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Abstract

Breast cancer is the second most common cancer in Ireland and accounts for 28% of
all cancers in women in Ireland, with an average of 1726 new diagnosis each year. One
of the major therapeutic advances in clinical treatment of breast cancer has been the
introduction of selective estrogen receptor modulators (SERMs). Tamoxifen is a
selective estrogen receptor modulator (SERM) with a triarylethylene structure which
acts as an estrogen antagonist in the breast. This drug is used extensively and
successfully as an endocrine treatment for breast cancer. However, it can also act as
an agonist in endometrial tissue resulting in unwanted side effects including
endometrial cancer. A variety of mecdified triarylethylene SERM structures have been
developed based on the non-isomerisable scaffold structures such as raloxifene. The
vast majority of early stage breast cancers, in both pre- and postmenopausal women,
are hormone-dependent. The human hormone estradiol has an important role in the
progression of breast cancer. The key feature of the SERMs, which are chemically
diverse compounds, is that they contain a tertiary structure that enables them to bind

to the estrogen receptor.

The successful discovery of new drugs for cancer chemotherapy requires a combination
of chemical and biochemical data and is both a costly and challenging task. Using in
silico high throughput screening (HTS) methods, a novel series of estrogen receptor
antagonists featuring the chromene scaffold has been discovered. In this thesis a
comprehensive library of structurally related chromene compounds has been
synthesised and evaluated. These compounds provide a resource of small-molecule
SAR (structure-activity relationship) data, which can be used to guide lead compound
identification in the area of drug discovery for estrogen receptor antagonists. These
novel structures are designed to incorporate the potent chromene scaffold structure,
and the data provides promising evidence for use of the benzopyran and
pyranocoumarin ring scaffolds as an effective method for producing large libraries of
novel compounds with interesting biochemical activities. Thirteen different libraries of
benzopyran and pyranocoumarin compounds were synthesised (Chapter 2) and
evaluated for antiproliferative activity in vitro in MCF-7 estrogen receptor positive
human breast cancer cells (Chapter 3). These compounds bind to the estrogen
receptor, while also inhibiting the proliferation of a human MCF-7 breast carcinoma cell



line with a considerably higher potency than tamoxifen. The most potent compound in
the entire library of products evaluated was identified as 2-ethoxyethyl 2-amino-7-
(dimethylamino)-4-{4-[(4 methylphenyl)methoxy] pheny -4H-chromene-3-carboxylate
(BE97). This compound displays an ICsq value of 0.92 uM in the antiproliferative assay
in MCF-7 breast cancer cells. The combination of the effects of the 4-
methylbenzyloxyaryl ether at C4, the ethoxyethyl ester at C-3 and the N,N-
dimethylamino substituent at C-7 contributes to optimise the structural requirements
for activity. A number of the chromene products also displayed potent activity as
estrogen receptor antagonists in a competitive binding assay. The results from the
biochemical analysis are rationalized using molecular modelling studies. Additionally,
in Chapter 4, the synthesis and structural characterisation of a series of novel
naphthalene-2-carbohydrazide derivatives are described as novel non-ligand binding
pocket androgen receptor antagonists. X-ray analysis of two examples of these
compounds is presented and the structure-activity relationships for these compounds

as potential therapies for prostate cancer is discussed.
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1.1 Introduction and Background

1.1 .2 Cancer

Cancer is a term used for diseases in which abnormal cells divide without control and
are able to invade other tissues. Cancer cells can spread to other parts of the body
through the blood and lymph systems through a process known as metastasis, which is
the cause of 90% of cancer deaths. Cancer remains one of the most difficult diseases
to treat and is responsible for about 13% of all deaths worldwide, and this incidence is
increasing due to ageing of population in most countries, but especially in the

developed ones[1].

Cancer is not just one disease but many diseases. There are more than 100 different
types of cancer. Most cancers are named for the organ or type of cell in which they
start; for example, cancer that begins in the colon is classified as colon cancer; cancer

that begins in basal cells of the skin is classified as basal cell carcinoma. [2]

Cancer is normally caused by abnormalities of the genetic material of the affected
cells. Tumorigenesis is a multistep process that involves the accumulation of
successive mutations in oncogenes and suppressor genes that deregulate the cell
cycle. Tumorigenic events include the small scale changes in DNA sequences such as
mutations; larger scale chromosomal aberrations, such as translocations, deletions,
and amplifications; and changes that affect the chromatin structure and are associated
with dysfunctional epigenetic control, such as aberrant methylation of DNA or
acetylation of histones[3]. About 2,000-3,000 proteins may have a potential role in the
regulation of gene transcription and in the complex signal-transduction cascades that
regulate the activity of these regulators. Cancer is a disease of the tissue in which the
normal relationships between epithelial cells and their underlying stromal cells are
altered[4].

The human body naturally produce new cells. In fact, during the course of a year,
almost every single cell in the body is replaced. The frequency of this turnover
depends on the location. For example, stomach cells divide rapidly because of the wear
and tear they receive from stomach acid. However, normally cells die off as new ones
replace them in order to keep the body at a normal size. Sometimes, though, this

growth can become unregulated and lead to a mass of cells, see figure 1.1.
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Figure 1. 1 Tumorigenesis

Proteins in the body signal cells when they should grow, double their chromosomes,
and divide into distinct cells. In somatic cells, or the cells of the body besides egg and
sperm, this process is called mitosis. Because each cycle of mitosis leads to one cell

becoming two, this growth can quickly accumulate if unrestricted (see Figure 1.1).

Cells lose the ability to regulate growth if their genetic information is mutated, or
changed, due to exposure to carcinogens such as radiation or exposure to asbestos.
This mutation can lead to two different types of tumours, benign and malignant. The

form of the tumour depends on the type of growth that it undergoes.

Cancer types can be grouped into broad categories as follows:
o Carcinoma is a cancer that begins in the skin or in tissues that line or cover
internal organs.
o Sarcoma is a cancer of bone, cartilage, fat, muscle, blood vessels, or other

connective or supportive tissue.



o Central nervous system cancers are cancers that originate in the tissues of the
brain and spinal cord.

Lymphoma and multiple myeloma are cancers that develop in the cells of the

o]

immune system.

Leukaemia is a cancer that starts in blood-forming tissue such as the bone

o

marrow, and causes large numbers of abnormal blood cells to be produced and

enter the blood stream. [5]

Loss of Normal Growth Control

Figure 1. 2 Not all tumors are cancerous; tumors can be benign or malignant

Benign tumors are not cancerous. They can often be removed, and in most cases, they
do not recur. Cells in benign tumors do not spread to other parts of the body.
Malignant tumors are cancerous. Cells in these tumors can invade nearby tissues and

spread to other parts of the body (see Fig 1.2).

Cancer therapy is based on surgery and radiotherapy, (which are, when possible,
rather successful regional interventions), and on systemic chemotherapy.
Approximately half of patients are not cured by these treatments and may obtain only
a prolonged survival or no benefit at all. The aim of most cancer chemotherapeutic
drugs currently in clinical use is to destroy malignant tumor cells by inhibiting some of
the mechanisms implicated in cellular division. Accordingly, the antitumor compounds
developed through this approach are cytostatic or cytotoxic. However, the knowledge
of tumor biology has exploded in the past decades and this may pave the way for more
active, targeted anticancer drugs[6]. The introduction of the tyrosine kinase inhibitor

imatinib as a highly effective drug in chronic myeloid leukemia and gastrointestinal



stromal tumors [7] was a proof of the concept of effective drug development based on

the knowledge of tumor biology[8].

Effective targeted therapies may be suitable only for small subgroups of patients[9].
Pharmacogenetics, which focuses on intersubject variation in therapeutic drug effects
and toxicity depending of polymorphisms, is particularly interesting in oncology since
anticancer drugs wusually have a narrow margin of safety. The dose of
chemotherapeutic agents is generally adjusted by body surface area, but this
parameter is not sufficient to overcome differences in drug disposition[10]. DNA micro
array technology permits study of alterations in the transcriptional level of entire
genomes, and may become an important tool for predicting the chemosensitivity of

tumors before treatment.

Cancer chemotherapy is in fact a very difficult task. One of its main associated
problems is the nonspecific toxicity of most anticancer drugs due to their
biodistribution throughout the body, which requires the administration of a large total
dose to achieve high local concentrations in a tumor. Drug targeting aims at preferred
drug accumulation in the target cells independently of the method and route of drug
administration[11]. One approach that allows improving the selectivity of cytotoxic
compounds is the use of prodrugs that are selectively activated in tumor tissues,
taking advantage of some unique aspects of tumor physiology, such as selective
enzyme expression, hypoxia, and extracellular pH. More sophisticated tumor-specific
delivery techniques allow the selective activation of prodrugs by exogenous enzymes
(gene-directed and antibody-directed enzyme prodrug therapy, eg. prodrugs based on
Tamoxifen and Doxorubicin[12]). Furthermore, the increased permeability of vascular
endothelium in tumors (enhanced permeability and retention, EPR effect) permits that
nanoparticles loaded with an antitumor drug can flow and accumulate inside the
interstitial space, where the drug can be released as a result of normal carrier
degradation[13].

Another problem of cancer chemotherapy is drug resistance. After the development of
a resistance mechanism in response to a single drug, cells can display cross-resistance
to other structural and mechanistically unrelated drugs, a phenomenon known as
multidrug resistance (MDR) in which the ATP-dependent transporters have a significant
role[14].



Finally, a major problem in the development of anticancer drugs is the large gap from
promising findings in preclinical in vitro and in vivo models to the results of clinical
trials. The problems found in this transition arise because experimental cancer models
greatly differ from human patients, who very often suffer from a much more complex
therapeutic situation. Although a large number of clinical trials are in progress and new
results are continuously being published, the real clinical efficacy of most of these
treatments is usually disappointing and a statistically significant benefit is observed for
very few of them[15]. It has been claimed that development and utilisation of more
clinically relevant cancer models would represent a major advance for anticancer drug

research[1].

1.2 Breast Cancer

In Ireland, in 2007, there were 2,463 new cases of breast cancer diagnosed making it
the most common invasive cancer for Irish women. A significant increase was also
seen in the number of breast cancer cases between 1994 and 2001 [16]. Breast
cancer is the most common cancer in females in Europe. Breast cancer is responsible
for 26.5% of all new cancer cases among women in Europe, and 17.5% of cancer
deaths[17].

Aetiology of breast cancer

There are several factors, both endo- and exogenous, which are known to affect the
risk of breast cancer in the population. These include lifestyle factors (i.e. childbearing,
breastfeeding, type of diet and obesity, use of alcohol and tobacco), hormonal status
(influencing age at menarche and menstrual cycle, and determined by endogenous
hormones, oral contraceptives use, and hormone replacement therapy), individual
physical human characteristics, radiation, and genetic predisposition[18]. Finally,
mortality from breast cancer may be influenced by prevention (e.g. chemoprevention
using tamoxifen or raloxifene) and screening[19, 20]. Women with a family history of
breast cancer are at increased risk of the disease. It was estimated, based on the 52
epidemiological studies, which having one first-degree relative with breast cancer
increases risk by about 80%, two first-degree relatives increases risk approximately 3-
fold, and in those with 3 or more first-degree relatives the risk is elevated 4 fold[21].

About 10% of breast cancers in developed countries may be due to genetic



predisposition[18]. The lifetime risks of developing breast cancer for BRCA1 and
BRCAZ2 (breast cancer susceptibility genes) mutation carriers is 80-85% [22].

Over the past two decades understanding and knowledge of breast cancer has evolved
resulting in better management of the disease. There has been a shift from a largely
surgical therapeutic approach to treatment regimens that involve less radical surgical
intervention and the increased use of radiotherapy and/or systemic therapies for

oestrogen receptor positive tumours [23].

1.2.1 Types of Breast Cancer

Breast cancer is currently classified into several sub-types based mainly on hormone
and growth-factor receptor status. Classifications also include clinical categories that
share DNA damage repair defects, classifications between endogenous and exogenous
factors, and methods based upon micro-array or tissue-array data and associated cell
type of origin [24].

Classification based on hormone receptor status involves the identification of the
presence or absence of estrogen receptors (ER) and/or progesterone receptors (PR).
The human epidermal growth factor receptor 2 (HER 2/neu) is a well characterised
tumour marker and is used in conjunction with the identification of hormone receptors
to classify breast cancer. The expression of HER 2 indicates a more aggressive cancer.
After immunohistochemical testing for these breast cancer markers the classification
may be further divided into: (1) ER/PR positive; (2) ER/PR negative with HER 2 over
expression; or (3) “triple negative” (breast cancer with the absence of any of the
above three receptors). The triple negative type breast cancer frequently contains a
defected BRAC1 gene [24].

