develop a
drug with efficacy both in the prevention of osteoporosis and in the treatment of
breast cancer. However, published reports focus on the potential of idoxifene as

21 Idoxifene inhibits hormone-dependent breast

an antiestrogen-anticancer agent.
cancer growth and is more effective than tamoxifen in inhibiting both MCF-7
growth in vitro and carcinogen-induced rat mammary tumour growth in vivo.
Recent studies show that idoxifene induces apoptosis as well as impairing cell
proliferation and further research is presently being carried out on the apoptotic

" , 9
effect of idoxifene.??%?*

1.10.5.3 Trioxifene

Trioxifene (30) [Figure 33] deviated from the triphenylethylene structure by the
introduction of a ketone bridging group that links the phenyl ring containing the

233

pyrrolindyl side chain with the rest of the molecule™" and it has been found to

possess potent antiestrogenic activity in the rat.”**
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Figure 33: Trioxifene (30)

Trioxifene mesylate was found to markedly suppress serum growth hormone
(GH) levels in the rat. Clinical studies*>*°

demonstrated its efficacy in the treatment of advanced (stage IV) breast cancer

with trioxifene (30) have

where it suppresses arginine-stimulated growth hormone secretion. The response
correlated with positive ER status, long disease-free interval and low tumour
burden. Trioxifene (30) appears to exhibit more estrogenic activity than
tamoxifen (2). Further clinical trials are needed to evaluate the effectiveness of
trioxifene as an anti tumour agent in women with hormone-responsive breast

234
cancer.

1.11.0bjectives of thesis
In this thesis the main objective was to prepare a series of novel structural
analogues of tamoxifen. The objectives are summarised as follows:

1) To develop novel antiestrogenic compounds with activity similar to

tamoxifen with reduced side effects i.e. toxicity and carcinogenicity.

2) To synthesise flexible analogues that possess a similar carbon skeleton to
that of tamoxifen but contain an additional benzylic methylene group

adjacent to the ethylene function.

3) To prepare conformationally restrained cyclic analogues of tamoxifen,

which possess the basic triphenylethylene structure.

4) To carry out biochemical studies on the above compounds, to investigate
their binding ability, cytoxicity and inhibition of proliferation of the

estrogen receptor on MCF-7 breast adenocarcinoma cells.

5) To use computational methods to rationalise the biological activity of the

novel compounds.
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2. Synthesis of flexible Tamoxifen analogues
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2.1. Introduction

In this thesis a series of novel non-steroidal flexible tamoxifen analogues are to
be prepared deviating from the ‘traditional’ triarylethylene structure through the
introduction of specific spacing methylene groups between the aryl and vinylic
systems associated with ‘classical’ analogues of tamoxifen. Traditionally,
research into novel antiestrogens has favoured the approach of simply modifying
the tamoxifen structure %7 by altering the ethyl side chain or introducing
substituents onto the aryl rings. It had been suggested that building flexibility
into the rigid backbone of antiestrogens could enhance their activity and binding
affinity for the estrogen receptor.”® Removal of one of the aryl groups from the
vinyl carbon structure of tamoxifen may alter the overall shape and size of the
molecule thus enabling easier access to the estrogen receptor. Teo et al.,
synthesised a number of basic ethers 2-(p-chlorobenzyl)-3-aryl-6-
methoxybenzofurans [Figure 34] possessing a variety of alkylaminoethoxy side
chains at the 4'-position of the phenyl ring and an additional methylene group at

the C-2 position of the benzofuran ring.>’

CH;0 1o}
CH, @
OL )~~~

(31) R = N(CH3);
(32) R= N(CHy)4
(33) R= N(CHy)s
(34) R = N(CH2)40 OCH,CH,A. HCI

Figure 34: 2-(p-Chlorobenzyl)-3-ary!-6-methoxybenzofurans

Preliminary screening of these compounds in the human breast cancer-derived
MCF-7 cell line indicated that they display antiproliferative activity. These
findings led to the synthesis of several basic ethers of 2-(4-halogenobenzyl)-3-
arylbenzo[b]thiophenes and a 2-(4-fluorobenzyl)-3-arylbenzo[b]selenophene,
each compound possessing the additional methylene group. Raloxifene?’® (28), a
2-arylbenzothiophene compound, is a well known antiestrogen possessing a high
binding affinity for the estrogen receptor and exhibiting anti-carcinogenic
properties in numerous animal tumour model systems.”*” This compound’s
dimethylaminoethoxyphenyl substituent is distanced from the thiophene ring by
a carbonyl group which gives the molecule flexibility such that it can which

adopt a favourable conformation for interaction with the estrogen receptor.
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In this research novel flexible antiestrogens were synthesised which possessed a
similar carbon skeleton to tamoxifen but contained an additional benzylic
methylene group adjacent to the ethylene function. Four different structural
types were prepared and biochemically tested to investigate the binding ability,
cytotoxicity and inhibition of proliferation of these compounds with the estrogen
receptor on human MCF-7 breast adenocarcinoma cells. These compound series
are depicted in Figure 35.

R= (CH,),N(CHjs),
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(CH,),N(C3Hs),
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Figure 35: Series of Flexible Tamoxifen Analogues

Type (V)

Novel flexible analogues (Type I) were prepared via two different synthetic
routes; a seven step Grignard type route from chalcones and a two step McMurry
coupling reaction of aryl ketones. Analogues of Types II-IV were prepared using

only the titanium-based McMurry reaction.

2.1.1. Synthetic routes to Tamoxifen

Bedford and Richardson’® first described the synthesis of tamoxifen in 1966,
where a mixture of E and Z tamoxifen i1somers were obtained from the

dehydration of 1-(4-B-dimethylaminoethoxyphenyl)-1,2-diphenylbutanol using
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ethanolic hydrochloric acid. Each 1isomer was 1isolated by fractional

crystallisation from petroleum ether.

Jarman and McCague®®' prepared perfluorotolyl derivatives of tamoxifen from
I,2-diphenyl-1-(4-methoxyphenyl)but-1-one. = Removal of the perfluorotolyl
group (by treatment with sodium methoxide in DMF), followed by treatment
with dimethylaminoethoxy chloride under basic conditions yielded the pure E
and Z isomers of tamoxifen, usually without detectable isomerisation.

An analogous preparation by McCague®*? reports the stereoselective dehydration
of 1-(4-alkoxyphenyl)-1,2-diphenylbutan-1-ols to derivatives of tamoxifen. The
tertiary alcohol was prepared by reaction of 1-(4-methoxyphenyl)-1,2-
diphenylbutan-1-one with phenylmagnesium bromide. Dehydration using HCI of

this tertiary alcohol gave a 2:1 ratio of olefin products.

Potter and McCague®® applied an alternative approach to the synthesis of
tamoxifen, utilising vinylbromides or triflates as intermediates, since the
bromide and triflate functions are easily replaced by an aryl group via a
palladium complex catalysed coupling reaction, with retention of configuration
[Scheme 1]. The conversion of the readily prepared ketones (35) resulted in high
stereoselectivity (E: Z; 20: 1) and the pure E isomer (36) was obtained after
recrystallisation.  Reaction of this E-vinyl bromide (36) with phenylzinc
chloride, catalysed by tetrakis(triphenylphosphine)palladium (0) in toluene gave
a 99% yield of (37). Conversion of (37) to Z-tamoxifen (2) was accomplished
with ease in 93% yield.
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Scheme 1: Potter and McCagues synthetic route for tamoxifenz”

% used cross coupling of functionalised ketones by low valent

Coe and Scriven
titanium to synthese tamoxifen. It was found that 4-substituted benzophenones
and propiophenones were suitable for the coupling, resulting in high yields with
a marked preponderance of the Z-isomer. Initial attempts using TiCls/Li, 4-[2-
[(N,N-dimethylamino)ethoxy]benzophenone and propiophenone to prepare
tamoxifen in one step failed. However (37) and (41) were synthesised using this
method with appropriate benzophenones. A 7:1 mixture of the Z and E isomers
was obtained for both but-1-enes (37) and (41). According to Coe and Scriven®**
the advantage of the TiCls/Li approach is that (37) can be converted to Z-

tamoxifen (2) on reaction with dimethylamine. [Scheme 2]
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(38) R= CH2CH2NMCZ (2) R= CH2CH2NM62
(40) R= CH2CH2BI' (41) R = CH2CH2BI‘

Scheme 2: (i) PhCOE:t —TiCl; -Li or TiCly -Zn

% to produce tamoxifen using 4-[2-N,N-

An alternative method using TiCls/Zn
diethylaminoethoxy]benzophenone and propiophenone proved successful

resulting in an 88% yield with a Z:E isomeric ratio of 3 :1.

To date most synthetic approaches to tamoxifen have been nonstereospecific,
producing mixtures of both Z and E isomers, which have been separated by
recrystallisation. However, a stereospecific synthesis of Z-tamoxifen using the
carbometallation of an alkylnylsilane as the key step was carried out by Miller
and Al-Hassan>*’ [Scheme 3].

| 0 Gi) Ph SMes i Ph SiMes
PhC=CSiMe; ——> = O L ==
H5C2 Br H5C2 Ph
(42) (43) (44)
l(iV)
OCH,;CH;N(CHj), OCH;,
S v Ph Br
Ph iy e > gl <
H5C2 Ph
H5C2 Ph H5C2 Ph
() (46) (45)

Scheme 3: (i) EtAICI, Cp,TiCl, (ii) NBS (iii) PhZnCl, Pd(PPh;),
(iv) Bry, NaOMe/MeOH (v) 4-MeOCsH ZnCl, Pd(PPh;3), (vii) NaSEt
(vii) CI(CH;);NMe,.HCIl, NaOEt
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The first step in the synthesis establishes the stereochemistry around the double
bond. Phenyl(trimethylsilyl)acetylene (42) was carbometallated with
diethylaluminium chloride-titanocene dichloride to give an organometallic
intermediate which was cleaved by N-bromosuccinimide. This product (43) was
assigned E-stereochemistry. The bromine group of (43) was stereospecifically
replaced with a phenyl group by palladium catalysed coupling with phenylzinc
chloride to give (44), a vinylsilane. Treatment of (44) with bromine sodium
methoxide afforded a vinyl bromide (45), which was coupled with (4-
methoxyphenyl)zinc chloride to give (46), an ethyl triaryl olefin. This was
transformed into tamoxifen (2) by demethylation with sodium ethylthiolate,

followed by reaction with 2-(dimethylamino)ethyl chloride.
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2.2. Synthesis of Type I analogues

In the present work Type I flexible analogues were prepared via two different
synthetic routes, a seven step synthesis and a McMurry coupling reaction (which
will be discussed in Section 2.3). The synthetic plan for Type I analogues using

the seven step synthetic route is depicted in Scheme 4.

CH;0
- H Ethanol -
- NaOH Pellets

Hz, Pd/C. Ethanol

CH;0 NaH, THF CH;0
@ Flhyl iodide
CH,CH;

Nz, Phenyl lithum, THF
CH>0 CH-;0

@ @ 85% HyPO; @ @
Fthdnol
CH,CH;, CH,CH;

N 2, BBr3, Dichloromethane

(CH;),NCH,CH,0

@ @ N,, K,CO3, Acetone @
CH,CH; (CH3),N(CH,),CLHCI CH,CHj

Scheme 4: 7 Step synthesis of 2-Benzyl-1-[(4-dimethylaminoethoxy)phenyl]-1-
phenylbut-1-ene [Z-isomer illustrated]
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2.2.1. a,fp-Unsaturated ketones

Chalcones such as (47) and (48) were prepared as shown in Scheme 5 using a

base catalysed condensation reaction.

246 246,247

and basic catalysts, have

Numerous methods, including the use of acidic
been employed to condense aryl aldehydes and ketones.**® Ellern** claimed the
“last word” on the preparation of benzalacetophenone, however Wattansin and
Murphy®’ have reported a simple base catalysed (NaOH) method which results

in pure easily isolated products.

R
@ :
CH; H
O ©
NaOH
C,HsOH
(47)R=H 4
(48) R = OCHj3 3

Scheme 5: 1,3-Diarylpropen-I1-ones

The 1,3-diarylpropen-1-ones (47), (48) were obtained as crystalline solids in
good vyields. Positive identification of the products was obtained from

spectroscopic data.

2.2.2. Dihydrochalcones

In this work the required series of dihydrochalcones was obtained by the
hydrogenation of the corresponding chalcones (47), (48), using palladium on
carbon as a catalyst with ethanol as the solvent. These reactions were carefully
controlled by frequent TLC monitoring, to avoid the reduction of the carbonyl
function [Scheme 6]. Numerous reagents have been employed for reduction of
chalcones to dihydrochalcones, including DIBAH (diisobutylaluminium

252

hydride),”®' sodium dithionite,”** sodium formate’> and rhodium or platinum

catalysts.254
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(49)R=H
(50) R = OCH 4

Scheme 6: Hydrogenation of chalcones to afford 1,3-diphenylpropan-1-ones

This hydrogenation method proved successful and the hydrogenated products
obtained provided a convenient route to precursors for the corresponding 1,2-

diarylbutan-1-ones.

These compounds (49), (50) were characterised using infrared, 'H NMR and '*C
NMR. The infrared spectra of compounds (49) and (50) show the carbonyl
stretching between v1670-1680cm™. In the 'H NMR of 1-(4-methoxyphenyl)-3-
phenylpropan-1-one, the H-3 protons are observed as a triplet (J=8.3Hz) at
63.05, whereas the H-2 protons occur further downfield at 63.28 due to the
deshielding effects of the carbonyl moiety, as a triplet (J=8.3Hz). In the "°C
NMR spectrum the C-2 and C-3 signals which are inverted in the DEPT 135
spectrum, are observed at 40.04ppm and 30.28ppm respectively. The carbonyl
C-1 quaternary signal occurs downfield at 198.01ppm.

2.2.3. Ethylated dihydrochalcones

The dihydrochalcones (49), (50) were ethylated to the corresponding 1,2-
diarylbutan-1-ones (51), (52) by treatment with ethyl iodide, using sodium

hydride in ethanol at room temperaturez55 [Scheme 7].

(499 R=H (o1) R =H [96%]
(50) R =0OCHj; (52) R=0CH 3 [79%]

Scheme 7: Synthesis of 1,2-diarylbutan-1-ones
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The compounds (51) and (52) were afforded in good yields as oils. The infrared
spectra of these compounds show the carbonyl stretching in the range v1673-
1680 cm™.

In the "H NMR spectrum of 2-benzyl-1-(4-methoxyphenyl)butan-1-one (52), the
H-4 methyl protons are observed at 80.89 as a triplet (J=7.4Hz). These are found
to couple to a complex multiplet in the range 61.51-1.80, which are assigned to
the adjoining H-3 methylene protons. A multiplet integrating for one proton
between 83.54-3.58 is assigned to the H-2. The H-2 is coupled to a pair of
double doublet signals, which are assigned to the benzylic methylene protons.
These methylene protons consists of two non-equivalent hydrogens H, and Hy,
each represented by a double of doublets. The H, signal appears upfield at 562.79
(J=13.6 and 6.6Hz), while the H, which is slightly deshielded occurs at 63.03
(J=13.9 and 7.5Hz).

2.2.4. 1,1,3-Triarylbut-1-enes

Arylation of 1,2-diarylbutan-1-ones (51), (52) was investigated as a route to the
required tamoxifen analogues. The resulting 1,1,3-triarylbut-1-enes possess a
similar aromatic skeleton to that of tamoxifen but have an additional aliphatic

methylene group connecting the double bond to one of the aromatic rings.

° to phenylate 1,2-diarylbutan-1-one (51), (52) using the

Previous attempts>
Grignard reagent phenylmagnesium bromide, had proven unsuccessful. Further
investigations using the phenylating reagent phenyllithium however proved
favourable. Thus the 1,1,2-triarylbut-1-enes (55) and (56) were prepared using
phenyllithium in THF, followed by dehydration with 85% phosphoric acid which
was carried out after the isolation of the intermediate alcohol product or in situ
[Scheme 8]. Previous research indicated difficulties when dehydration was

attempted with sulphuric acid or hydrochloric acid.*°
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OLR=H

(51) R = OCHj (53)R=H  [78%]
/ H3PO4 (54)R=0CH; [72%)]

(55)R=H

4" (56) R = OCHj

Scheme 8: Synthetic route involved in the phenylation of 1,1,2-triarylbutan-1-
ones (Z isomer illustrated)

The 1,1,3-triarylbutan-1-ols (53), (54) were obtained as oils in moderate to good

yields. Positive identification of the products was obtained from spectroscopic

data.

The characteristic broad stretching for the hydroxy group in (53) and (54) is
observed between v3460-3580 cm™' in the infrared spectrum. In the 'H NMR
spectrum of 2-benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-ol (54), [Figure 36],
the methyl protons are observed at 60.65 as a triplet (J=7.5Hz), while the
methylene H-3 protons occur as a complex multiplet in the range 81.29-1.65.
The H-2 proton is found as a complex multiplet between 62.50-2.57 while the
methylene (CH;,) protons occur at 82.79. The hydroxy proton is observed as a
broad singlet at 62.20. This assignment was confirmed by deuteration. The 4'"-

methoxy protons are found characteristically as a singlet at 83.81.
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CH;0

@)

CILCH,

Figure 36: 2-Benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-ol (54)

In the '*C NMR spectrum of (54), the methyl C-4 is characteristically observed
upfield at 13.34ppm, with the C-2 signal occurring at 49.70ppm. Two inverted
signals are observed in the DEPT 135 spectrum at 23.24ppm and 36.31ppm
corresponding to the methylene C-3 and the somewhat deshielded benzyl CH,
respectively. The 4"-methoxy signal appears at 55.13ppm. The shielded C-3"
and C-5" are observed at 113.47ppm. The quaternary C-1" and C-1"" signals are
observed at 146.96 and 147.87ppm. Low resolution mass spectrometry afford
the molecular ion as M"346 (C24H240,).

2.2.5. Dehydration of tertiary alcohols

5 1259 b : : :
257258259 results from a 1,2-elimination of water, which is

Dehydration of alcohols
acid catalysised and may require the application of heat. The various classes of
alcohols differ widely in ease of dehydration, with the tertiary alcohols being
more readily dehydrated than the primary and secondary alcohols.'®*2%7:239:260
The dehydration of secondary and tertiary alcohols involves a carbocation
mechanism [E1], where a fast acid-base reaction between the aicohol and the
catalysing acid results in a protonated alcohol and a conjugate base of the
acid.'9%269 The protonated alcohol formed undergoes hydrolysis to form water
and a carbocation that loses a -proton to the base to afford an alkene [Scheme

9].
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Scheme 9: Carbocation mechanism involved in the dehydration of secondary
and tertiary alcohols.

257,258,259

Dehydration can be accomplished in several ways, the most common

1 262

reagents utilised being sulphuric’®' and phosphoric acids,”® which effectively

protonate the alcohol to afford a carbocation, however the use of such reagents

I 7 :
may lead to rearrangement products SRl Other reagents used on occasion to

dehydrate alcohols include P,05,23264 1,265 pMSO 2927 HMPT, KOH,2®
KHSO, and anhydrous CuSQ4.>*"*"

Dehydration of 1,1,2-triarylbutan-1-ols (53), (54) using 85% polyphosphoric
acid resulted in the formation of 1,1,2-triarylbutan-1-ene (55), (56) as oils in
good yield. The but-1-ene skeleton of these compounds is similar to that of
tamoxifen, however (55) and (56) possess a benzyl substituent rather than a
phenyl group at C-2. In the infrared spectrum the C=C stretching was found in

v1601-1605¢m™ region with no hydroxy stretching as expected.

The identity of compounds (55), (56) was confirmed using 'H and '*C NMR

along with high resolution mass spectrometry.

CH;0 CH;0

ST SR @ &

o™ oY

Z 1somer E isomer

Figure 37: Z and E isomers of compound (56)
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In the "H NMR spectrum of 2-benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-ene
(56), the methyl H-4 protons resonate as a multiplet in the range 60.98-1.03,
while the methylene H-3 protons are observed as a multiplet between 62.05-2.14.
The methylene protons of the benzyl group at C-2 occur at 63.62 and 63.58 as
singlets integrating for two protons, representing the Z and E isomer
respectively. The relative peak integrals of the methylene benzyl group were
used to assign the isomeric ratio of the compound (56) [Table 1]. The 4"-
methoxy protons are observed as singlest at 63.80 and 63.83, integrating for

three protons and representing the Z and E isomer respectively [Figure 37].