In general, surgical and radiation treatments are similar for these different types of
breast cancer. But drug treatments - such as chemotherapy, endocrine therapies, and
other medications are usually different. These treatments are targeted to the specific
type of cancer [25]. The specific drugs which are clinically approved for targeting ER
positive breast cancer will be discussed below. Taxol (see structure figure 1.3) is a
chemotherapeutic agent given for early stage and metastatic breast cancer and is also
given as adjuvant treatment. Taxol (trade name Paclitaxel) is a mitotic inhibitor. Taxol

targets tubulin in rapidly growing cancer cells, and adheres to them while they are
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trying to divide, which prevents mitosis. This in turn prevents metastasis [26].
Adriamycin (Doxorubicin, see structure figure 1.3) can be used to treat early-stage or
node-postive breast cancer, HER2-positive breast cancer, and metastatic disease.
Adriamycin is also used to treat cancer by slowing or stopping the growth of cancer
cells. This drug intercalates the DNA of cancer cells and prevents cell replication by
inhibiting protein synthesis and acts as an inhibitor of topoisomerase [12, 27].
Methotrexate (see structure figure 1.3) is an anti-metabolite chemotherapy. It
prevents cells from using folate to synthesise DNA and RNA. Methotrexate helps to
stop the growth of cancer cells and metastasis [27-29]. Fluorouracil (see figure 1.3) is
a fluorinated pyrimidine antimetabolite that resembles uracil, where a fluorine atom is
substituted for the 5-methyl group[30]. Cancer cells take up Fluorouracil (trade name
Adrucil) and this interferes with their growth, preventing metastasis[27, 30].
Gemcitabine (trade name Gemzar, for intravenous injection) is a nucleoside metabolic
inhibitor that exhibits antitumor activity. Gemcitabine (see figure 1.3 for structure) is
2'-deoxy-2',2'-difluorocytidine monohydrochloride [31]. As with fluorouracil and other
analogues of pyrimidines, the triphosphate analogue of gemcitabine replaces one of
the nucleoside building blocks of nucleic acids, in this case cytidine, during DNA
replication. The process arrests tumor growth, by incorporation of the "faulty"

nucleoside, resulting in apoptosis[27, 31].
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Figure 1. 3 Selection of chemotherapeutics specifically targeting ER positive breast
cancer

ER positive Breast Cancer

About 75% of all breast cancers are ER positive. These tumours grow in response to
the hormone estrogen. About 65% of these are also PR positive, which develop in
response to the hormone progesterone. If breast cancer cells have a significant
number of receptors for either estrogen or progesterone, the cancer is considered
hormone-receptor positive and is likely to respond to endocrine therapies, i.e.
treatments that block or remove hormones[32]. Tumours that are ER/PR-positive are
60% likely to respond to endocrine therapy [25]. Endocrine therapies for breast cancer
are treatments usually required after surgery, chemotherapy, and/or radiation are
completed. They are designed to help prevent recurrence of the disease by blocking

the effects of estrogen.



e The drug Tamoxifen, used to treat some women for up to five years after initial
treatment for breast cancer, helps prevent recurrence of the disease by
blocking the estrogen receptors on breast cancer cells and preventing estrogen
from binding to them.

e A class of drugs called Aromatase Inhibitors(Als) actually stops estrogen
production in post-menopausal women. These drugs are not effective for

women who have not yet gone through menopause[33].

HER2-Positive Breast Cancer

In about 20% to 25% of breast cancers, the cancer cells produce excessive amounts of
a protein known as HER2/neu. These breast cancers tend to be much more aggressive
and fast-growing. The drug Herceptin (trastuzumab) has been shown to dramatically
reduce the risk of recurrence. It has now become standard treatment to give Herceptin
along with adjuvant (after-surgery) chemotherapy in those women with metastatic
breast cancer[32]. Trastuzumab is a recombinant DNA derived humanised-monoclonal
antibody that selectively targets the extracellular domain of the human epidermal
growth factor receptor 2 protein (HER2). Trastuzumab is composed of 1,328 amino

acids and has a molecular weight of ~ 148 kDa [34].

Triple negative Breast Cancer

Some breast cancers; estimates range between 10% and 17%, are known as “triple
negative” because they lack estrogen and progesterone receptors and do not
overexpress the HER2 protein. The majority of breast cancers associated with the
breast cancer gene known as BRCA1l are triple negative. These cancers generally
respond well to adjuvant chemotherapy[32]. Overall, however, they have a poorer
prognosis than other types of breast cancer. So far, no targeted therapies like
Tamoxifen or Herceptin have been developed to help prevent recurrence in women
with triple-negative breast cancer. Cancer researchers are studying several promising

targeted strategies aimed at triple-negative breast cancer [25].



1.2.2 Irish statistics of breast cancer occurrences

At present breast cancer accounts for about 18% of all cancers in women in Ireland
and in 2009 there were 2,740 new cases diagnosed [35]. Its incidence continues to
rise and according to the Irish National Cancer Registry the number of new cases
recorded in Ireland each year will increase to approximately 5,000 by 2020 [23].
Breast cancer remains the biggest cause of death from cancer for women in Ireland. In
Ireland, excluding NMSC (non melanoma skin cancer), female breast alone comprised
almost one third of all cancers diagnosed in women respectively in females from the
year 2007 to 2009 (Figure 1. 4)

Females
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Figure 1. 4 Ranking of the most commonly diagnosed invasive cancers in Ireland
(excluding NMSC), 2007-2009 [36]
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Figure 1. 5 Person-years of life lost due to cancer in Ireland, 1996 and 2006 [36]

In Ireland in 2006, of the 8,141 cancer deaths were responsible for over 120,000 years
of life lost. Breast cancer had the greatest impact for women[36], representing 21% of

all years of life lost (Figure 1. 5).

European variation of breast cancer incidence

Female breast cancer incidence in Ireland ranked 4th highest of the 30 European
countries surveyed, after Belgium, France and the Netherlands (Figure 1. 6). Some of
the lowest European incidence rates were found in eastern European countries. It is
likely that the comparatively high incidence rates in Ireland are linked to the
development of organised screening here in recent years - some of the lowest ranked
countries have recently been identified as not having yet introduced a national
screening programme [37]. Ireland also ranked 4th highest in terms of mortality,
behind Belgium, Denmark and Netherlands with the same mortality rate as Malta and

Hungary [36].
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Figure 1. 6 Estimated cancer incidence and mortality in Europe 2008 - female breast
cancer[36]

Around the world incidence rates vary greatly, but they are increasing in regions that
until now had relatively low rates of the disease. The WHO International Agency for
Research on Cancer estimates that in 2008, up to 400,000 women died with breast
cancer throughout the world [38, 39]. Worldwide, more than a million women are
diagnosed with breast cancer every year, accounting for a tenth of all new cancers and
23% of all female cancer cases. Breast cancer is the most frequent cancer found in
women worldwide. Breast cancer incidence rates vary considerably, with the highest

rates in North America and the lowest rates in Africa and Asia [40].

Of the best cancer survival rates of cancers after 5 years, breast cancer is at 86% on
the list. Many would be surprised to see breast cancer in the top 5. It has good survival
figures but is still responsible for thousands of deaths as it is also a very common
cancer. These figures do not indicate the number of people killed by these diseases,
only survival rates once a diagnosis is made. It is also important to point out that the
reasons these figures are so good is because of modern cancer screening and

innovations in treatments [41].
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1.2.3 Estrogens and Breast Cancer

Endogenous estrogens are thought to play a major role in the development of breast
cancers and estrogen receptor blockers are important drugs in its treatment. It has
been shown that longer exposures to estrogens result in an increased risk for breast
cancer. Estrogens have effects on many organ systems, beyond the reproductive
system, in both females and males. Breast tissue is particularly dependent on
circulating estrogens since there is no breast development in aromatase-deficient
women and estrogen therapy of these patients leads to normal pre- and postpubertal
breast development. Estrogen effects are exerted through two types of specific
receptor: estrogen receptor alpha (ERa) and beta (ERB). These nuclear receptors are
Iigand—deper)dent transcription factors that mediate the biclogical effects of estrogens

and anti-estrogens[42]. ERa and ERB represent two separate gene products. The hERa

protein consists of 596 amino acids with a molecular weight of 66 kDa and is located
on chromosome 6, while the hERB sequence encodes a protein of 530 amino acid
residues with a molecular weight of 59 kDa and is positioned on chromosome 14. Like
other nuclear receptors, the ER has a multidomain structure consisting of six functional
regions, from the N-terminal A/B domain to the C-terminal F domain, which show

various degrees of sequence conservation (see Figure 1. 7)[43].

1 180 260 301 553 596
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Domains AR @EcC D CE OF
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Transactivation

Figure 1. 7 Domain-structure representation of human ERa and ERDb isoforms [44]

The “dependent” natural female sex hormone means primarily estrogen, 17B-estradiol
(E2), which plays a prominent role in mediating the maturation, proliferation,
differentiation, apoptosis, inflammation, metabolism, homeostasis, and brain function
and also influences the growth and development of breast cancer [43, 45-47]. The

biological activity of E2 in hormone sensitive tissues is actively regulated by the
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interconversion by 17B-hydroxysteroid dehydrogenase between E2 and the less active

hormone, estrone[48]

O
E2- Estradiol Estrone
(estrogen) (estrogen)

Scheme 1. 1 Interconversion between E2 and the less active hormone

Mechanism of action of Estrogen

The mechanism of action for all steroid hormones follows the same general activation,
involving the regulation of gene expression[49]. Estrogen being a small lipophilic
molecule is carried in the blood stream bound to carrier proteins. The free steroid
diffuses through the lipid membrane and either acts at the cytosol or in the nucleus to
become bound to the estrogen receptor; the estrogen-estrogen receptor complex then
passes into the nucleus to act at a genetic level. The complex initiates a conformational
change that involves a dimerization, to activate the complex which in turn interacts
with specific regions on the DNA. It acts on hormone response elements. This initiates
the transcription and translation of new proteins. These proteins regulate cell function,
growth differentiation, etc. So it is by the process of expression of these proteins that
hormones such as estrogen function. The Figure 1. 8 shows the estrogen receptor

mechanism of action.
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Figure 1. 8 Estrogen receptor mechanism of action

Agonists such as B-estradiol act at the Ligand Binding Domain (LBP) of the receptor
and induce a conformational change involving 4a helices H3, H4, H5 and H12. The
estrogen receptor-agonist complex is characterised by alignment of helix 12 across the
LBP. This conformation favours docking of co-activators and facilitates gene
transcription following ER dimerization and binding of the receptor dimer to target sites
on DNA. In both normal and malignant cells, the estrogen-receptor complex binds DNA
causing genomic effects i.e.: gene transcription or gene repression and also activates
growth-regulatory genes.[50, 51] In contrast, an antagonist such as 4-
hydoxytamoxifen (tissue selective antagonist) binds the ER but disrupts the binding of
helix 12 across the LBP and the receptor-antagonist complex formed does not facilitate
recruitment of co-activators. Instead co-repressor interaction is favoured and the
antagonist blocks estrogens from binding to the receptor. [23] In both cases, the AF2
domain of the receptor is primarily involved in the recruitment of the co-regulatory

proteins. The binding of agonists and antagonists to the ER is illustrated in Figure 1. 9.
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Figure 1. 9 Binding of agonists and antagonists to the ER

A number of key amino acid residues are present within the LBP that interact with
ligand substituents (e.g.: via H-bonding). These include Glu353, Arg394 and His524.
Recognition of estradiol and other agonists by the LBP of the receptor involves a
combination of polar and nonpolar interactions. The Glu353 and Arg394 residues form
hydrogen bonds to the phenolic hydroxyl at the 3-position of estradiol, while the 17B-
hydroxyl group of estradiol forms a hydrogen bond with the His524 residue in the LBP
of the receptor. The remainder of the LBP consists of hydrophobic amino acid residues
which align with the hydrophobic core of the estradiol molecule, (Figure 1. 10).
Antagonists, such as tamoxifen or raloxifene occupy the same binding sites but the
interaction is different. A strong hydrogen bond also forms between the basic group

present in the side chain and the residue Asp351. [1]
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Figure 1. 10 The binding of estradiol in the estrogen receptor LBP. The region of the
binding cavity above the plane of the bound hormone is referred to as the B-face,
whereas the area below the plane is referred to as the a-face [52]

A comparison of the ligand binding domains of the ER subtypes shows that they differ
by only two conservative amino acids, i.e. two binding amino acid residues present in
the ERa LBP namely Leu384 and Met421 are replaced in the ER LBP by Met336 and
Ile373 respectively. The agonist estradiol and classical selective estrogen modulators
(SERMs) like tamoxifen bind both receptor subtypes but the development of ligands
which are subtype-selective may lead to a more optimal approach for the treatment of

diseases associated with the ER in the future. Examples of ERa-selective and ERpB-

selective ligands are illustrated below. (Figure 1. 11) [52]

OH

Figure 1. 11 (a) ERa-selective ligand: Propyl pyrazole triol; (b) ERB-selective ligand:
Genistein
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1.2.4 ER antagonists general

Estradiol (E2) regulates the growth, differentiation, and physiology of the reproductive
process through the estrogen receptor (ER). E2 also affects other tissues, such as
bone, liver, brain and the cardiovascular system. Because of the functional diversity
displayed by estrogens through the ER, much of the current interest in understanding
the basis of ER actions at the molecular level is focused towards the goal of therapeutic

intervention[53].

1.3 Nonsteroidal antiestrogens (SERMs)

The discovery of this group of compounds is a good example of serendipity. Estrogen
has been a major target in the treatment of breast cancer since the end of the 19th
century. In 1896, George Beatson first demonstrated the beneficial role of
oophorectomy for the treatment of premenopausal women with metastatic breast
cancer; removal of the ovaries was shown to regress the disease and improve the
prognosis of the patient in some cases [54]. In 1936, a French physician named
Lacassagne suggested that if breast cancer was caused by a hereditary sensitivity to
estrogen then an antagonist to estrogen action could be used to prevent the disease.
His proposal to use an antiestrogen for the treatment of breast cancer was finally
realised by the development of tamoxifen, the first selective ER modulator
(SERM)[55].