'H NMR spectroscopy of (56) showed the expected resonances for the ethyl and
aryl protons and confirmed from the integral ratios the 1.2:1 isomer distribution.
The stereochemistry of tamoxifen has been discussed in Section 1.9.2, and
establishes that the protons of the basic side chain and those of the ethyl group of
Z-tamoxifen resonate at a lower frequency when compared to E-tamoxifen. A
distinctive pattern is also observed for protons constituting the A;B; system of
the 4-substituted aryl ring of tamoxifen. These results were rationalised by
considering that the aromatic ring and the side chain of the Z-isomer were
sandwiched between two other aryl rings and experience a double shielding
effect from their ring currents. These observations have been established as the
diagnostic tool for the determination of the E/Z i1somer ratios of tamoxifen

44
related compounds.’

In compound (56), the methoxy aryl group is sandwiched between the other aryl
and benzyl groups and thus the substituted aryl protons are found well separated
from the remaining aryl protons. In the Z-isomer the aryl protons lie in the
region 66.10-6.80, whereas the corresponding aryl protons in the E-isomer
coincide with the remaining aryl protons at 66.85-7.42. This effect is presumed
to be due to the different shielding effects of the phenyl and the ethyl groups on
the 4-substituted ring in the different isomers. The geometrical E/Z isomer
assignments of (56) are based on those for tamoxifen (2) and similarities can be
seen when they are spectroscopically compared,”’' with the more shielded methyl
H-4 (CH;) group of tamoxifen resonating as a triplet at 50.90, and the less
shielded H-3 (CH;) group being found as a quartet at 62.40. However, the
aromatic A,;B, system observed in tamoxifen is not present for 2-benzyl-1-(4-
methoxyphenyl)-1-phenylbutan-1-ene (56), as the aryl protons are found as a
multiplet. This multiplet depicts the aromatic protons of the E-isomer down
field compared to the Z-isomeric aryl protons, which are found at a lower

frequency, these observations equate to those described for tamoxifen. The peak
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heights of the methylene benzylic group allows calculation of the isomeric ratio
for compound (56), while the aromatic protons indicates the positioning of the E
and Z isomer. However the isomeric ratio of (56) has been established from both

the methoxy and benzylic methylene groups in the compound.

Compound Yield % IRUmax (film em™) | Isomeric Ratio®
55) 83 1601 (C=C) -
(56) 79 1605 (C=C) 1.2:1 (6:5)

* Ratio determined as major : minor present Z isomer : E isomer, based on

'"H NMR assignment and theoretical reaction predictions

Table 1: Yield, infrared and isomeric data for compound (55) and (56)

In the "’C NMR spectrum of 2-benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-ene
(56), the C-4 methyl signal is observed at 13.22ppm and the C-3 signal is found
inverted in the DEPT 135 at 24.65ppm. The benzyl methylene CH; signal is also
found inverted in the DEPT 135 spectrum at 37.11 and 37.17ppm, corresponding
to the Z and E isomers respectively. The 4"-methoxy carbon signal was
observed at 55.13ppm. The quaternary C-1'is found at 140.25ppm and C-1"and
C-1" are observed at 143.05 and 144.36ppm. The shielded C-3" and C-5" are
found at 113.50ppm, while the remaining aromatic signals occur between
125.55-129.18ppm, with the exception of C-4' found at 125.73ppm and C-4", C-
4" observed at 126.11ppm.

The proposed mass spectral fragmentation pattern of (56) is detailed in Scheme
10. The molecular ion is observed at m/z 328.1861 (C,4H34) in 84% abundance
with High Resolution Mass Spectrometry. Cleavage from the molecular ion of
C,Hs and then C¢H¢ affords the m/z 299 (61%) and m/z 221 (20%) fragments.
Further cleavage results in fragments m/z 197 (15%) and finally the tropylium
ion m/z 91 (30%). The m/z 237 (30%) fragment is afforded from the molecular
ion by cleavage of C;H5.
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CH;0

CH,CHs

m/z 237 (30%)

m/z 299 (61%)

m/z 159 (10%)
CH;0
CH;0 3 ‘\ _I
+ —; 0)
E CH —_— E: m/z 91 (30%)

m/z 221 (20%) m/z197 (15%)

Scheme 10: Postulated mass spectral fragmentation pattern for compound

(56).

2.2.6. Addition of PhLi to compounds (51), (52) and subsequent
dehydration

The proposed mechanism of the reaction of compounds (51) and (52) is depicted
in Scheme 11.2’%*” Initially the phenyl lithium reagent reacts with the carbonyl
via nucleophilic addition to the carbon of the carbon-oxygen double bond.
Water or dilute acid is added to the reaction mixture once aryl lithium addition is
complete, an acid-base reaction takes place to produce the corresponding

enantiomeric alcohols.
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Scheme 11: Proposed mechanism for addition of the PhLi to compound (51),
(52) and subsequent dehydration

Dehydration of these enantiomeric alcohol products was carried out using
concentrated sulphuric acid or 85% phosphoric acid and is proposed to occur by
an E1 mechanism [Scheme 11]. Initially a proton is transferred from the acid to
one of the unshared electron pairs of the alcohol, representing a simple acid-base
reaction. The presence of the positive charge on the oxygen of the protonated
alcohol weakens all bonds from oxygen, including the carbon-oxygen bond,
which is cleaved heterolytically. The bonding electrons depart with the leaving
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group, a water molecule, leaving behind a carbocation. Thus the carbocation is
highly reactive and as a result stabilises itself by transferring a proton to a
molecule of water which, results in the formation of an hydronium ion and 1,1,2-
triarylbut-1-ene products (55), (56). Dehydration results in the Z/E isomeric

mixture, observed for compound (56).

2.2.7. Demethylation of 2-benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-

ene

Demethylation of 2-benzyl-1-(4-methoxyphenyl)-1-phenylbutan-1-ene (56) was
then carried out in order to form the phenolic derivative, which may be used in
future alkylation reactions to form flexible tamoxifen analogues. The cleavage of
the methyl ether function from structurally analogous compounds has been

selectively performed with hydrobromic acid, pyridine hydrochloride®”'”®'”? and

: . 1 166,274
boron tribromide.

Boron tribromide was used to demethylate (56) [Scheme 12] affording 2-benzyl-
1-(4-hydroxyphenyl)-1-phenylbut-1-ene (57) as an oil in 87% yield. Due to the
success of boron tribromide in removing the methyl ether function from the

methoxy group, no other demethylation procedures were investigated.

CH;0_

(56) (57)

Scheme 12: Demethylation of 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene
(57) [Z isomer illustrated]
The infrared spectrum of compound (57) showed the aromatic and aliphatic C=C
stretching at v3572-3157cm™.  In the 'H NMR spectrum of 2-benzyl-1-(4-
hydroxyphenyl)-1-phenylbut-1-ene (57), the methyl H-4 protons are observed as
a multiplet at 80.99, while the methylene H-3 protons resonate at 62.10 as a
multiplet. The methylene protons of the benzyl group occur at 3.57 and 63.61
as singlets, integrating for two protons. The relative peak heights of the benzyl
methylene groups are used to assign the isomeric ratio [Z:E] of the compound

(57) and its assignment is based on those for tamoxifen, where the aryl protons
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for the Z-isomer are observed at a lower frequency than that of the corresponding
E-isomer. The compound is obtained in a 1:1 isomeric ratio, which is similar to

that of the methoxy compound (56).

The hydroxy proton is observed as a doublet at 64.77. This assignment was
confirmed by deuteration. The 4"-methoxy group of (56) is not observed in (57),
thus confirming the removal of the methyl ether group. The shielded aromatic
H-3"', H-5"" are observed as a multiplet in the range 66.77-6.81. The remaining

aromatic protons occur as a compact multiplet between 67.11-7.31.

In the "*C NMR spectrum of (57), the methyl C-4 is characteristically observed
upfield at 12.78ppm. Two inverted signals are observed in the DEPT 135
spectrum at 24.17 and 36.7lppm. A C-H COSY spectrum allowed for clear
identification of those signals, correlating the H-3 multiplet at $2.10 in the 'H
NMR spectrum with the C NMR signal at 24.17 and 24.29ppm, therefore
confirming the presence of two isomers. The singlets at 83.57, 63.61 were found
to couple with the signals at 36.71 and 36.83ppm (due to the E/Z isomers) which
as a result was assigned to the benzyl methylene CH,. The quaternary C-1 and
(-2 signals are observed at 138.12 and 138.43ppm, while the C-1' was found at
140.21ppm and C-1" and C-1" are observed at 142.98ppm. The remaining
aromatic signals occur between 127.99-129.17ppm, with the exception of the C-
3", C-5" signals found at 114.53 and 114.49ppm. Correlation of the C-3", C-5"
with the H-3", H-5" signals was evident from the C-H COSY spectrum. The C-4'
signal was found at 125.73ppm and C-4", C-4"" were observed at 126.13ppm.

High resolution mass spectrometry afforded the molecular ion as 314.1692
(C»3H33) in 88% abundance. The fragmentation pattern of (57) is similar to that

of its preceding methoxy compound (56).

2.2.8. Acylation of 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene

'73 that a 4-acetoxy group in ring A of tamoxifen

[t was proposed by Schneider
may be essential for good estradiol receptor affinity. They also postulated that
the introduction of a second 4-acetoxy substituent on one of the other aromatic
rings may enhance the binding affinity and that para-substitution generally
results in compounds of higher affinity than meta-substitution.”’””  These
observations have led to some new antiestrogenic compounds that possess strong
antitumour activity on a mammary tumour model and on the immature mouse'”’

without estrogenic side effects.
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Acylation of 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene (57) which was
carried out using acetic anhydride and pyridine (base) to give the acetoxy
substituted 1,1,2-triarybut-1-ene product (58). [Scheme 13]

Il
HO CH;CO

@ Pyridine @
PN
Acetic A
@ CH,CH; Anhydride @ CH,CHj3
(57) (58)

Scheme 13: Synthesis of 1-(4-acetoxyphenyl)-2-benzyl-1-phenylbut-1-ene (58)
[Z-isomer illustrated]

The infrared spectrum of compound (58) showed the aromatic and aliphatic C=C
stretching at v1603cm™.  An hydroxy group stretch is not observed, thus

confirming that acetylation has occured. A peak at vV1738cm™’ confirms the
presence of a C=0, i.e. [CH3COOQ] stretch.

In the '"H NMR of 1-(4-acetoxyphenyl)-2-benzyl-1-phenylbut-1-ene (58), the
methyl H-4 protons are observed as a multiplet at 60.97, while the methylene H-
3 protons resonate a 82.05 as a multiplet. The methylene (CH,) protons occur at
63.56 and 083.58, as singlets, integrating for two protons. The relative peak
heights of the benzyl CH, group were used to assign the isomeric ratio [Z:E] of
the compound (58). The isomeric ratio of (58) is identical to that of its hydroxy
starting material (57) i.e. a 1:1 ratio. The CH3;C=0 group appears as a multiplet
at 82.36. The aromatic peaks are observed as a multiplet between 67.01-7.28.
The molecular ion is observed at m/z 328.1861 (C;sH,40,) in 100% abundance,
using High Resolution Mass Spectrometry.

2.2.9. Alkylation of 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene

The majority of triphenylethylene antiestrogens contain an alkylamino side-

276,277,278

chain, which appears to be essential for their activity. Research has

shown that triphenylethylene derivatives of tamoxifen that lack the side chain are

279

pure estrogen agonists. The composition of this side chain was found to be

o . o) s 280,281
critical for antagonist activity. s
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Substitution of the aminoethoxy side chain with an allyl side chain produces a
compound with partial agonist activity, as do compounds containing bulky aryl
or large alkyl groups, which are believed to decrease the affinity for the receptor

'79 Therefore, the antiestrogenic activity of tamoxifen

to an imperceptible degree.
is not solely due to the length or bulk of the constituents in the side chain region.
Recent studies suggest that side chain constituents containing a lone pair of
electrons (such as oxygen or nitrogen) are necessary for antiestrogenic

82 In this research a selection of alkylamino side-chains i.e. dimethyl,

activity.
diethyl, piperidinyl, pyrrolidinyl and morpholinyl were introduced onto the

parent structure (57) (Figure 38).

(39 R ="7=—N(CH;)
RCH2CH20 (60) R= _N(CH2CH3)2
l'"' 2‘"'
(61) R= —
™ om
(62) R=.—N 3
l"" 2""
bk~ 183) ER ="t

Figure 38: 2-Benzyl-1-[(4-alkylaminoethoxy)phenyl]-1-phenylbut-1-ene (59)-
(63)

A number of reagents have been employed to introduce alkylamino groups onto

179,283

hydroxyphenyl rings, including DMF with sodium hydride or anhydrous

toluene with sodium methoxide.'*®

In this research alkylation of (57) with a variety of alkylamino halides were
carried out using a procedure outlined by Jones et al., ! and Mittal es al.”® This
consisted of refluxing 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene (57),
with anhydrous K,COs3, in dry acetone under a nitrogen atmosphere with the
corresponding alkylamino derivative. A series of compounds were prepared

using this procedure [Scheme 14].

The 2-benzyl-1-[4-(alkylaminoethoxy)phenyl]-1-phenylbut-1-enes  (59)-(63)
were obtained as oils in moderate yields. Positive identification of the products
was obtained from spectroscopic data. The yield, isomeric ratio and infrared

data are given in Table 2.
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HO

+ RCH,CH,CLHCL

i (59) R = —N(CHa),
l K,CO; (60) R = —N(CH,CHa),
Acetone " "
R(CH,),0 < >
(61) R T 3|m
3"
y"l— 2 "
(62) R= —N
e
3" 1"" 2""
(63) R= —N O
4" (59) - (63)

Scheme 14: Preparation of 2-benzyl-1-[4-(alkylaminoethoxy)phenyl]-1-
phenylbut-1-enes [Z-isomer illustrated]

The infrared spectra of (58)-(63) show the C=C alkene stretch between 1604-
1608cm ™.

Compound Yield % IRUmax (film em™) Isomeric Ratio®
(58) 68 1603 (C=C) 11
(59) 80 1606 (C=C) jL B
(60) 59 1608 (C=C) 1:1
61) 83 1605, 1575 (C=C) 1.1:1
(62) 86 1604 (C=C) 1]
(63) 69 1606 (C=C) .

“ Ratio determined as major : minor present Z isomer : E isomer, based on

'H NMR assignment and theoretical reaction predictions

Table 2: Yield, infrared and isomeric data for compound (58) to (63)
Analysis of the integration in the '"H NMR spectrums of (59)-(63), verified the

stereoisomeric nature of these compounds, the E/Z isomers being afforded in
almost equal amounts. The benzyl methylene (CH,) protons appear as two
singlets, each integrating for two protons, the relative peaks heights of the benzyl

CH, group in compounds (59)—(62), being used to estimate the isomeric ratio
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[Z:E]. The E and Z isomers were again assigned using aromatic proton
assignment used for tamoxifen, where the Z-isomeric protons were found at a
lower frequency when compared to the E-isomeric aryl protons. The 2-benzyl-1-
[4-(morpholinylethoxy)phenyl]-1-phenylbut-1-ene (63) appears to be isolated as
the Z isomer only, verification of this can be seen from the 'H NMR spectrum of

the compound.

In the '"H NMR spectrum of 2-benzyl-1-[4-(dimethylaminoethoxy)phenyl]-1-
phenylbut-1-ene (59), the methyl H-4 protons are observed as a multiplet at
50.98, and the methylene H-3 protons occur as a multiplet at 62.06. The (CHj),
protons appear as a doublet (J=7.3Hz) at 62.40. Both the N(CH;) and O(CH,)
protons are observed as compléx multiplets, at 82.78 and 64.08 respectively,
integrates for two protons. The shielded aromatic H-3", H-5" protons appear as a
double doublet (J=9.2Hz), in the range 66.84-6.88. The benzyl CH, group exists
as two singlets, at 63.55, 83.59, their peak heights indicating a 1:1 E/Z isomeric
ratio. The remaining aromatic protons occur as a compact multiplet between
87.13-7.31, the Z isomeric aryl protons were observed between 67.13-7.24, while
the aromatic protons of the E-isomer were found at $7.28-7.35. The 'H NMR

spectrum of compound (59) is depicted in Figure 39.

s 70 88 60 | &5 80 45 40 3s 30 25 20 I's
(ppm)

Figure 39: "H NMR Spectrum of compound (59)

In the '>C NMR of 2-benzyl-1-[4-(dimethylaminoethoxy)phenyl]-1-phenylbut-1-
ene (59), the methyl C-4 is characteristically observed upfield at 13.20ppm, with
the N(CHj;), signal occurring at 45.63ppm. In the DEPT 135, there are four
inverted signals observed, corresponding to the methylene C-3 at 24.62ppm, the
somewhat deshielded benzyl CH, at 37.17ppm, and the remaining signals
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represent the NCH,; and OCH; groups. The inverted signal at 65.59ppm is
assigned to the OCH,. The partially shielded C-3", C-5" are observed at 114.04
and 114.12ppm. The remaining aromatic signals occur between 125.70-
140.22ppm.

The suggested mass fragmentation for (59) is detailed in Scheme 15. The
molecular ion m/z 385.2405 (C,7H;3;NO) is observed in 100% abundance.

CH,CH;

m/z 385 (M*, lO()%)

' NCH»CHoO

@

m/z 356 ( 14%

m 2191 (27%) @
+
HC:'(

CH,CH,

: ; m/z 145 (30%)
%78(4‘/ @ m/z 167 (217%)
m/z o

Scheme 15: Proposed mass fragmentation pattern for compound (59).

Cleavage of the dimethylaminoethoxyphenyl substituent affords the m/z 223
(8%), and further cleavage of a phenyl group results in the fragment m/z 145
(30%). Cleavage from the molecular ion of C,;Hs affords the m/z 356 (14%)
fragment. The m/z 191 (27%) fragment is afforded from the molecular ion by

cleavage of the C;Hs and dimethylaminoethoxy substituents.
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2.3. McMurry coupling reactions

2.3.1. Introduction

As seen in section 2.2, the synthetic route for 2-benzyl-[(4-alkylamino
ethoxy)phenyl]-1-phenylbut-1-enes (Type I) is long and results in only moderate
overall yields. This inefficient synthesis prompts the need for an alternative
improved synthetic method. Hence, the McMurry reaction was investigated as a
convenient two step procedure for the target alkenes, i.e. Type I[-IV flexible

analogues.

The reductive coupling of carbonyl compounds using low valent transition

metals (e.g. low valent titanium salts) to produce alkenes constitutes an

important method for the formation of carbon-carbon double bonds [C=C].*®

Low valent titanium-mediated coupling was first described by Mukaiyama®*® but

7 .
There have been a number of reviews of the

288 289

greatly extended by McMurry.?®

scope and limitations of the reaction by McMurry, and

90
L*

Yee-Hing Lai

Finocchiaro et a

McMurry and his co-workers found it necessary to carry out a high-yield
transformation of an «,f-unsaturated ketone into the corresponding olefin
without migration of the double bond [Scheme 16]. They found that this kind of
transformation often fails with classic methods of carbonyl deoxygenation such

as the Wolff-Kishner reaction or dithioacetal desulfurization.

McMurry and his researchers®®® therefore sought to devise a new method: a one-
pot reaction in which a good hydride donor such as LiAlH; might be used in
conjunction with an appropriate transition-metal salt and due to the great
strength of the titanium-oxygen bond, TiCl; was chosen. They hoped that if
initial hydride reduction of the carbonyl group was to be followed by strong co-
ordination of the alkoxide anion with the metal, a second hydride delivery might
occur in an Sy2-type fashion, leading to the desired product. The product was
obtained by TiCls/LiAlH4 treatment of the enone in THF and was indeed a

hydrocarbon, but not the required compound.
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Scheme 16: McMurry trials (1974)

The transformation that had occurred — reductive dimerization of a ketone to
yield an alkene — was an unknown reaction at the time, although two other

286,291 292 SR~ : :
o4 k,””” made similar discoveries almost

groups, led by Mukaiyama and Tyrh
simultaneously. McMurry and co-workers explored the scope of this new
reaction and they soon learned that the reductive coupling reaction was not
limited to o,B-unsaturated ketones, but was general for all types of ketones and
aldehydes. They also discovered that many reducing agents besides LiAlH,4
could be used with TiCls in the reaction, for example the zinc-copper couple.”®®
This method developed by McMurry,*”?

facilitated attempts to prepare various classes of hindered olefins such as:

and its modifications, has greatly

symmetrical tetra-alkylsubstituted ethylenes e.g. tetraneopentylethylene,””* fused

295,296,297 293 . . 298 .
a-carotene, 1sorenieratene, geometric

299

bicyclic trans-cycloalkenes,
isomers of C,q analogues of phytoene e.g. (poly-Z)-carotenoids™ " and complex

natural products including Taxol.””