SERMs are derivatives of the triphenylethylene system, developed by molecular
manipulation of diethylstilbestrol, the prototype nonsteroidal estrogen agonist. The key
structural features of this group of compounds, which are essential for activity, are the
presence of a triphenylethylene core and a basic aminoether side chain at the 4-

position of one of the phenyl rings[56].
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1.3.1 Tamoxifen

Tamoxifen, 2-(4-((Z)-1,2-diphenylbut-1-enyl)phenoxy)-N,N-dimethylethanamine (for
structure (TAM) see structure scheme 1.2, a) is a synthetic non-steroidal
triphenylethylene derivative that is an antiestrogen, and was approved by the Food
and Drug administration in 1977 for the treatment of women with advanced breast
cancer and several years later for adjuvant treatment of primary cancer[57].
Tamoxifen is a prodrug that has increased activity after activation in vivo. Tamoxifen is
extensively metabolised by the human cytochrome P450 enzyme system into several
metabolites that have variable potencies towards the estrogen receptor. Of these, 4-
hydroxytamoxifen (see structure scheme 1.2, b) is an active metabolite which has
greater anti-estrogenic potency than the parent drug, tamoxifen. 4-Hydroxytamoxifen
was considered the most important active metabolite until recently, when it was found
that another active metabolite, endoxifen (see structure scheme 1.2, c), is present in
higher concentration in human plasma of breast cancer patients receiving chronic
tamoxifen[58]. These results provide evidence that endoxifen is important as, or more
important than, 4- hydroxytamoxifen to the the anti-estrogenic action of
tamoxifen[59]. Tamoxifen is largely inhibitory and functions as estrogen antagonist in
breast cancer cells, but it also functions as an agonist in some tissues including the
bone, uterus, liver, and the cardiovascular system. These estrogen-like activities of
tamoxifen are significant for woman taking the anti-estrogen against breast cancer. Its
stimulatory effects on uterus and liver may underlie the increased incidence of
endometrial hyperplasia that may lead to cancer, as well as alterations in liver
function. The agonistic effects of tamoxifen in bone cells and in the cardiovascular
system enhance bone maintenance, preserve a favorable blood-lipid profile, and
reduce the risk of coronary problems. However, the latest results of several major
international trials showed that aromatase inhibitors work better than tamoxifen in
post-menopausal women with early-stage breast cancer that is ER positive,
progesterone receptor positive, or both. So, in the near future, it may be possible that
aromatase inhibitors will be the new standard of care for post-menopausal women with

invasive hormone-receptor-positive breast cancer, both early and advanced-stage.
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Scheme 1. 2 Epoxidation of 17B-estradiol shown, with Tamoxifen (a), and metabolites:
4-hydroxytamoxifen (b) and endoxifen (c)

Proposed mechanism of action of Tamoxifen

Tamoxifen (TAM) is known to have a dual mechanism of action: (1) to compete with
17B-estradiol (E;) at the receptor site and to block the promotional role of E;, in breast
cancer; and (2) to bind DNA after metabolic activation and to initiate carcinogenesis.
Recent large scale clinical trials indicate that TAM is also an effective chemopreventive
agent against breast cancer. Because E, requires activation by epoxidation to bind DNA
forming DNA adducts[60, 61] (see scheme 1.2), and the same is true for TAM [62],
the question is whether this preventive effect of TAM against breast cancer is
contributory to the possibility that TAM, as an effective competitor for epoxidation,
prevents the formation of E, epoxide and consequently breast cancer. When incubated
together with E;, for epoxidation, TAM was able to dramatically reduce the formation of
E, epoxide as measured by both the loss of the ability of E, to inhibit nuclear RNA
synthesis, and the reduced binding of [*H]labeled E, to nuclear DNA. Identical results
were obtained when TAM and estrone (E;) were used. These results suggest that the
breast cancer preventive effect of TAM is through a competitive epoxidation
mechanism with E;/E,.[63]
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It is true that the mechanism of action of tamoxifen is complex. Clearly, its principal
mechanism of action is mediated by its binding to the estrogen receptor and the
blocking of the proliferative actions of estrogen on mammary epithelium[64]. One
suggested mechanism for this antiproliferative action is the induction by tamoxifen of
the synthesis of the cytokine transforming growth factor-g (TGF-B), which acts as a
negative autocrine regulatory molecule.[65] However, it has also been shown that
tamoxifen can induce synthesis of TGF-B in estrogen receptor-negative cells, such as
fetal fibroblasts.[66] Moreover, immunohistochemical studies have shown that
tamoxifen induces the synthesis of TGF-B in the stromal (mesenchymal) compartment
of breast cancers, suggesting a paracrine as well as autocrine mechanism of action,
independent of an interaction with the estrogen receptor.[67] Reports of some clinical
efficacy of tamoxifen in the treatment of women with estrogen receptor-negative
breast carcinomas would appear to be in accord with these mechanistic
conclusions.[68] Other studies that are in accord with these observations are the
findings that tamoxifen can lower the circulating levels of insulin-like growth factor I
(IGF-I) in breast cancer patients.[69, 70] IGF-I is a potent mitogen for breast cancer
cells and may act by endocrine, paracrine, and autocrine routes to stimulate their
growth.[64]

Most of the antiestrogen type compounds may lead to long-term toxic effects. For
instance, tamoxifen induces liver cancer in rats after prolonged administration, which
has been attributed to the generation of DNA-alkylating species from the metabolism
of the stilbene framework. It has been proposed that cytochrome P450 hydroxylates
tamoxifen at the allylic position of the ethyl side chain, leading to an alcohol, which can
generate a highly delocalised allylic cation (a, scheme 1.3) and therefore alkylate DNA
to give product (b) (see scheme 1.3).
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Tamoxifen

(b)

Scheme 1. 3 Mechanism proposed to explain tamoxifen long-term toxicity

This proposal also explains the lack of carcinogenicity of the related antiestrogen
toremifene, which can be attributed to destabilisation of the positive charge in b

(scheme 1.3) by the inductive effect of the chlorine substituent at the position adjacent
to the allylic carbon[1].
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Toremifene (b)

Scheme 1. 4 Carbocation derived from toremifene

Tamoxifen has become the standard therapy for all types of ER-positive breast cancer.
In the 1990’s, it was also the first cancer chemopreventative agent approved by the
FDA for the reduction of breast cancer in pre- and postmenopausal women with high
risk[71]. Tamoxifen also binds with high affinity to other targets, such as microsomal
antiestrogen binding sites (AEBS), protein kinase C, calmodulin (CaM)-dependent
enzymes, and acyl coenzyme A:cholesterol acyl transferase (ACAT)[72].

The reversible pharmacological action of tamoxifen as an antiestrogen was first
described in vitro using the MCF-7 human breast cancer cell line. Tamoxifen blocked
cell replication but subsequent addition of estrogen restored cell growth. Similarly,
Tamoxifen significantly reduced the induction and growth of tumors in a carcinogen-
induced rat mammary carcinoma model[55]. However, the drug showed paradoxical
species-specific effects. Tamoxifen acted as an estrogen in dog and mouse, a pure
antiestrogen in chick, and had both agonist and antagonist actions in humans and rats.
Initially, the species-specific actions of tamoxifen were thought to result from species-
specific metabolism, but no species difference in the metabolites of the drug was
found. Two important observations in the laboratory laid the foundation for the concept
of SERMs. In an athymic mouse model transplanted with both a breast (MCF-7) tumor
on one side of mammary fat pads and an endometrial (EnCa101) tumor on the other
side, tamoxifen produced the same spectrum of metabolites in both tumors, but had
different actions on the growth of each tumor. Tamoxifen inhibited growth of breast
cancer, but stimulated the growth of endometrial cancer. In addition, tamoxifen caused
the growth of the mouse uterus but did not cause the growth of a breast tumor despite
the presence of the same metabolites. These data raised the possibility that the mode
of action of tamoxifen is not specific to a species, but specific to a target tissue. Finally,

and perhaps most importantly, nonsteroidal antiestrogens maintained bone density in
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the ovariectomized rat at doses known to prevent rat mammary cancer [55]. Although
the risks are actually quite small, there is major concern about the safety of the use of
tamoxifen as a chemopreventive agent for the prophylaxis of breast cancer, because of
its estrogenic effect on uterine epithelium and the attendant increased risk for
development of uterine cancer. Thus, there has been a search for new agents that
would resemble tamoxifen in their overall mechanism of action, but would be inhibitory

to the growth of uterine epithelium[64].

Toremifene

Toremifene is a structural analogue of Tamoxifen [73]. It contains a chlorine moiety
not found on Tamoxifen. Toremifene is an antiestrogen which has been shown to
inhibit the simulative effects of estrogens on breast cancer growth. Toremifene causes
growth inhibition of estrogen-sensitive breast cancer cells by inducing some cells to
undergo apoptosis and by inhibiting other cells from entering mitosis. It has been used
in clinical practice for the treatment of ER-positive breast cancer (see structure in
scheme 1.4). It displays similar properties and side-effects to tamoxifen but does not
appear to increase the risk of endometrial cancer in post-menopausal females[51].
Studies have shown that toremifene is as effective as tamoxifen in advanced breast
cancer. Like tamoxifen, the antiproliferative effect of toremifene on breast cancer cells
is mediated by its competitive binding to the ER [74]. However, the long term side
effect of liver cancer associated with tamoxifen is not evident in the case of toremifene
as metabolism of toremifene does not lead to the generation of DNA-alkylating species

).

Raloxifene

Because of the toxic effects associated to the central double bond in triphenylethylene
derivatives, a new family of antiestrogens has been developed where the incorporation
of this double bond into a more conformationally restricted cyclic system increases its
chemical and metabolic stability. Another structural difference of these compounds
with the traditional triphenylethylene derivatives is the presence of a ketone bridging
group linking the phenyl ring that contains the basic side chain. The main
representative of this family is raloxifene, containing a benzothiophene ring system
(Figure 1. 12, a), which was approved by the FDA for osteoporosis, while studies as a
treatment for breast cancer were discontinued. However, there is a recent renewal of

the interest in raloxifene as a means for breast cancer prevention, with a very large
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clinical study in progress involving more than 19,000 postmenopausal women at
increased risk of breast cancer, aimed at comparing the efficacy of tamoxifen and
raloxifene in chemoprevention[1, 75].

Raloxifene has been shown to function as an antagonist in the breast and uterus, while
functioning as an estrogen in the bone and cardiovascular system. Raloxifene was
developed initially as an anti-estrogen for breast cancer in the late 1980s, but since it
was found to maintain bone density, to prevent rodent breast cancer, and to inhibit
tamoxifen stimulated endometrial cancer growth, it was developed for osteoporosis, for
which it is now an established drug. Raloxifene is an inhibitor of cultured breast cancer
cells and, in vivo, it possesses antitumor activity. Like tamoxifen, raloxifene reduces
total cholesterol but does not increase high-density lipoprotein cholesterol, a feature
that may lessen any cardioprotective effects. Furthermore, it was demonstrated that
raloxifene has a potential in the treatment of myocardial ischemia. It is able to relax
porcine coronary arteries in vitro due to activation of the mitogen-activated protein
kinase (MAPK) pathway. P38 MAPK activation has been shown to be responsible for

cardioprotection during ischemic preconditioning[43].
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Figure 1. 12 Raloxifene (a) and Arzoxifene (b)

Arzoxifene, one of a number of newer type ER antagonists, is a benzothiophene
analogue SERM candidate. Replacement of the carbonyl group with an electron
withdrawing oxygen results in an improved oral bioavailability and a 10-fold increase in
in vitro estrogen antagonist potency relative to raloxifene. Arzoxifene (Figure 1. 12, b)
also inhibited uterine proliferation response, produced a significant decrease in total

cholesterol levels and showed protective effect on bone. Phase II clinical trials showed
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significant response rates to arzoxifene [76] in tamoxifen resistant patients with locally
advanced metastatic breast cancer. Arzoxifene is currently undergoing phase III trials

for breast cancer therapy[77, 78].

Lasofoxifene and Bazedoxifene

Researchers have developed the concept of the ‘ideal’ SERM. [79] The ‘ideal’ SERM is
one that mimics estrogen’s beneficial effects in the body by acting as an agonist in the
bone and cardiovascular system but that counteracts estrogen’s harmful effects in the
breast and uterus by acting as an antagonist in these tissues. Several compounds with
‘ideal” SERM characteristics are currently being developed for the treatment and
prevention of breast cancer. These include other triphenylethylenes (droloxifene,
idoxifene), arzoxifene (a long-acting raloxifene analogue), benzopyrans (EM-80C0),
naphthalenes (CP-336, 156) and pyrazoles [10] [80, 81]. Other new generation SERMs
include the tetrahydronaphthalene compound lasofoxifene and the indole compound
bazedoxifene, (see structures, Figure 1. 13). Lasofoxifene and bazedoxifene have
recently undergone large phase III clinical trials and are now approved for use in the

EU for the treatment of osteoporosis[82]. The development of ERa-selective SERMs

could offer an alternative approach for the treatment of breast cancer and other
diseases in the future and such agents could replace the non-subtype-selective SERMs

which have been used up until now [9].

HO“

Figure 1. 13 New generation SERMs: lasofoxifene (left); bazedoxifene (right)
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1.3.2 SERDs

In addition to SERMs, ‘pure’ antiestrogens or selective estrogen downregulators
(SERDs) have also been developed to target the ER. With the advent of drug
resistance, particularly resistance to tamoxifen, interest in this class of drug has
grown. One such agent, Fulvestrant has been approved as a third line drug for
treatment of ER-positive metastatic breast cancer and is illustrated in Figure 1. 14

[74]. Fulvestrant is a steroidal antiestrogen with a hydrophobic side chain in the 7a

position. The mechanism of action of fulvestrant involves the competitive inhibition of
estradiol binding at the ER. Once bound to the ER, fulvestrant impairs dimerisation of
the receptor ultimately leading to receptor degradation. The long side chain of
fulvestrant also obstructs the folding of the Helix 12 of the ER resulting in the inhibition
co-activator recruitment [1].

Initial studies of the drug in vitro and in animal models showed that it effectively
down-regulated the ER and inhibited tamoxifen-resistant breast tumour cells. However,
fulvestrant has yielded less promising results in clinical practice and this has been
blamed on the poor oral bioavailability of the drug in humans and resulting low levels
of the drug reaching the tumour site. Fulvestrant is therefore administered by
intramuscular injection. Current research in this area is focused on developing SERDs

which exhibit more favourable pharmaceutical properties [74].

Figure 1. 14 Structure of Fulvestrant
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1.4 HMR 3339

Unlike the other SERMs, HMR 3339 (Figure 1. 15) is a steroid. It is currently under
clinical development for the prevention of osteoporosis and coronary heart disease. In
rats, the SERM HMR 3339 completely prevented bone mineral density loss and even
increased it following ovariectomy. Furthermore, HMR 3339 also increased bone
mechanical strength at multiple sites following ovariectomy. The increases in bone
mineral density and bone strength induced by HMR 3339 were more pronounced than
raloxifene on cortical bone. In healthy postmenopausal women, HMR 3339 promoted
an antiatherogenic lipid profile by reducing total LDL cholesterol, and decreased
homocysteine levels, while not influencing HDL cholesterol and lipoprotein(a), whereas
raloxifene showed similar effects but did not reduce homocysteine levels. In healthy
postmenopausal women, HMR 3339 at the highest dosage (50 mg daily) reduced
antithrombosin, protein C, and fibrinogen compared to placebo. Hence, HMR 3339

shows promise for protection of coronary heart disease, and perhaps osteoporosis.
Li
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Figure 1. 15 HMR 3339

1.5 Aromatase Inhibitors

An alternative strategy for achieving antiestrogenic effects is the inhibition of
aromatase, the enzyme responsible for biosynthesis of estradiol and estrone from
androgens[83]. In principal, this strategy has the advantage over the use of
antiestrogens of blocking the two pathways involved in the generation of tumours by
the estrogenic hormones, namely ER activation and the generation of carcinogenic

metabolites, see scheme 1.5.
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Scheme 1. 5 Mechanism of aromatase activity [1]

Aromatase belongs to the group of microsomal cytochrome P450 enzymes responsible
for the hydroxylation metabolic process. The overall process catalysed by aromatase
comprises a series of three oxidative steps. The first two are the insertion of two
hydroxyl groups at the C-19 methyl group of its substrates leading to (a, scheme 1.5)
and to gem-diol (b, scheme 1.5), which is dehydrated to aldehyde (c, scheme 1.5).
The third reaction is only partially understood, and involves loss of the C-19 carbon
atom as a molecule of formic acid, with concomitant aromatisation of ring A. One
mechanistic possibility is that the third hydroxylation takes place at C-2f, yielding
intermediate (d, scheme 1.5), which can be postulated to rearrange to (f), through the
intermediacy of the cyclic hemiacetal (e). Loss of a molecule of formic acid, driven by
the generation of the aromatic A ring, would finally culminate the process, yielding the
estrogens estradiol and estrone (scheme 1.5). However the experiments with [2B-'°0-
,19->H]-2B-hydroxy-10B-formylandrost-4-ene-3,17-dione failed to show incorporation

of the B-hydroxyl to formic acid under enzymatic and nonenzymatic conditions [1, 84].
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Figure 1. 16 Structures of Aromatase Inhibitors, (a) Steroidal aromatase inactivator
and (b) Non-steroidal aromatase inhibitors [1]

Exemestane (marketed as Aromasin see Figure 1. 16) is indicated for the adjuvant
treatment of postmenopausal women with estrogen-receptor positive early breast
cancer who have received two to three years of tamoxifen and are switched to it for
completion of a total of five consecutive years of adjuvant hormonal therapy [85].
Exemestane is an aromatase inhibitor and had a steroidal structure similar to estrogen
(estradiol). The mechanism of action of exemestane is by inhibiting the action of the
enzyme aromatase, which converts androgens into estrogens by a process called
aromatization (see steroid tree Figure 1. 17). Other non-steroidal aromatase inhibitors

include Letrozole and Anastrozole (see Figure 1. 16 for structures).

Exemestane, Letrozole, Anastrozole and Tamoxifen are used as adjuvant breast cancer
treatments. Long-term follow-up data from a large international phase III trial shows
that postmenopausal women with early-stage hormone receptor-positive breast cancer
who received 2 to 3 years of tamoxifen and then switched to the drug exemestane for
a total of 5 years of adjuvant hormone therapy experienced a delay in disease
recurrence and a survival advantage, compared with women who took tamoxifen on its

own for 5 years [86-88]
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1.5.1 The Steroid Tree
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Figure 1. 17 The Steroid Tree [89]

Any steroid precursor can be metabolized into estrogen (estradiol, estrone and estriol).
If the many steroids in the steroid tree are examined (see Figure 1. 17), most lead to
estrogens [89]. The key enzyme in the production of estrogens is aromatase (the A-
marked [blue] circles). If a line is drawn through the aromatase-catalyzed reactions,
all of the estrogens are on one side of the line, and the anabolic and androgenic
steroids are on the other side (see [red] dashed line). This means that aromatase is
the gatekeeper that influences the relative dominance of estrogenic versus

anabolic/androgenic influences within the steroidal hormonal system.

The two primary aromatase pathways are 1) the conversion of androstenedione to
estrone, and 2) the conversion of testosterone to estradiol (the leftmost arrows

crossing the dashed line). Since estradiol and estrone readily interconvert (note the
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bidirectional arrows, Figure 1. 17), the particular pathway to estrogen is not very
significant from the estrogen perspective (on the estrogen side of the line). There is,
however, a major difference on the androgen/anabolic side of the line. Aromatase has
a tenfold higher affinity for androstenedione than testosterone. This puts
androstenedione at a distinct disadvantage compared to testosterone regarding

potential estrogenic side effects[90].

This estrogenic disadvantage of androstenedione is not shared by androstenediol.
Androstenediol is not a direct substrate for aromatase and must first be 1) converted
to testosterone, 2) converted to DHEA and then to androstenedione, or 3) converted to
testosterone and then to androstenedione before it can be converted to estrogens by
aromatase. One of the key enzymes in these three alternatives is 17-beta-
hydroxysteroid dehydrogenase, the same enzyme that interconverts estradiol and
estrone. This enzyme allows androstenediol and DHEA to interconvert, and

testosterone and androstenedione to interconvert[89].

1.5.2 Novel SERMs and related compounds

Many novel heterocyclic SERM compounds have been investigated and reported in
recent years. The following is a minor selection of the diverse and varied therapeutics
investigated that target the estrogen receptor and are potentially of interest for the

development of breast cancer chemotherapy.

1.5.3 Pyrazole SERMs

There is much interest in fixed ring scaffold structures for SERMs and the pyrazole ring
has been demonstrated as a suitable candidate. Pyrazole rings have been used by
Stauffer et al as a scaffold for the synthesis of SERMs, (see Figure 1. 18, a) and were
claimed as the first ERa specific agonists showing 410 fold affinity for o over B. Four
analogues were designed to explore the four possible orientations that the pyrazole
core structure might adopt the ER ligand binding pocket, and thereby identifying which
site on the pyrazole could best accommodate the rather large, basic side chain
substituent [78]. The C(5) piperidinyl-ethoxy-substituted pyrazole (Figure 1. 18, b)
was found to have the highest affinity for ERa. Compound b (Figure 1. 18) is an
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antagonist on both ERo. and ERPB, but its potency on ERa is somewhat higher,

reflecting its ERa affinity selectivity[91].
OH

Figure 1. 18 Pyrazole agonist (a) and corresponding antagonist (b)

Indolazines are novel heterocyclic ER targeting derivatives, designed to be unable to
undergo isomerisation but where the double bond character of the aromatic indolazine
nucleus is utilsed to take the place of the olefinic bond in tamoxifen. They showed low
relative binding affinity to the ER[92]. NCC 45-0095 (see Figure 1. 19, (a)) is a novel
pyrrolo[2,1,5-cd]indolizine compound which showed high receptor binging affinity. NCC
45-0095 is the parent pharmacophore and showed full agonist effects in the
endometrium for the skeleton non-steroidal ER ligand[93]. It is expected that this
compound would have antagonist activity if the 4-hydroxy group were replaced with a

suitable extended basic side chain ether (e.g. (b), see Figure 1. 19).

(@) (b)

Figure 1. 19 Indolazine ER modulators
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1.5.4 General biological activity of Benzopyrans and Chromenes

The benzopyran and chromene ring systems have been identified as core scaffolds for
many biologically active compounds and a brief review of their diverse activities is now
presented. Researchers have used In silico screening [94] of a collection of 1584
academic compounds to identify a small molecule hit for the human adenosine Aja
receptor (pK; = 6.2) containing a novel chromene scaffold (Figure 1. 20, 1a-d). These
researchers undertook a structure-activity relationship study of the chemical series for
adenosine receptors, and a focused library of 43 2H-chromene-3-carboxamide
derivatives was synthesised and tested in radioligand binding assays at human
adenosine A;, Aa, Asg and As receptors. The series was found to be enriched with
bioactive compounds for adenosine receptors, with 14 molecules showing
submicromolar affinity (pK; = 6.0) for at least one adenosine receptor subtype.

A conformational study of potent and selective endothelin-A (ET,.) receptor
antagonists, 4 substituted (R)-2-(benzo[1,3]- dioxol-5-yl)-6-isopropoxy-2H-chromene-
3-carboxylic acids was reported by Ishizuka et al. These 2H-chromene derivatives were
bound to an ETA receptor and were found with ICsy values of less than 1 nM. These
were shown to be effective for use on endothelins (ETs), which are endogenous
vasoconstrictive peptides containing 21 amino acids. ET, receptor antagonists have
been developed for treating various cardiovascular diseases in various disease
states[95]. In particular, the 4-anisyl derivative 2 (S-1255, see Figure 1. 20), was
found to be a highly potent and orally active antagonist and was selected as a clinical
candidate [94].

Akritopoulou-Zanze et al have reported the discovery of a novel class of glucocorticoid
receptor (GR) antagonists based on the chromene molecular scaffold[96].
Glucocorticoid receptor antagonists such as RU-486 (3, see Figure 1. 20) have been
shown to be effective at blocking gene-transcription mediated by endogenous
glucocorticoids such as cortisone (4) One of the derivatives in this group’s effort to
improve lead to hit compound (5) had a ICsy of 2 nM. The utility of GR-antagonists in
treating conditions that result from high levels of circulating glucocorticoids has been
demonstrated by the use of RU-486 for the treatment of the Cushing's syndrome,
diabetes, glaucoma, and depression [96].

Another group of chromenes has been found with activity as calcium channel blocking
agents. These have been used in the management as angina pectoris and

hypertension. Within this class of cardiovascular agents, dihydro(benzopyran)pyridine
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calcium antagonists have found widespread use in the clinic and have served as
important tools for the study of calcium channel structure and function [97]. In the
search for new and better Nifedipene analogues as antagonists, the replacement of the
4-substituent, i.e. the phenyl ring has been examined further. The benzopyran
structure (6, see Figure 1. 20) is among those described in the literature [97] as a
calcium channel antagonist.

Benzopyrans have also been described as histamine-3-receptor antagonists. Hs
receptors are found primarily in the brain, where they negatively regulate the
synthesis and release of histamine. The spirobenzopyran piperidine ether analogs
demonstrated excellent Hs receptor affinity and selectivity (see compound 7, Figure 1.
20). The 1’-cyclobutyl-6-(4-piperidyloxy)spiro[benzopyran]-2,4’-piperidine] derivative
10, exhibited high affinities for human and rat H; receptors with low nanomolar
activity [98]. The potential uses of modulating this target are in the areas of ADHD,
Alzheimers disease and schizophrenia. Benzopyrans have also been found as potential
H;-antihistaminic agents. This has been known to be effective in therapy for respiritory
distress [99].