Mukaiyama ****°! also explored this McMurry reaction with the reagents; TiCly
and Zn.
Rl\ 7n
C=0 + TiCl — RIR2C——CRIR2 + RIR2C=——=CRIR2
Ry
OH OH
pinacol olefin

Mukaiyama discovered that olefins were produced at elevated temperatures,
using these reagents, for example stilbene was obtained in 98% yield.

Mukaiyama also noted:

1. A combination of TiCly; and Zn is essential for this reduction. When
magnesium or butyllithium was used instead of Zn in the reduction of
benzophenone, tetraphenylethylene was produced in much lower

yields.?®®
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2. The reaction occurs successfully when using a molar ratio of 1:1 or

1:2°923%9 for TiCl, and carbonyl compounds in their molecular complexes.

292 examined the use of TiCls;/Mg-THF, however this

Tyrlik and Wolochowicz
reagent combination was reported to be effective only for aryl ketones, with
limited success for alkyl ketones. McMurry’s TiCls/LiAlH4 reagent system was
seen to give excellent yields in both aryl and alkyl ketone reduction. McMurry
also found that the carbonyl reaction can be reproducibly carried out using
titanium metal prepared by reducing TiCl; with 3 equiv. of potassium, i.e. Ti(0)-
induced coupling reaction.””' Since the discovery of the McMurry reaction, the
usefulness of this reaction has expanded to obtain pinacolic coupling,”’’ in fact
Corey et al.,”® have obtained key intermediates in the total synthesis of

gibberellic acid.

The McMurry reaction also has limitations: the reagent does not react cleanly
with substrates which contain other functional groups like alcohols, ethers and

1.°% have recently reported a study on the

olefins. However Castedo et a
selective reductive coupling of aromatic aldehydes and ketones containing
carboxylate or tosylate ester functionalities to the corresponding stilbenes, thus
widening the use of the McMurry synthesis. Recently, due to limitations
encountered when using the TiCls/ LiAIH4 reagent system, the TiCls/Zn system

initially proposed by Mukaiyama has become widely used.

2.3.2. Reductive coupling of carbonyl compounds

McMurry coupling reactions are used for aliphatic, aromatic and heterocyclic

carbonyl compounds and involve intramolecular reductive coupling.**’
(a) Aliphatic carbonyl compounds

The reductive reactions of the aliphatic carbonyl compounds occur readily, but
by increasing the steric hindrance of the alkyl groups, the olefinic products are
isolated in lower yields. For example, the methyl fert-butyl ketone can be
coupled to form the corresponding olefin while the ethyl ferz-butyl ketone fails

to give the coupling product under any conditions.”"

(b) Aromatic carbonyl compounds

Again it has been noted that the reductive coupling reactions of the aromatic
ketones can be carried out successfully, but the yield of the olefins decreases

with increasing steric congestion around the carbonyl group.
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(c) Dicarbonyl compounds

The McMurry reagent is also used for intramolecular coupling of dialdehydes,
ketoaldehydes and diketones to give the cycloalkenes. When the TiCly/LiAIH,*"’
reagent is used, yields of 50-60% are obtained. Yields can be improved by using

the reducing agent copper-zinc couple.?”’
(d) Heterocyclic compounds

For heterocyclic ketones, olefins are formed when the carbonyl group is distal to
the heteroatom. The McMurry reaction has been useful in the synthesis of
heterocyclic compounds e.g. tetraphenylfuran. Various carbonyl derivatives
were used as starting materials and acyl chloride was reported to give the highest

yield oftc:traphenylfuran.308

2.3.3. Proposed mechanism for McMurry reaction

308,309,310
d. Recent

The mechanism of this reaction has been extensively studie
reports from Dams er al.,’'' suggest a mechanism, which has been widely

accepted by many researchers, however it is not fully conclusive®** [Scheme 17].

Mechanistic studies’'? of this coupling reaction suggest 1t occur In a
heterogeneous process on the surface of an active titanium particle.””" The
reaction proceeds by initial electron transfer followed by coupling to form a
pinacolate that on deoxygenation liberates the olefin. The coupling of
unsymmetrical ketones leads to the formation of stereoisomeric alkenes, the ratio

depending on the steric demand of substituents.

In the first step of the coupling reaction the ketone becomes attached to [M] (the
active coupling species), and one electron is transferred from the titanium to the
ketone, yielding the organic anion radical and an oxidised titanium.?'*?!'*315
This radical dimerizes to a titanium pinocolate i.e. a pinacolate-like intermediate
that is co-ordinated to titanium, in the second step. It is speculated that this step
is the rate-determining step in the reaction, although conclusive evidence is not
available to confirm this. However, it has been detected that the amount of
hydrogenation products of the anion radicals is higher than that of any other side
product of the reaction, suggesting that the anion radical is a longer living
intermediate, therefore corroborating with the assumptions made. In subsequent
steps, the titanium then withdraws two oxygen atoms from the pinacolate and the

formed olefin is kept pi () bonded to Ti. Cleavage of the C-O bonds via a
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deoxygenation reaction leads to the formation of an alkene and the by-product

titanium dioxide.?”**'* The mechanism is depicted in Scheme 17.

STEP 1: Electron transfer to the carbonyl generates a
dianion via a ketyl-like intermediate

O - PSBe O

/U\ i N Rj_kR
R R o T (5T

R

STEP 2: The dianion binds to the titanium particle

R
R R Tl z% - O R
>‘_l< I T:
R R O“\
oo R
E il R

STEP 3: Sequential homolytic cleavage liberates the
alkene and the titanium dioxide

e R ot R
A 0 R = _ O R
il S T .
e pe o ©
e R e R
R

Alkene from coupled ketone/aldehyde

Scheme 17: Proposed McMurry Coupling Mechanism

The pinacolisation can be carried out with a variety of reductants, but the
deoxygenation is unique to low-valent titanium (LVT) reagents. Although
titanium 1s known for its high oxophilicity, the extrusion of oxygen from the
pinacolates necessitates the use of solvent-reflux temperatures and prolonged
reaction times. At lower temperatures (less than room temperature), the

. e . - 314,315,316,317,318,319, .
McMurry reaction primarily furnishes pinacols,’'*?!>?10317318319.320 whije the
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olefins are obtained only at higher temperatures i.e. after refluxing the reaction

mixture in dioxane or THF.

McMurry’s experiments discredited alternative mechanisms such as formation of

a discrete cyclic (or acyclic) titanium dialkoxy species.

2.3.4. Reaction conditions necessary for the McMurry coupling

Mukaiyama®®® has described some conditions, which are necessary for the
coupling reaction [Section 2.3.1]. The optimum conditions were proposed by
Dams et al.,*** after much research. With the use of ESR studies the nature of
the active coupling species [M], the formal valence state of Ti in [M] and its

successor [M,0] have been elucidated.

Ti + reducing agent + solvent-AL_ 5 [M]

Ar . :
[M] + ketonem [M,O] + coupling products

(a) Choice of reducing agent

Three classes of reducing agents are commonly employed to reduce TiCl;/TiCly

to [M] : alkali metals e.g. Li or K.**"**" group Il metals e.g. Mg or Zn-Cu

3095323

couple’”'** and metal hydrides e.g. LiAlH,.
(b) Choice of solvent

The reactivity of [M] restricts the choice of solvent largely to hydrocarbons and
ethers. Solvents such as benzene, cyclopentadienes, hexane, furan, thiophene,
pyridine, anisole, tetrahydrofuran, dioxane, glyme, diglyme and diethyl ether
have been investigated. Researchers have found that the combination of
reducing agent-solvent is critical for the reaction. Of all the solvents tested, THF
and dioxane performed best, producing high yielding compounds. To obtain
olefins in high yields, the solvent dioxane is used at elevated temperatures.

Diols are obtained when using THF at low temperatures.?***!!

(¢) Choice of metals

Titanium salts were chosen for this reaction primarily due to the affinity of the

metal ion for the oxygen atom and the stability of the counter ion.***>"'

TiCl; has been the transition-metal salt of choice for numerous years and has

5 326

been reported to deoxygenate sulfoxides,324 nitroalkanes’® and oximes.
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Recently TiCly and Zn’*’ have become the agents of preference for both

aldehydes and ketones.
(d) Molar ratio of TiCl3/TiCls to reducing agents

Results of Tyrlik et al.,””? on the TiCls/Mg system have indicated that the yield
of olefin depends upon the ratio of TiCl; to Mg, while for the TiCls/K system

1

ratios larger than 1:3, resulted in inferior yields of the olefin.””' No systematic

optimisation of this reaction parameter seems to have been performed to date.
(e) Molar Ratio of TiCl;/ TiCly to ketone.

Tyrlik et al.,**!
At low titanium salt / ketone ratios, small amounts of pinacol are formed. It was

gave the first indications that Ti-salt/ketone ratio was important.

discovered?®® that the most efficient molar ratio of TiCl; or TiCls/carbonyl
compounds is 1:1 or 1:2. At lower ratios the additional amount of ketone is left
unreacted. Per titanium atom only one ketone molecule can be coupled. This
provides evidence that the coupling does not proceed on a single Ti atom, but

rather takes place on the surface of a Ti microcrystallite.?*°

2.3.5. Synthesis of 2-Benzyl-1-[4-(alkylaminoethoxy)phenyl]-1-phenylbut-1-

ene Type I using the McMurry coupling reaction.

The  2-benzyl-1-[4-(alkylaminoethoxy)phenyl]-1-phenylbut-1-enes  (59)-(63)
[Type I] have already been prepared via a seven step route in Section 2.2.9. In

this section, the preparation of these flexible tamoxifen analogues is described

328

via the McMurry coupling reaction. The McMurry reaction has been used for

the synthesis of tamoxifen (2), Z-4-hydroxytamoxifen’” and Z-4-

245,330

hydroxytoremifene due to its steroselectivity. In some cases the reductive-

coupling reaction is known to avoid isomerisation in compounds.™' [Scheme 18]
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Scheme 18: Reductive Coupling Reaction for Tamoxifen (2) [Z-isomer
illustrated]

To investigate the efficiency of this method, a series of substituted 1,1,2-
triarylbut-l-enes328 were prepared, [Scheme 19] using the arylketone 1-benzyl-2-
butanone with benzophenone, 4-hydroxybenzophenone and 4-
methoxybenzophenone. The reaction conditions use TiCL4, dry dioxane and zinc
dust. The reaction mixture was initially stirred at —78°C under a nitrogen

atmosphere and then refluxed for 3-4hours.