Coumarin and chromene derivatives have been used as cannabinoid receptor
antagonists and inverse agonists[100]. Antagonistic/inverse agonising of these
receptors has the potential to be effective in treatment of Tourettes syndrome tics,
multiple sclerosis and neuropathic pain [100]. A series of benzopyran and 3-
benzylcoumarin derivatives were synthesised, (see the structure 8, Figure 1. 20, as an
example) and were found with high affinities of 0.738 uM at CB; and 0.944 pM at CB;
receptors [100]. The 2H-chromene derivative showed good affinity for the CB;
receptor, with K; values of 1.37 uM. A series of benzopyranopyridines have been
reported as the first small molecule inhibitors of mitogen-activated protein kinase
activated protein kinase 2 (MK-2) and may have a role in the treatment of
TNFa mediated inflammatory disease. Compound 9 demonstrated ICsy value for MK-2
inhibition of 0.13 puM and ICsy value of 0.92 uM for reduction of TNFa

expression[101].
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Figure 1. 20 Biologically active chromenes

These results provide evidence that the chromene scaffold, a core structure present in
natural products from a wide variety of plants sources constitutes a valuable source for

novel therapeutic agents [94].

1.6 Chromenes as SERMs with breast cancer activity

The interactions of various flavones, isoflavones and other plant derived estrogens with
estrogen receptors for prevention and treatment of breast cancer have been recently
reviewed[102]. EM 800 (Figure 1. 21, a), converted in vivo to its active metabolite EM
652, Acolbifene (Figure 1. 21, b) is an orally active benzopyran derivative with SERM
properties. It has shown good activity in breast cancer, in both prevention and
treatment models in animals, and acts as a potent estrogen-antagonist on the uterus

in the ovary-intact animal with no estrogenic-agonist activity. The orientation of the
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basic side chain in these compounds is similar to that of raloxifene, and is thought to
account for the tissue selectivity profile of these compounds when compared to
Tamoxifen. Compound (b)(Figure 1. 21) is reported to exhibit a higher binding affinity
than any known antiestrogen and possesses a 2.9 fold higher receptor affinity than
estradiol. It also shows agonist effects on bone and lipids and thus appears to have an
‘ideal” SERM profile. It is currently in clinical trials for the treatment of estrogen

sensitive breast and endometrial cancers[103].

OCO-C(CH3)3

(H3C)5°C-0CO @\

(a) (b)
Figure 1. 21 EM 800 (a) and EM 652 (b)

1.6.1 Chromenes and coumarins targeting ERB- SERBAs

Until 1996, estrogens were assumed to mediate their effects through a single nuclear
receptor (now called ERa). The discovery of a new estrogen receptor named ERB, in

1996[104], followed by tissue distribution studies[105] which showed that the
expression of the two ERs is not coincident in tissues, has led to renewed interest in

estrogen receptor modulators, especially compounds that are selective for the two
subtypes ERa and ERB. X-Ray crystal structures of receptor-ligand complexes of ERa
and ERB[106] show that the binding pockets of the two receptors are very similar and
differ by only two amino acids. The leucine present at position 384 in ERa is replaced

by a methionine in ERB (Met 336) and the methionine in position 421 is replaced by an
isoleucine in ERB (Ile373). In light of this it is not surprising that most previously
known estrogens and SERMs bind fairly non-selectively to the two receptors. However,

recent reports have described chromene type compounds that bind selectively to ERa

and ERB[104].
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Figure 1. 22 3,8-Dihydroxy-6H-benzochromen-6-one scaffold

Benzochromene derivatives have been reported as selective ERB agonists. Sun et al.
prepared a series of 6H-benzo[c]chromene derivatives. Many of the analogs were
found to be potent and selective ERB agonists. Bis phenolic hydroxyls at positions 3
and 8 (see Figure 1. 22) are essential for activity in a HTRF coactivator recruitment
assay. Additiona! modificaticns at both pheny! rings led to compounds (see Figure 1.
23, structures 10 and 11) with ERB <10 nM potency and >100-fold selectivity over
ERa [104].
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Figure 1. 23 ERP selective benzochromene structures

A number of tetracyclic benzopyranobenzopyrans and benzopyranobenzoxepanes were
also synthesised and evaluated as SERM ligands. These chromene rings are excellent
at mimicking natural ligands as estrogen modulators. Figure 1. 24 shows
benzopyranobenzopyran 12, and benzopyranobenzoxpane 13 [107]. The

aminoalkylethers of 12 and 13 were also investigated for ER antagonistic activity.
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Figure 1. 24 Benzopyranobenzopyran 12, and Benzopyranobenzoxepane 13

1.6.2 Chromanes

As previously described, the significant benefits of estrogen replacement therapy are
achieved at the expense of an increased risk of endometrial hyperplasia and breast
cancer. Levormeloxifene ( Figure 1. 25) may largely lack the estrogenic activity on the
endometrium and appear to act as an anti-resorptive agent on bone in preclinical and
clinical studies. In 2002 a group of related chromanes were demonstrated to be very
potent binding ligands to the estrogen receptor [108]. Among these were (£)-cis-7-
hydroxy-3-phenyl-4-(4-(2-pyrrolidinoethoxy)phenyl)chromane (14, Figure 1. 25) and
(%)-cis-7-hydroxy-3-phenyl-4-(4-(2-piperidinoethoxy)phenyl)chromane (15, Figure 1.
25). This compound was further demonstrated to completely prevent the loss of total
bone mineral density of the tibiae in the ovariectomised rat. In addition the unwanted
uterotrophic changes normally observed with estradiol treatment, and in particular the
dangerous proliferative effects on endometrial tissue, were not observed. The
synthesis of some novel related thio-analogues is illustrated (see scheme 1.6,
compounds 16 and 17). In vitro biological data for these compounds were also
reported. The estrogen receptor ligand binding affinity (ER-LBA) value for compound
16 was IC5; (nM) 9.7 £ 2.5, for compound 17Zwas ICsq (nM) 6.5 + 6.4, for compound
14 was ICsp (nM) 19.0 £ 1.4 and for compound 15 was ICso (nM) 3.1 £ 1.4,
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Figure 1. 25 Partial estrogen receptor antagonists
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(+1-) Cls n=2 16 (+/-) Cis-(13) n=2 HCl-salt
(+/-) Cis-n=1 17 (+/-) Cis-(15) n=1 HCl-salt

Scheme 1. 6 Synthesis of two partial estrogen receptor antagonists 16 and 17 (i) NaH,
DMF, N,N-dimethylthiocarbamoyl chloride; (ii) 260 °C, diphenyl ether; (iii) LiAIH,, THF;
(iv) N-(2 chloroethyl)pyrrolidine hydrochloride, or N-(2 chloroethyl)piperidine
hydrochloride K,CO3, Nal, zinc dust, acetone, (v) BBr;, CH,Cl,

A series of benzopyrans have been shown to be specifically selective for estrogen
receptor beta, (ERB) as agonists (SERBAs)[109], and bind to ER subtypes a and B in
opposite orientations. ERa and ERB function as ligand-activated gene transcription
factors and mediate a number of important physiological processes with the classical
receptor, ERa, being most important for development and regulation of the female

reproductive system as well as maintenance of the skeletal and cardiovascular

systems. It has been proven possible to develop synthetic estrogen agonists that have
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tissue type selectivity [109]. Figure 1. 26 shows benzopyran 18 was shown with

binding values on ERB of 0.47 uM % 0.18, a 9-fold selectivity for ERB over ERa.

el
OH

Figure 1. 26 SERBA 18 [109]

1.7 Biclogically active coumarins

Coumarins are structurally simple compounds belonging to a large class of molecules
known as benzopyrones[110]. Coumarins and related compounds have diverse
biological activities, including anti-coagulant and anti-thrombotic properties. Coumarin
derivatives have also been shown to be novel lipid lowering agents that possess
moderate triglyceride lowering activity[111]. Many coumarin derivatives have the
unique ability to scavenge reactive oxygen species such as hydroxyl free radicals,
superoxide radicals, or hypochlorous acid to prevent free radical injury [112]. Recently,

certain coumarin derivatives have been shown to function as human immunodeficiency

virus integrase inhibitors and have been evaluated in treatment of HIV infection.
Others have been evaluated as anti-invasive compounds due to their inhibitory activity

against some serine proteases and matrix metalloproteases (MMPs) [113]. Recently, it

has been shown that 6-nitro-7-hydroxy coumarin acts as a selective anti-proliferative
agent by activating p38, stress activated protein kinase (SAPK) and the p21 cyclin
dependent kinase inhibitor, in the human renal cell carcinoma cell line, A-498 [113].
More recently, two new naturally occurring coumarins (Figure 1. 27, 19 and 20 ) have
been isolated and shown to inhibit the polymerisation of tubulin and arrest cells in
mitotic phase by inhibiting microtubule formation[114]. These coumarins were found
to act synergistically with paclitaxel in inhibiting KB (human epidermoid carcinoma) cell

proliferation[108].
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Figure 1. 27 Two new coumarins, glaumacidines (19) and (20)

Recently, studies have described the growth inhibitory properties of novel coumarin
sulfonamides using a panel of cancer cell lines. These coumarin derivatives up-
regulated the activity of c-Jun NH, terminal kinase 1 (JNK1), which is a member of the
stress activated protein kinases (SAPKs) that are involved in apoptotic signaling[115].
Based on the diverse biological activities of coumarins and their derivatives, a series of
novel coumarin 3-carboxamides were synthesised and examined in different cancer cell
lines (Figure 1. 28, Scheme 1.7). Results show that these coumarin 3-carboxamides
selectively inhibit the tumor cells that have higher levels of epidermal growth factor
receptor (EGFR or erbB1) and erbB2 (HER2) receptor expression[113].

Y
0 //|
LS T T
LA
X a0
X =H, EtO, CI, Br
Y =Br, |, NO,, Cl, NH,

Figure 1. 28 Coumarin-3(N-aryl)carboxamides investigated for antiproliferation
activity
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Scheme 1. 7 Reagents and conditions: (a) piperidine/EtOH/HOAc; (b) HCI/H,0/EtOH;
(c) SOCI;; (d) PhNH,/pyridine/dioxane [111]

The coumarin compounds have demonstrated a 4-5-fold increase in cytotoxic activity
[113]. These results show that substitutions on the coumarin ring and also on the
phenyl group can drastically alter the cytotoxic property of the compounds. Coumarin
carboxamides with increased potency can be designed and synthesised by analysing
the structure-activity relationship observed. Such molecules may possess much higher
ErbB-2 and ERK1 MAPK inhibitory activities, which in turn could result in enhanced
anti-tumor activity[113]

1.7.1 Chromene scaffold in tubulin targetting

Studies have reported the discovery, (from a cell- and caspase-based high-throughput
screening (HTS) assay), of 4-aryl-4H-chromenes as a new series of potent apoptosis
inducing agents possessing vascular targeting activity[116]. These compounds were
found to be tubulin destabilisers, binding at or close to the binding site of Colchicine.
The tubulin targeting agents are shown in Figure 1. 29 together with CA4-P (phosphate
derivative of combretastatin CA4) and the phosphate ester of colchicine ZD6126, both
currently in clinical trials. The chromenes were also active in drug-resistant cancer cell
lines including the paclitaxel-resistant, multi-drug-resistant MES-SA/DX5 tumor cells,
and were found to be highly active in several anticancer animal models [117]. The 4-

aryl-4H-chromenes, therefore, represent a promising series of novel apoptosis inducers
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that could be developed into new therapeutic anticancer agents. The structure-activity
relationship (SAR) of the 4-aryl ring substituents of these 4-aryl-4H-chromenes have
also been reported[116]. Starting from a screening hit, 2-amino-3-cyano-7-
dimethylamino-4-(3-methoxy-4,5-methylenedioxyphenyl)-4H-chromene (Figure 1. 29,
21), by maintaining the 2-amino, 3-cyano, and 7-dimethylamino substituent groups of
(21),the compound 2-amino-4-(3-bromo-4,5-dimethoxyphenyl)-3-cyano-7-
dimethylamino-4H chromene (22) was identified as a lead compound (Figure 1. 29).
As a continuation of these efforts to develop the apoptosis inducing 4-aryl-4H-

chromenes as potential anticancer therapeutics, a further study of the SAR of 4-aryl-

4H- chromenes (23-25) with modifications at the 7- and 5-, 6-, 8-positions was
reported. [116].
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Figure 1. 29 Tubulin targeting agents , including CA-4P, ZD6126 and 4-aryl-4H-
chromenes

The issue of multiple drug resistance (MDR) in cancer is a phenomenon in which
administration of a single chemotherapeutic agent causes cross-resistance of cancer
cells to a variety of therapies even with different mechanisms of action. Therefore
anticancer agents that can overcome this resistance to therapy is of much interest. The
design and SAR of a series of 6-aryl-4H-chromenes such as 26 (see Figure 1. 30) and
related derivatives, was based on the hypothesis that the removal of the nitrile group
present in the lead compound, would lead to an analogues that selectively target drug-
resistant cancer cells with the potential for the treatment of multiple drug-resistant
cancers[118]. Further SAR studies led to the development of a more potent analogue,
compound 27 with low micromolar cytotoxicity against a wide range of haematological

and solid tumour cells[118].
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Figure 1. 30 Structures of 4H-chromene-3-carboxylate compounds 26 and 27.

1.8 Androgen receptor - Nonsteroidal AR Ligands

Prostate cancer is a major cause of death in men worldwide[119]. Key molecular
targets in prostate cancer therapy are the androgen receptor (AR) and its endogenous
ligands, such as dihydrotestosterone (DHT). AR antagonists, also referred to as
antiandrogens or ‘pure’ antagonists, are compounds that antagonise the biological
responses induced by endogenous or exogenous androgens by competitively inhibiting
their binding to AR. Although steroidal antiandrogens such as cyproterone acetate
(potent antiandrogen, antiprogestin and antiglucocorticoid) are known, they are no
longer used clinically. Nonsteroidal androgen antagonists were first reported in the
1980s. Three anilide derivatives include, flutamide (28), nilutamide (29), and
bicalutamide (10), were successfully commercialised for the treatment of prostate
cancer (Figure 1. 31) [120].

jij\ J>< Fac]ij;ﬁﬁ Ij\ J7/\9,/©/

Flutamide (R = H) (28)
Hydroxyflutamide (R = OH) Nilutamide (29) R-Bicalutamide (130)

Figure 1. 31 Anilide derivatives as antiandrogens

Currently, clinically available antagonists such as Flutamide (28) and Bicalutamide
(30) are used as small-molecule antiandrogens. Although these therapies possess
minimal side effects and relatively good bioavailability, resistance to antiandrogen

therapy has been reported, particularly after long term drug treatment for prostate
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cancer. One proposed mechanism in which AR resistance occurs is through AR
mutation, causing the antiandrogens to function as agonists rather than
antagonists[121]. As an example, a focused library of 19 derivatives was then
synthesized and evaluated in vitro against LNCaP prostate cancer cell line[122]. A
novel compound (Figure 1. 32, 31) was identified as a promising lead compound for
the further development of new therapeutic agents against hormone-refractory
prostate cancer. Chromene structure 31 was shown to be active on LNCaP cell line

with 10uM, at 87% relative luciferase antagonistic activity[122].
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Figure 1. 32 SARM 31, incorporating the chromene scaffold

1.8.1 Discovery of nonsteroidal SARMs- Propionanilides

The field of SARMs was stimulated by the early discoveries of Miller and Dalton at the
University of Tennessee Health Science Center focusing on chiral synthesis [123] and
characterisation of electrophilic analogs of bicalutamide as potential irreversible
antiandrogens [124]. Dalton et al. unexpectedly discovered several nonsteroidal
ligands with the ability to fully stimulate in vitro AR-dependent transcriptional
activation. This unprecedented activity was observed for propionanilidines (32) and
(33)(Figure 1. 33) that differed from hydroxyflutamide and bicalutamide by addition of
halogen to the terminal methyl of hydroxyflutamide and changing the linker sulfone of
bicalutamide to a thioether (various para B-ring substituents), respectively (Figure 1.
33). Ligand Pharmaceuticals, a contemporaneous group, also reported in vitro agonist
activity immediately thereafter [125, 126]. Structure-activity relationship (SAR)
inquiries explored the para B-ring positions, thus improving the in vitro agonist activity
while eliminating reactivity at the para B-ring position (e.g. thioacetolutamide 34,
Figure 1. 33)[120]. Hydroxyflutamide analogs and nonprionanilide templates were also
explored with less success. These thio-ether linked propionanilides seemed very
promising, but suffered from a lack of the expected androgenic or anabolic activity in
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vivo due to metabolic oxidation of the thioether to the partials agonist/antagonist
sulfoxides or sulfones[120]. Traditional medicinal chemistry design methods were used
to elimate the site of metabolism and enhance the binding affinity by changing the
linker heterogroup from thioether to ether. An in vivo pilot study in castrated rats
demonstrated that these AR ligands were capable of tissue-selective AR-dependant full
agonist activity. The ether linked propionanilides were full anabolic agonists with the
ability to fully support the weight of the androgen-dependent levator ani (LA) muscle,
but weak partial agonists (or antagonists) in androgenic tissues such as ventral
prostate (VP) and seminal vesicle (SV) (see Figure 1. 33, (35) and (36). Molecules
such as these were termed SARMs in analogy to selective ER modulators (SERMs)
where tissue-specific anabolic (bone maintenance) and estrogenic (breast and /or

uterine maintenance) activities have been separated.

In vitro AR agonists
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Figure 1. 33 Discovery of propionanilide AR agonists with in vitro and in vivo activity
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1.8.2 Quinolinone, Coumarin and Chromeno-Benzazepines; AR Antagonists

Pfizer developed and patented a series of AR ligands which are analogs of the Ligand
Pharmaceuticals 6-quinoline templates. These AR ligands are of three distinct
templates: (i) 6-substituted quinolone sulfonamides [127], (ii) benzyl urea quinolones
[128] and (iii) benzyl coumarins [129] that appear to be weak affinity (micromolar)
antagonists which are illustrated as representative examples 37, 38 and 39
respectively[120], in figure 1.34. Conspicuously absent from these quinolinones is the
aniline moiety, which may explain the low affinity and lack of agonist activity. Merck
patented a handful of anthracene-based chromeno and quinolinyl benzazepines (e.g.
compound 40 in figure 1.34) These compounds are reportedly SARMs that were tested
by the same panel of assays as for Merck patents; however, no activity is
reported[130].
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Figure 1. 34 Selection of Coumarin, Quinolinone and Chromene Antagonists 37[127],
38[128], 39[120, 129] and 40[130, 131]

50



1.9 Targeting the Nuclear Receptor -Cofactor

The development and physiological processes regulated by nuclear receptors are the
result of the interplay between the receptors, their small-molecule ligands (hormones),
their response elements on the DNA and a large set of interecting proteins, the so-
called cofactors [132]. Up to recently, the modulation of the function of nuclear
receptors concentrated mainly on ligands with agonistic, antagonistic or partial
(ant)agonistic properties that bind in the binding pocket of the ligand-binding domain
(LBP), also occupied by the natural ligands. These ligand types have proven very
beneficial for the treatment of various diseases and the regulation of hormone
functioning, as illustrated by many examples in the previous sections[120]. Some of
these ligands have been shown to feature tissue-specific or selective (ant)agonistic
properties, which is often of crucial importance for the separation of the beneficial
effects of nuclear receptor stimulation or inhibition from unwanted side-effects,
regulated by the same receptor[133]. Nethertheless, predictability and control over
tissue specificity of these classical ligands is difficult. The physiological effects of some
of the nuclear receptor ligands are sometimes altered over a period of time. A typical
example of this is the transition of nuclear receptors ligands used for the treatment of
specific cancers from an antagonistic profile into and agonistic profile[134].
Interestingly, there are also nuclear receptors for which, up to now, no ligand, neither
of natural nor of synthetic origin, has been found. Examples of orphan receptors
include nuclear receptors and G-protein coupled receptors. These so-called orphan

receptors seem not to be amendable to modulation by classical ligands.[120]

1.9.1 Hydrazides targeting AR

It is evident that issues such as tissue specificity, detrimental side effects, and a loss of
the pharmacological effect (acquired drug resistance) over time are major and ongoing
concerns with such LBP targeting treatment regimes[135]. The discovery and
characterisation of a novel class of selective non-LBP targeted “true” antiandrogens,
characterised by full AR antagonism in inhibiting the recruitment of coactivators and
lacking intrinsic partial agonistic properties are an active area of pharmaceutical
research. As an example, diarylhydrazides have been recently reported as non-LBP

targeted “true” antiandrogens [121].
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Figure 1. 35 Cofactor AR Antagonists 41, 42 and 43

The selectivity of the diarylhydrazide scaffold for the AR was demonstrated through
TR-FRET evaluation in the estrogen and glucocorticoid receptors, where agonist bound
receptor recruitment of coactivator was unimpaired at screening concentrations up to
100 pM. The diaryl-substituted hydrazides inhibited coactivator binding in the
micromolar range, acting as full AR antagonists in TR-FRET assays with compound 41
(see Figure 1. 35) at 11.1 * 3.2 uM, compound 42 at 12.4 = 2.2 uM, and compound
43 at 33.2 + 5.9 uM [121].

The limitations of the current nuclear receptor ligands generate a continuous quest for
new ligands with optimized profiles in both industry and academic research. The
requirements of the effects of these ligands on the level of the organism are usually
quite clear; the translation of these requirements to the level of the conformation of
the protein structure of the ligand is, however, usually not evident. This is due to a
major extent to the large number of protein-protein interactions between nuclear
receptors and their many cofactors[132, 133]. Binding of the ligand results in a change
of the conformation of the LBP and with that it influences the dimerization of the

nuclear receptor with other proteins[136].

In chapter 4 of this thesis, a further development and evaluation of a series of
hydrazide type compounds which target the interaction of the AR with a cofactor is
described. This approach offers an alternative to the classical therapeutic method of
targeting the ligand binding domain, used as a measure to prevent drug resistance and

long-term toxicity in the treatment of prostate cancer.
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1.10 Virtual high throughput screening (vHTS)

In the early 1990s, the advent of high-throughput screening (HTS) increased
dramatically the capacity for testing compounds. The implementation of advanced
computational methods in the pharmaceutical industry, and in clinical research, was
beneficial as it gave an increase in the capacity for testing compounds and a reduction
in time required for testing the diverse screening of chemical libraries[137]. It became
clear that augmenting the capacity for testing alone was not sufficient for delivering
high quality leads, and that more data was required in balancing the composition of
the screening collections with compounds containing features compatible with the
nature of the targets or target classes. Novel strategies were undertaken to design
chemical libraries focused on a particular target, including the coliection and storing of

prior knowledge either from bioactive ligands or crystallographic data in the literature.

In previous research, a number of target scaffold structures were identified as
potential ER ligands by virtual high throughput screening. Computational drug design
techniques are used frequently in the development of new ER antagonists. Virtual
screening is an in silico approach complementary to experimental high-throughput
screening (HTS). When the structure of the target protein is known, structure-based
virtual screening (SBVS) is the method of choice. SBVS involves molecular docking of
each ligand into the binding site of the target, producing a predicted binding mode and
a measure of quality of the fit of the compound into the binding site. This information
is used to rank the compounds in order to select a small subset for biological
evaluation[138]. A complementary method to SBVS is the ligand-based virtual
screening (LBVS) which uses information provided by known active compounds to
identify other compounds with similar properties. This can be accomplished by the
implementation of a variety of techniques, one of which is 3D pharmacophore

development[139].
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Figure 1. 36 Residue ligand interactions of the agonist Estradiol in ERa and antagonist
Raloxifene in ERa [139]

The large quantity of co-crystal data from the estrogen nuclear receptor family,
including data obtained which was previously performed within the Meegan research
group[139] was collected and utilised. A comprehensive In silico screening was
performed targeting novel compounds with potential antagonistic activity on the ER,
utilising knowledge about its modulation through key antagonistic interactions with
protein residues including Glu353, Arg394, His524, and Asp351 (see Figure 1. 36).
Several well known scaffolds(A-F) were identified from the initial ER antagonistic
screening (see figure 1.37), and advantages can be gained here as all scaffolds that
adopt the correct shape within the active site can be retained. While these ligands may
not currently possess the appropriate H-bonding substituents to be immediate binders
with potent activity in the ER LBP, they can be designed to do so using organic
synthetic chemistry methods. Thus, TS-VS (Target Selective-Virtual Screening) serves
to suggest novel scaffolds for follow-up studies and synthesis[139].
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Figure 1. 37 Examples of scaffolds identified through the vHTS protocol

Figure 1. 38 Schematic of target specific virtual screening (TS-VS) filtering procedure
with lead chromene compound 47

The four-step scoring and filtering procedure, produced a target specific virtual
screening protocol (TS-VS, Figure 1. 38) and minimised false positives resulting from
conformational artifacts of the docking process. The protocol was optimised to
converge on novel scaffold structures as ligands of estrogen receptor alpha (ERa).

[139].
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Figure 1. 39 A total of 7 hits were identified by vHTS and chosen for biochemical
evaluation [139]

Following visual inspection (compounds selected based on number of interactions with
key residues) of the 13 ranked compounds remaining. As a proof of concept, a set of
seven compounds from the original database of >200,000 (Figure 1. 39) were
selected, purchased, and evaluated for their ability to bind to the ER by fluorescence
binding assay using 10 uM as an activity cutoff. Of these seven tested ligands, three

demonstrated ERa binding affinities below the 10 uM cutoff, with measured binding
affinity ICso values of 1.1 uM (compound 45, see Figure 1. 39), 53 nM (compound 47),
and 56 nM (compound 48) for human ERa[139]. The compounds showed selectivity
for ERa. over ERB, with compound 48 showing the greatest o/f3 selectivity(17 fold).

These compounds also demonstrated antiproliferative effects in the MCF-7 breast

cancer cell line at low micromolar levels.
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The research in this thesis is based on these selected chromene derivatives, with
attention currently focused on synthesis of novel derivatives of products 47 and 48
(Figure 1. 39). These novel compounds are designed to incorporate the potent

chromene scaffold structure and to obtain maximum cellular cytotoxic effects.

1.11 Objectives

The effective targeting of the estrogen receptor is essential in the development of
estrogen receptor positive breast cancer therapy. The androgen receptor is also a focus
in designing treatments for prostate cancer. Resistance to treatment and rapid

invasion of cancer cells are the main causes of cancer mortality.

Despite intense research efforts, the development of new therapeutic treatments for
breast and prostate cancers have been demonstrated to have poor outcomes in clinical
applications. This is often due to side effects associated with ineffective targeting of
the nuclear receptor (ER and AR) and therefore resulting in damage to other tissues

and toxic side effects.

The specific objectives of this research are summarised as follows:

1. Synthesis of a library of chromene compounds, based on hit VHTS
structure scaffolds identified from in silico screening for ER ligands.

2. Synthesis of a comprehensive library of ester derivatives of chromene
products.
Investigation of related coumarin based compounds.