The 1,1,2-trialkylbut-1-enes (55)-(57) [Method 2] were afforded as oils in 89-
949% yield. The spectroscopic data of compounds (55)-(57) are similar and yields
are considerably increased compared to those obtained from the longer route
[Method 1] in Section 2.2.6 and 2.2.8. The infrared spectrum of compounds
(55)-(57) showed the aromatic and aliphatic C=C stretching at v1574-1610cm™.
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TiCly
G =0 —_—
/n
(67)
(64) R = (55) R
(65) R = OCH; (56) R = OCH;
(66) R = OH (57) R = OH

Scheme 19: Preparation of 1,1,2-triakylbut-1-enes (55)-(57), [Z isomer
illustrated]

However, the isomeric Z/E ratio of the compounds (55)-(57) differs from that of
the previously synthesised analogues. According to present and previous
work,*** variations in the stereoselectivity depend upon the nature of the
substituents on benzophenone. It has been postulated that the phenol
functionality is always on the opposite side of the ethyl chain in the McMurry
product, thus providing an important element when considering the
stereochemical assignment of these products.’”” Therefore the stereochemistry
of the compounds i1s based on the positioning of the oxygen group, which
clarifies the existence of (56) and (57) in an isomeric ratio of 2.5:1 and 2:1
(Z:E) respectively, which shows greater stereoselectivity than that previously
obtained (1:1). It has also been suggested that for McMurry coupling of
alkylaryl ketones, Z-isomers predominate for sterically undemanding alkyl
groups, whereas bulky alkyl groups favour the formation of E-isomer. These

assignments have been based on the analysis of 'H NMR.**°

The 'H NMR of the 2-benzyl-1-(4-hydroxyphenyl)-1-phenylbut-1-ene (57),
shows the methylene protons (CH;) of the benzyl group at 63.55 and &3.59, as
singlets. The relative peak heights of the methylene benzyl group were used to
assign the isomeric ratio of the compounds (50) and (57). The aromatic protons
were assigned using the rational proposed for aryl proton assignment of
tamoxifen, as discussed earlier in the chapter. The aromatic protons are
observed at 67.13-7.24 representing the Z-isomeric form while the aryl protons

of the E-isomer are found between 87.28-7.39.

Due to the success of this McMurry reaction, this method was used for the direct
preparation of the target structures 2-benzyl-1-[4-(alkylaminoethoxy)phenyl]-1-
phenylbut-1-enes (59)-(63) [Method 2]. This involves a two step procedure, the
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first step is the alkylation of 4-hydroxybenzophenone and the second step

involves the reductive coupling reaction.

Initially a series of alkylated benzophenones®** were prepared, by reaction of 4-
hydroxybenzophenone and the alkylating agent of choice with anhydrous
potassium carbonate, in dry acetone followed by reflux for 5-6hr. [Scheme 20]

(68)R = (CH3),N—

RCH,CH,0 (69)R = (CHCH;3),N—
lll" 2!'!
K,CO, : (TOR= —
O + RCH,CH,CIHCL —> 0) Rt
Acetone E
' )R = — >
o
(66) (68) - (72) e
(72)R= —N O
L T

Scheme 20: Synthesis of alkylated benzophenones (68)-(72)

The infrared spectrum of compounds (68)-(72) show the presence of the carbonyl
(C=0) stretch between v1651-1658cm™ and the aromatic (C=C) stretch 1n the
range v1601-1605cm™".

In the '"H NMR of 4-(pyrrolindylethoxy)benzophenone (70) the NCH, protons
are observed as a triplet (J=6.0Hz) at 62.94, while the corresponding OCH,;
protons are observed at 84.20 as a triplet (J=6.0Hz). The pyrrolidinyl protons

are observed as multiplets. The H-2"", H-3"" protons are found as a multiplet at
61.82, while the corresponding H-1"", H-4"" also occur as a multiplet at 82.57 as
a multiplet also. The shielded H-3", H-5" are observed as double doublets
(J=8.5, 2.0Hz) at 66.97-7.00; all remaining aromatic protons are found in the

range 67.45-7.90.

The '"*C NMR of (70) indicates the presence of four inverted signals,
corresponding to the signals of C-2"", C-3"", C-1"", C-4"", NCH,, and OCH, at
23.47, 54.83, 57.86 and 67.37ppm respectively. The C-3", C-5" which
experience the shielding influence of the pyrrolidinylethoxy substituent occur
upfield at 113.67ppm. The remaining aromatic signals occur between 127.68-
137.88ppm and the C-4" signal is found at 162.08ppm. The C=0O signal is

characteristically observed at 195.03ppm.
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These 4-(alkylamino)benzophenones were then coupled with 1-phenyl-2-
butanone (67), in the same manner as that described for compounds (55)-(57),
producing a series of 2-benzyl-1-[(4-alkylaminoethoxy)phenyl]-1-phenylbut-1-
enes™®® (68)-(72) identical to those prepared via the longer ArLi type route.
[Scheme 21].

(59)R = (CH3),N—

(60)R = (CHchy)zN_‘

0+ 0
4 5
S z
(62)R = s
(68) - (72) (67) (59) - (63) Rt
(63)R = O N—
| Y,

Scheme 21: Preparation of 2-benzyl-1-[(4-alkylaminoethoxy)phenyl]-1-
phenylbut-1-ene (59)-(63) [Z-isomer illustrated]

Previous work on the stereospecificity of tamoxifen and related analogues using
this McMurry coupling reaction has only identified the formation of that product
which has a trans arrangement of the ethyl side chain relative to the original
phenolic system across the double bond.*****’ This literature data in conjunction
with NMR peak assignment/analysis allowed the prediction of the major species
in Type 1 flexible analogues (59)-(63) as Z-isomers. The results were
rationalised by considering that the phenolic ring and the side chain of the Z-
isomer were sandwiched between the other two rings and thus experience a
double shielding effect from their ring currents. Spectral isomeric assignment
interpretations were based on the relative positions of those aryl proton signals
arising from the A;B, para-system of the 4-substituted phenyl ring together with

the position of the benzyl methylene signal.

Positive identification of the products was obtained from spectroscopic data
demonstrating that compounds (59)-(63) are identical to those prepared via
Method 1. However a difference between the two sets of compounds is apparent
regarding their isomeric ratios. The yield, isomeric ratio and infrared data are
detailed in [Table 3].
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Compound Yield % IRUax (film cm™) | Isomeric Ratio®
(59) 69 1610, 1572 (C=C) 21
(60) 72 1607, 1574 (C=C) 2:1
(61) 67 1605, 1573 (C=C) 21
(62) 68 1606, 1573 (C=C) 2:1
(63) 65 1605, 1574 (C=C) 2:1

* Ratio determined as major : minor present Z isomer : E isomer, based on 'H

NMR assignment and theoretical reaction predictions

Table 3: Yield, infrared and isomeric data for compound (59)-(63)

In the '"H NMR spectrum of 2-benzyl-1-phenyl-1-[4-(piperidinylethoxy)phenyl]
but-1-ene (61), the methyl H-4 protons are observed as a multiplet at 50.98, and
the methylene H-3 protons also occur as a multiplet at 62.09. Both the NCH,
and OCH, protons are observed as complex multiplets at 62.81 and 84.11
respectively, each integrating for two protons. The piperidinyl protons are
observed as multiplets H-3"" is found at 61.48, H-2"", H-4"" are observed at
61.65 and the protons of H-1"", H-5"" are evident at 62.55. The benzyl CH,
group exists as two singlets and are found at 83.57 and 83.61. It is the peak
heights of these CH, groups that determine the isomeric ratios (E:Z) of the
compound. The partially shielded H-3", H-5" protons are found as a doublet
(J=8.5Hz) between 66.82-6.88. The remaining aromatic protons are observed as
a multiplet in the range 87.15-7.39. The aryl protons of the E-isomer are
observed up field between 67.29-7.39, while the aromatic protons of the Z-

isomer are found at a slightly lower field 67.15-7.24.

In the "°C NMR of (61), the methyl C-4 is characteristically observed upfield at
12.81ppm. The DEPT 135 shows six inverted carbons, five of which are
assigned to the piperidinyl carbons. C-3"" signal is observed at 24.28ppm, C-
2" C-4"" 1s found at 25.36ppm and C-1"", C-5"" are observed a little more
downfield at 54.50ppm. The remaining inverted carbons correspond to the
methylene C-3 at 23.65ppm and the NCH; and OCH,, which are found at 57.42
and 65.30ppm respectively. The somewhat deshielded benzyl CH, has double
signals at 36.75 and 36.85ppm, illustrating the presence of the geometric Z and
E-isomers. The C-3" and C-5" are observed at 113.69 and 113.77ppm. The
quaternary C-1 and C-2 signals are found at 138.05 and 138.13ppm, while the C-
1" signal occurs at 143.04ppm. The remaining aromatic signals are observed
between 125.32 and 129.84ppm. Low resolution mass spectrometry for (62)
affords the molecular ion m/z 425 (C;0H3sNO) in 100% abundance.
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The isomeric ratio of these novel compounds (59)-(63) via the McMurry
coupling reaction [2:1], produces a greater amount of the Z-isomer, compared to
the 1:1 ratio obtained using the long seven step method. The E and Z isomers
could not be separated using either TLC or crystallisation methods. Current
knowledge of the mechanisms of the McMurry mixed carbonyl-coupling reaction

does not provide an explanation for the stereoselectivity of Z-isomer formatiom.