4. Biochemical antiproliferation assays of a series of chromene products on
MCF-7 breast cancer cell line using cell culturing techniques.

5. Structure-activity relationship evaluation study for the series of
chromene compounds.

6. Design, synthesis and structure-activity relationship evaluation of a
series of naphthylhydrazide androgen receptor targeted compounds.

7. Estrogen receptor (ER) and androgen receptor (AR) receptor binding
assays of groups of synthesised chromene based, coumarin based and

naphthylhydrazide compounds.
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Chapter 2: 4H-Chromene ring as a Scaffold for Design of
Selective Estrogen Receptor Modulators (SERMs): Synthesis of
Tamoxifen analogues
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2 Results and Discussion

Introduction

Many different modifications to Tamoxifen have been attempted in an effort to improve
its effectiveness as an antiestrogen and to try and reduce the side effects attributed to
it, and examples being Raloxifene and Bazedoxifene (see figure 2.1)[103, 140]. Due to
the increased risk of endometrial cancer with the use of tamoxifen, a rigid structure in
place of the ethylene double bond to prevent E/Z isomerisation is found to be effective
[141]. There are many examples of different ring structures being used to form non-
isomerisable SERMs(See Chapter 1). Generally SERMs contain a core non-steroidal

scaffold with a triaryl arrangement positioned around this structure.
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Figure 2. 1 SERMs Tamoxifen, Raloxifeen and Bazedoxifen in clinical use

There is much interest in the design and synthesis of SERMs with alternative scaffolds
to drugs such as Tamoxifen. Because of the toxic effects associated with the central
double bond in the triphenylethylene derivatives, designing new groups of
antiestrogens incorporating the double bond into a cyclic system may increase its
chemical and metabolic stability. Many synthetic mechanism for the preparation of
tamoxifen have been reported. Production of libraries of related antiestrogens
mimicking the structure of the the triphenylethylene scaffold of tamoxifen derivatives
have been reported. Scheme 2.1 outlines one example of the synthetic route for

preparation of 4-hydroxytamoxifen.
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Scheme2. 1 Synthesis of 4-Hydroxytamoxifen
In scheme 2.1, step 1 shows the use of a simple Friedel-Craft acylation involving

anisole(A) and phenylacetic acid (B) to afford the ketone C. In step 2, alkylation is
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promoted by treating the ketone C with sodium hydride (NaH). This reagent removes
the acidic protons (located on the position alpha to the carbonyl group) to produce the
enolate ion. The sodium enolate of the ketone on treatment with ethyl iodide resulting
in the formation of compound (D). The ethyl iodide is chosen as the alkylating agent as
it contains the iodide moiety, which is an excellent leaving group. It can therefore
facilitate the substitution reaction with relative ease. In step 3 the phenol is
deprotected using lithium ethanthiolate in DMF. This reagent facilitates the
demethylation to form the phenol compound (E) in good yield. This is a key step as the
phenol group can then be used to build up the characteristic dimethylamino-ethyl
group of the tamoxifen molecule. Then in step 4 product (E) is alkylated on the
phenolic OH group by treatment with 2-(dimethylamino)ethyl chloride. The above
reaction gives product (F) in 70% vyield. In step 5, product (F) on treatment with the
Grignard reagent 4-OHPhMgBr to form the tertiary alcohol (G). In step 6 the
dehydration of compound (F) is initiated by treatment of methanolic hydrogen chloride.

This gives the required product, 4-hydroxytamoxifen, as a mixture of £ and Z isomers.

2.0 Benzopyrans

Benzopyran is an polycyclic organic compound that results from the fusion of a
benzene ring to a heterocyclic pyran ring. According to IUPAC nomenclature it is called
chromene. There are two isomers of benzopyran that vary by the orientation of the
fusion of the two rings compared to the oxygen, resulting in 1-benzopyran (chromene)
and 2-benzopyran (isochromene); the number denotes where the oxygen atom is

located by standard naphthalene-like nomenclature, Figure 2.2.

2H-chromene 4H-chromene
(2H-1-benzopyran) (4H-1-benzopyran)

X =z
(o] o,
1H-isochromene 3H-isochromene

(1H-2-benzopyran) (3H-2-benzopyran)

Figure 2. 2 Structural isomers of Benzopyran
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Having examined the variety of ring systems that have been used as scaffolds for
SERMs, it was decided to design SERMs based on the benzopyran fixed ring scaffold.
The benzopyran structure was chosen for this purpose mainly because it is easily
manipulated to incorporate the triaryl system necessary for ER activity. Another

advantage of the benzopyran scaffold is its chemical stability.

Synthetic methods for chromene synthesis

There are many biologically active therapeutic agents that contain the
chromene(benzopyran) ring system and related scaffolds. Some examples are
illustrated in Figure 2.3. Khellin is a natural product which has been used since ancient
times as a folk remedy, and is known as a bronchodilator and antispasmotic
agent[142]. Cromoglycic acid, incorporating the chromone moiety is a synthetic drug
providing an effective treatment for the bronchial spasms associated with asthma. The
ability of cromoglycic acid as an inhibitor of mediators of anaphylaxis has resulted in
many attempts to improve the antiasthmatic properties of cromoglycic acid. In the
design of the drug cromitrile, the tetrazole ring is introduced to replace one of the
carboxylic acids, and the two aromatic rings are different from one another. The
enzyme aldose reductase catalyses the reduction of glucose to sorbitol [142]. Excess
sorbitol is believed to contribute to cataracts and to neuropathy by deposition in the
lens and nerves of the eye in the latter stages of diabetes mellitus. Spirohydantoins
such as (S)-Sorbinil have been found to inhibit this enzyme, and so are of potential
value in delaying or inhibiting this problem. Cannabinoids have been used in medicine
as their crude extracts for many centuries. Many potentially useful cannabinoids have
been reported to be devoid of abuse potential such as nabilone, a synthetic 9-
ketocannabinoid with antiemetic properties[142]. The amino alkylether bucromanone
shows promising activity as an antiarrhythmic agent, while the benzopyran provides
the scaffold for the leukotriene antagonist ablukast[142]. The ethanolamine functional
group characteristic of the p-blocker class can be incorporated in a benzopyran
containing scaffold as in nebivolol. The oxypropanolamine functionality has also been

incorporated into the antihypertensive agent flavodilol[142].
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Figure 2. 3 Drugs containing the chromene (benzopyran) ring system and related
scaffolds

Because of the importance of chromenes (benzopyrans) in pharmaceuticals their varied
synthetic methods have attracted considerable attention. A number of routes to the
synthesis of these compounds are displayed in scheme 2.2, 2.3, 2.4, and 2.5.

4H-Chromenes can be synthesised by way of an O-vinylation followed by a ring-closing

metathesis using a Grubbs catalyst, (see Figure 2.2)[143].

e

(0] OH
S oIS saatSe s ol
:©/ N - il "o o=

O
1 2 3
4 5

Scheme 2. 2 (a) K,CO;, allyl bromide, acetone, 60 °C; (b)A, 180-240 °C
(c)Cu(OAc),, Sn(vinyl), acetonitrile, O, rt; (d) 5% ruthenium Grubb’s
catalyst,toluene, 60 °C
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Substituted phenol 1 was initially converted into the corresponding aryl allyl ether 2.
Subsequent thermal Claisen rearrangement then gave the substituted phenol 3 in
acceptable yields over two steps[143]. The compounds were then converted into the
respective aryl vinyl ethers 4, also in excellent yield, using a copper-mediated
procedure. The crucial ruthenium-mediated ring-closing metathesis reaction on

compounds 4 was highly successful, affording the 4H-chromene 5 in a 90% yield[143].

RO,C
RO,C 0
NC Na,CO3 (20 mol %) .
o o) 0 NC
) + ROLC—==—COR - ﬁf e
NC EtOH, r.t. |l
H,N~ -0
6
7
R= Me or Et

Scheme2. 3 Synthesis of substituted 4H-pyrans 7

Scheme 2.3 displays a synthesis of related 4H-pyrans 7, in which a strategy of Michael
addition and cyclization between malononitrile, various dialkyl acetylendicarboxylates,
and structurally diverse 1,3-diketones such as 6, catalyzed by sodium carbonate
affords the desired products. The milder conditions use the inexpensive and
environmentally safe sodium carbonate catalyst, with high reaction rates, excellent
yields, and a simple work-up to make this procedure an efficient process[144]. This
chemistry is relevant for the subsequent chemistry required for the target compounds

prepared in this chapter of the thesis.

2.01 Development of chromenes as SERMs in breast cancer therapy

EM-652 (Acolbifene), is the active metabolite of EM-800, a novel nonsteroidal
antiestrogen compound, scheme 2.4. It is clinically available and used in breast cancer
therapy. This chromene compound acts as a pure and highly potent antiestrogen in
human breast and uterine cancer cells in vitro as well as in vivo. EM-800 is the most
potent of the known antiestrogens, it is the only nonsteroidal antiestrogen shown to
have no estrogenic activity either in human Ishikawa endometrial carcinoma
cells[145], EM-800 blocks both the AF-1 and AF-2 activities of the estrogen receptor,
thus potentially decreasing the resistance to hormonal therapy[145].

64



OH
R
(B UIN Ca s G
\ " - o
HO” N “OH HO HO’ OH

8

OTHP

(0] OTHP @) | AN 0 OTHP
® = rrs -
THPO OH THPO 0 @\ THPO o) O J/ O
OH 1 5

BTN . SR
p 2L

EM-652 (Acolbifene), EM-800

9 10

Scheme2. 4 Synthesis of EM-652 and EM-800, (a) BF;®Et;0, toluene; (b) DHP, TsOH,
0°C; (c) 4-hydroxybenzaldehyde, piperidine, benzene; (d) 1-(2-
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Meli, THF, -78 °C; (ii) CH3CO;H, aq, 90 °C (f) (CH3);CCOCI, EtsN, CH,Cl,.

The synthesis of 2H-1-benzopyrans and is shown in scheme 2.4. In the first step a
Friedel-Crafts reaction uses BFs3-Et20 as catalyst in toluene at 100°C. Resorcinol is
acylated with 4-hydroxyphenylacetic acid to yield trihydroxydeoxybenzoin (8) in an
81% vyield. In step two the trihydroxydeoxybenzoin 8 is then protected with DHP, in
the presence of TsOH as a catalyst, to give the bis-THP ether 9 in 69% yield. The third
step is a Knoevenagel condensation reaction of bis-THP ether 9 with 4-
hydroxybenzaldehyde, in the presence of piperidine in refluxing benzene which gives
quantitatively the chromanone 10. The crude intermediate 10 is then alkylated with 1-
(2 chloroethyl)dialkylamine hydrochloride in the presence of Cs2COs in a mixture of
refluxing acetone and water, to yield the chromanone 11 in 40-90% yields[146]. The
chromanone 11 is then alkylated with methyllithium at -78°C to room temperature, to
give tertiary alcohol intermediates. The crude alcohols are then dehydrated and
deprotected in 90% aqueous acetic acid at 90°C to yield 2H-1-benzopyran EM 652 in
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80% vyields. The obtained 2H-1-benzopyran EM-652 is then derivatized to improve
bioavailability to the corresponding dipivaloate EM-800 under standard conditions in
50-80% yields[146].

By reviewing some synthetic methods for the synthesis of chromenes, benzopyrans
and pyrans reported in the literature and also considering the heterocyclic SERMs
which are clinically available, the 4H-chromene scaffold was chosen to undertake and
produce structurally varied libraries of compounds. It was decided to implement the
Knoevenagel condensation reaction method (see scheme 2.5) for production of the
compounds. The chromenes investigated in this study were divided into 14 structural
varied series. The general structural scaffolds A and B chosen for synthesis are

illustrated in Figure 2.4 and listed below.

Series 1: 4-Aryl substituted 4H-chromenes with varied aryl and benzyloxy
substitutions.

Series 2: 4H Chromenes synthesised using a 2 step method.

Series 3: Production of the benzopyran adduct.

Series 4: Phenyl-4H-chromenes with substituted cyanoacetate esters substituents.
Series 5: 4-Hydroxyphenyl-4H-chromenes with substitutions on the ester side chain.
Series 6: 4-Benzyloxyphenyl chromenes with variation in the structure on the C-3
ester side chain.

Series 7: 3,4,5-Trimethoxyphenyl chromenes with variation on the R, ester side chain.
Series 8: 2,7-Diaminochromene compounds.

Series 9: Benzyloxy-4-phenyl chromenes with N,N-dimethylamino substituent group
atiC-7.

Series 10: Chromene compounds synthesised with 4-methoxyphenyl group on R; and
substituted ester chemistry on the chromene OH group C-7,

Series 11: Series of novel bis 4H-chromene compounds synthesised from the phenolic
chromenes using bis acid chlorides.

Series 12: Pyranocoumarin precursors: benzylidene malononitrile intermediates.
Series 13: Pyranocoumarin product synthesis.

Series 14: Pyranocoumarin with substituted antagonistic type basic ether chains.
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Series 1,2,4,5,6,7

Series 13 & 14
PN

= 2
O
7 cN
NH,
A Series 4, 5, 6, 7 B

Series 8,9, 10, 11

Figure 2. 4 Chromene scaffold (A) indicating position of R group substitutions. R;, R,
and Pyranocoumarin scaffold (B) displaying position of R group substitution.

Series 1: 4-Aryl substituted 4H-chromenes with varied aryl and benzyloxy
substitutions.