This series of compounds (59)-(63) were biochemically tested for their binding
affinity, cytotoxicity and potency in binding and antiproliferative assays in a
human MCF-7 breast cancer cell line. (Chapter 4)
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2.4. Preparation of novel Tamoxifen analogues (Type II-1V)

Due to the success of the McMurry reaction in preparing 2-benzyl-[4-
(alkylaminoethoxy)phenyl]-1-phenybut-1-enes (59)-(63) [Method 2], it was
envisaged that this coupling reaction could be used to prepare further novel
tamoxifen analogues. Each of these compounds are derived from the traditional
triphenylethylene backbone associated with tamoxifen and other antiestrogens,
through the introduction of a methylene (benzylic) spacing group between one of

the aryl rings and the alkene group and through variations in the basic side chain.

2.4.1. Synthesis of 1-benzyl-1-(4-alkylaminoethoxyphenyl)-2-phenylbut-1-enes
[Type 1]

A series of 1-benzyl-1-[(4-alkylaminoethoxy)phenyl]-2-phenylbutenes’*® (81)-
(85) were prepared, using the facile McMurry Coupling reaction. [Figure 40]

(81) R = (CH])zN_

RCH,CH,0
(82) R = (CH}CHz)zN_
2|||| ]H'V
(83) R = —
" A
4
(84) R = 3" —
(81) K (85) ZHH I""
(85) R = O Ne—
L

Figure 40: 1-benzyl-1-[(4-alkylaminoethoxy)phenyl]-2-phenylbutenes [Z-
isomer only illustrated]

Initially the basic side chain was introduced to the appropriate phenol ketones.
In this case 1-(4-hydroxyophenyl)-2-phenylethan-1-one (74) was prepared from
phenylphenyl acetate (73) and aluminium chloride using a Fries Rearrangement.
This is a synthetically useful reaction, which allows the rearrangement of
phenolic esters by heating with Friedel Craft catalyst. Compound (74) was then
alkylated, affording a series of 1-(4-alkylaminoethoxyphenyl)-2-phenylethan-1-
ones”*® (75)-(79) [Scheme 22].
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i : Cc=0 AlCly

O + RCH,CH,CLHCI,

Q.

(73) (75) R = (CH;3),N—

(76) R = (CH;3CH;);,N—

" "

2 1
(77) R = l —

(75) - (79)

Scheme 22: Preparation of 1-(4-alkylaminoethoxyphenyl)-2-phenylethan-1-
ones
The  1-(4-alkylaminoethoxyphenyl)-2-phenylethan-1-ones  (75)-(79) were
afforded as oils in good yield (65-99%). The characteristic carbonyl (C=0)
stretch is found at v1665-1674 cm ' for compounds (75)-(79) in the infrared

spectrum.

In the 'H NMR spectrum of 1-(4-diethylaminoethoxyphenyl)-2-phenylethan-1-
one (76), the (CH3); group of the ethyl side chain appears as a multiplet at 51.10,
and the corresponding (CH;), protons are observed as a multiplet at 62.66. The
NCH; signal is found as a triplet (J=6.3Hz) at 62.91 and its corresponding OCH,
protons are found as a triplet (J=6.3Hz) at 64.12. The methylene protons of the
benzyl group occur at 64.24. The remaining aromatic protons occur as a
multiplet between 66.92-7.33.

2.4.2. McMurry coupling of 1-(alkylaminoethoxyphenyl)-2-phenylethan-1-

ones

The 1-benzyl-1-[(4-alkylaminoethoxy)phenyl]-2-phenylbut-I-ene  (81)-(85)***
target compounds were prepared via implementation of the titanium tetrachloride

/ zinc mediated McMurry coupling reaction as depicted in [Scheme 23].
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RCH,CH,0 (81) R = (CH3),N—

RCH,CH,O, |

(82) R = (CH3CH,),N—

"
2 1

DN .

4

Il

(75) - (79) (80) (81) - (85)

Scheme 23: Preparation of 1-benzyl-1-[(4-alkylaminoethoxy)phenyl]-2-
phenylbut-1-ene (81)-(85) [Z-isomer illustrated]

The coupling reaction involves the reductive reaction of two carbonyl
compounds directly to produce the required alkenes. The 1-(alkylaminoethoxy
phenyl)-2-phenylethan-1-ones (75)-(79) are reacted with propiophenone (80) in a
I:1 molar ratio, using the TiCls/Zn reagent. A series of 1-benzyl-1-(4-
alkylaminoethoxyphenyl)-2-phenylbut-1-enes  (81)-(85) were afforded in
moderate to good yields as oils. The stereospecificity of the McMurry coupling
reaction predicts the formation of products as having a trans arrangement, with
respect to the ethyl side chain and the original phenolic system across the double

d.***??% These results were rationalised by considering that the aromatic ring

bon
and side chain of the Z-isomer are sandwiched between two other rings and
experience a double shielding effect from their ring currents. The NMR peak
assignment/ analysis allowed the prediction of the major species in Type II
flexible analogues (81)-(85) as Z-isomers. Spectral isomeric assignment ratios
were based on relative peak heights of the benzyl signal in the '"H NMR spectra,
whereas isomeric assignment was based on the positioning of the aromatic

signals.

Details of yield, infrared and isomeric data are listed in Table 4. High resolution
mass spectrometry results positively confirm the identity of these novel
compounds (75)-(85).
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Compound Yield % IROmay (film cm™) Isomeric Ratio”
(81) 69 1605, 1574 (C=C) 41
(82) 43 1601, 1575 (C=C) 6:5
(83) 75 1602, 1576 (C=C) 2:1
(84) 80 1600, 1575 (C=C) 2:1
(85) 41 1600 (C=C) 2:1

“ Ratio determined as major : minor present Z isomer : E isomer, based on

'H NMR assignment and theoretical reaction predictions

Table 4: Yield, infrared and isomeric data for compound (81)-(85)

In the 'H NMR of 1-benzyl-1-[(4-morpholinylethoxy)phenyl]-2-phenylbut-1-ene
(85), the methyl H-4 protons are observed as a triplet (J=7.5Hz) at 60.98, while
the corresponding methylene H-3 protons are observed as a quartet (J=7.5Hz), at
51.73. Both the NCH; and OCH; protons are found as multiplets at 62.84 and
54.12 respectively. The benzyl CH, group exists as at 64.25 and 64.27, the peak
heights of which gave the Z and E isomeric ratio of the compound. The
morpholinyl protons appear as multiplets at 63.02 and 63.61, corresponding to
H-1"", H-4"" and H-2"", H-3"" respectively, each multiplet integrating for four
protons. The partially shielded H-3", H-5" appear as double doublets (J=8.5,
1.5Hz) at 86.83-6.86 and the corresponding H-2", H-6" are found as double
doublets (J=8.5, 1.4Hz) at 67.97-7.99. All remaining aromatic protons are
observed in the range 66.93-7.58, the Z-isomeric protons lying between 66.93-

7.20 whereas the E-isomer signals are observed between 67.25-7.58.

In the '°C NMR of (85), the methyl C-4 is observed upfield at 7.05ppm, while
the corresponding methylene C-3 is found inverted in the DEPT 135 at
27.23ppm. The aminoethoxy NCH, and OCH, signals, which were also found
inverted in the DEPT 135, occurred at 57.25 and 65.61ppm respectively. The
benzyl methylene CH; signal is observed inverted in the DEPT 135 at 44.24 and
43.95ppm. The morpholinyl signals appear inverted at 53.62ppm, corresponding
to the C-1"", C-4"" and at 66.43ppm representing the C-2"", C-3"". The aromatic
signals are observed, between 113.89-130.49ppm.

In the high resolution mass spectrum of (85), the molecular ion is observed at
m/z 427.2499 (C,9H33NO;) in 73% abundance.



2.4.3. Preparation of Type Il flexible analogues

A series of 1-benzyl-1,2-diphenylbut-1-enes (Type III) [Figure 41] were
prepared using the McMurry coupling reaction, possessing an additional
methylene group on one of the phenyl rings in an alternative position to those
already prepared. The alklyamino group was therefore found in a different
position.

OCHzCHg_R (96) R = (CH3)2N—

(97) R = (CH;CH,),N—
QO "
98) R = =
O -

(96) - (100) 99) R = ( =

i "
2 |

(100)R =0 N—
/

Figure 41: 1-Benzyl-2-[(4-alkylaminoethoxy)phenyl]-1-phenylbut-1-enes

The synthesis of the Type III compounds involved firstly the preparation of p-
alkylaminoethoxy propiophenones,’”® which were synthesised from p-hydroxy
propiophenone and the corresponding alkylating agent under basic conditions to
yield compounds (87)-(91). [Scheme 24]

(87) R = (CH;),N—

(88) R = (CH3;CH,),N—
HO w

-

RCH,CH,O

o
89) R = —
Kz(‘O} ( )
O + RCH,CH,CIHCL —»

Acetone S

p-hydroxypropiophenone (90) R =« —

(86) (87) - (91)

" "
2 1

£y
O)R=0  N—
L

Scheme 24: Synthesis of p-alkylaminoethoxy propiophenones

Positive identification of the products was obtained from spectroscopic data.
The p-alkylaminoethoxypropiophenones were obtained as oily gels in moderate
to good yields. The yield and infrared data of these compounds (87)-(91) are
detailed in Table 5.
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Compound Yield % IRV, (film cm™)
(87) 83 1679 (C=0)
(88) 93 1661 (C=0)
(89) 91 1680 (C=0)
(90) 64 1675 (C=0)
(91) 85 1679 (C=0)

Table 5: Yield and infrared data for compounds (87)-(91)

In the "H NMR spectrum of p-pyrrolidinylethoxy propiophenone (89) the methyl
CHj protons are observed as a triplet (J=7.3Hz) at 61.21 and the corresponding
methylene CH; protons are observed in the same region as NCH; as a multiplet
between 62.91-2.98. The OCH; proton signals occur as a triplet (J=5.8Hz) at
54.20. The pyrrolidinyl protons, are observed as multiplets at 61.84 and 52.08,
corresponding to H-2"", H-3"" and H-1"", H-4"" respectively. The H-3", H-5"
protons are shielded by the substituent at the 4"-position and occur as a double
doublet (J=8.5, 2.0Hz), at 67.92-7.94.

The high resolution mass spectrum of (89) showed a molecular ion M" at
247.1572 (C,sH,NO;) in 85% abundance.