An initial series of chromene compounds was synthesised by reaction of diverse
substituted benzaldehydes, resorcinol and ethyl cyanoacetate in the presence of the
base piperidine (scheme 2.5). Yields were in the range 40-90%. A comprehensive
library of compounds with variation of substituents on C-4 aryl ring was prepared, with
28 compounds produced in this series. The novel compounds were characterised by 'H,
13C NMR and IR spectroscopy and High Resolution Mass Spectrometry (HRMS). The
molecular modelling study of the products has been carried out to determine the three-
dimensional topography and minimised energy structural characteristics of the
chromene compounds (see chapter 3).

In this section, the synthesis of a series of chromenes (BE1 — BE28) is presented by

reaction of benzaldehyde, ethyl cyanoacetate and resorcinol is discussed.

K/ " o) ) /@\ EtOH
e +
. > \\AO HO OH

Piperidine

Scheme2. 5 General one pot synthetic reaction for 4H-chromenes
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2.02 Knoevenagel condensation as a synthetic route to novel Chromene type
SERMs

Scheme 2.6 shows the general mechanism proposed for the synthesis of the 4H-
chromenes in this project. It is proposed that the reaction occurs in two steps, the first
being the formation of the alkyl cyano intermediate before a cyclisation of the benzyl
aldehyde group to give the product. This is a Knoevenagel condensation and can be

performed as a one pot synthesis[116].

H —_—
|
H—g—fc\)J\o/\
Cow N
R
0
i Q )k
H C/ko/\ HO OH CHEC o
¢ ; CLENH
; C=N &
R™E_#
OH

Scheme2. 6 Knoevenagel condensation reaction for synthesis of the chromene
products
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2.1 Section 1,4-Aryl-4H-chromenes

The highly efficient one pot synthesis Knoevenagel condensation reaction[116] was
used as product was afforded in good vyield, usually by recrystallisation from EtOH. A
series of chromene compounds were synthesised by reaction of different
benzaldehydes, resorcinol and ethyl cyanoacetate in base piperidine (scheme 2.6). The
common core structure of these compounds is a 4H-chromene. Yields were in the
range 40-90%. A comprehensive library of compounds with variation of substituents

on C-4 aryl ring was thus obtained.

2.1.1 Results series 1: Synthesis of the library of chromene

compounds

Synthesis of chromenes BE1 - BE28, illustrated in table 2.1 and table 2.2 was
achieved using the general reaction scheme (Scheme 2.5). The products were obtained

as racemic mixtures and the yields are listed below.
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HO 0~ "NH,

No. R Group % Yield | CLogP* | No. R Group % Yield | CLogP*

BE1 45 BE7
4.52
¥
% BES e
BE2 /@ 43 P 29
o 6.62 \ 5.02

0}
BE3 D 31 BE9 d K\ 44
- 5.69 5.35

N\

32
5.47

X b

(o)
No® &
39 BE10 2
BE4 ¥ o~ 3,77 4.18

N

|

! Ry

BES 26 © Y,
4.04 |BE11 4.97
X X
/
BE6 /@/0 62 4.44 80
\ BE12 \ 4.44

Table 2. 1 Library of chromene compounds produced with variation at C-4 (Type I)

*CLogP calculated using Chemdraw Ultra version.
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S \ Br
BE13 o 31 BE21 / 30
\ 4.16 l o 5.21
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BE14 )
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\ 5.23 | BE22 4.52
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BE15 /©/ 33 BE23 g 28
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. NO,
l 27 BE24 Q 7
BE16 \ g 4.16 < 4.26
H o
N
BE17
ST\ 10 \< 49
s 4.66 | BE25 3.54
4
NO,
BE18 o
51
Cl Cl 5.94 | BE26 98 4.20
— s
Br
42 | e 53
BE19 | \ 5.38 | BE27 \ o 3.02
Ci |
Cl (0]
BE20 88 BE28 ]@\ 55
. 5.94 \ . 5.04

Table 2. 2 Library of chromene compounds produced with variation on C-4 aryl ring

substituents (Type II)

*CLogP calculated using Chemdraw Ultra version.
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For table 2.1 (Type I) a library of 12 different chromene compounds (BE1-BE12) was
produced with variation of substituents on C-4 aryl ring obtained using various
methoxy, dimethoxy, trimethoxy, phenoxy, methyl, dimethyl and naphthyl groups.
These substituent groups were of interest for synthesis for Type I in observing if final
compounds would display an agonistic or antagonistic feature in response to the
estrogen receptor in a biochemical assay. Yields ranged from 2% - 80%.

The synthesis of compounds (BE13-BE28), table 2.2 (Type II) was implemented
using the same one pot synthesis condensation reaction, however synthesis was
focused on inclusion of various halogen and nitro substituent groups. The library of 16
different halogenated 4H-chromene compounds was produced with variation of
substituents on C-4 aryl ring using groups such as chloro, fluoro, bromo, nitro,
together with thiophene and pyridine heterocycles . These Type II halogenated and
heterocycle containing chromene compounds were closely examined for activity in the
LBP as possible ER agonistists. CLogP values were all within oral bioavailablity
standards(The optimum cLogP value for orally active drugs is <5) and scored better in
type II, compared to Type I. Isolated yields ranged from 7% - 98%. All were

crystalline products.

The products were purified by flash column chromatography over silica gel with eluent
solvents CH,Cl, - MeOH in varied proportions depending on polarity of the products.
Crystallisation and recrystallisation from EtOH was also used to purify the library of
chromene compounds. Purity was checked by thin layer chromatography (TLC) and
HPLC(see experimental details in Chapter 5). TLC Rf values were determined between
0.3 - 0.5. Pure crystalline product was then characterised by 'H, *3C, and DEPT NMR
spectroscopy. High Resolution Mass Spectrometry analysis (HRMS) was also carried

out to confirm the identity of the purified novel compounds.
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2.1.2 Spectroscopic Identification

2 3 0 J /@ EtOH
+ X +
H 2
\)ko HO OH  Piperidine

Scheme 2. 7 Reaction scheme for synthesis of 4H-chromene compound BE2

As an example of the analytical characterisation, compound BE2 will be discussed. The
benzyloxy chromene was obtained using reaction scheme 2.7. Identification of the
chromene compound was achieved using Nuclear Magnetic Resonance (NMR)
spectroscopy, Infrared (IR) spectroscopy, and Mass spectrometry. The following
Figures 2.5 and 2.6 illustrate the 'H and *C NMR spectra for compound BE2.
Discussion of the 'H and !*C NMR spectra is used as an example of how each

compound was identified in this series.

Figure 2. 5 'H NMR spectrum for benzopyran BE2
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For the 'H NMR spectrum of compound BE2 in figure 2.5, the CH; at C12 on the ethyl
side chain appeared at & ppm 1.06 as a triplet integrated for 3 protons, J=7.03 Hz.
This signal was usually the reference used for identification of the compound series.
The C11 CH, group signal is observed at & 3.98 and this consistently appeared as a
quartet absorbance, with a J=value of 7.02 Hz. At d 4.80 a singlet peak for the CH
proton of C4 at the chiral centre is observed, integrated for 1H. At 6.44 a doublet is
observed, J=7.42 Hz and is integrated for 1H, indicating the Ar-H at C9. At  6.51 a
multiplet is observed integrated for 1H, this indicates the Ar-H proton at C7. At  6.86
a doublet absorbance is observed, integrating for 2H, 7=8.54 Hz, for the Ar-H proton at
C14 and C14’. At & 6.94 there is a doublet, 2H, 7=8.03 Hz, indicating the Ar-H protons
at C15 and C15" and at & 7.01 a doublet is assigned to C6 1H, J=8.54 Hz, Ar-H . A
multiplet absorbance is observed between & 7.07 to 7.11 integrated for 1H, indicating
the Ar-H proton at C17. At & 7.14 a doublet is seen, 2H, J=7.04 Hz, indicating the Ar-H
protons at C13 and C13’. From & 7.32 to 7.36 there is a multiplet, 2H, for the Ar-H
proton at C16 and C16’. At & 7.61 a broad singlet peak is characteristic of an amine
absorbance, 2H, NH,, and at & 9.63 another broad singlet,integrating for 1H, and
assigned to the OH.

The alcohol and amino group protons were usually identified as broad singlet signals.
Solvents used for sample preparation of samples for *H and '*C NMR spectroscopy
were CDCl;, MeOH-dg, or (CH3),S0O-ds.
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Figure 2. 6 >C NMR (upper) and DEPT 135 (lower) spectra for benzopyran BE2

In 3C and DEPT-135 carbon NMR spectra (Figure 2. 6) of compound BE2, the ethyl
ester C12 CH; was observed at 14.72 ppm. The chiral C4 CH signal can just be seen at
39.34 ppm in the *3C spectrum, in this case it is nearly hidden, overlapped by the large
residual DMSO solvent peak always occurring at 40 ppm. However it is confirmed to be
present by viewing the DEPT-135 spectrum, and the absorbance is at 39 ppm. The C11
CH, peak can be identified in the *3C spectrum at 58.99 ppm as a positive peak, and in
the carbon DEPT-135 spectrum at 58.99 ppm as a negative peak. At 76.98 ppm the
carbon C3 attached to the side chain is identified in the **C spectrum. The aryl ring-
hydrogens are seen in the region 102 to 130 ppm and totalling 12. There is one carbon
observed at 117.18 ppm and the rest occur in the upper range values from 149 ppm to
168 ppm. CH at C9 is identified at 102.50 ppm and the signal at 112.55 ppm is
assigned for the CH at C7. The following aromatic signals were also assigned: the
signal at 117.18 ppm indicating the quaternary C at C5 position, the CHs at C15 and
C15’ were assigned at 126.16 ppm, at 127.41 ppm the CH at C17, at 128.58 ppm the
CHs at C13 and C13’ and at 130.28 ppm the CH at C6. The following quaternary
signals were assigned: at 139.50 ppm the C at position C13a, at 149.11 ppm the C-O
at Cl14a, at 149.52 ppm the C-OH at C8, at 157.18 ppm the C-O at C15a, at 161.47

725



ppm the O-C-N at C2, at 168.81 ppm the C=0 at C10’. These values were typical of
this library of chromene compounds.

The IR spectrum absorbances for compound BE2 were identified as follows; 3480.76
cm™,(OH), 3414.57 and 3387.63 cm™'(NH,), 1676.55 cm™,(C=0) and 1649.70 and
1631.85 an?, (E=C).

The HRMS (EI) for compound BE2 C,4H,;NOs [M* + Na] requires (m/e) 426.1317; the
value found was 426.1326, (2.0 ppm). The analysis confirmed the structural
identification of the novel ethyl 2-amino-7-hydroxy-4-(4-phenoxyphenyl)-4H-

chromene carboxylate compound, BE2.
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2.1.3 XRD Crystallography study of structure BE11

The single crystal X-Ray tructure of compound BE11 was determined and is displayed
in Figure 2.7. The ORTEP representation is shown in Figure 2.8 (thermal ellipsoids at
50% probability). The relevant crystal structure data is displayed in Table 2.3.
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Figure 2. 8 ORTEP representation of the X-Ray crystal structure of BE11, ellipsoids at
50% probability
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Identification code shelx|
Empirical formula C80 HO N4 020
Formula weight 1336.84
Temperature 158(2) K
Wavelength 0.71075 A
Crystal system monoclinic
Space group P2/c
Unit cell dimensions a=16.982(7) A
b = 5.340(2) A a=90°.

c=20.683(9) A

B=91.189(6)".

Volume 1875.2(13) A® y =90°.
V4 1

Density (calculated) 1.184 Mg/m’

Absorption coefficient 0.088 mm-1

F(000) 668 -

Crystal size 0.20x0.20 x 0.20 mm3

Theta range for data collection

1.20 to 25.00°.

Index ranges

-20<=h<=20, -5<=k<=6, -23<=|<=24

Reflections collected

13694

Independent reflections

3251 [R(int) = 0.0641)

Completeness to theta = 25.00°

98.10%

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

3251/0/238

Goodness-of-fit on F?

1.353

Final R indices [I>2sigma(l)]

R1 =0.0885, wR2 =0.2513

R indices (all data)

R1=0.1237, wR2 = 0.3027

Largest diff. peak and hole

0.562 and -0.663 e.A*

Table 2. 3 Crystal data and structure refinement for BE11.

78




2.2: Series 2; Synthesis of 2-amino-7-hydroxy-4H-chromene
carboxylates using a two step method

A two step method for synthesis of some of the chromene products was proposed
when product was not achieved using the one pot method. It was possible to produce a
selection of chromenes through a two step synthesis, stopping after the first step to
purify the afforded acrylate compounds BE29 and BE31 with slow recrystallisation,
then following step two for reaction with resorcinol to obtain the final 4H-chromene
products BE30 and BE32.

BE29, 13% ClogP: 1.97
X /

H ©)
}——< /}o N EEa el o)
d % \\)Lo/\ Piperidine  / \

BE31, 65% ClogP: 3.74
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©
T
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| a M e o
d \\)Lo/\ Piperidine ! A\ 0
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Scheme2. 8 Synthesis of cyanocrylate intermediates

As illustrated in scheme 2.8, the appropriate aldehyde was reacted with the desired
ethyl cyanoacetate, in solvent ethanol and catalysed with base piperidine. After 6
hours reflux, the afforded pro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>