2.4.4. McMurry coupling reaction yielding symmetric products [Type I11]

Prior to coupling the alkylsubstituted propiophenones with desoxybenzoin to
afford 1-benzyl-2[(4-alklaminoethoxy)phenyl]-1-phenylbut-1-enes (96)-(100),*®
propiophenone (80) itself was reacted with desoxybenzoin (92) in a 1:1 ratio via

the McMurry reaction. [Scheme 25]

4 —
Desoxybenzom p-propiophenone
(92) (80) 93)

Scheme 25: Preparation of 1-benzyl-1,2-diphenylbut-1-ene (93) [Z-isomer
illustrated]

The resulting 2-benzyl-1,2-diphenylbut-1-ene (93) was afforded as colourless oil
in 75% yield. The characteristic aromatic and aliphatic C=C stretches were

observed at V1599, 1576 cm ™' in the infrared spectrum.
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In the 'H NMR the methyl H-4 is observed as a triplet (J=7.4Hz) at §1.06 and the
corresponding methylene H-3 is found as a quartet (J=7.5Hz) at 32.74. The
benzyl methylene CH, protons occur as a singlet, at 84.03 and 4.11 and the
isomeric ratio of compound (93) is obtained from the peak heights of this benzyl
group. The chemical shifts of the phenyl rings of tamoxifen indicate that Z-
tamoxifen aryl protons are found up-field in comparison to the E-tamoxifen
aromatic signals which are observed further down field. Using this rational the
aryl protons of compound (93) were assigned. The aromatic protons are
observed as a complex multiplet between 86.96-7.31 with the Z-isomeric signals
observed between 86.96-7.10 and the E-isomeric protons between 67.14-7.31.
The '"H NMR spectrum indicate the presence of one main isomer, the isomeric
ratio being recorded as 13:1, the Z-isomer being the major product. Using high
resolution mass spectrometry, the molecular ion for (93) was obtained at
298.1751 (Cy3H3y).

Together with the main product being produced in the reaction, two other
symmetric by-products (94) and (95) were isolated in an isomer ratio of 5:1, the
Z-isomer being the major product. [Figure 42]. This was confirmed by the use
of spectroscopic data from 3,4-diphenyl-hex-3-ene, which was prepared by
Besancon er al.>** They noted that the Z-isomer is the major product from the 'H
NMR spectra, where the aryl protons for the Z-isomer were found at 66.99 and

those of the E-isomer at 67.28. Similar trends were observed for compound (95).

(94) (95)
Figure 42: Compounds (94), (95) [Z-isomer illustrated]
The 3,4-diphenylhex-3-ene (94) and 1,2-dibenzyl-1,2-diphenylethene (95) by-
products were afforded in 14% and 5% yield respectively. These products arose
from self-coupling of desoxybenzoin (92) and self-coupling of propiophenone

(80). The identity of these compounds was confirmed using 'H and '*C NMR

along with high resolution mass spectrometry.

The '"H NMR spectrum of (95) shows the benzylic methylene protons (CH,) as a
singlet at 64.08, integrating for four protons. The remaining aromatic protons

are found as a complex multiplet in the range 67.00-7.28. The high resolution

86



mass spectrometry of compound (95) showed the molecular ion m/z at 360.1878
(CasHa24).

2.4.5. Preparation 1-benzyl-2-[(4-alkylaminoethoxy)phenyl]-1-phenylbut-1-
enes [Type 111]

The p-(alkylamino)propiophenones (87)-(91) prepared in Section 2.4.2, were
coupled with desoxybenzoin (92), under suitable conditions [TiCL4/Zn in a 1:1

328

ratio] affording the novel synthesised compounds (96)-(100)"“" as oils in only

moderate yields [Scheme 26].

OCH,CH,R OCH,CH,R (99 R = (CHy),N—

(97) R = (CH3CH,),N—
@ @ @ 2"‘ l""
0+0 Tl == ek = : iy
Zn
@ @ 2"" l"‘
Desombenmn(08) (87) - (9N (96) - (100) OIR=( N—

n '
2 1

(100)R =0 N—
N

Scheme 26: Preparation of 1-benzyl-2-[(4-alkylaminoethoxy)phenyl[-1-phenyl
but-1-enes [Z-isomer illustrated]

These products were analysed using spectroscopic methods. The infrared spectra
of (96)-(100) show a C=C alkene stretch in the region v1606-1603cm™ and

v1581-1574cm™, corresponding to the aromatic and aliphatic C=C.

The isomeric ratio of these compounds (96)-(100) could not be determined from
the benzyl methylene (CH,) group as this appears as a singlet in the 'H NMR
spectrum. Compound (96) appears to be produced as a single isomer the Z form,
evidence for this is found from NMR data, where the methylene CH, group is
observed as a singlet and the aromatic protons are found as a compact multiplet.
The remaining compounds (97)-(100) exists in both the Z and E isomeric form
and exhibit a 67% (Z) over (E) excess. Previous research has identified the
propensity of phenolic ketones used in the coupling reaction to favour the
formation of that product which has a frans assignment of the ethyl side chain

relative to the original phenolic system across the double bond .***3%°

The yield, infrared and isomeric data of compounds (96)-(100) are detailed in
Table 6.
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Compound Yield % IRUmax (film cm™) Isomeric Ratio”
(96) 25 1605, 1576 (C=C) Z-isomer apparent
97) 35 1606, 1574 (C=C) 5:1
(98) 25 1603, 1580 (C=C) i |
(99) 40 1605, 1581 (C=C) 5l
(100) 29 16006, 1581 (C=C) |

“ Ratio determined as major : minor present Z isomer : E isomer, based on

'"H NMR assignment and theoretical reaction predictions

Table 6: Yield, infrared and isomeric data for compound (96)-(100)
In the 'H NMR spectrum of (97) [Figure 43], the methyl H-4 protons are

observed as a triplet (J=7.5Hz), and the corresponding H-3 protons are found as a
multiplet in the same range as the N(CH,), protons, at 82.68. This signal
integrates for six protons, equivalent to the two protons from C-3 and the four
protons from N(CH;),. The N(CHj3), protons of the diethyl group occur as a
multiplet at 81.14. The NCH, protons are observed as a triplet (J=6.3Hz) at
82.90 and the corresponding OCH, protons are found at 84.03 as a triplet
(J=6.0Hz). The benzyl CH, protons exist as a singlet at 63.98, integrating for
two protons. The aromatic protons occur as a complex multiplet between 66.66-
7.31, the Z-isomeric aryl protons are found at 66.93-7.05, while the E-isomeric
aromatic protons are observed between 67.16-7.31, (using the rational proposed

for tamoxifens aryl protons).

Figure 43: "H NMR Spectrum of compound (97)
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In the ?C NMR of (97), the methyl C-4 signal is characteristically observed
upfield at 12.54ppm, and the (CHj3), signal of the ethyl group is also found
upfield at 11.06ppm. In the DEPT 135 spectrum, the benzyl CH, signal is found
at 39.62 and 40.02ppm (representing the E and Z isomers) and the N(CH,),
signal is observed at 47.31ppm. Two further inverted signals are observed in the
DEPT 135 spectrum at 51.12 and 65.49ppm, and these are assigned to the NCH,
and OCH; respectively. The shielded C-3" and C-5" are found at 113.18 and
113.79ppm. The remaining aromatic signals occur between 124.10-139.62ppm,
with the exception C-4"" which is observed at 156.27ppm.

In the high resolution mass spectrum of (99), the molecular ion is observed at
m/z 425.2703 (C30H3sNO) in 72% abundance.

2.4.6. Preparation of 2-[4-(alkylaminoethoxy)benzyl]-1,2-diphenylbut-1-ene
[Type IV]

The fourth series of compounds which were prepared possessed the
alkylaminoethoxy substituent on the benzyl ring. These compounds were
obtained by firstly preparing the appropriate 2-(alkylaminoethoxyphenyl)-1-

328 which were subsequently coupled to propiophenone via

phenylethanones,
implementation of the titanium tetrachloride / zinc (1:1 ratio) mediated McMurry

coupling reaction.

2.4.6.1 Preparation of phenylethanones

The novel ketones (103)-(107)*** were synthesised from previously prepared 2-
(4-hydroxyphenyl)-1-phenylethanone  (102).  2-(4-methoxyphenyl)-1-pheny]
ethanone (101) was demethylated using pyridinium hydrochloride to form 2-(4-
hydroxyphenyl)-1-phenylethanone (102). The synthetic route used for the
introduction of the alkyl basic side chain to the hydroxy ketone is outlined in

Scheme 27.
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Scheme 27: Preparation of phenylethanones

The  2-(4-alkylaminoethoxyphenyl)-1-phenylethanones  (103)-(107)  were
afforded as oils, in good yield (85-92%). The characteristic carbonyl (C=0),
stretch is found at v1670-1654cm™. The yield and infrared data of (103)-(107)
are listed in Table 7.

In the 'H NMR spectrum of 1-phenyl-2-(pyrrolidinylethoxyphenyl)ethanone
(105), the benzyl methylene (CH;) protons are observed as a singlet at 83.64.
The NCH, protons are found as a triplet (J=06.0Hz) at 82.73 while the OCH,
protons are found as a triplet (J=6.2Hz) at 64.24. The pyrrolidinyl protons are
found as multiplets at 61.76 and 62.53, corresponding to H-2"", H-3"" and H-1"",
H-4"" respectively. The aromatic protons were found between 66.93-7.99. The

identity of compounds (103)-(107) were confirmed using High Resolution Mass

Spectroscopy.
Compound Yield % IRUmax (film em™)
(103) 90 1670 (C=0)
(104) 90 1654 (C=0)
(105) o1 1670 (C=0)
(1006) 92 1664 (C=0)
(107) 85 1654 (C=0)

Table 7: Yield and infrared data for compounds (103)-(107)

2.4.6.2 McMurry coupling reaction of phenylethanones

The novel 2-[(4-alkylaminoethoxy)benzyl]-1,2-diphenylbut-1-enes  (108)-
1k compounds were prepared by coupling the phenylethanones (103)-(107)

with propiophenone using the McMurry reaction [Scheme 28].
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Scheme 28: Preparation of 2-[(4-alkylaminoethoxy)benzyl]-1,2-diphenylbut-1-
ene (108)-(112) [E-isomer illustrated]

The novel compounds (108)-(112) were obtained in only moderate yields as oils.
The characteristic aromatic and aliphatic C=C stretching is observed in the range
1606-1574cm™". The stereospecificity of this McMurry reaction for synthesis of
tamoxifen and related analogues identifies the propensity of phenolic ketones
used in the coupling reaction to favour the formation of that product which has a
trans arrangement across the double bond